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ABSTRACT
It is an acknowledged fact that historical centers, given its significance from the cultural and
architectural viewpoint, bring further challenges in terms of maintenance planning, survey, and
safety assessment. The preparation of an adequate investigation plan and the extent of data to be
collected is highly reliant on many aspects, such as the category of the architectonic asset, the
importance of the heritage site, or the resources available, for example. In what regards the
seismic response assessment of urban cultural heritage assets located in historical centers, the
amount and detail of data also depend on this article, scale of assessment, and current state of
conservation and occupation. Within this framework, this article provides an overview of the state
of the art of investigation techniques currently used in survey operations, which are currently
available for improving the knowledge level of urban cultural heritage assets within historical
centers, as a supporting tool for the seismic response assessment of such singular assets. Finally,
acknowledging the lack of accuracy when evaluating the seismic response of an asset enclosed in
aggregate as an isolated structure, this article also focuses on the identification of the main
particularities inherent to buildings enclosed in aggregate.
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Introduction

The reliability of seismic response assessment and
earthquake risk mitigation of urban cultural heritage
(UCH) assets is strongly influenced by the complete-
ness and the accuracy of the investigation plan out-
lined. Cultural heritage assets located within historical
centers naturally require a closer attention given the
inherent complexity associated with these ancient con-
structions. On one hand, these assets would ideally
require an intensive and extensive investigation of all
structural and non-structural elements, as they are
often subjected to many transformations over the cen-
turies, turning the extrapolation of the data acquired
for a single element representative of diagnosis of the
global structure, a very questionable assumption.
However, this is not always conceivable in large-scale
assessment practice, due to both economic and human
resources constraints. On the other hand, it is known
that the accuracy and usefulness of a given diagnostic
testing technique is highly dependent on the intrusive-
ness level of the test. Nevertheless, the range of diag-
nosis techniques and number of tests allowed over

UCH assets is in most of cases quite limited due to
internal and external constraints related to the cultural
integrity and conservation of these assets, such as the
current condition of use, the value and dimension of
the asset, and the patrimonial value of the respective
urban environment, among others. Therefore, deciding
for an adequate investigation plan for UCH assets
involves seeking for the optimal balance between the
above-mentioned aspects.

It is no novelty that the more the knowledge path
associated to a determined structure is complete, the
more accurate a numerical model will result, and sub-
sequently more reliable will be the evaluation of the
seismic response. To this aim, an interdisciplinary
approach that goes beyond simple technical considera-
tions is needed for designing adequate investigation
plans, which might involve the cooperation between
professionals of different fields of expertise, such as
architects, structural engineers, geotechnical and geolo-
gical engineers, archaeologists, historians, conservators,
urban planners, and other specialists. Usually, investi-
gation plans for UCH assets are carried out either for
maintenance, predictive, or preventive management
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activities. While the first, the most frequent one,
includes all the monitoring, renovation, seismic retro-
fitting or strengthening works, the second focuses on
documenting and cataloguing the cultural value of the
asset.

Because investigations can be carried out with dis-
tinct levels of detail, it is fundamental to establish a
cost-benefit plan proportional to the asset’s complexity
and architectural value (Bosiljkov et al. 2010). However,
current standards, such as the EN 1998–1 (CEN 2004),
considers the importance of existing buildings in terms
of consequences (human and economic) derived from
an eventual collapse by introducing four different
importance factors, which are multiplied by the refer-
ence peak ground acceleration of type A, agR, to obtain
the design ground acceleration value. However, in this
approach no reference is made to the economic and
cultural consequences associated with the loss of integ-
rity and damage of architectonic and artistic assets.
Even though public safety should be always ranked as
a top priority in earthquake risk mitigation, the protec-
tion and preservation of both tangible and intangible
heritage should be also considered to be at stake.

The need to extend the rehabilitation requirements that
are usually adopted for ordinary buildings, concerning the
use condition and safety of citizens, to conservation
requirements related to architectural and artistic cultural
outstanding value, has led to the development of target
Performance Levels (PLs) defined with reference to three
groups of Safety and Conservation requirements, namely:
use and human life, building conservation, and artistic
assets. These PLs were specifically designed to be imple-
mented in Probabilistic-Based Assessment (PBA) proce-
dures to evaluate the seismic response of cultural heritage
assets. This proeedure was developed in the framework of
the PERPETUATE project funded by the European
Commission (Lagomarsino and Cattari 2014), and was
one of the first attempts to establish a direct correlation
between Damage Levels (DLs) and PLs. In this procedure,
target return periods for each PL (kn) are obtained from the
return period by applying an importance factor (γn) that
considers the conditions of use (public, strategic) and the
architectural and artistic value of the examined building.
However, the values of these importance factors corre-
sponding to each of these safety and conservation require-
ments, are not yet fully detailed.

International standards propose general recommenda-
tions about the type of investigation tests and number of
specimens to be analyzed, independently from the specific
particularities of each structural typology. The current
approach proposed in these standards to face the intrinsic
incomplete knowledge of investigation plans, included in
the Italian seismic code NTC (2008), OPCM (2011), or the

EN 1998–3 (CEN 2005), is based on the definition of a
discrete number of Knowledge Level (KL), defined as a
function of the amount of information gathered to over-
come the incomplete knowledge (mainly related to geome-
try, construction details, and material properties of the
structure), and on the “a priori” application of a
Confidence Factor (CF) to a specific parameter set, which
is selected to be representative of the most worst-case
scenario (Cattari and Lagomarsino 2013). Some critical
issues concerning the application of such procedure to
ancient masonry structures, such as the case of UCH assets,
have been recently discussed for example by Franchin,
Pinto, and Pathmanathan (2010) or Tondelli et al. (2012),
and motivated in recent years the development of alterna-
tive procedures (Cattari et al. 2015; Haddad, Cattari, and
Lagomarsino 2017a, 2017b). In these alternative proce-
dures, a preliminary analysis to localize the investigation
process in the critical locations and structural components
is proposed. According to Haddad, Cattari, and
Lagomarsino (2017b), this preliminary analysis, when
combined with sensitivity analysis (performed to identify
the parameters mostly affecting the response), allows the
design of a specific investigation plan. This approach was
also adopted in the framework of the PERPETUATE pro-
ject (Lagomarsino and Cattari 2014), in which the intro-
duction of sensitivity analysis is essential for a reliable
assessment of existing buildings, allowing to explicitly
include the evaluation of the effect of uncertainties and to
identify the parameter(s) that most affect the structural
response, which in turn would support the investigation
plan optimization. Finally, uncertainties can be included in
the analyses according to different approaches: probabilis-
tic uncertainties propagation, in which uncertain para-
meters are defined as random variables; logic tree
approach, considering a plausible interval and making a
set of deterministic case analyses assuming proper weights,
and deterministic approach, with the use of confidence
factors (as in current codes).

Many authors have been supporting the idea that an
investigation plan suitable to UCH assets should encom-
pass ideally the following steps: the definition, description,
and understanding of the asset’s historic and cultural sig-
nificance; historical research covering the entire life of the
asset and its transformations over time; the description of
the geometry and construction of the asset; the description
of the original building materials and construction techni-
ques; the description of the asset in its present state includ-
ing damage identification, decay, and possible progressive
phenomena, by using appropriate testing techniques; the
description of the actions involved, structural behavior and
materials, and the survey of the site, soil conditions, and the
respective environment surrounding the asset under inves-
tigation (Bosiljkov et al. 2010; Ferreira, Vicente, and
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Mendes da Silva 2013b). The latter aspect brings us to the
specific particularities of assets enclosed in aggregate, the
focus of this article. The lack of accuracy when evaluating
the seismic response of an asset enclosed in aggregate as an
isolated structure, due to unavoidable interactions between
adjacent buildings when subjected to seismic actions, has
retained more and more attention to this matter in the last
decade. Hence, the main focus of this study will rest pre-
cisely on identifying the particularities inherent to build-
ings enclosed in aggregate and how to properly investigate
these sources of uncertainties so that they can be consid-
ered in the evaluation of the seismic response. It is known,
for example, that the seismic response of old masonry
UCH assets, is highly dependent on the variety and quality
of materials and execution techniques, the state of preser-
vation, the in-height and in-plan regularity, the quality of
connections between walls and horizontal elements, and
between orthogonal walls, the misalignment of openings,
and the foundation’s quality, for example. Figure 1 illus-
trates this idea that assets enclosed in aggregate encom-
passes the investigation of additional aspects cumulatively
to usually considered when assessing isolated assets (i.e.,
not enclosed in aggregate).

Usually, isolated buildings are more likely to be found
in rural areas (Maio et al. 2017), whereas buildings
enclosed in aggregate are more frequent in historical
centers. Therefore, and contrarily to old masonry build-
ings located in rural areas, the fact that UCH assets are
frequently enclosed in aggregate elevates the complexity
level of the problem in hands, as they interact with adja-
cent structural units when subjected to earthquakes. For
this reason, the position of the asset within the aggregate,
the number of structural units and adjacent buildings, the
structural typology regularity, the regulatity in terms of

number of stories, the presence of staggered floors or/and
thrusting roofs, the quality of the connections between the
asset and the adjacent structural units, and the eventual
misalignment of façade walls and respective openings,
should be added up to the basic aspects related to the
asset under investigation as if it would be considered as
isolated (Carocci 2012; Formisano 2017;Maio et al. 2015a;
NIKER 2010). Most of these aspects are also included in
the methodology proposed by the Italian “Guidelines on
Cultural Heritage” (OPCM 2011) for the evaluation and
mitigation of earthquake risk to cultural heritage assets. In
which concerns the knowledge path associated to the
investigation plan of UCH assets, this guideline empha-
sizes the following aspects: identification of the asset and
its position in relation to the aggregate by means of
preliminary visual inspection; complete geometric survey
of the asset and adjacent structures in its current condi-
tion including eventual cracking and deformation phe-
nomena; identification of the evolution of the diachronic
construction process of the aggregate; and identification
and characterization of structural elements in terms of
construction techniques and constituting materials (state
of decay and mechanical properties), as well as their
connections, and investigation of foundation elements.

Investigation techniques

Investigation techniques for structural evaluation of
UCH assets can be divided in two main groups of
tests: “in-situ” and laboratory tests. For the sake of
simplicity, and even though material samples can be
tested in the laboratory, these testing techniques were
not included in this article. Hence, every investigation
carried out in old buildings should understand the

Figure 1. Essential aspects responsible for influencing the seismic response of old masonry buildings in function of their neighboring
conditions (isolated or enclosed in aggregate).
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preparation of the investigation plan (preliminary
visual inspection), the implementation of the investiga-
tion plan (“in-situ investigation” and office work), and
the writting of the final report, as illustrated in the flow
diagram of Figure 2 (Vicente, Ferreira, and Mendes da
Silva 2015). A preliminary visual inspection of the asset
is an essential phase that precedes the investigation
plan, usually carried out by a qualified team to improve
an initial understanding of the structure and give an
appropriate direction to the subsequent investigation
plan and testing techniques most helpful or needed.
Even though this preliminary visual inspection and
basic “in-situ” measurements are capable in most of
the cases to provide a reliable answer to these above-
mentioned aspects, there might be cases where some of
these aspects might not be easily investigated, depend-
ing on the cultural relevance and state of conservation
of the assets. Hence, every time the knowledge on a
particular feature of the building under investigation is
limited, the uncertainty associated to this lack of
knowledge should be accounted in the further analyses.
It is worth referring that the biggest difficulties usually
arise during the “in-situ” investigation phase, either due
to time constraints, the occurrence of unexpected tech-
nical problems or even accessibility or financial limita-
tions. Once the interpretation and analysis of the data
collected from the “in-situ” investigation is complete
and just before the final report is written, it might be
necessary to repeat or conduct additional or more
intensive investigations. This article will focus on the
preliminary visual inspection and “in-situ” investiga-
tion phases, highlighted in Figure 2 (in red).

In the Italian “Guidelines on Cultural Heritage”
(OPCM 2011) the seismic safety assessment of UCH

isolated assets can be verified at three different detail
levels: LV1 — used to assess the seismic safety of
protected heritage at large scale; LV2 — used for
evaluating local interventions (first mode mechan-
isms) on building components or limited parts; and
LV3 — used either to design strengthening or retro-
fitting interventions influencing the whole structural
behavior or to perform an accurate building seismic
safety evaluation. Naturally, the input data that needs
to be collected during the investigation phase for each
one of these levels varies considerably. Therefore, the
set-up of the investigation plan is highly reliant on the
scope of the assessment (information being sought)
and the resources available. Similarly to other fields
of expertise, investigation plans can be extensive or
intensive. Extensive investigation plans are more
appropriate in the case of large-scale assessments,
which usually involve more qualitative information,
while intensive investigation plans are associated to a
single-asset scale and to both quantitative and quali-
tative information. However, in the particular case of
UCH assets enclosed in aggregate, both intensive and
extensive investigations can be intended, depending
on the value and dimension of the asset and the
respective urban environment, its current condition,
and integrity, from the cultural heritage conservation
viewpoint. The latter aspect plays often a crucial role
on setting up the investigation plan and deciding
which investigation techniques are more appropriate
for a given UCH asset, since these techniques must
not compromise the value, uniqueness and authenti-
city of the asset.

The importance of investigations for structural diag-
nosis (including historical, material, and structural

Figure 2. Flow diagram for the design of investigation plans, adapted from Vicente, Ferreira, and Mendes da Silva (2015), with
highlight to the preliminary visual inspection and “in-situ” investigation phases (in red).
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aspects) was emphasized in the Venice Charter in 1964.
This Charter also stressed out that conservation should
be based on the knowledge of the structure’s response
and on the real causes of structural changes and
damages. According to Cattari et al. (2015), setting up
of an effective knowledge and assessment procedure in
the particular case of UCH assets is related not only to
the cost-benefit optimization with respect to the relia-
bility of the outcome, but also to the minimisation of
intrusiveness. Moreover, according to Watt (2015), a
thorough investigation to evaluate the condition of an
asset is essential if sound judgements are to be made
about such issues as acquisition, or the formulation of
policies or programmes of strengthening, retrofitting,
or repair actions. This is especially so in the case of
UCH assets, which have suffered long exposure to
different agents of deterioration and natural aging, but
may also have been subjected to unsuitable uses, ill-
considered structural interventions and negligent main-
tenance and repair.

Before going into detail on the techniques currently
available for the investigation of UCH assets, it is
important to highlight the role of the surveyor in this
process. Independently from the strategy adopted for
the investigation plan (intensive or extensive), the qual-
ity of an investigation is largely affected by the sur-
veyor’s expertise and judgement ability. Hence, it is
essential that surveyors or technicians responsible for
performing the “in-situ” investigations, are able to fully
understand how a given asset was constructed and how
it has evolved over the years.

At the current state of the art, there are several
documents and guidelines in literature that summarize
and describe the vast number of investigation techni-
ques suitable for intervening in existing buildings, as
the case of Binda et al. (1994), Silva and Lourenço
(1998), and Cóias (2009) or the numerous research
projects funded by the Europeacn Commission, such
as the ONSITEFORMASONRY (Maierhofer et al. 2006,
NIKER 2010), or the PERPETUATE (Bosiljkov et al.
2010) projects, for example. In this study, the approach

proposed by Bosiljkov et al. (2010) was adopted, which
considers that in conservation actions, there are two
distinct groups of investigation techniques with a
degree of overlap between them, metric and diagnosis
techniques.

Metric surveying and recording techniques, sum-
marized in Table 1, are used to establish the quantifi-
able physical disposition of form and space, also known
as “base recording”, a term that is often used for the
gathering of measurements and data to be compiled in
a preliminary report together with complementary
drawings and photographs, which in turn will guide
and support the decision-making process on designing
an investigation plan suitable to the conservation pur-
pose. Diagnosis surveying and recording techniques,
summarized in Table 2, are used instead to locate,
isolate, evaluate, or monitor physical phenomena
affecting the UCH asset (Bosiljkov et al. 2010), as for
example the constructive details of the asset, estimation
of mechanical properties of materials, to control the
effectiveness of a determined intervention or even for
structural health monitoring purposes.

The information given in the Tables 1 and 2 was
collected from the above-mentioned sources (Binda
et al. 1994, Bosiljkov et al. 2010, Cóias 2009,
Maierhofer et al. 2006, Silva and Lourenço 1998) and
it includes the purpose of each surveying and record-
ing technique (geometrical survey, mechanical proper-
ties, model validation, and monitoring), the contact to
surface requirement and respective level of intrusive-
ness, Non-Destructive (NDT), Minor-Destructive
(MDT), and Destructive (DT), and the rating concern-
ing the average cost and reliability of data acquired.
The estimation of an average cost associated with each
investigation technique is a very complex task, as it
should not only include time-based professional fees
and expenses related to subsistence, travel, equipment
costs, and charges (which vary significantly from
country to country), but also include repayment rates
and the time spent on collection and analysis, which in
turn is highly reliant on the expertise of the user, the

Table 1. Metric surveying and recording techniques.
Investigation tests, devices and
techniques

Geometrical
survey

Mechanical
properties

Model
validation Monitoring

Contact to
surface

Intrusiveness
level

Average
cost

Reliability
of data

Computer-aided design, drafting and
computer modelling

✓ ✗ ✗ ✗ ✗ NDT L M

Hand survey and sketch diagram ✓ ✗ ✓ ✗ ✗ NDT L M
Global position system ✓ ✗ ✗ ✗ ✗ NDT L H
Laser scanning ✓ ✗ ✗ ✗ ✗ NDT L H
Total station theodolite (topography) ✓ ✗ ✓ ✗ ✗ NDT L H
Rectified photography ✓ ✗ ✗ ✗ ✗ NDT M M
Pictorial imagery ✓ ✗ ✗ ✗ ✗ NDT M H
Photogrammetry ✓ ✗ ✗ ✗ ✗ NDT M H
Inclinometer ✓ ✗ ✗ ✓ ✓ MDT L M
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size of the asset, number of tests required, and nature
of the information require. Moreover, such estimation
would also depend if one is interested in service ren-
dering or purchasing the necessary equipment, adding
further complexity to this task. Therefore, in this paper
only a simplistic rating of the average cost is provided,
low (L), medium (M), and high (H), based on expert
judgement and on the information specified in
Bosiljkov et al. (2010).

These tables aim at providing a clear overview on the
applicability and instrusiveness level of each techniques.
Additionally, a qualitative rating of these techniques in
function of the average cost and reliability of the output
data. It is important to stress that for an in–depth
explanation and comparision between these techniques,
the above-mentioned studies must be consulted.
Nevertheless, from Tables 1 and 2 it is possible to
confirm the theory previously announced concerning
the high dependency between reliability of data and
usefulness of a given investigation technique, and its
intrusiveness level.

Case study of the historical center of Faro, in
Portugal

In this section, both extensive and intensive investigation
plans are to be presented together with illustrative exam-
ples collected from a surveying campaigns carried out in
the historical center of Faro, in Portugal. The idea here is
to underline the most relevant aspects that one should
take into consideration when designing an investigation
plan for UCH assets enclosed in aggregate, by providing

illustrative examples on how to collect the data needed
for extensive and intensive investigation plans, which as
mentioned above, is ultimately related to the scope and
scale of assessment intended to be carried out.

Extensive investigation plan

Extensive investigation plans are more appropriate for
large-scale assessments, such as those recently carried
out by the authors either in Maio et al. (2016), Ferreira,
Maio, and Vicente (2017), or Formisano et al. (2015),
for example. Usually, methodologies that require exten-
sive investigation plans take advantage of the use of
open-source GIS tools, since it allows the spatial repre-
sentation of the global distribution of the seismic
response in the historical center and to easily identify
the most vulnerable UCH assets, being therefore, of
great utility for urban planning and management pur-
poses (Ferreira et al. 2016).

In the methodology applied in Maio et al. (2016) and
Ferreira, Maio, and Vicente (2017), for example, the
seismic vulnerability of masonry building stock at the
historical center level is assessed by assigning a vulner-
ability index value, Iv, to each masonry building within
a given delimited urban area. This methodology, also
known as the vulnerability index method, understands
the investigation of the building characteristics in two
different levels of detail. In a first phase, an evaluation
of the vulnerability index is carried out for the build-
ings to which detailed information is available, namely
architectural drawings and basic measurements, hand-
drawn surveys and sketch diagrams, and detailed visual

Table 2. Diagnosis surveying and recording techniques.
Investigation tests, devices and
techniques

Geometrical
survey

Mechanical
properties

Model
validation Monitoring

Contact to
surface

Intrusiveness
level

Average
cost

Reliability
of data

Dynamic vibration test ✗ ✓ ✓ ✗ ✓ NDT M H
Geoelectrical tomographies ✓ ✗ ✓ ✓ ✓ NDT H M
Hardness test ✗ ✓ ✓ ✗ ✓ NDT L L
Impact-echo ✗ ✗ ✓ ✗ ✓ NDT H L
IR thermometer ✗ ✗ ✓ ✓ ✗ NDT L M
Pachometer ✓ ✗ ✗ ✗ ✓ NDT L M
Pulse sonic test ✗ ✓ ✓ ✗ ✓ NDT M M
Radar (echo method) ✓ ✗ ✗ ✗ ✓ NDT M M
Standard penetration test ✗ ✓ ✗ ✗ ✓ NDT M M
Thermography ✓ ✗ ✓ ✗ ✗ NDT M M
Hole drilling method ✗ ✓ ✓ ✗ ✓ MDT L L
Telecoordinometer ✗ ✗ ✓ ✓ ✓ MDT L L
Tell-tale crack monitor ✗ ✗ ✗ ✓ ✓ MDT L L
Colouring and sampling ✗ ✓ ✓ ✗ ✓ MDT L H
Optical and digital endoscopy or
boroscopy

✓ ✗ ✗ ✗ ✓ MDT L H

Transducer movement sensing ✓ ✗ ✓ ✓ ✓ MDT L H
Ultrasonics ✓ ✓ ✗ ✗ ✓ MDT M L
Percussion penetration test ✗ ✓ ✗ ✗ ✓ MDT M M
Resistography ✗ ✓ ✗ ✗ ✓ MDT M M
Flat-jack test (single and double) ✗ ✓ ✓ ✗ ✓ MDT M H
PNT-G method ✗ ✓ ✓ ✗ ✓ MDT H M
“In-situ” testinga ✗ ✓ ✓ ✗ ✓ DT H H

aIncludes for example compressive, diagonal, and shear tests.
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inspection (supported by photographs) of both the
asset’s environment, envelope, interiors, and detail of
structural elements. The information is usually com-
piled in a set of survey and inspection forms from F1–
F11 (Vicente, Ferreira, and Mendes da Silva 2015). The
layout of forms F1 and F2, for example, are illustrated
in Figure 3, and were designed to collect general infor-
mation on the building (structural typology, general
conservation state, location and foundations, soil type
and slope, usage type, or record of past interventions,
for example) and the main characteristics of façade
walls (geometry, materials, claddings, damage, and
pathological condition, attached non-structural ele-
ments), respectively. The information gathered in
these forms are then used to evaluate a set of 14 para-
meters that address the most important aspects that
rule the seismic vulnerability of masonry structures
located in historical centers (Vicente et al. 2011). The
effect in aggregate is evaluated in a simplified way by
means of a parameter that considers four different
classes of increasing vulnerability for the position and
interaction of the building under investigation with the
adjacent buildings. Since the access to part of these
buildings is often limited (either due to safety or simply
logistic issues), in the second phase, a more expeditious
investigation is performed by assuming the mean
values estimated in the first phase of assessment to all
parameters that are not possible to evaluate from the
exterior visual inspection. By doing so, one is assuming
that the building characteristics and typology is some-
how homogeneous within the area under study. The
example presented in Figure 3 highlights not only the
most vulnerable assets in the Riberinha area of the
historical center of Faro (in light red), but also identifies

the assets that were investigated in the first (Detailed)
and second (Non-detailed) assessment phases.

A similar vulnerability index methodology was
developed by Ferreira, Vicente, and Varum (2012)
and Formisano et al. (2010) for the rapid assessment
of buildings enclosed in aggregate. In both methodolo-
gies, parameters such as the quality of the masonry
fabric, misalignment of openings, irregularities in
height and in plan, and the location and soil conditions
are evaluated by means of a rapid visual inspection or
available drawings. While in the methodology devel-
oped by Ferreira, Vicente, and Varum (2012) these
parameters are used alone, in Formisano et al. (2010),
they are added up to the respective original formulation
conceived for the rapid vulnerability assessment of iso-
lated buildings, presented for example in Formisano
et al. (2015).

Intensive investigation plan

Intensive investigation plans are associated to a single-
asset scale assessment and to both quantitative and
qualitative information. Here, all sources of informa-
tion and data collection are important to fully under-
stand the asset in hands and achieve a thorough
knowledge on the asset’s architectural and structural
features. The morphological and constructive charac-
terization of the area under investigation, for example,
is not only fundamental to understand the evolution of
the historical center itself, which might drop a hint
about the evolution of a particular building aggregate,
but it may also support municipal authorities and civil
protection bodies on establishing strategies for redu-
cing the vulnerability and risk of historical centers and

Figure 3. Example of a typical output of the vulnerability index method estimated for the Riberinha area of the historical center of
Faro (left) and the layout of survey and inspection forms for the asset identification (F1) and façade wall characteristics (F2),
respectively, from left to right.
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promoting this way, the cultural valorisation of such
areas (see Ferreira et al. 2013a, Ferreira, Vicente, and
Varum 2014, or Maio, Ferreira, and Vicente 2015b).
However, depending on the scope of the assessment
(e.g., conservation or renovation interventions) the
detail level of the gathered data could vary. Intensive
investigations are preferentially carried out by means of
comprehensive field (“in-situ”) survey, to which it
might be added information taken from archive and
documentary sources including record drawings when-
ever available. The descriptive document that follows
the blueprint plan presented in Figure 4, dates back
from 1930 and it describes the main characteristics of
the building, including among other general informa-
tion the typology of masonry walls and the detailing of
the horizontal structure (in this particular case floors
and roofs were designed with continuous reinforced-
concrete slabs). The cross-checking between the data
collected from different sources is recommended by
current seismic codes to minimize uncertainty sources
(CEN 2005).

Given the notable variety of materials and construc-
tion techniques existing in UCH assets, both on the
geometric and historic level, it is useful to define local
rules of thumb for the quality judgement reference of
architectural and structural elements. The recording of
a scheme of structural functionality of the building
requires the knowledge of constructive details and the
quality of the connections between the various ele-
ments: typology of walls; quality of connections
between load-bearing walls; quality of lateral joints
and walls; elements of discontinuity (chimneys); typol-
ogy of horizontal structures; typology and effectiveness
of the architraves; the presence of structurally efficient
elements chosen to balance any eventual thrust; and the
presence of highly vulnerable non-structural elements.

The information collected through intensive investi-
gation plans is becoming more and more often inte-
grated in Building Information Modeling (BIM) tools.
Even if originally intended for new structures, BIM has
been successfully integrated within the past decade to
existing structures as well, inclusively in the field of
cultural heritage documentation and preservation
(Garagnani and Manferdini 2013, Logothetis,
Delinasiou, and Stylianidis 2015), paving the way
toward a future in the virtually built environment.

As mentioned before, several other aspects should be
taken into consideration when investigating UCH assets
enclosed in aggregate, namely the number of structural
units or adjacent buildings, the differences in terms of
structural typology, number of stories, the presence of
staggered floors or/and thrusting roofs, façade walls, and
openings misalignments, and the quality of the connec-
tions between the asset and the adjacent structural units.
The correct evaluation of the seismic vulnerability of
buildings enclosed in aggregate remains as a challenging
topics in this field, that has therefore merited the atten-
tion of several authors throughout the years, such as
Senaldi (2009), Ferrari (2012), Maio et al. (2015a),
Boschi (2016), Fagundes et al. (2017), or Formisano
(2017), just to cite a few. However, and contrarily to
the above-referred studies, this article does not aim at
assessing the seismic vulnerability of buildings enclosed
in aggregate, but rather highlight some of the aspects
that are seen as determinant to the correct estimation of
the seismic response of such buildings. Hence, the fol-
lowing paragraphs are dedicated to the discussion of
these aspects, which are, whenever possible, illustrated
with a few examples collected in the Ribeirinha area of
the historical center of Faro, in Portugal.

When assessing UCH assets enclosed in aggregate,
the identification of the structural system or typology

Figure 4. Example of a blueprint plan (left) and respective description report (right) of a design project for a building located within
the Ribeirinha area, circa 1930.
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should not only concern to the asset under investiga-
tion, but also to all the structural units that might have
influence on the seismic response of the asset (illu-
strated in Figure 5). It is known that the response to
earthquakes of non-engineered structures and their
ancient technologies, such as rammed-earth or stone
masonry, is quite different in the case of “new” building
technologies, such as reinforced-concrete frame struc-
tures, due to many factors, as the inherent resistant
properties of the materials, for example. In fact, even
structures apparently executed with the same building
technology can have a very distinct response under
seismic actions, due to several external factors, such as
the quality of the execution, the quality of the materials
used or even the geometrical properties of the building.
Nevertheless, larger deviations in terms of stiffness (or
rigidity) and ductility are expected when in the pre-
sence of buildings constructed with different building
technologies. The cohexistence of assets constructed
with different building technologies is particularly rele-
vant in the case of historical centers, when these assets
often interact among each other when subjected to
seismic actions. Motivated by this disparity in terms
of stiffness and strength, during an earthquake, this
interaction may trigger unexpectable stresses in bound-
ary walls with potential to activate local damage
mechanisms (both in-plane and out-of-plane; see

Ferreira, Costa, and Costa 2015). Therefore, when
assessing buildings enclosed in aggregate, it is impor-
tant to investigate the structural typology of adjacent
buildings.

This exercise can be carried out through a direct
visual inspection complemented whenever possible by
small local sampling (as illustrated in Figure 6), i.e.,
eliminating the renders and plasters of small portions
or removing stones/bricks and mortar joints in order to
investigate the section morphology, allowing the exam-
ination of the masonry fabric quality on the surface and
inside the wall section, and the connections between
walls, the constraints between floors and walls, and
between roofs and walls. The same sampling points
can be later on used to perform sonic and flat-jack
tests, or even endoscopic observations. When necessary
more refined non-destructive techniques can be applied
to observe the heterogeneity of walls on larger portions
(as thermography or geo-radar, for example).

Apart from the structural heterogeneity between
the UCH asset under investigation and the adjacent
structural units, and the position of this asset within
the aggregate, the number of adjacent units is also a
crucial aspect to take into consideration in the evalua-
tion of the seismic response. However, in cases where
the aggregate is composed of numerous structural
units (as illustrated in Figure 7), the investigation of
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Figure 5. Identification of the UCH asset under investigation (in red) and of the structural units composing the aggregate: similar to
the asset under investigation and distinct structural typologies, in light and dark grey, respectively. The photographs illustrate the
structural units that have a distinct typology within the aggregate.

Figure 6. Examination and appraisal of load-bearing walls’ typology and respective fabric quality through direct visual inspections
and local sampling in UCH assets.
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each single unit can be a very time-consuming task
and for this reason, unmanageable in most of cases.
There is, however, scarce recommendations or guide-
lines in literature regarding this aspect, particularly to
the minimum intervention units that one should take
ito consideration in the analyses (Boschi 2016;
RELUIS 2010).

As illustrated in Figure 8, the accuracy on the esti-
mation of the seismic response of an UCH assets
enclosed in aggregate varies in function of the number
of structural units considered in the model. Another
issue that might arise in numerical models when con-
sidering the influence of adjacent structural units in the

seismic response of a given asset is that the global
response might not be any more representative of the
asset under investigation, but of the whole aggregate,
being therefore necessary to perform complementary
local analyses at the wall level, for example.

The difference in terms of number of stories, total
and inter-story height, between adjacent structural
units is also acknowledged in literature as one the
most critical factors responsible for causing local
thrusting forces that can trigger the so-called pounding
effect in assets enclosed in aggregate (Fagundes, Bento,
and Cattari 2017, Maio et al. 2015a, Warnotte 2007).
The presence of staggered floors is frequently observed

Figure 7. Example of the different possible configurations of assets enclosed in aggregate, observed in the historical center of Faro
(in Portugal): mid-row, end-row, and corner-end (respectively, from left to right).

Accuracy, modelling complexity, global to local response

Figure 8. Different modeling options to simulate the aggregate effect of a given UCH asset (in red), that will determine the extent of
the investigation plan, from the “isolated” condition (left) to the discrete consideration of the whole building aggregate (right).
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in historical centers, particularly when the structural
units composing the aggregate were not built in the
same period, as well as when the aggregate lays on
sloped terrain, as the case of presented in Figure 9.
Moreover, the presence of reinforced-concrete slabs in
adjacent buildings has proven to worsen the pounding
effect. Hence, it is of utmost importance to examine
these aspects during the investigation phase, in order
take them into account in subsequent analyses.

The horizontal and vertical misalignments of open-
ings between the asset under investigation and adjacent
buildings, also depicted in Figure 9, are responsible for
worsening the in-plane seismic capacity of masonry
load-bearing walls, and subsequently the seismic
response of a given wall in the event of an earthquake.
Therefore, it is important to detect these irregularities
during the investigation phase.

The investigation of the quality of the connections
between walls, the constraints between floors and walls,
and between roofs and walls should be carefully
addressed. Even though the visual inspection of the
connections between mid-walls of adjacent buildings
is often impracticable, it is known that two possible
configurations are usually adopted, namely a separate
and shared configuration (illustrated in Figure 10).
According to the common diachronic evolution process
in historical centers, the new building to be constructed

in a mid-row situation (in black) can transmit vertical
loads either to its own side walls (separated configura-
tion), or to the existent buildings’ side walls (shared
configuration), which configurations are illustrated in
the upper and bottom row of the following Figure 10,
respectively. This uncertainty can potentially introduce
significant bias on the seismic vulnerability estimation
of a given asset.

Finally, in Figure 11, a few examples of the connec-
tion between the horizontal and vertical structural
elements. While the pictures on the left-hand side
illustrate the connection of timber joists to stone
masonry load-bearing walls, the picture on the right
side shows how the roof structure is typically con-
nected in the case of the UCH assets located in the
historical center of Faro. However, when assessing
well-maintained UCH assets, the visual inspection of
these connections is possible, but is often quite
limited.

Conclusions

Acknowledging the difficulty of assessing an asset as an
independent structure in historical city centers due to
unavoidable interactions between adjacent buidings
when subjected to seismic actions, this article focused on
the identification of the base features and crucial aspects

Figure 9. Example of the main elevation drawing of the asset enclosed in aggregate (in red), from which is it possible to observe the
differences in terms of number of stories, inter-story, and total height, as well as the presence of staggered floors and the
misalignment of openings.

Figure 10. Illustration of the two possible configurations of buildings erected in different time period: pre-existent (in grey) and a
new building (in black).

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE 1255



that arise when assessing UCH assets enclosed in aggre-
gate, and on how to design adequate investigation plans in
accordance to the their position in the urban context.
Moreover, this study aimed at obtaining information on
building typology, constructive, and technological fea-
tures, resourcing to a systematic approach of all the dif-
ferent aspects herein presented and discussed, and
defining a set of survey operations that can be repeatable
for other building aggregates despite their dimension,
heterogeneity, and importance level.

In the context of historical centers, survey operations
are particularly difficult to handle due to several inher-
ent uncertainties and therefore the need for a strategic
investigation plan is of great importance for the effec-
tiveness of conservation interventions in terms of struc-
tural and seismic safety needs of UCH assets.
Therefore, the most widely used investigation techni-
ques for the conservation and structural safety assess-
ment of UCH assets were herein compiled and ranked
in terms of intrusiveness level, average cost, and reali-
ability of data. This article ultimately aimed at encoura-
ging surveyors and technicians to incorporate the
aggregate effect when investigating UCH located in
historical centers, by conducting adequate investigation
plans and techniques, suitable not only to the scope and
scale of the assessment, but also to the resources and
techniques available. By doing so, one is not only con-
tributing for a more reliable and accurate assessment of
the seismic response of assets located in historical cen-
ters, but also supporting the documentation and
recording of UCH assets, whose ancient building tech-
niques and materials are an inexorably part of our
tangible and intangible cultural heritage.
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