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Abstract: The paper describes a novel Adriseismic method for expeditious assessment of seismic
risk associated with unreinforced masonry buildings. The methodology was developed for the
Adriseismic project of the Interreg ADRION programme, with the aim to develop and share tools for
increasing cooperation and reducing seismic risk for six participating countries within the region
surrounding the Adriatic and the Ionian Seas. The method is applicable to unreinforced masonry
buildings characterised by three main seismic failure mechanisms, namely masonry disintegration,
out-of-plane failure, and in-plane damage/failure. Depending on the input parameters for a specific
structure, the assessment yields a qualitative output that consists of the masonry quality index, the
index of structural response, the level of seismic risk, and the most probable collapse mechanism.
Both input and output of the method are applied in the spreadsheet form. The method has so far
been applied in urban areas of participating countries in the project, including Mirandola, Italy;
Kastela, Croatia; Belgrade, Serbia. In parallel, the methodology has been validated by performing a
detailed seismic assessment of more than 25 buildings, and the results have been compared with the
results of the proposed expeditious method. The results show a good correlation between the two
methods, for example, the structural response index obtained from the expeditious method and the
capacity/demand ratio obtained from the conventional assessment method.

Keywords: unreinforced masonry structures; Adriseismic project; seismic vulnerability assessment;
risk prediction; seismic failure mechanisms; existing buildings

1. Introduction

The countries surrounding the Adriatic and Ionian Seas, including Italy, Slovenia,
Croatia, Bosnia and Herzegovina, Serbia, Montenegro, Albania, and Greece, have been
historically exposed to major seismic events, both in terms of intensity and frequency [1,2].
These countries are characterised by the high seismic exposure and significant stock of
vulnerable unreinforced masonry (URM) buildings, which were designed to withstand
only gravity loads and were unable to sustain the effects of moderate to strong earthquakes
without substantial damage. Historical URM buildings located in urban centres appear
to be most vulnerable due to numerous transformations which they have undergone
over time, and the challenges encountered while carrying out structural interventions, as
demonstrated by the many seismic retrofitting techniques introduced since the 1970s [3].
At the same time, these urban areas are also characterised by the highest population density
and the unique identity of a specific place. The combination of high seismic hazard, high
vulnerability, and high exposure makes seismic risk reduction an issue of fundamental
importance for these urban areas. Recent earthquakes in the region, including Albania [4],
Greece [5,60], and Croatia [7,8], once again confirmed the high seismic vulnerability of URM
buildings, which experienced substantial damage or collapse due to these seismic events.

Buildings 2023, 13, 344. https:/ /doi.org/10.3390/buildings13020344

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings13020344
https://doi.org/10.3390/buildings13020344
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0001-7422-1744
https://orcid.org/0000-0002-4309-9632
https://orcid.org/0000-0001-6642-8403
https://orcid.org/0000-0001-5107-2483
https://orcid.org/0000-0001-6174-6859
https://doi.org/10.3390/buildings13020344
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13020344?type=check_update&version=2

Buildings 2023, 13, 344

2 of 30

It was estimated that URM buildings account for 45% to 61% of the existing build-
ing stock within the region surrounding the Adriatic and Ionian Seas [9]. Seismic as-
sessment of URM buildings is often challenging because an in-depth seismic analysis
is both time-consuming and expensive. For this reason, methods for expeditious seis-
mic assessment have been considered as an alternative to detailed approaches. They are
less time-consuming, but accurate enough to guide informed planning at the urban or
regional level.

It is possible to classify seismic vulnerability assessment methods into analytical
and empirical ones [10], although hybrid assessment procedures are also available [11].
Empirical methods are mainly based on rapid post-earthquake damage observations, while
analytical methods are usually based on performance limit states, mechanical characteristics
of construction materials, and include detailed vulnerability assessment algorithms [12].
Hybrid methods are a combination of empirical and analytical ones—they are derived from
statistical approaches and consider the actual effects of past earthquakes on different types
of structures, as well as the results from analytical methods [13,14].

Probable damage matrices are classic examples of empirical methods, which attempt to
predict the effect of an earthquake on structures with known characteristics [15]. Empirical
methods of this type have evolved over time. For example, the study by Braga [16] used the
macroseismic intensity scale MSK-76 [17] to define damage matrices based on the observed
damage after the Irpinia earthquake (Campania, Italy). The same method, implemented
by Giovinazzi and Lagomarsino [18], proved particularly effective for application to large
urban areas, such as the cities of Faro, Portugal [19], Barcelona, Spain [20], and Lisbon,
Portugal [21]. Another widespread empirical method is the Rapid Visual Screening Method,
presented in FEMA154 [22], which assigns a score for the building on the basis of visual
sidewalk screening, providing results to the user in about 30 min. Approaches based
on general considerations, inspired by field experience, have been developed in several
countries, including Japan [23], Turkey [24], and Canada [25].

Analytical methods can generally rely on more accurate results but are more time-
consuming. They may include the use of collapse multipliers, e.g., the Vulnus System,
developed in Italy [26], or the FaAMIVE method [27]. Calvi [28] proposed a displacement-
based vulnerability assessment approach applicable to both reinforced concrete and URM
buildings, and served as the basis for other methods for URM buildings [29-31].

The expeditious method presented in this paper was developed for application in
several countries within the region surrounding the Adriatic and Ionian Seas. Similar
to the EMS-98 scale [32] which is applicable in Europe, the proposed method aims at
performing seismic risk assessment at the international (regional) level. It can be used
to expeditiously evaluate individual buildings, and potentially large areas within a short
timeframe, without the need to define complex frameworks or acquire empirical data
from previous seismic events [33]. Building-specific vulnerabilities depend on regional
construction characteristics [9] and are different from seismic risk, which is the product of
vulnerability, exposure, and hazard. The procedure yields the following output indicators:
(i) index of structural response, defined as an inverse value to the vulnerability; (ii) masonry
quality index (MQI) [34,35]; (iii) the most probable collapse mechanism; (iv) seismic risk
index. Both input and output values were simplified as much as possible, often using
general categories (I, II, 111, etc.), with the values that were attributed a priori. The method
enables fast data input in the spreadsheet form, easy interpretation of the results, and
was designed to be implemented on Geographical Information System (GIS) platforms to
facilitate large-scale applications.

During the Adriseismic project [36], three pilot cases were performed to assess the real-
life applicability of the procedure. The selected sites were located in Bologna (Italy) [37],
Kastela (Croatia), and Rethymno (Greece). This paper presents instead the results obtained
for three urban sites located in the cities of Mirandola (Italy), Kastela (Croatia), and Belgrade
(Serbia), which were considered relevant for the case study purposes, too. These case
studies enabled evaluation and testing of the procedure, in terms of its applicability to sites
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characterised by different seismic hazard levels and masonry buildings constructed using
different techniques. Furthermore, the expeditious method was verified on a pilot sample
of 25 buildings, for which the results of seismic assessment were previously determined
using conventional seismic assessment methods. Some of the buildings were previously
assessed using the LV1 expeditious method [38], while others were assessed by means of
linear elastic dynamic analysis.

The features such as expeditiousness, applicability at different localities, and qualita-
tive, easily interpretable output distinguish the proposed method from existing approaches
and facilitate its large-scale application, thereby increasing knowledge of the state of the
existing heritage, therefore targeting more in-depth analyses on the most critical buildings.

2. The Adriseismic Method
2.1. An Overview of the Method

The Adriseismic method was developed based on the following criteria:

1. Input information is easily accessible: to be effective, the method must be applica-
ble on a large scale. For that reason, assessment of an individual building should
not require in-depth investigations, such as detailed condition surveys or historical
analysis, instead, an assessment should be based on general data, such as cadastral
plans and other types of building information.

2. The assessment is performed quickly: ideally, it should take no more than a few
minutes to evaluate an individual building once all the information is available.

3. The output can be easily understood by non-experts: a long-term goal of the project
is rapid dissemination of the method; hence, it is expected that the results can be
incorporated in urban planning tools (through municipal maps), as well as property
evaluations in the insurance sector.

4. The method is internationally applicable: it is essential for the procedure to include
features unrelated to a specific country or region.

These four criteria guided the method development. On one hand, it was important
to maintain the consistency with the initial objectives, while on the other hand it was
important to impose certain constraints, such as international applicability and a balance
between the accuracy of the results and the speed of processing input data.

From the operational point of view, the method comprises the following four main
phases (see Figure 1):

INDIVIDUAL BUILDING ASSESSMENT

DATA INPUT

first phase

General Data

Construction characteristics

Masonry quality

Building characteristics

Site data

Figure 1. General structure of the proposed Adriseismic method, showing macro-phases and inter-

mediate steps.

—

second phase

Masonry disintegration

QOut-of-plane kinematics

In-plane resistance

Seismic exposure

Seismic hazard

-

third phase

Masonry categories

Index of structural response

Most probable colapse mechanism [EZNNEGW

fourth phase

i Extent of intervention

Material preference

i Implementable measures

Seismic risk

Cost

; Tecnical complexity

Suggested for
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data

Data input: the user needs to enter input data related to specific building.
Processing: the input data are processed according to the algorithm.

Output: the system provides output (results).

Retrofitting: this phase is currently not directly linked to the seismic assessment of a
building, but a structure intervention strategy can be suggested for enhancing seismic
resistance of a specific building.

The expeditious method can be applied using a Microsoft Excel spreadsheet. Input
are organised into the following sections:

General data—this section provides general information related to a specific building
and does not affect the assessment results.

Construction characteristics—information related to the prevalent construction tech-
niques for foundations, vertical structural elements, floors, and roofs is selected from
an existing database via a drop-down menu [9,39]. The provided information does
not affect the assessment results.

Masonry quality—masonry assessment is performed using the Masonry Qualityl
method, M.Q.I [34,35]. The user is requested to input nine masonry characteristics
for the building, which strongly influence the seismic vulnerability assessment.
Building characteristics—this section requires the user to provide 12 input data
related to the intended use of the building and its morphological and structural
configuration. Whenever possible, the weights attributed to each parameter were
defined using normative values or considerations based on simplified schemes. Input
data, such as intended use, irregularities, and expected ductility, were derived using
indirect considerations from Eurocode 8 [40,41]. (See Appendix B.) Other parameters
were set using equilibrium-based considerations, as explained in the next section.
Input data influence the key results, namely the index of structural response, the
seismic risk, and the most probable collapse mechanism.

Site data—this section consists of three input parameters referring to the seismic zone
of the building site according to the Eurocode 8 requirements [40] and is used to
determine the seismic hazard level.

Detailed information related to each input section is contained in Appendix A.
The following output indicators are obtained as a result of the assessment:

Masonry category—it depends exclusively on the masonry quality. According to
the M.Q.I. method, which serves as the basis for determining the masonry category,
there are three possible categories (A to C), depending on the capacity of a masonry
structure to resist vertical, out-of-plane, and in-plane load actions.

Index of structural response—associates the presumed building capacity to a numer-
ical value (in the range from 0 to 1) and the corresponding category (from I to VI). A
specific value is determined by analysing the following three main masonry failure
mechanisms (in a decreasing extent of impact): wall disintegration, out-of-plane fail-
ure, and in-plane failure. The masonry quality and the building characteristics input
data also influence the failure mechanism.

Probable collapse mechanism—a hypothesis regarding the most probable collapse
mechanism (disintegration of masonry, out-of-plane kinematic mechanism, or in-plane
failure) is formulated for the building based on the input data;

Seismic risk—it is calculated based on the index of structural response and the
required site data (the higher the number, the greater the risk); the risk is also presented
as a category (ranging from “none” to “very high”).

Retrofitting—when specific structural deficiencies are noted, the user may wish to
suggest specific actions to mitigate the risk. According to the possible choices in terms
of the type of the structural intervention, simple qualitative information is provided
to indicate its feasibility for a specific building.

Both input and output were simplified as much as possible. Instead of providing

a numerical input to describe the building characteristics, general categories (I, II, and
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III) were used. The use of qualitative indicators instead of numerical values also appears
to be useful since it facilitates the application in different contexts by partially removing
a language barrier. For example, “I” indicates a low quantity in an absolute sense, e.g.,
a regular building is assigned category “I” to indicate the absence of irregularity, “III”
indicates a very high amount/abundance (e.g., high energy dissipation capacity), while
“I1” is used for intermediate values.

Figure 2 compares the assessment form of the Adriseismic method to the general diagram.

ADRISEISMIC PROJECT

MASONRY ASSESSMENT

INPUT: GENERAL DATA
Data

Building address

GPS coordinates

INPUT: CONSTRUCTION CHARACTERISTICS
Foundations

Masonry walls

Fioors

Roof

Notes on input:

INPUT: MASONRY QUALITY

Type of masonry

PROCESSING

second phase

DATA INPUT
first phase third phase

General Data

21.02.2022
Residencies, Via Zamboni 56
44.49723, 1135203

Brick masonry foundations
Solid brick masonry with lime mortar

Single or double timber floors (beams and joists) with brick tiles Construction characteristics

Single or double timber floors (beams and joists) with simple wooden plank

Brick

Horizontal alignment of brick/stone rows R Masonry element size PR
Presence of headers R Quality of mortar PR Masonry quality
Shape of masonry elements R Resistance of masonry elements R
Alignment of vertical jints 3 Thickness of mortar joints <13
INPUT: BUILDING CHARACTERISTICS
Designated use Residential Connections between structural elements o
Floors above ground s Irreguiarites in height o
Irregularities in plan nr Expected ductility o Building characteristics
Trasversal wall distance o Permanent floor loads 1
Wall thickness o Thrusts due to arches or vauls (floor level) o
Floor height o Thrusts due to arches or vauls (roof level) I
QUTPUT: STRUCTURAL RESPONSE o NRY CATEGORY
Index of structural response 0.39 2 B Index of structural response
VI A M "
lasonry categories
M A Y &
07 v [0S
055 m 04 MOST PROBABLE COLLAPSE MECHANISM
04 I 02 Most probable colapse
oz 1 mechanism
INPUT: SITE DATA
Peak ground acceleration 0167  miz .
Ground type (Eurccode 8) c Site data
Buikling exposure m
QUTPUT: SEISMIC RISK SEISMIC RISK CATEGORY
VERY HIGH
Sp=LxExP= 077 Seismic risk
Iv= index of vulnerability (1/) 256
€= Exposure 120
H=Hazard 025
STRUCTURAL RETROFITTING CHARACTERISTICS
Extent of intervention Focused Specific intervention an criical elements|
Material preference Steel

MEASURES COULD BE IMPLEMENTED
Connection o flor s and roofs to wall
cosT

TECNICAL COMPLEXITY

SUGGESTED FOR

fourth phase
MEDIUM
MEDIUM

33|

(a)

(b)

Figure 2. Adriseismic method: (a) assessment form, generated via a Microsoft Excel spreadsheet,
showing input data and output (results), and (b) a diagram showing the main input categories (note
that the processing phase is shown in grey).

Input data related to the masonry quality have been presented as proposed by the
M.Q.I. method [34,35]. Each input characteristic is assigned a qualitative indicator, e.g., F.
(fulfilled), P.F. (partially fulfilled), or N.F. (not fulfilled), as seen in Table 1. These qualitative
input categories (I, II, III, F, P.F,, N.E) are associated with numerical data, which are
essential for obtaining the output.

Table 1. Input parameters: main values.

Building Characteristics MOQI
I Low Value N.F. Not fulfilled
II Medium Value PFE Partially fulfilled
I High Value F Fulfilled
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(a)

The output (results) was presented using the same quantitative indicators as the input.
For example, the parameter “index of structural response” is defined by six different classes
(I to VI), where I indicates a highly vulnerable building and VI indicates a building without
obvious structural deficiencies. The class of a building was assigned based on the numerical
value (ranging from 0 to 1), which describes the structural behaviour and directly depends
on the inputs. The ranges shown in Table 2 were assigned considering wider ranges for
the lower classes and narrower ranges for the higher ones; this increases the probability of
assigning precautionary values.

Table 2. Index of structural response: categories and values.

Class Minimum Value Maximum Value
I 0.00 0.20
1I 0.21 0.40
III 0.41 0.55
v 0.56 0.70
A% 0.71 0.85
VI 0.86 1.00

The use of building class is similar to the decree “Sismabonus” [42], which is used to
evaluate the seismic capacity of existing buildings by means of letters (A to F). The use
of defined classes and numerical ranges facilitates ease of application and interpretation,
and the results can be transferred to urban planning maps or GIS for use by a wider
community (non-experts).

2.2. Processing of Input Data

After the input data have been entered in the assessment form, the processing takes
place in the background (it is not visible to the user). One of the key aspects of the
processing stage is determination of the most critical masonry failure mechanism for a
specific building. The Adriseismic method takes into account realistic seismic behaviour
and failure mechanisms for URM structures, including (i) masonry disintegration, (ii) out-
of-plane kinematic mechanisms, (iii) and in-plane failure. Figure 3 shows a schematic
representation of these failure mechanisms.

g

(b) (c)

Figure 3. Masonry failure mechanisms—(a) masonry disintegration, (b) out-of-plane kinematic
mechanism, and (c) in-plane failure.
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Disintegration concerns the loss of cohesion of the wall and is typical of loose (poorly
cohesive) and weak (low strength) masonry, (Figure 3a). Out-of-plane kinematic mecha-
nism, such as overturning (Figure 3b), can be simulated by a rigid macro-element, which
does not depend on material strength characteristics. Collapse due to reaching the ultimate
resistance in plane, also known as in-plane failure (Figure 3c), usually requires the greatest
seismic energy and can be expected in cohesive masonry which is found in structures with
well-connected load-bearing elements [43].

Parameters related to building characteristics directly influence the activation of
four out-of-plane kinematic mechanisms, including simple masonry overturning, vertical
bending, horizontal bending, and corner overturning, [44] which were considered in this
study. Each parameter was assigned a 0 value if it does not influence the activation of a
specific out-of-plane mechanism, 0.5 for the case of a small effect, and 1 in the case of a
large effect (see Table 3).

Table 3. Building characteristics related to out-of-plane mechanisms and the corresponding weights attributed.

Weights Attributed to Kinematic Mechanism

Name and Description Input Simple Masonry Vertical Bending Horizontal Corner

Overturning Bending Overturning

I 0.00 0.00 1.00 0.00

Transversal wall distance II 0.00 0.00 0.50 0.00

III 0.00 0.00 0.00 0.00

I 0.00 0.00 0.00 0.00

Wall thickness II 0.50 0.50 0.50 0.50

III 1.00 1.00 1.00 1.00

I 1.00 1.00 1.00 1.00

Floor height i 0.50 0.50 0.50 0.50

III 0.00 0.00 0.00 0.00

I 0.00 1.00 0.00 0.00

Permanent floor weights 11 0.00 0.50 0.00 0.50

III 0.00 0.00 0.00 1.00

I 1.00 1.00 1.00 0.00

Thrusts jue t‘l’ arches 1 0.50 0.50 0.50 0.00

and vaults il 0.00 0.00 0.00 0.00

I 1.00 0.00 0.00 1.00

Thrusts due to the roof II 0.50 0.00 0.00 0.50

III 0.00 0.00 0.00 0.00

The influence of these characteristics was assessed by monitoring the variation in
spectral acceleration for the activation of each kinematic mechanism while the other pa-
rameters remained unchanged. C.I.N.E. spreadsheets developed in Italy [45] were used
for this purpose. The impact was defined as irrelevant when the variation in a parame-
ter changed the original spectral acceleration by less than 25%, moderate when changes
in spectral acceleration ranged from 25 to 75%, and large when changes were greater
than 75%.

As for the other input parameters, the categories “I1”, “I1”, and “III” indicate poor or
abundant values. For example, in the case of small transversal wall distances, category ‘1" is
used, while for very thick walls the category ‘III" should be selected. In order to minimise
the complexity of survey and data acquisition, the parameters “thrust due to arches and
vaults” and “thrusts due to the roof” were set to depend on the floor weight. For example,
in case of a construction solution that generates a thrust on the vertical masonry, a higher
floor weight corresponds to a higher thrust.
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2.3. Results of the Assessment
2.3.1. Masonry Categories

The M.Q.I. method assigns masonry categories ranging from A to C, where A is the
least vulnerable, B is intermediate, and C is the most vulnerable. The rating is assigned for
all possible load actions, namely vertical actions (gravity) (MQIv), horizontal out-of-plane
actions (MQIlop), and horizontal in-plane actions (MQIip).

The M.Q.IL ratings are formulated for each load action based on Equations (1)-(3).
The symbols in the equations are explained in the nomenclature section. The results are
associated with the corresponding masonry category (A, B, or C).

MQI, = ry-g-m-Ss-(Hj + We + S, 4 Vj + S35 + My) 1)
MQIop = top-g-m-Ss-(Hj + We + S, + V; + Sg + M) )
MQI;, = rjp-g-m-Ss-(Hj + We + Sy + Vi + Sg + My, 3)

Table 4 shows the ranges of values associated with each category. The numerical
values obtained from equations are divided by a factor of 10 for the sake of convenience.

Table 4. Masonry categories and M.Q.I. values.

Load Action Masonry Categories Min Max

A 0.50 1.00

MOQI,—Vertical action B 0.25 0.499

C 0.00 0.249

A 0.70 1.00

MQI,p,—Horizontal out-of-plane action B 0.40 0.699
C 1.00 0.399

A 0.50 1.00

MQI;,—Horizontal in-plane action B 0.30 0.499
C 0.00 0.299

2.3.2. Index of Structural Response

Index of structural response is the key parameter used for assessing the seismic
behaviour of the construction. It is defined considering an M.Q.L rating and building
characteristics. In order to evaluate all masonry damage mechanisms, the following
equations have been proposed:

Smo:Sw+Wt+Inh+wa+Pa+Pr (5)
Vy = Sw+ Wi + Ly, + P + P + Pr (6)
Hy = Sw+ Wi+ Ly + Py + Pa + Py @)
Co = Sw+ Wi+ Ly + Proy + Pa + Py 8)

The equations assign a numerical value to parameters linked to seismic demand Psy
(Equation (4)), simple masonry overturning Sy, (Equation (5)), vertical bending V;, (Equation (6)),
horizontal bending H;, (Equation (7)), and corner overturning C, (Equation (8)). The meaning
of the symbols can be found in the Nomenclature section at the end of the paper. The
resulting values for these parameters have been normalised using the traditional max-min
formulation (Equation (9)) to make them comparable. The maximum value was set equal
to 1, and the minimum value was 0 (the same applies to the index of structural response
and the M.Q.L.).

norm = ——min_ )
Omax — Omin
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Once the five values have been defined according to Equations (4)—(8), it is possible
to calculate the index of structural response, Is;. Two alternative formulations are used:
the first considers the main structural elements disconnected from each other (input n.25
set “off”, see Appendix A, Table A4), and the second assumes them as linked (input n.25
set “on”):

Py + min(Smo,n; Vs Hy s Con; MQIL; MQIop; MQI,«,,)
Isr,l = 5 (10)

Py, + min(MQIv; MQIo; MQIi)
2

Equation (10) offers the index of structural response as the mathematical average of the
seismic demand parameters (normalised) and the minimum value for the four kinematic
mechanisms and the M.Q.L results. In this way, the most probable damage mechanism of
the analysed structure is evaluated, choosing the one with the lowest numerical value on a
0-1 scale. For example, a building constructed with poor masonry quality but with good
construction characteristics will still have a low index of structural response.

Equation (11) is related to the hypothesis of well-connected structural elements. The
four out-of-plane kinematic mechanisms are not included in the equation. In this case,
the index only depends on the parameters that directly influence the seismic demand
(designated use, floors above ground, irregularity in plan, irregularity in height, expected
ductility) and the quality of masonry.

A numerical value, ranging from 0 (very vulnerable building) to 1 (building without
vulnerability), is used to assign a class (from I to VI), according to the range shown in
Table 2. The assigned class allows for comparison with other buildings and can be used for
urban planning purposes.

Isr,Z = (11)

2.3.3. Most Probable Collapse Mechanism

The previously presented Equations (5)—(8), together with the M.Q.IL. results and the
data provided by the user about the “connections between structural elements”, allow
hypotheses to be formulated regarding the most probable collapse mechanism for the
building. The output is provided based on the following criteria:

e  When the masonry quality is class C, for one or all three actions, the masonry may
disaggregate for very low seismic values.

e  When the masonry quality is average or good class A or B, but the connections
between structural elements are good, the evaluation system indicates the out-of-plane
kinematic as the most probable collapse mechanism with the lowest value among the
four investigated in the method, Equations (5)—(8).

e  When neither of the two conditions presented is verified, the building may develop
global behaviour, and collapse may occur due to reaching ultimate strength in verti-
cal plane.

2.3.4. Seismic Risk

The final output is related to seismic risk, S;,. Using the same concept as before, a
numerical value is assigned to a qualitative risk category for the building. The risk Sy, is
calculated using the widely used formulation [46]:

S, = I,,E-H (12)

Unlike the index of structural response, the risk is not determined as a numerical value
because its magnitude depends on the ground acceleration provided by the user. However,
as the number describing the risk increases, the risk category increases, as shown in Table 5.
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Table 5. Seismic risk categories and values.

Categories Min Max
Very high 1.40
High 0.90 1.39
Medium 0.45 0.89
Low 0.10 0.44
None 0.00 0.09

The ranges in the table were calibrated for different conditions within the entire
Adriatic-Ionian Sea region. For example, the risk was differentiated into high and very
high for buildings located in areas subject to significant acceleration, but characterised by
different exposures.

2.3.5. Retrofitting

Finally, the method provides recommendations related to the possible seismic interven-
tion (retrofitting). The output is intended to be qualitative and identifies the intervention
based on deficiencies that may have emerged during the investigation phase and con-
firmed by the results. The section is also organised into input and output, but there is no
intermediate processing phase for the input information and the output. The intervention
can be selected from a defined list. As shown in Table 6, it is possible to select the extent
of intervention and the main material that should be used. Based on these preferences,
compatible interventions are offered by the method.

Table 6. Seismic retrofitting intervention.

Name and Description Possible Values

Extent of intervention
(How extensive the intervention is)
Material preference Concrete, composite (fibre-reinforced
(Main material used for the retrofitting) polymers), masonry, wood, steel

Extensive, localised, none

Currently, 56 possible interventions have been included in the database; out of these,
28 interventions are localised, while the remaining ones are extensive.

Figure 4 shows five main types of materials that can be used for interventions. The
blue colour shows the total number of interventions for each material, while a beige bar
gives an indication of the extent (extensive or localised). For each intervention, a few quali-
tative indications are available to help guide the choice. Based on the Adriseismic project
deliverable D.T.2.1.2 [9], the cost, technical complexity, and critical issues are indicated, as
seen in Table 7. For the Croatian scenario, the retrofitting prices were based on World Bank
reports and Croatian methodology [47-50].

Table 7. Qualitative indicators for seismic retrofitting.

Indications Provided Range of Values
Cost Low/medium /high
Technical complexity Low/medium/high

A brief summary of seismic deficiencies

Exol . . .
xplanation addressed by the intervention
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Interventions related to a material

Localised
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i |
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Concrete Composite Masonry Wood

Figure 4. Interventions classified based on the main material and type (localised and extensive).

3. Application of the Adriseismic Method on Urban Case Studies

At the end of the development phase, the method was initially applied on real build-
ings. The aim was to verify the adaptability of the procedure in varied contexts and its
compliance with the four guiding criteria illustrated in Section 2 (easily accessible infor-
mation, quick assessment, outputs easily understandable, and international use). For this
purpose, buildings in three different areas within three cities were studied: Mirandola
(Italy), Kastela (Croatia), and Belgrade (Serbia). The areas were selected according to
Adriseismic project objectives; hence, URM buildings facing squares and having a historical
identity for the place were considered.

3.1. The Mirandola Case Study

The city of Mirandola is a small town (approx. 23,000 inhabitants), located in northern
Italy, in the region of Emilia-Romagna. It has an ancient history and dates back to the
year 1000. Like many other settlements in the area, it is organised on an initial fortified
structure and successive stratifications added over the centuries. The site is highly active
from a seismic point of view, although the acceleration (PGA) expected for the area, at the
Life Safety limit state, is 0.14 g, which is about half of that actually recorded in the last
major earthquake that occurred in 2012. The combination of these two elements (settlement
with a long history and high seismic hazard) made the area very relevant for applying the
Adriseismic method. Figure 5 shows a satellite view of the case study location.

Figure 5. A view of the Mirandola case study site and the three buildings analysed.



Buildings 2023, 13, 344

12 of 30

Three buildings facing the Conciliation Square were selected for the study, as seen
in Figure 6. All three buildings have masonry load-bearing structures and are a part of
larger aggregates.

(b)

Figure 6. Selected buildings in Mirandola, Italy: (a) Building 1, (b) Building 2, and (c) Building 3;
© Google.

The information to assess the seismic response was obtained through cadastral plans
and site surveys. In parallel, historical analyses were carried out to reconstruct the main
events that affected the buildings over time. Following the project objectives, no specific
material investigations were carried out.

Building (a) (Figure 6) has three floors above ground and an attic. The lowest level is
intended for commercial use, while the others are for residential use. The original structure
dates back to the 16th century and has been modified over time. A central block has
undergone numerous extensions until it was connected to the other units, generating a
complex aggregate. Building (b) is of the most recent construction, dating back to the
1930s. As in the previous case, the structure is part of a large aggregate, characterised by an
internal courtyard and a highly irregular planimetric configuration. The assessment was
carried out on the part of the building with homogeneous construction characteristics. The
floors are composite, made of hollow bricks and reinforced concrete, while the walls are
made of bricks that are not always interlocked well. The use of the building is public.

Building (c) dates back to the 16th century. It is the largest in plan and has prob-
ably undergone the largest number of structural interventions over the centuries. The
current configuration is certainly different from the original intention and is the result
of numerous extensions over time. The roof and floors are made of wood, although,
given the many transformations that have taken place, they are made using different
construction techniques.

Table 8 shows the main results of the expeditious assessment: index of structural
response, masonry category, most probable collapse mechanism, seismic risk, and seismic
risk category.

Table 8. Result of the evaluation of buildings in Mirandola.

s Index of Structural . Most Probable . Seismic Risk
Building Code Response Masonry Categories Collapse Mechanism Seismic Risk Category
Building a 11 (0.35) B,B, A Cantonal Overturning 0.60 Medium
Building b 11T (0.54) A A C Disintegration 0.39 Low
Building c 11 (0.32) A A A Horizontal deflection 0.66 Medium

3.2. The Kastela Case Study

Similar to Italy, Croatia is affected by a high seismic hazard. A few disastrous earth-
quakes that have occurred in recent years, such as the 2020 one in Petrinja with a magnitude
6.4 on the Richter scale, have raised awareness of the scientific and political community
who started to evaluate innovative measures to reduce seismic risk. The chosen area,
Podvorje Square, is located in the south of Kastel Su¢urac, the administrative area of the
city of Kastela (Croatia), as seen in Figure 7.
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Figure 7. A view of Kastela case study site and the five buildings analysed.

The city, located just north of Split, is a small town (around 40,000 inhabitants),
characterised by a very ancient history dating back to prehistoric times, which has resulted
in a building heritage rich in dated constructions. The presence of potentially vulnerable
buildings and a high seismic hazard, the expected acceleration (PGA) at the site at the Life
Safety limit state is equal to 0.22 g, made the square relevant for the application of the
Adriseismic method.

The area dates back to the 15th century and was built at the behest of Archbishop Bartul
Averaldo, who intended to create fortifications at the centre of the present Archbishop’s
palace. The assessment was carried out on five buildings, characterised by different
construction techniques, construction periods, and functions; see Figure 8.

(c) (d

Figure 8. Selected five buildings for the Kastela study area. Elevations photographed or reconstructed
by photogrammetry.



Buildings 2023, 13, 344

14 of 30

The input information was obtained using: (i) historical surveys which were used to
find information to demonstrate the building modifications that have occurred over time or
the presence of structural interventions; (ii) physical surveys such as on-site measurements
and aerial-photogrammetric surveys. The full laser scanning of the area from the ground
was conducted to create a 3D cloud of points (Figure 9). The laser scanner was a compact
Leica BLK360 3D imaging laser scanner with an integrated spherical imaging system
and thermography panorama sensor system. Laser scanning facilitates and speeds up,
documenting and reviewing geometry, especially for large and complex buildings [51]. The
point cloud was used to create an accurate 3D model of the area (Figure 8). Similarly, full
3D photogrammetry scanning was performed by unmanned aerial devices (drones), which
produced several 360° images that were used in the post-analysis stage [52].

Figure 9. Plan view of the point cloud showing camera stations.

The first building (a) is public which dates back to the 15th century (Figure 8). Con-
figuration is irregular both in height and plan, with one side being much longer than the
other. The building has stone masonry walls and wooden floors and roof.

The second building (b) has a residential function. The building has brick masonry
walls and wooden floors and roof. The construction period is between the 1920s and 1940s.

The third building (c) is very similar to the second, as they share the same construction
period and construction features. There are no noticeable irregularities in plan and elevation;
it has a wooden load-bearing structure with brick tiles to characterise the floors.

The fourth (d) and fifth buildings (e) are part of the same aggregate and have residential
use. The walls were constructed using stone masonry, while the floors and roof are mainly
wooden structures. In terms of configuration, no particular irregularities in height were
found. The structures probably date back to the early 1900s and may not have been built
simultaneously. The aggregate effect was not considered in this study.

Table 9 shows the results obtained by applying the method to these five buildings.
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Table 9. Results of evaluation of building around the Podvorje square.
o1 1 Index of Structural . Most Probable s D Seismic Risk
Building ID Response Masonry Categories Collapse Mechanism Seismic Risk Category
Building a 11T (0.43) A, B, A Horizontal deflection 0.59 Low
Building b IV (0.68) AA A Horizontal deflection 0.37 Low
Building c IV (0.56) A,B, A Vertical deflection 0.45 Low
Building d 1T (0.45) A,B,B Horizontal deflection 0.56 Low
Building e IV (0.65) AA A Horizontal deflection 0.39 Low

3.3. The Belgrade Case Study

The last case study site is located in Belgrade the capital of Serbia. Belgrade is one
of the oldest settlements in Europe, and its considerable size (population 1,400,000) and
rich history have resulted in a heterogeneous building heritage in terms of construction
techniques. Seismic hazard of the area can be characterised as moderate, the PGA is 0.1 g,
the lowest for the three selected case studies. Due to its geographical location [53], the city
has not been affected by earthquakes since 1992.

The chosen area is close to the city centre, in immediate proximity to the Cyril and
Methodius Park, as shown in Figure 10. It is a very busy area (resulting in a high exposure),
surrounded by ancient buildings which were not designed to resist horizontal actions. This
fact, together with the historical stratifications that characterise the site, make it the perfect
location for applying the method. In this context, eight different load-bearing masonry
buildings characterised by varied construction techniques and functions were assessed
(Figure 11).

Figure 10. Belgrade case study and the eight buildings analysed.
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Figure 11. The buildings assessed for the Belgrade study; © Google.

Similar to other case studies, expeditious assessment was initially conducted on the
observation of structural elements, and archival material was used to reconstruct the
construction history. Structural and architectural plans were also found for all the buildings.
No surveys were carried out using advanced techniques.

Building (a) is currently used as the University canteen and dormitory (public build-
ing). It was built in 1926 and has a load-bearing structure composed of brickwork. The
floors consist of RC cast-in-situ ribbed slabs. The building has a large inner courtyard
and is developed as a trapezoid on the four perimeter sides. Building (b) is used for
shops on the ground floor and as a residential building on the other levels. It has a
highly irregular plan and is characterised by load-bearing brick masonry walls. The in-
vestigations carried out did not reveal any recent structural interventions. The other
buildings have many common features: they were made of load-bearing masonry, have
at least four floors above ground, and were built between 1930 and 1960. The main dif-
ferences are related to the configuration and the technology used to construct the floors
(precast concrete or cast-in-situ reinforced slab). Table 10 shows the results of the Belgrade
case study.
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Table 10. Result of the evaluation of buildings in Belgrade, Serbia.
o1 s Index of Structural . Most Probable s . Seismic Risk

Building ID Response Masonry Categories Collapse Mechanism Seismic Risk Category
Building a 11T (0.43) B, A A Vertical Deflection 0.42 Low
Building b 11 (0.33) B, A A Cantonal Overturning 0.33 Medium
Building c 1V (0.67) A A A Vertical Deflection 0.22 Low
Building d IV (0.65) AAA Vertical Deflection 0.23 Low
Building e IV (0.67) AAA Vertical Deflection 0.22 Low
Building f 1I (0.33) B, A A Cantonal Overturning 0.45 Low
Building g V (0.72) AAA Vertical Deflection 0.21 Low
Building h IV (0.59) AAA Vertical Deflection 0.25 Low

3.4. Results and Discussion

In most cases, cadastral plans, storey heights, and an on-site inspection (or pho-
tographs) were sufficient to carry out the expeditious assessment. Required documentation
is usually readily available and it is not required to use advanced equipment or perform
detailed surveys, although, in some cases, obtaining all the necessary information could
still be difficult and time-consuming. Some challenges were encountered while surveying
buildings with plaster because the correct implementation of the M.Q.L. was difficult. In
those situations, or even where little or no material is available, it is possible to assume
the building construction period, the most common construction techniques, and the sur-
veyor’s experience. Furthermore, the approach is not accurate in the application on special
structures (such as towers, campaniles, and churches), as it is designed to assess ordinary
buildings such as residences, shops, etc. This method is particularly suitable for applica-
tions on a large scale when it is often not possible to find all the information. The loss of
accuracy of the final results obtained in this way is partly compensated by the use of the
categories (I to VI) associated with the index of structural response. The six categories are
intended to simplify the outcome of verifications and to consider wide ranges of values,
making inaccurate information input less significant.

The analysis of the study areas confirmed that the application of the method takes a few
minutes per building (provided that the information was previously acquired) and gives
sufficient time for the surveyor to derive the outputs and suggest structural intervention.
The use of categories (1, I, III) simplifies the procedure, making it more user-friendly for
operators with different cultural and educational backgrounds. The analysis of the options
contained in the database, both in terms of proposed improvement measures and selected
construction techniques, proved extensive enough to cover all the cases that arose in the
application phases. In addition, the “notes” box allows the user to specify any details not
present in the archive.

Figure 12 summarises the structural response categories recorded in the three case
study areas. Analysis of the surveys form showed a good distribution of results, with
an exception for the two extreme categories (I-VI). Category IV is the most populated
(accounting for 43.8% of the results), followed by categories II and III (25%). Only a single
case falls in category V. In general, the results showed that the Kastela area appears to be
the least susceptible to possible seismic actions, having recorded the highest structural
behaviours (IV, III). In contrast, the Mirandola area showed generally poor structural
responses (II and III).

The analysis of the out-of-plane kinematic mechanisms showed a good distribution of
results: “vertical deflection” proved to be the most frequent (43.8%), followed by “horizon-
tal deflection” (31.2%) and “cantonal overturning” (25%); while the kinematic mechanism
of simple masonry overturning was not encountered.
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Figure 12. The index of structural response for the three study areas.

The results of the M.Q.I. method highlighted the importance of the masonry quality
concerning the outcome offered by the structural response index. In general, high masonry
values (majority of categories A and B) were associated with high response categories (as
observed in the Kastela area).

A significant variety of construction techniques, seismic hazards, and seismic ex-
posure of the buildings in the three study areas were encountered in the results of the
expeditious method.

4. Validation of the Adriseismic Method
4.1. A Comparison of Traditional Seismic Analysis and Expeditious Method

The procedure was verified using seismic analysis results for a sample of 25 buildings
from Italy to understand the method’s accuracy. The analysis results were compared with
those obtained for the same constructions using the expeditious method. These buildings
have different characteristics in terms of the construction period, the number of floors, plan
articulation, the function of use, etc. Although limited in number, the sample covers a
broad spectrum of structural types, but Appendix C lists the main characteristics.

The sample of structures, used for the validation, was analysed using two different
methods: some buildings were assessed using the LV1 system [38] and others using
multi-modal analysis. Multi-modal analysis is prescribed by Eurocode 8 and is one of the
widely used methods, while the LV1 method is based on an Italian Directive and allows
an expeditious assessment using a limited number of parameters. The validation aims
to verify the results of the proposed expeditious method by comparing them with those
obtained from a traditional analysis method and those obtained through an established
expeditious method.

A result of the LV1 method is a seismic safety index (Is, Is), which is defined as the
ratio between the return fundamental period of the seismic action that leads to the generic
limit state and the corresponding reference period, which is calculated based on the code
requirements. The Is value has a range from 0 (total inadequacy) to 1 (adequate) as a
verification condition. This indicator is comparable to the index of structural response
which is defined in the proposed Adriseismic method. The results obtained from the
LV1 and from a traditional analysis method are based on the structural characteristics,
the exposure (usually indicated as class of use), and seismic hazard at the site. On the
other hand, the proposed method determines the structural response index based on the
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structural feature, and then the seismic risk is determined as a product of vulnerability,
hazard, and exposure. However, the comparison of these results of the other two methods
with the structural response index appears to be mathematically more effective than the
estimated seismic risk determined.

The modal analysis applied to a structure produced a capacity /demand ration for each
load-bearing element. This value is expressed in the same range as the index Is, 1s of the LV1
method (values greater than 1 indicate satisfactory verifications). However, in the case of
non-linear static analysis, there is no single parameter that summarises the global behaviour
of the structure, but there are parameters for each load-bearing element. Therefore, the
weighted average for all load-bearing elements, I, is considered comparable to the
structural response index and can be determined as follows:

n te .
ma — 421:}1(% pl) (13)
i=1 Pi

4.2. Results and Discussion

Table 11 shows the results from the traditional seismic analysis methods in terms of
the two indices Ima and Is, which are compared with the structural response index for
25 buildings.

Table 11. Results of the validation—traditional vs. expeditious methods.

Results from

Bullc:ir)lg ID Type of( ;;nalyms Traditional Analysis, II;S:;X grfl SSetr;l::t(l;)al ‘glal;er:bﬂ(l;)y 11 —( 6I)sr/I I
Ima, and Is (3) p ’ gory
MO001 LV1 0.85 0.74 \% 0.13
MO002 Lv1 0.02 0.24 I 11.00
MO003 Lv1 0.35 0.25 I 0.29
MO004 LVl 0.37 0.23 1I 0.38
MO005 Lv1 0.38 0.25 I 0.34
MO006 Lv1 0.38 0.25 1I 0.34
MO007 LVl 0.51 0.46 III 0.10
MO008 Lv1 0.34 0.34 I 0.00
MO009 Lv1 0.10 0.17 I 0.70
MO010 LVl 0.34 0.38 1I 0.12
MO011 Lv1 0.27 0.34 I 0.26
MO012 LVi1 0.36 0.38 I 0.06
MO013 LVl 0.51 0.40 III 0.22
Mo014 Lv1 0.48 0.42 I 0.13
MO015 LVi1 0.77 0.43 III 0.44
MoO16 Modal 0.26 0.23 1I 0.12
Mo017 Modal 0.51 0.28 I 0.45
MO018 Modal 0.33 0.32 1I 0.03
MO019 Modal 0.82 0.78 \% 0.05
MO020 Modal 0.42 0.28 I 0.33
M021 Modal 0.28 0.34 1I 0.21
M022 Modal 0.63 0.34 1I 0.46
M023 Modal 0.69 0.48 I 0.30
M024 Modal 0.97 0.75 \% 0.23
MO025 Modal 0.92 0.63 v 0.32

The last column shows the comparison between the values obtained from traditional
analysis and the structural response index using the formula:

ISV
12
I

(14)
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Figure 13 shows the same results in a graphical manner. For each building, the results
for traditional analysis and the index of structural response obtained from the expeditious
methods have been compared.
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Figure 13. Results of the validation—traditional vs. expeditious methods.

A comparison of sample buildings analysed using the LV1 method shows a similarity
between the structural response index Isr and Is. There is an average variation of about
25% between the results of the traditional and the proposed expeditious method, with a
standard deviation of 0.18. Furthermore, in most cases, the expeditious method gives more
conservative results compared to the LV1.

These considerations excluded building no. 2 (M002) at this stage because the differ-
ence between the two results (expeditious and LV1) is small in terms of absolute value
(0.22). At the same time, it is important from a relative point of view, and with such a small
sample, that the outlier would have affected the outcome of the collected data.

An average variation of 25% and a standard deviation of (0.15) were obtained for com-
parison with modal analysis. Out of ten analysed buildings, only once did the expeditious
method overestimate the capacity of the building to a very limited extent (6% higher). The
aggregation of the two methods (LV1 and modal) gives an average variation of 25% and a
standard deviation of 0.167.

There are no substantial differences between the two methods in terms of the variation
in results proposed by the expeditious method, which gives good accuracy for a qualitative
system. This confirms that the method allows for the identification of the most critical
buildings, effectively indicating the ones which require a more in-depth analysis, thereby
ensuring a more efficient use of resources. However, a larger building sample will have to
be analysed before definitive conclusions can be established.

5. Conclusions

The research study presented in this paper was focused on the development of the
Adriseismic method for expeditious seismic assessment of URM buildings. The proposed
method was developed to mitigate seismic risk associated with urban heritage buildings in
six countries located close to the Adriatic and Ionian Seas and is one of the key deliverables
of the Adriseismic project.

The first phase of the study involved the development of the expeditious seismic
assessment system, with a choice of input parameters and assigned numerical values.
The expected seismic performance of the building was estimated based on the proposed
methodology through a Microsoft Excel spreadsheet, and the output included masonry
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category, index of structural response, most probable collapse mechanism, and seismic
risk level.

Subsequently, the method was applied in three heterogeneous urban areas, namely
Mirandola (Italy), Kastela (Croatia), and Belgrade (Serbia). In parallel, the method was
validated on 25 sample buildings, which were previously evaluated using the LV1 method
(expeditious assessment) and modal analysis (traditional seismic analysis). In this manner,
the method was validated both in terms of its applicability and the accuracy of results. The
validation showed an average variation of 25% and a standard deviation of 0.167 between
the index of structural response and the indices Ima and Is. These encouraging results
will need to be confirmed by increasing the number of sample buildings and analysing
the results of damage kinematics and pushover analyses in order to assess the accuracy of
the method.

The application of the method on selected buildings in three urban areas in different
countries proved to be very important for testing the practical applicability of the procedure.
The results showed that information required at the preliminary stage was almost always
easy to obtain. It was found that in large-scale applications (a large number of buildings
and limited input data), the loss of accuracy associated with the output was relatively
low, e.g., a category Il building tends to remain in the same category for small variations
in input data; therefore, the use of categories (e.g., I, II, III, etc.), rather than a range of
numerical values, makes it possible to limit the incidence of errors or inaccuracies in data
collection. The distribution of the results and their variety, in terms of response classes,
collapse mechanism, and seismic risk, seem consistent with the case studies. However, it is
necessary to perform similar tests on a larger number of buildings and other urban areas
in order to collect data related to the distribution of results and the size of the database,
especially regarding the construction characteristics and seismic intervention techniques.

The final aspect of the expeditious method was related to recommended structural
improvement measures, which enables the user to identify a deficiency in the building and
make a preliminary suggestion for intervention.

In spite of the cultural and technical differences, the development of common seis-
mic assessment procedures is the first step towards increasing cooperation in the partner
countries involved in the Adriseismic project, which can lead towards a general mitiga-
tion of seismic risk by combining typical earthquake engineering procedures with urban
planning systems.
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Nomenclature

C, Corner overturning

Co,n Corner overturning, normalised

D, Designated use

E Exposure

E4 Expected ductility

F, Floors number

g Thickness of mortar joints

H Seismic hazard

H, Horizontal bending

Hy , Horizontal bending, normalised

H; Horizontality of mortar bed joints

I Result obtained from traditional analysis (modal or LV1)
I Irregularity in height

La Index derived from modal analysis

Lin Inter-floor height

Iy Irregularity in plan

Isr Index of structural response

I vulnerability index; (1/15)

m Additional mortar quality coefficient

M, Quality of mortar

MQI, Quality masonry index for vertical actions
MQIpy  Quality masonry index for out-of-plane actions
MQI;,  Quality masonry index for in-plane actions

P, Thrusts due to arches and vaults

Pry Permanent floor weight

P; Structural element verification

P, Thrusts due to roofs

Py Parameters influencing seismic demand

Pegn Parameters influencing seismic demand, normalised
r Type of masonry units

S4 Dimensions of the masonry units

Sy, Seismic risk

Sm Mechanical characteristics and quality of masonry units
Simo Simple masonry overturning

Sion Simple masonry overturning, normalised

Ss Shape of the masonry units

Sw Stiffening wall distance

2 Vertical bending

Vi Staggering of vertical mortar joints

Vi Vertical bending, normalised

W, Level of connection between adjacent wall leaves/header
Wi Wall thickness

X Generic vertical element

Appendix A. Input Data

This section details all the inputs provided in the method divided by category, as seen
in Table Al. In the first column is a brief description of the parameter; in the second is the
values that can be entered. For the inputs that influence the final assessment results, the
weights considered in the system are also shown.
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Table Al. General data.

Name and Description Possible Values
Data
! The date of compilation of the evaluation sheet is requested dd/mm/yy
2 Building Address Alphanumeric entr
The address of the building under evaluation is required p y
3 Presumed year of construction Alphanumeric entr
The user can enter a year of construction of the building, or a period y
4 G.PS. coordinates Coordinates in WGS84 format
Table A2. Construction characteristics.
Name and Description Possible Values
Stepped foundation, engraved in the rock
Regular stone masonry foundation
Irregular stone masonry foundation
Stone rubble foundation with concrete binder
Foundation Brick masonry foundations
5 The prevailing type of foundation Continuous reinforced concrete foundations (strip footings)
detected or assumed must be entered Wooden piles
Reinforced concrete piles
Inverted beams foundation
Isolated footing
Slab foundation
Rubble stone masonry
Rubble masonry with regular-sized stones
Rubble masonry with bricks
Cut stone with good bonding
Masonry in rammed earth blocks
Masonry Tuff masonry
6 The prevailing type of masonry detected Dressed rectangular (ashlar) stone masonry
or assumed must be entered Solid brick masonry with lime mortar
Solid brick masonry with cement mortar
Masonry in brick or cement blocks with cement mortar
Reinforced masonry with distribution reinforcement
Confined masonry with concentrated reinforcement
Timber-reinforced masonry
Single or double timber floors (beams and joists) with a
simple wooden plank
Single or double timber floors (beams and joists) with
brick tiles
Floors with metal beams and vaults made with brick tiles
Floors Floors with metal beams and hollow bricks
7 The prevailing type of floor detected or Brick vaults
assumed must be entered Stone vaults

Cast-in-situ reinforced concrete slab
Hollow clay block floor without a reinforced concrete slab
Hollow clay block floor with reinforced concrete slab
Prefabricated reinforced concrete floor
Hollow brick floor with prefabricated joists
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Table A2. Cont.

Name and Description

Possible Values

Roof
The prevailing type of roof detected or
assumed must be entered

Single or double timber floors (beams and joists) with a
simple wooden plank
Single or double timber floors (beams and joists) with
brick tiles
Floors with metal beams and vaults made with brick tiles
Floors with metal beams and hollow bricks
Brick vaults
Stone vaults
Cast-in-situ reinforced concrete slab
Hollow clay block floor without a reinforced concrete slab
Hollow clay block floor with reinforced concrete slab
Prefabricated reinforced concrete floor
Hollow brick floor with prefabricated joists

Notes on input
Space is left to allow for specifications on
the building under investigation

Alphanumeric entry

Table A3. Masonry characteristics.

Weight Attributed by the System

Name and Description Possible Values Vertical Loads Out-of-Plane Actions In-Plane Actions
10 Type of masonry units Stone 1 1 1
The values are assigned N.E 0.2 1 0.1
according to the choice of Brick PE 0.6 1 0.85
quality of mortar (N.E, PE, F) F 1 1 1
1 Horizontality of mortar N-F. 0 0 0
bed joints PE 1 ! 05
F 2 2 1
12 Level of connection between N.E. 0 0 0
adjacent wall leaves/header PE 1 15 1
E 1 3 2
13 N.E. 0 0 0
Shape of the masonry units PF. 15 1 1
F. 3 2 2
14 . . N.E. 0 0 0
Soggering of v 03 1
] F. 1 1 2
15 . . N.F. 0 0 0
Dinensens ot 1
y E 1 1 2
16 N.E 0 0 0
Quality of mortar PE 0.5 0.5 1
E 2 1 2
17 Mechanical characteristics NF. 0.3 0.5 0.3
. . PFE 0.7 0.7 0.7
and quality of masonry units
F. 1 1 1
18 . . Large 0.7 0.7 0.7
Thickness of mortar joints Standard 1 1 1
19 Additional mortar Poor 0.7 0.7 0.7
quality coefficient Standard 1 1 1
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Table A4. Building characteristics.

Name and Description Possible Values Weight Attributed by the System
20 Residential 0.15
Designated use Commercial 0.12
Public 0.00
21 1 0.11
2 0.00
Floors above ground 3 0.00
4 0.01
5 0.20
22 I 0
Irregularity in plan 11 1.5
III 3
23 I 0.25
Irregularity in height II 0.12
it 0.00
24 I 0.00
Expected ductility I 0.33
III 0.67
25 On The parameter is not associated with a
Connections between specific value but direqu infl'uences
structural elements the formula used to define thelz index of
structural response, as will be
Off illustrated in the dedicated section
Table A5. Building characteristics (kinematics).
Name and Possible Val Sirmole M Weight Attributed by ;_llle ?ystetnI .
Description ossible Values imple Masonry . g ding orizonta orner
Overturning Bending Overturning
26 T 1 I 0.00 0.00 1.00 0.00
r?lng,versa I 0.00 0.00 0.50 0.00
wall distance 111 0.00 0.00 0.00 0.00
27 I 0.00 0.00 0.00 0.00
Wall thickness II 0.50 0.50 0.50 0.50
111 1.00 1.00 1.00 1.00
28 I 1.00 1.00 1.00 1.00
Floor height II 0.50 0.50 0.50 0.50
111 0.00 0.00 0.00 0.00
29 Permanent I 0.00 1.00 0.00 0.00
floor weights 11 0.00 0.50 0.00 0.50
& I 0.00 0.00 0.00 1.00
30 Thrusts due I 1.00 1.00 1.00 0.00
to arches II 0.50 0.50 0.50 0.00
and vaults 11 0.00 0.00 0.00 0.00
31 Th 4 I 1.00 0.00 0.00 1.00
r‘fts “fe to I 0.50 0.00 0.00 0.50
the roo I 0.00 0.00 0.00 0.00
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Table A6. Site data.
Name and Description Possible Values Weight Attributed by the System
Aglg
This is the ratio between the design Numerical value The number entered is replicated

ground acceleration, on type A soil, and

the gravity acceleration

Ground type

The soil type is required according to the
guidelines of Eurocode 8 Part 1, chapter A,B,C,D,E

A =1.0;B=1.35C=1.50;,D=1.80;
E=1.60

3.2.1. it is possible to enter a category
from A to E (type 2 elastic spectrum)

Building exposure

The exposure is assessed using the
importance classes given in Table 4.3 of

Eurocode 8, Part 1

LIL IO, IV 1=08;11=1.0;1II=1.20; IV =1.40

Appendix B. Building Characteristics

The values are derived from simplified formulations or general schematisation, defined
with the specific purpose of evaluating the variation in output parameters due to the
variation in input parameters. Sometimes it was analysed how a single parameter could
influence the seismic demand and, other times, the structural response. The complexity of
studying these variations in virtual situations (e.g., it is unlikely that in reality, one would
see an increase in loads, hence greater mass, without an increase in the masonry section,
thus an increase in seismic capacity) required a certain flexibility in the interpretation of
the results, at the expense of rigorous formulations. General considerations for defining the
weights of certain input parameters are summarised next:

1.  Designated use: The parameter considers the typical loads assigned by Eurocode 1 [54].
Specifically, residential (200 Kg/sm), commercial (300 Kg/sm), and public (400 Kg/sm)
were evaluated. Starting from invariant permanent loads, the mass variation was
analysed using the coefficients provided for the seismic combination, Eurocode 8. The
values were then correlated to obtain the percentage of variation relative to each other.
The worst parameter for structural response (Public) was given a value of 0; the other
two were higher than the first (Commercial 0.12 and Residential 0.15).

2. Floors above ground: The analysis of the variation in the structural response as
the number of storeys varied imposed several parallel considerations. Firstly, the
seismic design action was determined using the formula: S; = S.-W/q. Where S, is
the spectral acceleration, assumed by imagining the building located in Bologna on
ground A (the period is that resulting from the simplified formula in Section 4.3.2.2
of Eurocode 8), the mass depends on the number of floors, with fixed dead and
live loads. The behaviour factor varies according to the structure’s greater or lesser
dissipative capacity.

Secondly, the response capacity of the building was determined using the simplified
Mohr—Coulomb criterion [55], using the quality of the masonry “solid brick and lime
mortar” as an unchanging parameter [56] and the thickness of the resisting panels (24 cm,
24 cm, 36 cm, 36 cm, and 48 cm, respectively) as a factor dependent on the number of floors.
The values used in the method are the result of the capacity—-demand ratio performed
for each storey, then correlated with each other to provide, as for the designated use, the
percentage of variation in one concerning the other (the worst always have value 0).

It is evident that the weights obtained result from choices made in advance and
that different options could have led to slightly different results. Although considera-
tions may be made in the future to make the procedure less dependent on specific de-
cisions, it is nevertheless believed that the values provided can provide a guideline for
expeditious analyses.
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Irregularity in plan: The values derived from the indications given in paragraph 7.3.1
of Italian NTC [57], regarding determining the behaviour factor as the greater or lesser
regularity in the plan of a building varies. Again, the three results obtained were
correlated by formulating them as percentage variations (the less regular building has
a value of 0; the regular one, 0.26). The Italian standard was used because no specific
references were found in the European one.

Irregularity in height: The computation was carried out using Section 9.3 of Eurocode
8, part 1, in which guidance is given on reducing the g-factor by 20% for buildings
that are not regular in height. This resulted in: regular buildings = 1.0, partially

regular = 0.9, and irregular = 0.8. Using the formula, already used for the other
val;

parameters, to correlate the three values: v; =1 — — where val; denotes the generic
value and val,,;;, the lowest of the three; the three wgil;;hts of 0 (worst case), 0.12, and
0.25 were obtained.

Expected ductility: For masonry buildings, it was assumed that the behaviour factor
could be numerically equal to: (1.5; 2.0; 2.5). The three weights were obtained using
the same procedure as illustrated above (and the same formula for correlating the
values), which were then implemented in the expeditious method (0.0; 0.33; 0.67). The
value 0 was attributed to the worst category (I) and 0.67 to the best (III).
Connections between structural elements: As already specified, the parameter is not
associated with any specific numerical value, and its presence influences the formulae
used in calculating the structural response index.

Appendix C. Summary of Building Characteristics

Appendix C shows the main characteristics of the 25 buildings analysed.

Table A7. Main characteristics of the sample buildings.

Building Period Designed Height Type Type
. (Number of
Code of Construction Use of Masonry of Floor System
Storeys)
MOO1 1930-40 Public 3 SOll'd bI:le masonry Hollow clay block floor without
with lime mortar reinforced concrete slab
. . Solid brick masonry Floors with metal beams and
Moo2 1900-1910 Residential 5 with lime mortar vaults made with brick tiles
MO003 Before 1900 Residential 3 Rubble stone masonry Floors with met.al bez.lms .a nd
vaults made with brick tiles
MO004 Before 1900 Residential 2 Rubble stone masonry Floors with mefal bef.ims a nd
vaults made with brick tiles
MO005 1940 Public 4 5011.d brllck masonry Hollow{\/ clay block floor without
with lime mortar reinforced concrete slab
MO006 1940 Public 4 Soh.d bI:le masonry Hollow b1.‘1ck ﬂo.01j with
with lime mortar prefabricated joists
. Solid brick masonry Floors with metal beams and
Moo7 Before 1900 Public 4 with lime mortar vaults made with brick tiles
MO008 Before 1900 Public 4 Soh.d bI:le masonry Cast-in-situ reinforced
with lime mortar concrete slab
MO009 Before 1900 Public 1 SOh.d bljld( masonry Brick vaults
with lime mortar
MO10 1920-1930 Residential 4 Soh.d bI:le masonry Hollow clay block floor without
with lime mortar reinforced concrete slab
Mo11 Before 1900 Public 4 Soh.d bI:le masonry Hollow b1:"1ck ﬂo.cnj with
with lime mortar prefabricated joists
MO12 Before 1900 Public 3 Solid brick masonry Single or double timber floors

with lime mortar

(beams and joists) with brick tiles
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Table A7. Cont.

Building Period Designed (NS;:E:: of Type Type
Code of Construction Use of Masonry of Floor System
Storeys)
MoO13 Before 1900 Public 3 Soh.d bIlek masonry Cast-in-situ reinforced
with lime mortar concrete slab
Mo14 1930 Public 2 Soh.d bI:le masonry Cast-in-situ reinforced
with lime mortar concrete slab
. Solid brick masonry Floors with metal beams and
MO15 Before 1900 Public 3 with lime mortar vaults made with brick tiles
Mo16 Before 1900 Public 3 Rubble masonry Brick vaults
with bricks
Mo17 Before 1900 Public 3 Rubble masonry Brick vaults
with bricks
MO018 Before 1900 Public 3 Rubl?le Jnasonty Brick vaults
with bricks
MO19 Before 1900 Public 4 Soh.d brllck masonry Hollow{\/ clay block floor without
with lime mortar reinforced concrete slab
M020 Before 1900 Public 3 Solid brick masonry Brick vaults
with lime mortar
Mo21 Before 1900 Public 4 Soh‘d bI:le masonry Hollow clay block floor without
with lime mortar reinforced concrete slab
. Solid brick masonry Single or double timber floors
Mo022 Before 1900 Public 4 with lime mortar (beams and joists) with brick tiles
. Solid brick masonry Single or double timber floors
Mo023 Before 1900 Public 3 with lime mortar (beams and joists) with brick tiles
MO024 Before 1900 Public 5 Rubl?le masonry Hollow clay block floor without
with bricks reinforced concrete slab
MO025 Before 1900 Public 4 Soh.d bI:le masonry HolloW clay block floor without
with lime mortar reinforced concrete slab
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