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Featured Application: The procedure could be applied, on a municipal or territorial scale, in order
to proceed with a rapid assessment of the vulnerability of the existing historical heritage.

Abstract: Due to the conjunction between the European and African plates, complex tectonic
phenomena take place in the Mediterranean basin. These phenomena cause more or less violent
seismic resentments in the countries facing the basin itself. The diffused built historical heritage,
characteristic of villages in the Mediterranean countries, is the most vulnerable toward seismic action,
and in case of a catastrophic event can cause the loss of human lives. In Italy, the protection of
historic buildings is a significant issue, and many regions promoted policies to ensure the safety of the
diffused built heritage. Research groups work in synergy to develop procedures for the vulnerability
assessment of existing buildings and to define appropriate action plans. This research presents a little
or not at all invasive procedure for investigating vulnerability. This procedure is easily replicable and
able to support techniques already in use with innovative aspects such as laser scanning of the entire
complex and visual identification of vulnerable elements through the BIM (building information
modeling) methodology. The procedure applicability is shown in the study of a Milanese farmhouse
that has been financed by Fondazione CARIPLO, Bandi 2017 Arte e Cultura-Beni culturali a rischio,
Project PRE.CU.R.S.OR.

Keywords: existing buildings; seismic vulnerability assessment; non-invasive experimental technics;
BIM models

1. Introduction

The Mediterranean basin, a cradle of many civilizations and a repository of a remarkable built
heritage, is located at the junction between the European and African tectonic plates. This conjunction
constitutes the so-called Faglia Giulia that runs along the entire Italian Apennine ridge (INGV Database
of individual seismogenetic sources DISS_v3, http://diss.rm.ingv.it/diss/), a set of more or less long
faults, often almost parallel to each other and juxtaposed, sometimes transversal, whose movements
are the cause of seismic resentments in the peninsula. In recent years, the land movements recorded on
the Italian Apennine ridge have caused considerable losses in the historical heritage of the affected
regions, not to mention the consequent loss of human lives due to the induced collapses. The reason
for these disasters is linked to the high vulnerability that characterizes the Italian historical heritage, as
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well as the historical heritage of all countries in the Mediterranean basin, which is not exempt from
vulnerability to seismic actions.

A campaign to secure the diffused built heritage requires a careful assessment of the buildings’
vulnerability and an economic commitment on the part of their owners. Since 2014, the ReLUIS
Network of Seismic Engineering University Laboratories (http://www.reluis.it/) has been working to
survey the existing heritage and achieve a reliable vulnerability classification. With the creation of
the Casa Italia department (http://www.casaitalia.governo.it/it/) in 2016, a campaign was launched
to raise public and administrative awareness of the need to secure public and private buildings, also
encouraged by the introduction of possible tax benefits.

In recent years, to support and integrate government initiatives, seismic research has developed
numerous investigation methods aimed at the census of aggregate buildings and the subsequent
identification of minimum units and structural units on which base the seismic behavior can be analyzed.

In complex urban situations, such as those present in historical centers, this census is not easy.
In recent decades, numerous studies have adopted Earth geo-referencing (GIS) technology. Such
tool allows association of an object not only to a geo-referenced location that is easy to browse,
but also to some of its peculiar characteristics. In the seismic field, this methodology has made it
possible to associate each geo-referenced object with the evaluated level of vulnerability. Consequently,
vulnerability maps of public and private buildings of entire municipalities could be drawn up [1–12].

To achieve both more detailed investigations on buildings seismic behavior and 3D representation
of the level of vulnerability characterizing some construction elements, recent research focuses on the
use of Building Information Modeling (BIM).

The BIM methodology is used in the identification phase of vulnerable structural elements; as
a possible self-diagnosis process in the pre- and post-earthquake phase if associated with a health
monitoring system; as a tool for the creation of an emergency hub to control and shutdown particular
facilities (e.g., gas pipes) in the event of an earthquake [13].

As for the use of BIM in the field of seismic vulnerability, the structural analysis, seismic response
assessment, and fragility curves associated with different levels of damage are implemented in a BIM
environment in order to obtain a 3D graphical display of vulnerable or damaged elements as well
as their associated level of vulnerability or damage. A cost analysis also allows the development of
clearer intervention strategies for both the designers and the clients [13–16].

The latter also includes the research proposal presented in this paper. The investigation procedure,
replicable on different buildings, is based on a quick assessment of the vulnerability obtained with:

• The application of reliable methodologies already known in the literature,
• The use of laser scanner surveys,
• The implementation of the results in a BIM environment.

The implementation of the results in a BIM environment aims to obtain an effective graphical
representation of the different aspects of building vulnerability, their severity and possible co-presence,
thanks to the opportunity offered by the BIM methodology to perform queries on probable occurrence
scenarios (in this case vulnerability scenarios), including the level of vulnerability found on each
interrogated element. This methodology is a first approach to the graphical representation of historical
buildings vulnerability. It can already be useful for planning a possible targeted diagnostic campaign
and for designing suitable interventions of seismic adaptation or improvement addressed to solve the
problems that have emerged. The implementation of the economic evaluation of the diagnostic and
seismic improvement interventions associated with every possible investigation scenario will be the
future objective of this research.

The proposed procedure has been applied to safeguard Cascina Cuccagna, a historic farmhouse
in the urban fabric of Milan city. The safety works have been partially financed by Fondazione Cariplo
in the framework of the calls for proposals Art and Culture-Cultural Heritage at risk.

http://www.reluis.it/
http://www.casaitalia.governo.it/it/
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The paper is made of three sections: the first section presents the investigation procedure for the
vulnerability assessment of historic buildings. The second section introduces Building Information
Modeling (BIM) as a method of graphic detection of building vulnerabilities and of their impact on
the buildings’ overall ability to withstand an earthquake of a certain magnitude. The third section
presents an application of the proposed method to Cascina Cuccagna, a historic building located in the
city of Milan, Italy.

2. The Procedure

The knowledge of a building and of its history is an essential prerequisite for any safeguarding
action; therefore, all possible historical documentation summarizing the different construction phases
of the building should be retrieved and, if possible, their typical construction techniques.

Another form of knowledge comes from a detailed survey of the building in its current state, to be
compared with a previous survey, if available.

The next phase of knowledge will require visual and photographic investigations of the building
and the outline of its possible crack pattern. The identification of the loads acting on the structural
elements will also be important, as well as the evaluation of the mechanical qualities of the masonry,
wooden elements, and floors.

The results of this first phase of investigation provide enough elements to face an initial and rapid
assessment of possible vulnerabilities.

2.1. Historical Survey of the Building

In order for an intervention to be structurally effective, compatible with the existing built
patrimony, and respectful of its material, constructive and documentary characters, an articulated and
interdisciplinary survey has to be carried out. A fundamental contribution to the study of an existing
building or a constructed centre is the historical survey, which should take account of indirect and
direct sources of information.

Analysis of indirect sources include cataloguing of the data collected through documentaries,
archives, and bibliographic information, with the aim to reconstruct the evolution of the complex,
its building, and transformation phases and its load history as an history of the earthquakes that
occurred in the past. When known, the seismic history of the building is particularly relevant with
respect to the safety and intervention aspects. Of great relevance are also the iconographic elements
(views, ancient documents) giving information on the historical housing, allowing the evaluation of
the transformations of a territory and the comparison with its present configuration.

A compared study is fundamental, especially when the research objects are minor centers or
rural architectures. If the documental (indirect) sources do not allow a complete reconstruction of
the complex evolution, the historical information coming from the documents should be verified in
situ and accompanied by a direct analysis of the buildings. Direct sources, which sometimes are
the sole available if historic documents have been lost, come from the observation of the building
itself as a data source and include various methods for approaching the knowledge of the building
and its chronological phases. They can take advantage from a multidisciplinary approach which
critically combines the information coming from the detection of the adopted constructive techniques
and materials, traces of previous interventions, epigraphic and heraldic documentations if present,
decorative apparatus, and a stratigraphic survey when possible.

2.2. Geometry and Material Knowledge: Help Comes from the Laser Scanner Survey

In the vulnerability assessment, the laser scanner is certainly a useful type of survey. This
methodology is able to provide a 3D survey of the entire building, its precision depending on the finesse
of the instrument and the density of the measured points. The output is a point cloud that represents
an operational guide for computer aided design (CAD) and BIM graphic rendering programs capable



Appl. Sci. 2020, 10, 2119 4 of 24

of transforming it into more classic, very detailed, reproductions such as plans, elevations and sections
(Figure 1).

As we will see, the laser scanner survey also allows the construction of a 3D model of the
entire building that serves as a basis for the Building Information Modeling (BIM), here used in the
identification of vulnerable elements and their associated degree of vulnerability.

The knowledge process of an existing building should necessarily involve the detection of its
constructive materials and techniques, aimed at the reduction and control of physical, chemical,
and mechanical material decay. As mentioned, graphic representation is a fundamental tool in the
preliminary phase of knowledge as well as an accurate survey of the building in all its formal, material,
and degradation aspects, as well as in the subsequent preservation project.

The material survey is a fundamental tool of inquiry into the building and should be coupled
with the historical research and the geometric survey. It should thoroughly study the construction
consistency, the material origin and the production technique, the opening features which can help
dating the construction phases, and should note its features and peculiarities such as alignments, wall
thickness diversities, discontinuities, and variations of the wall apparatus, which are always indicative
of some significant historical-artistic or simply of technical-constructive choice.
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resolution; (b) CAD re-drawing of the transversal section.

2.3. Redrawing the Crack and Deformation Pattern

The building assessment requires the architectural redrawing of the complex starting from a
traditional survey or from the points cloud obtained from the laser scanner instrumental survey. This
redrawing could highlight:

• Possible deformation anomalies in the horizontal elements, symptom of high stress, decrease in
load-bearing capacity, constraints failure, etc.;
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• Possible out of plane of vertical elements, symptom of not contrasted horizontal thrusts, lack of
interlocking between walls, local instability of unconnected walls, etc.;

• Presence of not contrasted thrusts in the roof or incidence of vaults on load-bearing walls;
• Misalignments between walls and between inter-stories.

These anomalies could threaten the building safety and require a visual check and a more accurate
photographic survey.

For all the different parts of the building, the survey should include drawings of the crack patterns,
a necessary step to formulate hypotheses on its possible causes and to suggest possible diagnostic
investigations to be carried out for a more thorough verification of the problems found.

In the case of a historical asset, a material and pathological survey should also be carried out in
order to plan preservation interventions compatible with the historicity of the building.

2.4. Mechanical Characteristics of Structural Elements and Loads Analysis

Certainly, the knowledge level reached with rapid investigations and non-destructive tests can
only be limited, but it already provides the professional with information on where and how to obtain
more precise knowledge levels.

The loads analysis should be carried out taking into account the actions to which the structure
is currently subjected, considering any change in its intended use and the replacement of structural
elements, floors, roofing membranes, or other transformations undergone by the building during its
service life.

If a detailed examination of the flooring system is not possible, the acting loads can be estimated
according to the constructive typologies used at the building time or due to whatever change
has occurred.

For better knowledge of the mechanical characteristics of the structural elements, more or less
invasive experimental tests both in the laboratory and on site will be necessary. The connection
between floors and walls, and between walls perpendicular to each other should be investigated
on-site. However, the damage level of wooden elements can already be detected through a visual
investigation of their crack and deformation patterns, of the constraints quality (if detectable), and of
any rottenness, biological, and/or parasitic attack. This could be part of the qualitative vulnerability
evaluation and provide useful indications for a selective and targeted diagnosis.

The masonry mechanical qualities will also have to be evaluated experimentally, but reasonable
hypotheses on the type of masonry texture present in the building can help to establish its quality
and behavior toward in plane and out of plane actions. The historical investigation, associated with
the knowledge of the construction techniques typical of the area, will allow achievement of truthful
assumptions about the type of masonry, while a possible geo-radar investigation could help understand
if the masonry is made of a single or multiple leaves.

A rapid method of characterizing the masonry quality has been developed by Borri et al. [17–20].
Having at their disposal a rich catalogue of masonry typologies typical of Italian regions [21,22]
(https://www.abacomurature.it/), the authors have developed a methodology that, on the basis of a
sample visual survey of the masonry surface, can provide an index of masonry quality. This classifies
masonry into three categories against its possible response to vertical or horizontal—in plane or out of
plane—forces: good (A), medium (B), very bad (C) (Table 1 and Figure 2).

The masonry quality index (IQM) calculation is based on the rules of good building. It takes into
account the units’ quality (type of brick/stone and its geometry), the mortar quality, the presence of
staggered joints, in prospect and section (if visible), and the presence of headers or other forms of
connection of the wall leaves. Depending on their recorded quality, each of these parameters is assigned
a weight. This weight is established on an empirical basis (expert judgment) and on a statistical basis
where possible (Figure 2).

The final evaluation associates the masonry with a certain IQM value as shown in Table 1.

https://www.abacomurature.it/
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Table 1. Attribution of masonry category.

Actions on the Masonry Class A Class B Class C

Vertical 5 ≤ IQ ≤ 10 2.5 ≤ IQ < 5 0 ≤ IQ < 2.5
Horizontal

perpendicular 7 ≤ IQ ≤ 10 4 < IQ < 7 0 ≤ IQ ≤ 4

Horizontal coplanar 5 < IQ ≤ 10 3 < IQ ≤ 5 0 ≤ IQ ≤ 3

2.5. Initial Vulnerability Assessment

The redrawing of the building in plan and in elevation allows us to: define the surface of each
floor and each inter-storey average height; identify the resistant elements against horizontal actions in
two orthogonal directions (x and y) and their dimensions in plan (total length and average thickness of
the resistant elements in both directions); identify the points of transmission of vertical and horizontal
loads (thrusts of vaults and coverage).

Figure 2. Identification of the masonry quality.

These data are the basis for an initial assessment of the building vulnerability.
Having identified the seismic zone and the parameters that characterize its response spectrum for

the reference limit state, Borri et al. [19,20] propose a methodology that allows control of the overall
building vulnerability on the basis of:

• An expert judgement on the vulnerability level of the entire building formulated on the basis of
the presence, or absence, of 10 possible vulnerability aspects and the severity level found (Table 2).

• Three simplified numerical checks: simplified global check (VG), which allows the definition of
the ground acceleration that could lead to collapse; simplified local check (VL), which allows
the determination of the acceleration of activation of a given mechanism (overturning, wedge
overturning, buckling); simplified static check (VS), which allows the determination of vertical
loads only and the safety factor.
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Table 2. C/Q Classification/Quantification) seismic method; structural deficiencies to be considered for
vulnerability identification (synthesis) [20].

N Description of Possible Vulnerable Evidences

1 State of conservation. Extent and severity of significant cracks or serious decay.

2 Masonry quality. Assessment of compliance with the rule of art and number of walls with poor
workmanship.

3 Linkage. Connections or metal tying between outer and inner walls and with floors and roofs.

4 Floors and roofs. Span or insufficient support.

5 Structural regularity (only on stiff floors). Presence of plane irregularities.

6 Inclusion of a building in a block or a line. Corner or head position, presence of protruding or
elevating elements not contrasted by other buildings.

7 Elevation regularity. Mass or stiffness variation between two subsequent levels.

8 Foundation and soil. Evidence of foundation settlements.

9 Local structural defects. Thrusting elements, unsupported walls or pillars, superfetation,
hammering with adjacent buildings.

10 Vulnerable non-structural elements. Chimneys, parapets, balconies, eaves, veils, badly connected
significantly heavy ceilings.

The results of the three simplified checks are compared with the safety levels required by the Italian
NTC2018 standards for the protection of human life limit state (SLV) for the site under examination,
the considered type of building, and the envisaged class of use. These results are expressed in terms
of conventional safety factor (SF). In other words: for each of the three checks, VG, VL, VS, and for
each verified element, there will be a SF factor (e.g., SFVL,xi SFVL,yi factors related to the VL check on
element i in the direction x and y); the minimum safety factor obtained in the check under examination
will be divided by the safety factor present in the standard and referred to the SLV state.

SFV j(%) =
SFV j,min

SFV j, SLV−Law
with j = G, L, S, (1)

SFV j(%) expressed in percentage, is the conventional safety factor for the check Vj.
SFV j,min indicates the minimum safety factor among all the safety factors calculated for the check

Vj and for all the elements of the structural system, SFV j, SLV−Law is the safety factor indicated by the
code for the check Vj.

The minimum among all the safety factors SFVj will determine the vulnerability class of the
system [20]

SF(%) = min
{
SFV j(%)

}
with j = G, L, S, (2)

The combination of the vulnerability assessments with the minimum safety factor derived from
the three simplified numerical checks results into the association of the building with a low, medium,
high or very high vulnerability class (Table 3).

Table 3. Anti-seismic classification [20].

Safety Assessment for the State of Life Preservation Limit (SLV) A+
Results of the Numerical Assessment

Vulnerability judgment >80% 80%–60% 60%–40% 40%–20% <20%
Low vulnerability A B1 B2 C1 D1

Medium vulnerability B1 B2 C1 C2 D2
High vulnerability B2 C1 C2 D1 D3

Very high vulnerability C1 C2 D1 D2 E
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The methodology has been developed within the framework of the POR-ESFR 2007–2013 for
the Umbria Region seismic certification/qualification of the existing asset (Seismic C/Q). Currently
the guidelines for the seismic C/Q have been formally acquired by the Umbria Region and the
Marche Region.

2.6. Non-Destructive Diagnostics

For interventions on buildings, the Italian Standard requires more or less severe safety factors
depending on the knowledge level reached about the typology and details and mechanical characteristics
of the building studied. In order to reduce the severity imposed by the regulatory coefficients, a
diagnostic study should be necessary and the investigations previously described can help not to
disperse resources, highlighting critical points on which possible experimental tests should focus.

High knowledge levels require in-depth and invasive diagnostic investigations, often not
compatible with the available economic resources and the intrinsic value of the asset. Setting
up a non-destructive or minimally invasive testing campaign (sonic and ultrasonic tests, superficial
and deep penetrometric tests, georadar, partial plaster removal, small inspections, etc.) focused on the
areas with the main problems can help contain costs but also reach a higher level of knowledge, as
required by regulations.

2.7. Identification of Vulnerable Elements and the Level of Damage

In the literature, damage classifications for different types of buildings are available: they are
defined from the study of the fragility curves that link the damage probability to the intensity of
the seismic event. However, these classifications mainly concern the probable response of a given
structural typology to a given seismic action [23–25], not the response of a single vulnerable element in
a single building. Therefore, the assessment of the vulnerability level of each element of the building
must follow other paths. In 2000 for the Marche Region, Francesco Doglioni proposed to associate
the forms of specific vulnerability, often found in existing buildings, with six well-defined causes
(Table 4) [26]. This classification can be extended to the entire historical heritage at risk and represents
a very important starting point on which the identification of specific vulnerabilities and an initial
estimate of the propensity to damage of vulnerable elements for an earthquake of a certain magnitude
can be based.

The propensity to damage can be assessed by associating weights to each detected criticality
connected with one of the specific vulnerabilities listed in Table 4. These weights can be established
according to the detected damage level.

Obviously, this step must be subjected to “expert” judgment. In fact, on the basis of an expert
judgment, a certainly subjective, but supported by the results of previous investigations, weight can
be assigned to each of the vulnerability forms found and a “judgment” can be formulated on their
influence on the overall vulnerable behavior of the building. In this way, each of them will be qualified
as absent (0), scarcely influential (1), averagely influential (2), significantly influential (3).

More than one of the specific vulnerabilities listed in Table 4 may be present in the building
elements. Now, if each element were affected by more than one form of specific vulnerability, it would
be interesting to have an immediate graphical feedback of its vulnerabilities [13–16].

The research presented here focuses on the possibility of using the BIM methodology also in this
field, evaluating the effectiveness of a three-dimensional building representation with the graphical
identification of elements affected by one or more forms of vulnerability and the classification of their
level of influence on the total vulnerability of the building through a given range of colors.
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Table 4. Classification of specific vulnerability forms in thematic groups attributed to six different
possible causes.

Thematic Groups of Specific Vulnerability Forms Attributed to:

1 Initial methods of
construction

Materials and constructive
techniques

• Quality of supports and binders
• Masonry adhesion and/or cohesion

Geometric and dimensional
masonry characters

• Related to the masonry section:
positioning of the outer leaf

• Related to the architectural-structural
elements: slenderness

Elements that reduce the
masonry cross section

• Presence of fuel pipes
• Interruptions due to plants ducts
• Eaves/rain pipes within the

masonry section

Structural elements with
inadequate section

• Slenderness
• Poor thickness
• Towering elements

Peculiar openings
distribution

• Misaligned apertures
• Apertures close to corners

Lack of connection between
stone elements

• Inadequate interlocking
• Lack of adhesion

2
Building
transformation
processes

Enlargement
• Non-interlocked
• Discontinuous
• Of heterogeneous material

Super-elevation

Closing/opening of apertures

Subtraction of elements or
masonry parts

• Demolition of partitions
• Opening of large apertures

Inadequate or dangerous
structural solutions

• Unsupported walls
• Pillars above vaults

3

Lack of structural
connections and
role of existing
protection
devices

Wall-wall connections • Discontinuities in wall node

Wall-roof connections
• Non-compensated local thrust
• Lack or poor effectiveness of connectionsWall-floor connections

Inadequate or damaged
connection systems

• Lacking or ineffective ties
• Inadequate buttresses
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Table 4. Cont.

Thematic Groups of Specific Vulnerability Forms Attributed to:

4

Structural
deterioration and
lack of
maintenance

Masonry decay

• Lack of binder in the joints
• Masonry de-cohesion
• Presence of water
• Decay of stone elements

Decay of timber elements in
the roofs

• Heads rotting
• Decay of secondary elements and/or of

the tables
• General decay
• Elements deflection

Lack of maintenance of
masonry and plasters

• Exposed outer leaf
• Plaster efficiency

Lack of maintenance of the
roof

• Conditions of the covering layer
• Inefficient eaves and pipes

5

Previous
structural
damage not
sufficiently
repaired

Seismic
• Cracking
• Deformations/out of plumb

Static
• Cracking
• Deformations/out of plumb

6 Recent structural
refurbishment

Executed with “modern”
techniques

• Reinforced concrete beams with
inadequate sections and/or detached from
the masonry

• Non-distributed and
nonhomogeneous injections

• Reinforced plaster non suitably connected
with the masonry

3. Building Information Modeling Applied to Seismic Vulnerability

The 3D design in BIM environment is able to support multidisciplinary collaborative processes
useful in the management and control of the building process; in fact, the BIM modeling allows
optimization of the planning, implementation, and management of the entire building complex from
the architectural, structural, and plant engineering point of view. Each element of the building,
created in BIM environment, has parametric characteristics that can be modified: at each project
implementation, with additions or changes, the entire design system is updated according to the
changes made; this model potentiality allows a flexible management of the entire construction process
from design, to building, to maintenance.

BIM modeling can also be used in the interventions on existing assets. In this case, the graphic
reproduction of an existing building requires input from a base track; this base can be provided through
a points cloud obtained from a laser scanner survey, or a geometric survey file resulting from computer
aided design (CAD) programs.

The 3D model, created as a geometric survey of the building, is then parameterized and reproduced
as a BIM model. The BIM modeling allows association of to each building element (component) and



Appl. Sci. 2020, 10, 2119 11 of 24

all its characteristics (geometry, material, mechanical parameters, etc.) in parametric form. Taking
advantage of this BIM environment peculiarity, it seems interesting to associate to each element, in
parametric form, with the vulnerability characteristics resulting from previous investigations.

The first step required by the parameterization procedure is creating an association between the
specific vulnerabilities found and their assigned weights for each individual element of the building.
The purpose of having a graphical resolution of the vulnerabilities requires that each vulnerability
and each weight is associated with a field that identifies the type of specific vulnerability and the
weight it could have on the overall vulnerability of the building. The graphical representation offered
by the BIM modeling is certainly useful to have an immediate picture of the distribution of some
vulnerabilities, and their danger level, throughout the whole building. These graphic representations
can be obtained through targeted queries, a classic approach to work in a BIM environment.

These queries can concern the same specific vulnerability but with different weight: 0 = absent, 1
= light damage, 2 = moderate damage, 3 = severe damage.

• Query01_Querying the same vulnerability:
• “Presence of flue pipes” classified with weight 2.
• “Presence of flue pipes” classified with weight 3.

In the example shown, query01 gives the position of voids inside both load-bearing and
non-load-bearing walls, and the weight associated with this vulnerability according to the recorded
damage level.

Or they can concern two different vulnerabilities

• Query02_Querying two vulnerabilities:
• “Uncompensated localized roof thrust” ranked with weight 3;
• “Unconnected building expansion” classified with weight 2.

Query02, thus defined, gives the critical and significant points for the possible detachment or
partial overturning of the masonry structure.

Another possible query is for three or more vulnerabilities.

• Query03_Querying three or more vulnerabilities:
• “No or poor effectiveness of wall-roof connection” classified with weight 2.
• “Missing or ineffective tie rods” classified with weight 2.
• “Condition of the roof covering” classified with weight 1.

This type of query, for instance, is useful for understanding the state of connection and degradation
of the roof structures with respect to the underlying masonry.

The parametric modeling and the performed queries presented here seem to overcome the
difficulties of a synthetic and global reading of the vulnerabilities present in a building. In fact, the
classification of vulnerabilities is generally reported on spreadsheets and tables that are not easy
or quick to interpret, especially for non-professionals, as the property owners can be. A graphic
representation certainly helps the owner to better understand the problems of his building and to take
informed decisions on the interventions to be carried out.

4. Application of the Proposed Procedure to the Case Study of Cuccagna Farmhouse in Milan
(North Italy)

The methodology presented in this work has been applied in a project of redevelopment and
anti-seismic safety of a historical asset in the city of Milan, Italy.

In 2017, the pilot project PRE.CU.R.S.OR. was the winner of a grant from the Fondazione Cariplo
di Milano in the field of Art and Culture-Cultural Heritage at Risk, a funding line that supports
preservation interventions on assets protected by law. The involved asset is Cascina Cuccagna, one
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of the rural buildings still existing in the city of Milan (Figure 3). Until about the middle of the 20th
century, farmsteads represented the place of life and productivity for most of the inhabitants of the
Lombard plain. Still today, they are a remarkable architectural resource and often, as in the case of
Cascina Cuccagna, they are used with different functions from the original ones.
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Cascina Cuccagna represents an ideal scenario for a replicable “pilot project” of progressive
improvement of the earthquake resistance conditions on historical buildings. In fact, from the
construction point of view, its model is highly repetitive in Lombardy and more generally in northern
Italy. It is located in a context of medium-low seismicity that allows testing of investigation and
intervention techniques in safe conditions. Cascina Cuccagna is also the site of many cultural, social,
and economic activities and a good place for the culture dissemination of risk protection through the
direct observation of the actions to be taken, their invasiveness and interference with the users’ lives,
the implementation timing, the possibility of extending them over time, and the related costs.

4.1. Historical Investigation, Survey, Redrawing, and Crack Pattern

Based on the historical research, the phases of expansion and modification of the original building
over the years could be reconstructed (Figure 4).

The contact surfaces between portions built in different periods are delicate and require attention
because, often, the extensions are made without sufficient connection to adjacent constructions. Some
of these surfaces have also been highlighted by redrawing the crack pattern (Figure 5): the red cracks
in Figure 5 are an example of this. The crack pattern survey performed room by room (Figure 6) has
highlighted other criticalities where a more in-depth investigation is required. Instead, the building
redrawing in a BIM environment from the laser scanner survey points cloud has highlighted some
shortcomings at the deformation level: floor sags and possible lack of plomb (Figure 7).
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4.2. Mechanical Characterization of Materials and Rapid Vulnerability Analysis

The survey on the masonry quality has shown masonry with variable quality, depending above
all on the time of construction (Figure 4). In this case, the calculation of a safety factor SF (%) (Equation
(2)) is not required, but we can assume that: for class A masonry, SF can be considered greater than 80%
of the value required by law; for class B masonry, it can be considered in the range of 50%–75%; while
for class C masonry, it can be considered between 25% and 50% of the value required by law. The walls
tested, except for a couple of cases, show a medium/high behavior to the transmission of vertical loads,
and some criticalities for the transmission of out of plane loads on the most deteriorated panels.

The rapid vulnerability assessment showed a good overall behavior for the whole building (SFVG
> 80%) and also a good behavior of the wall leaves which, in case of an earthquake, could be subject
to tilting mechanisms (SFVL > 80%). On the other hand, some roof and inter-storey floors showed
problems in transmitting vertical loads (60% < SFVS < 40%).

The presence of non-structural elements that could cause vulnerability, such as flue pipes or
balconies and walkways, together with poor floor-masonry anchoring, led to a vulnerability level of
type B2 (Table 3).

The surveys, crack pattern observation and the rapid evaluations which were carried out have
indicated some important shortcomings, worthy of diagnostic investigation. Therefore, the following
were carried out:

• Geo-radar surveys in some rooms of the Cascina to understand the direction of floor structural
elements when covered with a thatched ceiling, to verify the wall thickness as well as the
foundations depth and size. The foundations investigation has also confirmed the probable
difference in the construction period of some parts of the building [27,28];

• Sonic investigations on some walls, in those areas where the crack pattern showed fissures of
doubtful interpretation, in order to investigate the panel homogeneity and identify possible
detachments of internal leaves and/or surface plasters;

• Superficial and deep penetrometric tests for mortars characterization;
• Bricks characterization based on the behavior detected on bricks preserved on site and probably

contemporary to the ones in use. The results obtained were compared with values available in the
literature for materials of the same type and period [29–31];

• Penetrometric tests (©Resistograph) to characterize the timber floors and roofs [32–34].

Normally, a focused diagnostic phase such as the one described above affects less than 6% the cost
of the building’s safety intervention.

4.3. Identification of Specific Vulnerabilities

From the rapid evaluations and the experimental tests carried out, each vertical and horizontal
structural element and all the non-structural elements could be classified as indicated in Table 4.
Each type of specific vulnerability found on individual elements was assigned a weight, according
to the damage level obtained in the previous investigations: absent damage (0), scarcely influential
(1), averagely influential (2), significantly influential (3). The result of this operation is presented in
a matrix with a correspondence between structural elements and specific vulnerabilities, useful to
characterize the elements in a BIM environment. In the commercial software that was used, in addition
to the geometric, mechanical, and material characteristics, each structural element could be associated
with the table of specific vulnerabilities and weights assigned to each item referred to that element.
(Figure 9).

4.4. Queries on Vulnerability Levels Carried Out in the BIM Environment

Once the 3D model of the building had been prepared in a BIM environment and the matrix of
the correspondence between structural elements and specific vulnerability had been constructed, the
queries were carried out.
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After associating the vulnerabilities and their respective weights to the building elements, a
colored field (selected by the user for each query) was connected with each weight and queries
were carried out about the presence or absence of vulnerability elements and their influence on the
assessment of the overall vulnerability of the building (Figure 9).

Different types of queries can be performed. The system can be queried about the presence of a
certain type of specific vulnerability throughout the building and its degree of incidence on a given
element or on the overall vulnerability of the system (Figure 10). The presence of two or more specific
vulnerabilities with different degrees of incidence on the overall vulnerability can also be visualized
(Figures 10 and 11).

An interesting aspect is the possibility to know which elements are particularly vulnerable because
they are affected by two or more criticalities, each measured by its weight on the global vulnerability.
By carrying out a single query, the BIM system is able to respond to the question by highlighting the
elements that present all (and only) the queried criticalities and with the weights investigated. The
graphic result is the coloring of the elements affected by these vulnerabilities (Figures 12 and 13).

If effective structural improvements had been made, like an improvement of the connection
between the walls and the thrusting roof, the level of damage associated with the elements will be
decreased; so, by making new queries, the effectiveness of the improvements and their location will be
visualized in the model.Appl. Sci. 2020, 10, x FOR PEER REVIEW 17 of 24 
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5. Conclusions and Future Developments

The research issue of assessing the seismic vulnerability of existing buildings is still unresolved. For
about thirty years, scholars and researchers have been working on quantifying the seismic vulnerability
of historical buildings, following different approaches at different levels of detail (rapid, static, dynamic
approaches, etc.).

This open-ended problem is raising awareness among the public and owners of the need
for implementing safety measures even on buildings not hit by the earthquake in areas with
medium-low seismicity.

In this work, we presented the application of a procedure for assessing the seismic vulnerability of
an existing building based on survey tools already present in the guidelines of several Italian Regions.

The procedure has proved to be effective and easy to use for a professional. The innovative part
of the work carried out consisted of the graphic representation of the results obtained.

Until now, the degree of vulnerability of individual elements or macro elements was only possible
in tabular or diagrammatic form, not easy to understand for non-experts. In this work, the use of
design in a BIM environment has been experimented. The adopted investigation procedure and the
non-destructive diagnostic tests used allowed definition of, for each structural element, a detailed
classification of its vulnerabilities and their weight on the overall building vulnerability.

Therefore, in addition to the classic geometric, mechanical, and material characteristics, the use
of a BIM model allowed associating to each structural element the presence of vulnerability aspects
and their weight. By means of focused queries, specific vulnerabilities present in the building and the
reached level of damage (measured as a weight on the total vulnerability) could be highlighted. The
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graphic representation is very helpful to understand both the location of critical points and the problem
severity. The owner becomes aware that the building presents problems and that the interventions
have different degrees of urgency but are necessary; on the other hand, the designer has a tool to plan,
in terms of time, the maintenance and adaptation interventions and to control ex-post the effectiveness
of the interventions carried out.

The procedure presented here served as a basis for planning the consolidation and safety
interventions on Cascina Cuccagna in Milan. Critical issues in the floors of the South-West wing and of
the South-East wing have been highlighted that require immediate static safety interventions. The
floors in the corner area between the South-East and the South-West wings also turned out to be poorly
connected to the perimeter masonry and require seismic adaptation. In addition, historical analysis
and geo-radar survey of the foundations have shown that the South-West wing is posterior to the
South-East wing; redrawing of the cracked pattern has shown a possible poor connection between the
perimeter walls of the two wings. All these aspects have been reported in the BIM environment and
expressed in graphic form. Thus, the designers were able to plan the most urgent interventions.

Of course, designing in a BIM environment is not without difficulties. First of all, every element
of the project must be precisely defined; if this gives great advantages to managing the construction
site, certainly it is a not easy constraint in the architectural design phase. In fact, if the architectural
design criteria do not follow the BIM environment logic from the very beginning, then the subsequent
modeling in a BIM environment is not so easy. Difficulties have also been met due to the compatibility
between CAD graphics and structural modeling programs, used in professional practice, with modeling
in a BIM environment; this affects the easy transfer of project files in this environment.

These problems are mitigated when the application deals with existing assets, where geometries
and materials are given and the implementation in a BIM environment is easier. However, it is necessary
to underline that working on existing buildings also requires modeling of structural sections often out of
plan, variable, or deformed geometry not easy to shape with the simple elements present in the software.
Therefore, simplifications or devices are often used to facilitate the three-dimensional construction of
the building and the interchange with third-party software (structural, energy, computational, etc.).
This aspect must be solved as well as the improvement of graphic resolution; the architectural side is
still very poor and forces professionals to produce two or more types of design tables. Another aspect
in which the current BIM modeling is poor is its software compatibility to facilitate professional use.

As for the procedure introduced here, the authors believe that the proposed procedure can be
replicated with the same degree of effectiveness on other existing buildings and represents a real
way of involving the client in the safety processing of the existing historical heritage. However, in
order to improve the input of collected data and the graphic output, it will still require application
efforts concerning both different vulnerabilities and monitoring of the effectiveness of the implemented
actions for static and seismic adaptation.
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