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Abstract: Masonry structures are notoriously vulnerable to horizontal actions caused by earthquakes.
Given the high seismicity of the European region, and that the European building stock comprises a lot
of masonry buildings, knowledge about their structural response to seismic excitation is particularly
important, but at the same time difficult to determine, due to the heterogenous nature of materials
and/or constructional techniques in use. An additional issue is represented by the current methods
for mechanical properties assessment, that do not provide a reliable framework for accurate structural
estimations of existing buildings characterized by different typological properties. Every structure,
in other words, should be separately inspected in regard to its mechanical behaviour, based on
dedicated approaches able to capture potential critical issues. In this review paper, an insight on the
Croatian ARES project is presented (Assessment and Rehabilitation of Existing Structures), including
a state-of-the-art of the actual building stock and giving evidence of major difficulties concerning
the assessment of existing structures. The most commonly used techniques and tools are compared,
with a focus on their basic features and field of application. A brief overview of prevailing structural
behaviours and Finite Element numerical modelling issues are also mentioned. As shown, the general
tendency is to ensure “sustainable” and energy-efficient building systems. The latter, however, seem
in disagreement with basic principles of structural maintenance and renovation. The aim of the
ongoing ARES project, in this context, is to improve the current knowledge regarding the assessment
and strengthening of structures, with a focus on a more reliable design and maintenance process for
existing masonry buildings.

Keywords: structural assessment; masonry buildings; earthquakes; seismic loads; existing structures;
reliability; rehabilitation; risk

1. Introduction

According to the literature and recent events, it is well established that masonry is one of the most
commonly used materials across the world, due to its simplicity and high quality characteristics.

Even though the use of masonry for construction in earthquake-prone regions gave evidence of its
intrinsic limitations (due especially to its limited tensile resistance, relevant mass and stiffness), extensive
research has been carried out in the last few decades, with a focus on the material characteristics and
structural behaviour, even under extreme loading conditions such as earthquake events. These efforts
enabled engineers to design masonry structures on sound and safety principles, with progressively
greater exactitude, economy and confidence. Accordingly, a huge number of existing buildings in the
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European region are composed of masonry. Given that most of the so-called “strategic” buildings of
cultural significance and high historical importance are built using masonry, such a condition is the
first motivation, suggesting that the assessment and rehabilitation of existing masonry structures must
be conducted on a very high level.

As is known, the main goal of seismic design is to protect property—and thus life in buildings and
infrastructure—in the case of earthquake events. However, an appropriate seismic design approach
must necessarily develop on knowledge and feedback from existing structures. Compared to other
constructional typologies and materials, past events showed that seismic loads usually cause significant
damage, especially in masonry buildings, due to their large mass and stiffness. This represents an
intrinsic risk for personnel, given that most people in several European countries (especially in the
urban areas) work and live in masonry buildings. In addition, a huge number of masonry structures
were built—over decades—before any seismic codes were developed, thus no confining elements or
reinforcement members exist.

Based on all the above motivations, it is thus clear that a concise strategy for masonry buildings
must be activated.

The seismic behaviour of buildings generally depends on several important factors, such as material
properties, the geometry of the structure, additional non-linear effects, conceptual design and stiffness
properties. The issue of seismic vulnerability assessment and rehabilitation of under-performing
existing buildings is hence a complex problem [1]. “Seismic vulnerability” can be conventionally
defined as a measure of the inadequacy of a given structure to resist to seismic actions [2]. In modern
assessment methods, the seismic vulnerability is represented by design curves which express the
physical vulnerability as a function of the intensity of the process and the degree of loss [3]. For
individual cases only, some structural characteristics of the affected buildings are considered [3].
Throughout the decades, various methods have been developed to evaluate the vulnerability of
buildings, and they can be divided into empirical and analytical (and thus hybrid) methods, and an
approach based on engineering judgment by experts. Methods for vulnerability assessments mainly
model damage to a discrete scale, where damage itself is commonly grouped using three to six
categories [4]. However, no unified approaches on a European level are available.

The seismic vulnerability of masonry buildings is particularly difficult to assess, and notoriously
requires a multitude of specialized technical skills [5]. But actually, how accurate are the methods in
use for the assessment of the seismic vulnerability of existing buildings?

Unfortunately, this question generally remains unanswered, given that more extended research
needs to be carried out on the topics of seismic risk and seismic vulnerability assessment. Focusing only
on “visible” structural/material parameters cannot solve such an open issue. Traditional assessment
methods, in most of the cases, are in fact well-known to allow the assessment of only the actual
condition of a given existing structure, once its stability has already been compromised. In this paper,
selected traditional assessment methods are thus discussed, pointing out some possibilities related to
the use of newer technologies.

The surge of buildings of higher consequence class (and the global goals towards sustainable
development) typically demands higher levels of reliability, and a more sustainable use of raw
materials. That is why it the aim is the modification or extension of existing buildings rather than the
demolition and substitution. There are several important aspects that have a fundamental role in the
assessment of existing masonry structures, namely assessment, deterioration and damage, inspection
and investigation, updating, verification, repair, rehabilitation and reinforcement and maintenance.
In this paper, assessment methods of critical properties (structural and material parameters) are
presented for masonry structures. A focus is set on the available methods able to provide crucial data
and feedback for preventing failure mechanisms and collapses under extreme design loads.
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2. The Croatian Scenario

According to the results of systematic research of Statistical Yearbooks, Croatia’s national building
stock consists of approx. 800,000 residential and 125,000 non-residential buildings [6]. More than 75%
of the building stock is older than 30 years, thus corresponding to a life-time requiring at least some
renovation or modification of primary structural components. More than 40% of the building stock
is then older than 50 years, meaning that the service life of a given structure is fully expired. In the
Croatian building sector, finally, it is recognized that up to 40% of the expenses are dedicated to the
rehabilitation, modification and demolition of existing structures (Figure 1a).
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Figure 1. (a) Investment (values in HRK) for the renovation of Croatian national building stock (data
derived from [6]); (b) Typical masonry building in Zagreb, with a graffiti meaning “a mess” (photo by
M. Stepinac).

The main characteristic of Croatian buildings constructed in the period before the 1970s is
represented by the use of traditional constructional techniques and materials, such as masonry and
timber (Figure 1b). Buildings were built as full-brick masonry structures, with mostly wooden ceilings,
and 30–60 cm thick walls, thus resulting in statically satisfactory structural assemblies. In the 1960s,
reinforced concrete (in combination with timber and steel) started to progressively replace traditional
constructional materials. In fact, most of the residential structures are still built as a combination of
concrete, masonry and timber load-bearing components.

One of the most important HORIZON 2020 programme objectives is the acquisition of necessary
knowledge and skills by all stakeholders in the process of energy-efficient building renovation.
European Union directives clearly suggest the energy renovation of existing structures, but structural
aspects are somewhat ignored and/or disregarded. At the moment, a number of existing structures
are in fact under energy renovation and/or energy upgrading processes (Figure 2a). Besides such a
consideration for energy performances, however, structural assessment and/or structural upgrading is
mostly disregarded. According to an estimate of total investments in Europe, for the period between
2014 and 2049 (including initial investment expenditures, maintenance and replacement of worn-out
equipment), around 3 × 109 Euros will be dedicated to energy processes. In such an expected scenario,
it is thus clear that structural updating and retrofitting can (and must) represent an additional value for
the energy renovation of buildings. This is especially the case in existing masonry structures, which,
in most cases, need robust seismic strengthening interventions.

In the Croatian framework, it is in fact recognized that the majority of residential buildings older
than 50 years consists of masonry structures (i.e., Figure 2b) without appropriate bonding elements to
connect floors and walls [7].
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3. Existing Masonry Structures and Maintenance Issues

The need for maintaining the built environment is supported by the global policy of the Kyoto
protocol 1997 and all further World Climate Summits on existing buildings and engineering works.
Sustainable development is a long-term goal of the global policy which results in modifications,
substitutions or extensions of existing buildings.

In simple words, existing structures can be distinguished with regard to their value between
economical (monetary) values and cultural (non-material) value. Modern existing structures commonly
have a higher economical value, compared to heritage structures (with a dominating cultural value).

Accordingly, the assessment of an existing structure can be performed through different steps,
with increased precision. The degree of precision thereby depends on the amount and on the quality of
available information, as well as on the importance of the building being assessed. This can be reached
by breaking down the assessment into different phases. The number of required phases is dependent
on the remaining level of doubt, and the feasibility and simplicity of repair/strengthening, always in
combination with economic considerations [8].

Advances in technology and sustainability requirements, and requirements for preservation
of existing structures provoked an increased interest in scientific and professional community for
assessment methods. Regarding the masonry structures, a wide variety of methods exist’; however, their
frequency and scope, the decision-making approach concerning safety and the necessary interventions
are far from being agreed upon. The need for an assessment of an existing structure can be based upon
a multitude of reasons. The most typical are briefly explained in [8]. In situations where doubts may
be raised in regard to the design assumptions, a re-assessment of the structure may be also necessary,
such as [9,10]:

• extended service life;
• change in utilization;
• required increase in the level of reliability;
• lack of maintenance and inspection for an extended period;
• doubts regarding the reliability or malfunctioning of the structure (e.g., inadequate serviceability);
• exposure to accidental or unforeseen extreme loads (excessive loading, earthquake, fire, etc.);
• negative experience from other similar structures;
• availability of new knowledge and revised design codes;
• knowledge of errors in the planning or construction period.

With regard to economy and sustainability, finally, it is certainly of high interest for the building
owners (as well as society) to maintain existing structures, rather than demolish and rebuild them.
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4. European Standards, Norms and Guidelines

Most of the current design standards and guidelines are based on reliability-based design,
as specified in ISO 2394 [11] or JCSS [12] documents. The majority of them regulate the design of new
structures, such as the Eurocodes. Nevertheless, the intention is to make the Eurocodes applicable
also for existing structures. Work on new technical rules for the assessment and retrofitting of existing
structures is currently very intense, with special attention being given to heritage structures, aiming at
elaborating the new Eurocode part for existing structures.

One of the few international guidelines for the assessment of existing structures is the ISO 13822
document [13]. Although different guidelines for the maintenance of existing structures exist in
other European countries, only a few of them have issued standards for the assessment of existing
structures (e.g., Switzerland [14] and the Netherlands [15]). More in detail, SIA 462 [14] standard,
in combination with the SIA 469 [16] document, specify the general fundamentals for the assessment
of the load-carrying capacity of existing buildings, and regulate the professional and economical
maintenance of buildings according to their cultural value, respectively.

Nonetheless, the daily basis for the assessment and rehabilitation of existing structures is still
based on a rather rudimentary scheme, mainly replacing and reinforcing defective members. More
sophisticated procedures are needed, in addition to those available in seismic codes (such as Eurocodes).
Eurocode EN 1998-3 [17] provides some suggestions for the assessment of masonry structures, but
it is only informative and lacks of detailed practical suggestions. ISO 13822:2010 [13] gives general
recommendations for a rough assessment of existing structures, but does not take materials into
account. Similar to EN 1998-3 [17], it is mainly informative and lacks depth. Neither of these standards
are very practical. The American documents ASCE 41-13 [18,19] and ASTM [20–25], in this regard,
constitute a more comprehensive guide, including suggested equipment, procedures of assessment,
number of tests, as well as analysis and strength calculation methods. From the perspective of an
engineer, this standard is hence more practical and easily applicable.

5. Selected Assessment Methods

Numerous technical documents have been published by national and international authorities
and focus on systematic and scientific methods that can be used to accurately assess the residual
strength, durability and reliability of structural materials, assemblies and systems in existing buildings.
Nevertheless, especially in the scope of masonry structures, all these documents need to be continuously
revised, expanded and enhanced. Major issues are related to the increasing knowledge in the field of
material sciences, as well as to the technological advancement in the field of the structural assessment
and monitoring of structural systems, or to the practical experience and feedback derived from
professional engineering activities on existing structures. The key role and relevance of research, in this
context, lays in the preservation of existing building stock, restoration of objects, towards the support
and development of reliable and consistent guidelines/norms.

Masonry structures are composite systems, whose main components are masonry units and
mortar layers. Both can be made of various materials, with different mechanical characteristics. The
geometry of masonry units (length, width, height, amount and direction of holes), the thickness of
mortar and the area it covers can also strongly affect the overall mechanical behaviour. Recent research
studies have shown that the inclusion of masonry infills leads to a significant increase in structural
stiffness, thus affecting the overall probability of structural collapse under dynamic loads (such as
those induced during an earthquake). Specifications of compressive strength, a function of parameters
of brick and mortar, are often required. Assessing the variability of these properties and the uncertainty
in the modelling of the masonry compressive strength is hence a topic of great importance [26].

For the assessment of existing structures, the strength classes of used materials are often unknown.
Nevertheless, major advantage and benefit can derive from the fact that the reliability of structures
directly depends on the actual properties of the elements in use. Assessment methods should therefore
aim at identifying these properties to the highest degree of achievable certainty, in order to reduce the
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uncertainty with regard to the resistance of the structure as a whole. In contrast, for the design of new
structures, possible uncertainties on material properties are taken into account in the partial safety
factors for strength properties.

Parameters which are always measured when assessing masonry structures are thus represented
by (i) the compressive strength of masonry units, (ii) the compressive strength of masonry mortar,
(iii) the compressive strength of concrete infill (if any), (iv) the strength of reinforcing steel bars (if any),
(v) the compressive, shear and flexural strength of masonry, (vi) the Modulus of Elasticity (MoE) and the
geometry of the masonry structure (size and location of bearing walls, location and size of openings).

The most important Non Destructive Testing (NDT) methods for existing masonry structures are
summarized in Table 1 and Figures 3 and 4.

Table 1. Available Non Destructive Testing (NDT) assessment methods for existing masonry structures.

NDT Method Devices/Test What Is Measured? How Is It Measured? References

Visual
inspection /

Quality of masonry
(mechanical parameters,
dimension, shape),
mortar and wall
connections

Without a device, using a
base/set of rules (i.e., Masonry
quality index-MQI)

Borri et al. [27]

Measurement of
masonry unit
hardness

Rebound hammer
(Schmidt hammer)

Compressive strength of
masonry units, mortars
and built masonry

A predefined number of tests is
conducted in both horizontal
and vertical direction (with a
calibration needed)

Breysse and
Martínez-
Fernández [28],
Sýkora et al. [29]

Measurement of
reinforcement
location

Ground
Penetrating Radar
(GPR)

Location (depth) of
reinforcement

The device is placed on the
measured surface and moved
along a linear axis (with a
calibration needed),
transmitting radio wave signals
into a structure and detecting
echoes

Agred, Klysz
and Balayssac
[30]

Stress wave
transmission

Ultrasonic Pulse
Velocity test (UPV)
test/Resonant
frequency test
(RF)

Compressive strength of
concrete or masonry

UPV-two transducers are placed
on two sides of the specimen
after which the time of wave
travel is measured RF-a
piezometric sensor is used with
different attachment techniques
to obtain resonant frequency

Sajid et al. [31]

Ultrasonic
velocity testing

Impact hammer
and accelerometer

Characterization of
masonry wall
homogeneity and
variability

On opposite sides of the wall, an
impact hammer and an
accelerometer are placed. The
mechanical impulse is generated
by the hammer striking the
material and the signal is then
received by the accelerometer.

Mesquita et al.
[32]

Sonic velocity
testing

Impact hammer
and accelerometer

Location of
heterogeneities, voids or
inclusions of other
materials in masonry
elements

On opposite sides of the wall, an
impact hammer and an
accelerometer are placed, after
which the mechanical impulse is
generated by the hammer
striking the material and the
signal is then received by the
accelerometer

Martini et al.
[33]
Valluzzi et al.
[34]

Surface
penetrating
radar

Ground
Penetrating Radar
(GPR)

Location (depth) of
reinforcement, thickness
of elements, position of
voids and moisture
content

The device is placed on the
measured surface and moved
along a linear axis (with a
calibration needed) transmitting
radio wave signals into a
structure and detecting echoes

Martini et al.
[33]
Wai-Lok Lai,
Dérobert and
Annan [35]
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Table 1. Cont.

NDT Method Devices/Test What Is Measured? How Is It Measured? References

Infrared
thermography

Thermography
cameras
Visual IR
thermometers

Defects in the buildings
envelope, the monitoring
of reinforcing steel in
concrete, the detection of
moisture etc.

The specimen is under thermal
stimulation and its surface
temperature variation is
monitored during the heating or
cooling phase (the presence of
inhomogeneity in a material
causes local temperature
variations)

Meola [36]

Borescope and
mortar hardness
with pendulum
rebound
hammer

Borescope and
pendulum
rebound hammer

Borescope—anomalies
and internal wall
components, such as ties,
flashing and drainage
cavities
Pendulum rebound
hammer—mortar type
and strength

The borescope is inserted into
small holes drilled into mortar
joints (with fiber optics and
internal light source)
The pendulum rebound hammer
utilizes a low energy impact and
the resulting rebound from the
surface of a mortar joint is used
to measure surface hardness

Schuller [37]

Flat-jack tests Flat jacks

Deformability parameters
in compression,
compressive strength and
shear strength parameters

Two cuts are made with a
predefined distance between
them (horizontal cuts for
compression, vertical cuts for
shear), after which the jack is
inflated with a liquid that
transmits hydrostatic pressure

Parivallal et al.
[38], Simões et al.
[39], Łatka and
Matysek [40],
Croce et al. [41]

Acoustic
emission

The damage evolution in
masonry, evaluation of
the reliability of
reinforcing techniques,
analysis of residual
capacity of brick masonry

A group of transducers are set to
record signals, then locate the
precise area of their origin by
measuring the time for the
sound to reach different
transducers.

Invernizzi et al.
[42]

Although each method mentioned in Table 1 has both advantages and disadvantages, not all
of them are needed for adequate assessment. For an adequate assessment, further methods may be
applied (although other combinations are possible).

Visual inspection presents a basic tool for the assessment of existing buildings. It is a significant
method which should always be implemented to determine further actions. The type of masonry,
building location specifics and overall state of the structure can be determined and rough estimations
may be made. One of the negatives is that it requires an experienced person to determine the
important parameters.

A rebound hammer is a tool that may be used to indirectly determine the compressive strength of
masonry. Since this is one of the most important parameters and considering both its low cost and ease
of applicability, this method seems to be a valuable tool. Although some methods may be better at
determining compressive strength, they are either more expensive and complex, or not non-destructive.

Ground penetrating radar can detect the location of steel, thickness of the wall and possible voids
in it. It is a versatile tool with which the geometry of a wall can be determined precisely.

Flat-jack systems can be used to assess the stresses in existing walls, strength and deformability
parameters, as well as shear strength of a wall. These are all important values to obtain for a more
precise assessment. One of the downsides is the fact that slits need to be cut in a wall. Either rigid or
flexible flat-jacks can be used, depending on the type of wall that is being tested.

In addition to assessment, continuous Structural Health Monitoring (SHM) may assist engineers
for a better understanding of the actual structural behaviour of a given assembly. Together with
structural risk and reliability research and development, SHM specialists figure a comprehensive
research community. Accordingly, it is generally recognized that SHM represents an important field of
today’s infrastructure engineering. It is a goal to enhance the benefit of SHM by the novel utilization of
applied decision analysis on how to assess the value of SHM—even before it is implemented.
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Figure 4. Example of NDT assessment of existing masonry: (a) GPR testing instruments and
results (reproduced from [27] with permission from Elsevier® (Copyright© Agreement license n.
4726440628105, December 2019)); (b) pendulum rebound hammer, to evaluate masonry hardness; with
(c) borescope investigation (figures (b,c) are reproduced from [31] with permission from John Wiley &
Sons® (Copyright© Agreement license n. 4726520295075, December 2019)).

Knowing the intrinsic value of SHM techniques, the decision basis for the design, operation and
life-cycle integrity management of structures can thus be improved and can finally facilitate more
cost-efficient, reliable and safe strategies for maintaining and developing the built environment to the
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benefit of society [43]. All of the above-mentioned methods (see also Figure 5) are in fact eligible to
offer support for better understanding the structural behaviour, risks and costs for the preservation of
existing masonry structures.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 16 
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Seismic Actions and Masonry Structures

In order to strengthen existing weak structures, assessment must be necessarily designed and
carried out. In the past, most of the initial work on seismic assessment was based only on the visual
inspection of buildings [27], NDT methods (see, for example, [32,41,44–46]), as well as the experience
of engineers. The last decade, however, has seen a growth in the technological development of various
tools which can greatly support the prediction of structural safety and seismic behaviour of existing
structures, i.e., thermography [36], photogrammetry [47], unmanned aerial vehicles [48], etc.

The first key step is visual inspection. A structure’s location, both in respect to seismic hazards [49]
and with respect to micro-location (e.g., hill, valley, etc.) matters. Neighbouring structures can also
influence structural behaviour. For example, different storey heights may lead to the collision of a slab
with a neighbouring structure, as can be seen in Figure 6a.

While newer buildings tend to have lower stories than old buildings, this is not uncommon when
a new structure is built inside a block of existing structures. Even if their storey height is the same,
neighbouring structures, according to Figure 6b, may also collide.

The layout of a building’s structural element defines its dynamic response, so it should be
adequately measured or characterized [50]. It is not uncommon that access to the inside of a building
is restricted. The time of construction can also represent another valuable piece of information, since
it gives insight into the most probable material characteristics (both masonry units and mortar),
used building technology and design codes. In terms of floor systems, the most commonly used
solutions are timber in older constructions and reinforced concrete in newer constructions. Timber
floors, as is known, are more flexible than stiff concrete slabs. This not only leads to a different
distribution of seismic actions, but also means that walls are more susceptible to potential out-of-plane
failure mechanisms. Concrete slabs are, in fact, recognized to ensure a box-type behaviour of walls.
In structures with timber floors, horizontal steel rods are usually added to connect the walls (when
they do not already exist) and overcome such an issue.

Besides the need of such a box-type behaviour and interlocking effect, the mortar and masonry
quality of load-bearing elements typically degrades with time. Since different materials were used in
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history, it is advantageous to know the time period of construction. In addition, visual inspection of
material degradation should be necessarily performed. From visual inspection, the position, direction
and width of cracks can be measured and can indicate weak spots in a given structure, as well as poor
soil conditions, or poor craftsmanship. In some cases, cracks may also be structurally negligible. The
geometry of a wall, as well as shape, size and position of openings, can significantly influence crack
formation and propagation. Cracks cause a reduction in stiffness, which in turn changes the dynamic
response of a structure. To adequately model stiffness, the MoE needs to be known, which can be done
with a flat-jack system or rebound hammer. Since stiffness distribution is also relevant, measurements
should be done on all walls. When stiffness is correctly assessed, seismic forces can be determined.
In order to check if a failure will occur, the strength of a material is needed. Compressive strength
can be appraised (with careful laboratory calibration) by using the rebound hammer, which measures
wall hardness. If reinforcement exists, its distribution and amount influence the crack width. Usually,
reinforcement cannot be detected by visual inspection, so additional tools like Ground Penetrating
Radar (GPR) are needed. Some of the reinforcement might be corroded or poorly anchored, and
such an issue should be properly checked. Other important parameters of a wall can be assessed
with GPR, such as the thickness of each wythe and a complete wall, or void location and size. Poor
connection between different wythes may cause the falling out of a part of wall, which can potentially
be dangerous for personnel. The dynamic response of a structure should be then properly checked
using a Finite Element (FE) model. In the latter, however, the previously measured material parameters
(or appraised on-site) should be carefully calibrated.

In addition to previously mentioned data, an important role is also that of soil, whose stiffness and
strength should be carefully taken into account. The variation of soil conditions under the building
should also be considered. Based on a structural model, stresses and strains may be calculated in
each point of a wall. The vulnerability of a structure under different earthquake records may also be
calculated and, in combination with hazard risk, can be defined. Based on risk, expected cost can be
estimated. When the expected risk is unacceptable, the structure should be properly strengthened.
This can be done by adding steel reinforcement or some sort of non-metallic material with high tensile
resistance, such as Fiber-Reinforced Polymers (FRP) or Textile Reinforced Mortar (TRM) solutions.
Based on the expected critical failure mechanisms, different configurations of reinforcement may be
adopted. Strengthening can also be effective if maximum deformations either cause the failure of
non-load-bearing elements or stability problems. Since stiffness changes with adding reinforcement,
however, additional changes in the reference models should be necessarily implemented.
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6. Open Challenges in the Framework of the ARES Project

The preservation of the building stock tackles societal challenges, environmental issues, and
resource efficiency and represents the complex process of engineering and technical work.

The broad range of available methods shows the extensive experience in the measurement
techniques gained in recent years. However, this experience, so far, has not led to a considerable
advance in the quality of assessment with regard to the evaluation of the reliability of structures. Most
methods only allow for the determination of the level of degradation and the localization of damages
or the determination of localized material properties that do not represent the overall properties and
load-carrying capacity of the entire structure. So far, it is often not possible to relate and interpret
these measurements with regard to strength and stiffness properties required for the design and
evaluation of reliability of the structure with sufficient certainty. Advanced methods for the assessment
and probabilistic evaluation of existing structures make use of updated information and are already
successfully applied in different other fields [51] but are still scarce in masonry engineering [29,52–56].

At the moment, there is a huge knowledge gap in the assessment methods and design checks
of existing structures. Without appropriate guidelines, it is difficult to approach the problem, and
this often leads to the wrong interpretation of collected data, and, thus, wrong decision scenarios
for the reinforcement and rehabilitation of existing structures. The development of investigation
techniques for the updating of material properties will help in reducing the uncertainty associated
with the prediction of the structural behaviour of existing structures.

The ARES project, in this context, currently tries to fill the mentioned gaps. The project is
financially supported by the Croatian Science Foundation and aims at delivering the basis for advanced
assessment and design of existing structures, allowing a more economic design and a more accurate
analysis of the consequences of failure. The ARES project aims to improve the way assessment is
actually carried out. Standard methods will be compared, and necessary procedures will be determined
to simplify assessment for practical use. General guidelines will also be developed, and safety factors
will be reviewed.

The research project will provide knowledge about the building stock in Croatia, assessment of
existing masonry structures and prediction of material properties from NDT. In addition, one of the
current project goals is to evaluate updating methods of properties for the application of the assessment
and verification methods for structures, including consideration of time-dependent behaviour and the
influence of environmental conditions.

Furthermore, it is expected that in the current revision of the Eurocodes the consideration
of existing structures will be more prominent, but, so far, no adequate international rules for the
assessment, reuse and rehabilitation of existing structures exist.

In the most developed societies, as they progress, the feeling grows that it is necessary to maintain
the existing building stock to preserve cultural identities. Preserving old buildings also benefits
businesses and the local economy of societies. Preservation reduces waste, demolition energy use and
new construction. Adaptive re-use concepts, renovations for less energy use, maintenance and type of
use also affect building sustainability.

The following main challenges for future research and development in the field of assessment of
existing structures can be identified:

• efficient determination of properties of structures
• precise prediction of material properties
• reliable prediction of the structural performance
• accounting for updated information in the assessment process
• optimization of verification and design procedures
• quantification of the impact of loading history and load duration on the load-carrying capacity in

the remaining service life
• development of low invasive measures for intervention and rehabilitation
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• enhancement of the communication with decision-makers.

Solving the above-mentioned issues can be of valuable use and precious help for consultants and
designers, as well as for researchers and scholars dealing with the assessment of masonry structures.

7. Conclusions

European building stock comprises a large number of masonry structures which are vulnerable to
seismic excitation. To reduce vulnerability, they usually need to be strengthened with either steel or
non-metallic reinforcement. Configuration and the amount or reinforcement need to be determined
after the assessment is done. Since sustainability is becoming a prevailing issue, the general aim
seems to be shifting from building new structures to the maintenance of existing ones. Thus, the
evaluation of structural behaviour and strengthening techniques is becoming more important than it
was before. Many questions regarding seismic vulnerability assessment of masonry structures remain
unanswered, although many tools and techniques for estimation of material properties exist. Most
of the historic structures and a lot of residential buildings are built with masonry, so both economic
and cultural aspects are at risk. In many cases, access to the interior of a structure is limited. At the
same time, energy efficiency is currently being improved in a lot of structures without any seismic or
even structural considerations. Some simple solutions may lead to a large improvement in seismic
behaviour, such as adding horizontal steel rods to ensure a box-type behaviour of a structure.

The majority of existing design standards regulate the design of new structures but provide poor
information for their maintenance and repair. Although some guidelines and technical documents
exist, they need to be improved and adapted to different solutions. Further research on material
properties (and also its variability), risk assessment and modelling is, hence, necessary. Although
there is a lot of experience regarding existing structures, no significant advancement in the quality
of assessment can actually be perceived. The interpretation of measurements and their relation to
calculation parameters still represents a weak aspect of the overall process. Currently, there is a
huge knowledge gap, especially in the assessment methods and design checks for existing structures,
in every aspect of the assessment process.

Firstly, it is important to clearly define which parameters must be tested, and which may be
calculated (i.e., is it necessary to measure mortar characteristics or are they similar for the Croatian
building stock? Is it necessary to measure shear strength or will the well-known expressions approximate
the values appropriately?). In this regard, the plan is to make case studies on existing structures to
develop the exact procedure.

Secondly, the focus should be spent on how to properly model such a series of structures,
considering economy. This is in contrast with the current practice for existing structures, which is
usually either overly complex or overly simplified. The plan is thus to model structures with different
input parameters, and afterwards try to assess them before testing. The values will be compared to the
ones provided by tests and models will be calibrated. The procedure will be repeated until a stable
system (i.e., where no further calibration is needed) will be obtained.

Thirdly, gaps exist in the way strengthening is ensured (which safety factors can be expected for a
specific strengthening technique, masonry and standard practice characteristic of Croatia? How does
strengthening influence the parameters for modelling? etc.).

The ARES project, in this context, tries to fill these gaps, allowing for a more economic design
and a more accurate analysis of the consequences of failure. In order to achieve sustainability, SHM
should be implemented to ensure continuous tracking of structural behaviour and provide owners
with information important for maintenance.
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