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Abstract: In the architecture, engineering and construction sectors, Building Information Modeling
(BIM)-based procedures have become adopted more and more. In fact, the development of suitable
BIM models facilitates the management of the design and construction phases and improves the
efficiency of the maintenance policies during the life cycle of the building. Although the BIM
method is mostly implemented in the building industry for new constructions, in recent years, the
deployment of this technology has also attracted increasing attention for existing structures to rebuild
their geometry and gather relevant data, especially for historical buildings; in this case, we refer
to Heritage BIM (HBIM). A HBIM procedure requires a multidisciplinary approach involving not
only historical, conservation, and restoration considerations but also suitable maintenance and repair
plans, duly balancing the structural needs with the preservation of the historical value of the building
and its content. Although the integration of the structural assessment in the HBIM process would be
highly beneficial, its practical implementation is often in the early stages. In the paper, an original
parametric procedure for the assessment of existing masonry buildings is proposed in the BIM
environment. The procedure combines E-PUSH, a software program for the structural analysis of
masonry structures under seismic and non-seismic actions with an appropriate BIM approach, so
improving the management of gathered data through cognitive phases. The assessment process is,
thus, simplified since data required for the structural analysis are directly retrieved from the BIM
model, and the structural analyses and verifications are performed without using external programs.
The proposed BIM workflow is finally illustrated and discussed referring to a relevant case study, the
seismic vulnerability assessment of the “Bernardo Rucellai” school in Florence (Italy).
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1. Introduction

The conservation and management of historical heritage are modern themes, which
are more and more enriched by discussions and studies involving several disciplines and
operators. Moreover, built heritage, even if not monuments, is an essential part of the
historical memory of places and communities. For this reason, it is important to have a
culturally conscious focus on architectural heritage in order to provide adequate and, at the
same time, technically efficient tools for its effective preservation and restoration, recovery
and use.

The conservation and restoration of monuments and sites are the subjects of the
updated version of the Venice Charter, firstly issued in 1964 [1], as well as of the Victoria
Falls Charter [2,3], a complete revision of which is provided by the International Council
on Monuments and Sites (ICOMOS) in [4].

As the theoretical bases of structural mechanics were defined only in the 19th century,
and the first availability of sound structural codes is even more recent, historical buildings
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have been designed and built relying on past experience and the satisfactory performance of
existing buildings according to empirical observations or relevant architectural canons. For
these reasons, especially in seismic prone areas, the actual structural reliability of existing
buildings can be unsatisfactory in the light of modern safety concepts, calling for appropri-
ate actions respecting the cultural value of the asset, being aware that demolition is not an
option [5]. The aim of conservation action from the point of view of structural rehabilitation
should be to ensure safety, preserving both the physical asset and its structural functioning.

The Italian historical building heritage, two-thirds of which is represented by masonry
structures, has shown considerable vulnerabilities towards the actions of the earthquakes
that have followed one after the other over the years, mainly due to the age and the
typological and structural characteristics of the buildings. The safety of existing buildings
is an issue that must be taken into account, not only in view of expected earthquake events
but also in normal conditions, as historic buildings were often subjected to interventions
that had potentially altered their structural safety.

Given these concerns, assessing the vulnerability of existing masonry buildings is
crucial [6-11]. EN1998-3 [12] and also Annex B of the 1SO13822 [13] provide general
procedures for seismic evaluation and retrofitting of existing structures. More specific
guidelines are given in national codes, such as [14] and [15] for Italy. In these procedures,
the understanding of the existing building’s evolution phases is crucial, both to reliably
evaluate the structural safety and seismic performance and to identify the relevant criteria
for strengthening interventions, if needed. In [5], a more advanced scheme is proposed
especially focusing on the assessment of heritage structures (see Figure 1).

Figure 1. Flowchart illustrating the assessment procedure of heritage structures (adapted from [5]).
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The assessment should rely on the achievement of an exhaustive level of knowledge
of the construction that can be reached through research of historical documents, surveys
and investigations of materials’ properties. An adequate knowledge of the building is then
the basis for the definition of the structural model and the performance of the structural
analysis. The definition of the simplified structural model and the choice of the most
appropriate analysis technique are still critical steps in the evaluation procedure of existing
masonry buildings [6,7]. As reported in the Italian guidelines for the assessment and
reduction of seismic risk of cultural heritage [16], masonry buildings are characterized by
considerable uncertainties about the mechanical properties of the materials used and the
efficiency of the connections between structural elements, often associated with complex
structural schemes [17-19]. For this reason, in structural codes, reference mechanical
models are commonly provided and specialized methods for preventive risk assessment
are suggested considering the most common structural types and configurations, including
models for “Churches, places of worship and other structures with large spaces, without
intermediate structural horizontal elements” and for “Palaces, villas and other structures
with spine walls and intermediate structural horizontal elements” [16].

For the sake of the structural analysis, considering the computational efficiency and
the ability to capture the global behavior of the construction, simplified models [9], specif-
ically macro-element models [20], are, in many applications, preferred to more refined
local models.

Historically, the first reliable and simple enough method for non-linear static analysis
of masonry buildings was proposed by Tomazevi¢ in 1978 [21] assuming rigid floor di-
aphragms, usually said POR method, and based on the shear failure criterion for masonry
walls developed by Turngek and Cagovié [22]. Starting from the POR method, several
programs for the analysis of masonry structures have been developed over the years based
on the Equivalent Frame Model. A review of the most common software programs for
the analysis of masonry buildings can be found in [9,20]. Among them, an innovative,
particularly simple and efficient program called E-PUSH was developed by the authors for
linear and non-linear static analysis of multistory 3D masonry buildings under seismic ac-
tions [6,7]. In the program, the masonry walls are represented by shear walls, characterized
by non-linear constitutive laws, duly connected by rigid or flexible floor diaphragms and
by horizontal bands, and the verifications are performed in the acceleration-displacement
response spectrum (ADRS) plane, according to the N2 method [23]. The E-PUSH algorithm
has been validated focusing on the ability to reproduce the seismic response of masonry
building prototypes tested in a laboratory [7] and has been also tested on real case studies,
comparing the outcomes with those obtained by means of other commercial software [6,8].
A complete description of the program, which is distributed under a Creative Commons
Attribution at the link in the Supplementary Materials part, can be found in [6,7].

In the E-PUSH software, consisting of routines written and executed in the MATLAB
environment [24], input data for the analysis of the investigated buildings are collected
in a table, which can be compiled manually or by means of an Excel file, containing the
geometric and mechanical properties of masonry walls, and the stresses due to vertical
loads. Requiring a limited number of input data and being based on very clear and
simple structural models, the E-PUSH program is nearly independent of the users, so
that efficient workflows can be developed for the safety assessment of existing masonry
buildings [6,7,9-11].

Although important, the structural assessment is only a minor part of the complex
activities connected with the preservation of historical heritage, involving several disci-
plines, spanning almost all cultural and scientific knowledge. For this reason, the use of
Heritage Building Information Modelling (HBIM) procedures [25-30], where information
from any discipline can be retrieved, stored, shared and updated [31], could significantly
improve the efficiency of the multidisciplinary approach to the conservation of the historic
built environment. Even though the application of Building Information Modelling (BIM)
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to cultural heritage dates back to the early 2000s, the term HBIM was introduced in 2009 by
Murphy et al. [32].

A (BIM) model is a digital representation of the physical and functional characteristics
of a building that constitutes a resource for shared knowledge of information, thus provid-
ing a reliable management base to be consulted throughout the entire lifecycle, starting
from the design onwards [32-34]. A BIM, which was initially used only in the design and
construction phases of a building [33-35], is more and more widely used, as a HBIM, in
all areas concerned with the restoration and conservation of existing buildings, such as to
facilitate the architectural survey, and documenting and information cataloguing phases
applied to the historical heritage [25-30].

An enormous amount of information coming from advanced survey methods, such as
high-definition digital photogrammetry technologies and laser scanner surveys (terrestrial
or drone aerial), is often used to gather information in the HBIM, which, thanks also to the
possibility of associating geometric information with digital images, provides a particularly
realistic virtual model [36-39]. In some cases, when the variations in the considered
parameters are consistent with their precision and resolution, these advanced techniques
can also be used for monitoring purposes, such as the assessment of the evolution over
time of crack openings, displacements of control points and so on. HBIM methodology can
also be supplemented by artificial intelligence (Al) techniques [40]; in this way, the model
becomes able to “perceive stimuli” and “propose solutions” related to its management
and conservation.

Evidently, the HBIM, which is defined as a model that is consistent with reality and
a repository for all information about each cultural heritage building, can be a useful
tool also in the field of structural assessment [41,42] and management of the existing
buildings, especially in view of planning, management, preventative maintenance and
repair interventions [25-30,41-43].

In this study, the phases of the assessment of an existing masonry building are estab-
lished and managed in an HBIM, or BIM, environment, where preliminary modeling of the
building is the starting point of the information exchange process, allowing a practically
unlimited and ongoing increase in the data required by the assessment process [10,11]. The
original contribution aims to develop an informed model that can be used as a database
for both the physical/architectural and the analytic/structural discipline, preserving all
relevant information throughout the whole lifecycle of the construction. This informed
model will be the basis for the evaluation of the structural performance carried out by
means of the E-PUSH procedure, thus integrating the abilities of the E-PUSH program with
the benefits of Heritage Building Information Modelling.

In the following, the process is presented in detail with reference to a real case study, the
seismic assessment of “Bernardo Rucellai” school in Florence (Italy), which is a multistory
masonry building, built in the late 19th century.

2. Materials and Methods
2.1. Traditional Workflow

The first step of the structural safety assessment workflow of an existing building is
the setup of the appropriate structural models. With this objective, a thorough review of
available documents in historical archives and a cognitive study about the actual conditions
are carried out first to gain a sufficient understanding of the structural scheme of the build-
ing and a suitable estimate of the mechanical characteristics of the materials, identifying
further investigation needs, if any. Once the structural model is defined, the appropriate
structural analysis can be performed.

In this regard, the implementation of the E-PUSH software can facilitate a reliable
assessment of the seismic vulnerability of the building, allowing its classification in terms
of seismic performance.
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According to the Italian Building Code [14,15], the key phases of the evaluation process,
and the conventional workflow adopted for the usage of the E-PUSH software, may be
summarized as:

e  Historical analysis: gathering of accessible documents on the building’s history and
identification of all remarkable modifications and interventions over the time leading
up to the actual conditions;

e  Cognitive analysis: in situ survey and photographic campaign to identify the actual
construction status. The data obtained are utilized to setup the 3D architectural and
structural representations of the building in an appropriate computer-aided design
(CAD) software such as AutoCAD [44]. These representations can be directly given,
in terms of a 3D model, or can be synthetized by means of 2D drawings, in terms of
plans, elevations and suitable sections of the building;

e  Mechanical characterization of the materials: inspections and in situ and laboratory
tests are performed to evaluate mechanical properties of structural materials;

e  Structural analysis and seismic vulnerability assessment: identification of the rele-
vant structural elements in AutoCAD, load analysis and direct elaboration of E-PUSH
input data table and setup of the Excel sheet. Seismic linear or non-linear static
assessment in MATLAB environment [24] by means of the E-PUSH algorithm [6,7];

e Definition of strengthening interventions and re-assessment (if necessary: accord-
ing to the outcomes of the abovementioned assessment, strengthening interventions
are defined, and CAD model and the E-PUSH input data table are modified and up-
dated accordingly. Finally, the effectiveness of the proposed interventions is checked,
re-assessing the so-strengthened building.

2.2. Proposed HBIM Workflow

The digitization of historical heritage data consists of creating a model representing a
virtual copy, the “digital twin” of the existing construction and constituting an information
database for the real version [25-28,36-39]. For the purposes of the study, the “digital
twin” should be intended, according to [45], as “a digital replica, to support the preventive
conservation of heritage building”.

To fully exploit the potential of an HBIM model, the elements that make up the model
of the existing structure can be integrated with customized parametric objects, linking
information and properties pertaining to different disciplines involved in the design and
management with the digital representation of the building [39]. In the BIM environment,
parametric objects are linked to data and rules governing their behavior, specifying how
they interact with other objects or react to changes in influencing parameters. In parametric
design, the informed model is able to perform actions and achieve objectives only through
the use of mathematical algorithms. Obviously, the higher the interoperability between
BIM software and algorithmic design software is, the easier the data management in the
cognition and assessment stages [46—48].

Data needed for the structural evaluation can be derived directly from the BIM model,
and structural analyses and verifications can be performed without using third party soft-
ware. For the structural assessment of masonry and heritage buildings, the advantages
of the BIM approach, including sophisticated architectural and structural modeling capa-
bilities, can be combined with the implementation of the structural analysis program. To
achieve this aim, in the present study the direct implementation of the E-PUSH analysis
on the BIM model is discussed. The specific interface relies on algorithmic design tools,
such as Archicad [49]. This program provides support for all key models and forms of
data interchange, including Industry Foundation Classes (IFC) and, in addition, it may
directly interface with Grasshopper [50], a node-based algorithm editor integrated with
Rhinoceros [51] modelling tools. A bi-directional real-time link, the Grasshopper-Archicad
Live Connection tool [49], allows Archicad and Grasshopper to operate together, avoiding
data exchange via import/export.
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In the proposed workflow, which is compared with the traditional workflow in Table 1
and in Figure 2, the first steps of the procedure consist of the architectural and structural
modeling of the examined building in Archicad. The structural model data are then used as
input data for the algorithms created in Grasshopper to perform structural analysis so that
the structural performance of the building under vertical loads and seismic actions can be
assessed. Finally, the results are redirected to Archicad, to collect all the other information
in the BIM model.

Table 1. Traditional workflow and proposed BIM workflow: procedure for the structural evaluation

of existing masonry building.

Traditional Workflow

Proposed BIM Workflow

Historical
analysis

Collection of historical
documentation of the
building.

Architectural Model in
Archicad
collection of historical
documentation of the building.

[]

Cognitive
analysis

In situ survey and photo
campaign.
Development of the 3D
representation of the building
in a suitable CAD program,
such as AutoCAD.

Architectural Model in
Archicad
Development of a suitable
BIM model using traditional
and advanced survey
techniques of relevant
information in BIM.

Mechanical
characterization
of materials

Investigation and tests in situ
or in laboratory.
Identification of the structural
elements and materials from
CAD drawings.

[ ]

Structural Model in
Archicad:
collection of structural
parameters.

[]

Structural
analysis

Definition of the 3D structural
model.

Load analysis and data table
on Excel. Linear and
non-linear static analysis on
E-PUSH.

L]

Structural analysis in
Grasshopper and analysis
results in Archicad. Load

analysis, vertical loads

analysis, linear and a

non-linear static analysis.

i

Proposal of strengthening
interventions

Post-intervention status of the
building.
Updating of the data table and
new analysis on E-PUSH.

L]

Post-intervention status of the
building.
Updating of the model in
Archicad and new analysis in
Grasshopper via E-PUSH.

0
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Figure 2. Proposed BIM workflow: procedure for the structural evaluation of existing

masonry building.

Combination of Archicad and Grasshopper allows for a highly organized and efficient

working flow, where the following main phases can be identified:

1.

Architectural Model in Archicad: for the architectural model of a building in Archi-
cad, the data obtained from cognitive activity are employed. In this phase, geometric
and cognitive data, photographs and documents that are obtained through historical
analyses, surveys, investigations and experimental tests are added to each element of
the model.

Structural Model in Archicad: the architectural model is used as a reference for the
structural model. The structure is converted into “morph” elements and divided
into structural walls, lintels and masonry spandrels, while slabs, roofs and stairs are
converted into “shell” elements. New user-defined structural data, such as mechanical
characteristics and parameters connected with structural analysis, are created using
Property and Classification Manager of Archicad and allocated to various structural
model parts.

Structural analysis in Grasshopper: Grasshopper-Archicad Live Connection tool enables
the structural model to be analyzed using an appropriate algorithm with visual
programming language (VPL). Grasshopper extracts all previously defined struc-
tural data, performing the additional user-specified codes required by the linear
or non-linear structural analyses [6-11], as well as the assessment of the structural
performance under non-seismic and seismic actions.

Collection of analysis results in Archicad model: once the analyses are completed,
the data from Grasshopper codes are gathered and transferred back to Archicad
using the Live Connection tool. The structural elements are thus associated with their
geometric characteristics, internal forces (axial force, shear forces, and in-plane and
out-of-plane bending moments) and verification information.

The analysis results can be shown via interactive programs or graphical overlays of

the model parts, automatically identifying in Archicad the structural walls successfully
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assessed or not, so facilitating not only detection of weakest parts but also the definition of
the most suitable strengthening interventions.

3. Case Study: The Integrated Approach Applied to the “Bernardo Rucellai” School
in Florence

To emphasize the capability of the proposed workflow and the advantages of the
integrated HBIM approach in the assessment of existing buildings, a real case study is
presented in the following section.

The case study concerns the “Bernardo Rucellai” school in Florence, which is a masonry
building dating back to the end of the 19th century.

In the study, taking into account that the building is characterized by a quite regular
shape and that the focus of the study is on the assessment of the structural behavior, the
information and the level of detail provided by traditional survey techniques were sufficient
to build the 3D HBIM needed for the definition of the structural model. For this reason,
more advanced survey techniques were not adopted.

3.1. Implementation of Information of the HBIM Model
In this subsection, the various steps of the procedure are illustrated in detail:

e  Starting from a historical documentary search and review about the building, geomet-
ric and structural surveys are performed first, supported by a photographic campaign.

e  Subsequently, thanks to visual inspections and on-site tests, the masonry category, the
stratigraphy of floors and the quality of connections between the structural elements
are deduced.

e  Once an adequate level of knowledge of the building is reached, an appropriate BIM
model of the building is setup, making use of all acquired data, so achieving an ever
more complete and in-depth level of detail.

The facade and the architectural BIM model of the school are illustrated in Figure 3.

(a) (b)

Figure 3. “Bernardo Rucellai” school: (a) a fish-eye photo of the fagade; (b) Building Information
Model of the school.

3.1.1. Architectural Model: Historic and Cognitive Analysis

The “Bernardo Rucellai” school, located in Florence, near the Basilica of Santa Maria
Novella, is a two-story masonry building characterized by an almost rectangular floor plan
with an area of about 400 m?.

The loadbearing structure is composed of masonry walls made of irregular natural
stones, except for a few internal brick partitions. In the first story there are different types
of floors, including reinforced wood floors, concrete and hollow tiles mixed floors and
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floors composed of steel beams and flat hollow masonry tiles. The roof, instead, consists of
a pitched wooden structure.

The architectural model of the Archicad building model, created by using the in-
formation collected through the historical and cognitive analysis of the construction, is
summarized in Figure 4.

Figure 4. Informed Architectural Model of the Building in Archicad.

All the elements of the model (walls, slabs, stairs, roofs) are defined by modifying
their geometry and stratigraphy and customizing their information. Furthermore, the
elements are enriched with additional data, photos and documents collected through
archival research, surveys, investigations and in situ tests carried out on the construction
or on similar buildings. It is important to highlight once more that the characterization
of masonry properties is a fundamental step in the assessment process [8,52-56]. In situ
experimental tests, which are necessarily limited for practical and economic reasons, can
be supported with visual inspection methods and engineering judgements. A Bayesian
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methodology for the updating of masonry mechanical parameters is proposed in [52],
combining information on masonry quality obtained by visual inspection with limited in
situ compression tests performed with a flat jack. The achieved calibration of the masonry’s
mechanical properties provides the basis for a more refined probabilistic assessment of
existing masonry buildings. All this relevant information about material properties can be
collected in the informed model and can form a useful database for the assessment of similar
structures coeval with the considered building and belonging to the same geographical
region [55].

The material properties of the “Bernardo Rucellai” masonry walls were derived by
supplementing available literature data with the results of in situ double flat jack tests (see
Figure 5), and then duly implemented in the BIM environment.

(a) (b)

(c)

Figure 5. Double flat jack test carried out on a stone wall of the “Bernardo Rucellai” school: (a) test
arrangement, (b) measurement of displacements, (c) experimental stress—strain diagram ¢ — € in blue
and tri-linear approximation in orange.
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The double flat jack test arrangement and the measurement of the displacements are
shown in Figure 5a,b, respectively, while Figure 5c reports the experimental ¢ — € diagram
recorded during the loading and the unloading phase of the test, in blue, and the tri-linear
approximation of the loading phase, in orange.

New and additional information about each element of the project is collected through
the Property Manager of Archicad. From this point of view, relevant properties are optional
user-defined data assigned to a specific project item.

The resulting 3D model can be considered as an integrated database of all the building
information, ensuring that data loss and repetition are avoided.

3.1.2. Structural Model: Mechanical Characterization and Analytical Data

The architectural model is used as a geometric reference for the structural model [10,11],
based on the principles of the E-PUSH method [6,7]. The “wall” elements, previously cre-
ated in the architectural model, are copied and converted into “morphs”, distinguishing
structural walls, non-structural walls and masonry spandrels, including lintels, while floors,
roofs and stairs, that are converted into “shell”.

The structural modelling of the building requires the definition of all the relevant data
necessary to carry out the structural analyses. Since the predefined set of properties in
Archicad elements does not include the structural data required by the static and seismic
assessment, new structural properties are created using once again the Property Manager
of Archicad.

Newly defined properties are assigned to a specific category of elements via the
Classification Manager. These properties, including the mechanical parameters of materials,
floors’ characteristics, loads on the structure and seismic parameters, obviously depend on
the structural function of each relevant element. The properties have been arranged into
the following groups:

e  Mechanical characterization of materials: this refers to the structural walls and con-
tains the mechanical parameters of the structural materials present in the building.
The values of the mechanical parameters of different types of masonry are assessed
and entered into the model from the average values suggested by the Italian Building
Code, in combination with values from the literature [53] and values estimated from
in situ tests and engineering judgement [52]. The values chosen are suitably associated
with each masonry type. In this way, the values of the characteristics related to a wall
are automatically updated by modifying the masonry types of that element.

e  Floors characteristics: these refer to horizontal structural elements, such as floors, roofs
and stairs, and include the stratigraphy of the element, the direction of the span and
the category of use, according to the intended use of various rooms and compartments.

e Loads on the structure: these are applied to horizontal structural elements; depending
on the stratigraphy of the floors, the values of the permanent loads G, imposed loads
Q associated with a category of use and climatic actions are introduced in the model
and defined for each element.

o  Seismic parameters: these describe the seismic hazard associated to the site, and
include peak ground acceleration, soil and topographic category and all the relevant
parameters needed to define the acceleration response spectra.

Any property value assigned to a specific structural element can be easily changed

by selecting it or by interactive planning. The input path to be followed to assign the
abovementioned properties in the Archicad environment is summarized in Figure 6.
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Figure 6. Loading phase in the informed structural model of the building in Archicad.

3.2. Structural Analysis and Seismic Assessment

BIM software represents objects by parameters and rules that determine geometric
and non-geometric properties and features [33]. Considering that, in parametric design,
algorithms are defined to control the parameters from which elements can be generated,
parametric object modeling provides a powerful way to both create and analyze models
using mathematical algorithms. The advantages of the algorithmic approach mainly
relate to increased control of the information [46-48], which allows easy extrapolation and
management of any data from the model. Thus, by means of interoperability between BIM
software and algorithmic design software, it is possible to develop procedures that perform
customized analyses of the model using element parameters as input data.
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The steps of an algorithm can be translated into scripts written in different program-
ming languages. Nowadays, visual programming languages (VPLs), such as Grasshopper,
are increasingly widespread in relation with BIM models due to their easiness to use, even
for beginners. A VPL allows creating programs simply by connecting graphical elements,
rather than explicitly writing lines of code. In this context, the structural model of the
“Bernardo Rucellai” school, generated in Archicad using the Grasshopper-Archicad Live
Connection tool, can be directly analyzed by using an ad hoc algorithm written in VPL.

The algorithmic entities developed inside Grasshopper can be associated with native
Archicad objects without the need to export, following the stages of the recommended
approach and activating the Grasshopper-Archicad Live Connection tool.

The verification of masonry walls under vertical loads is performed first, taking into
account the effects of the slenderness of the masonry wall, as well as the eccentricity
of loadings [14]; subsequently, the seismic risk of the structure is assessed performing
both linear static and non-linear static analyses. Finally, when necessary, strengthening
interventions are proposed, and the suitably modified model is newly analyzed so that
their effects in terms of the increase in structural performance can be evaluated.

For the sake of the structural analysis, every piece of Archicad-specified structural in-
formation is collected in Grasshopper and utilized as input parameter in the algorithm. The
code thus manages to extrapolate the geometric and structural features of the components,
evaluating the additional data required by the analysis.

As already stated in the first step, the compressive stresses in different load combina-
tions at each wall are evaluated, and then, using the original VPL algorithms, the following
assessments are performed:

e non-seismic verifications, considering the fundamental combination of actions pro-
vided for ultimate limit states [14];

e linear static analysis, aiming to assess the seismic performance of each individual
structural element under different failure criteria (diagonal shear, in-plane and out-of-
plane bending) [14];

e non-linear static analysis, aiming to assess the seismic performance of the structure.

The Grasshopper code, summarized in Figure 7, consists of a long and elaborate node
diagram, but, thanks to a suitable organization, the input of data and the interpretation of
the results do not require particularly skilled users. Evidently, the unique condition for the
proper functioning of the code as an E-PUSH interface is the conformity of the generated
structural model with the principles of the E-PUSH method [6,7].

It must be stressed that the E-PUSH program [6,7] allows the seismic analysis to be
performed considering two different options as a function of the rigidity of the floors in
their plane:

a 3D non-linear global analysis, if the floor can be considered infinitely rigid;
a set of 2D non-linear analyses considering aligned wall elements, provided that they
are effectively connected at the floor level, when the floors are flexible in their plane.

In the considered case study, in the actual condition, the floors need to be considered
as flexible so that the assessment has been performed adopting the second option, i.e.,
non-linear analysis of each recognized alignment.

3.2.1. Loads and Structural Analysis

Evidently, according to the general procedure envisaged before, the self-weight, the
weight of masonry spandrels and lintels and the loads transferred by the floors, are first
attributed to each structural wall, through interoperability between Archicad and Grasshopper.

The self-weight of the structural and non-structural walls (Figure 8a) is extracted from
the properties of the Archicad informed model, and it is calculated directly in Archicad,
simply multiplying the specific weight of each wall by its volume.
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Figure 7. Code developed in Grasshopper to perform static verifications, linear and non-linear static
analysis of an existing masonry structure.
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Figure 8. Load analysis and calculation of stresses, as the sum of (a) self-weight, (b) the weight of
masonry spandbrels, (c) the loads from floors and (d) the loads from the overlying walls.

The Grasshopper code part related to identifying the weight of masonry spandrels
(Figure 8b) is based on a procedure that recognizes the contact between the elements of
the structural model. The code tries to generate one by one the intersection curve between
the geometries of walls and spandrels. If the operation is successful, the contact between
a given wall and a spandrel is recognized. At this point, only the part of the masonry
spandrel supported by the wall is selected, in order to calculate the effective load value.
The loads from floors (Figure 8c) are determined, following a procedure similar to that
just described used for spandrels, by identifying the influence areas of the floor and roof
pertaining to each wall. Then, these values are multiplied by the structural, non-structural
and imposed area loads of the floors and roof, already defined in the Archicad structural
model. Finally, the total axial load is evaluated for each wall of a story as the sum of the
self-weight, the weight of the masonry spandrels, the loads transferred by the floors and
roof and the loads coming from the overlying walls (Figure 8d).

Obviously, total axial loads and compressive stress are determined both referring to a
fundamental combination of actions, as required for non-seismic verifications under mainly
vertical loads, as well as in the quasi-permanent combination of actions, as required by the
seismic combination.

3.2.2. Structural Assessment under Non-Seismic Actions

In Grasshopper the script is set to perform a verification under mainly vertical loads,
considering the effects of slenderness and load eccentricity [14] and checking the compres-
sive stresses for the ultimate limit states determined in the previously load analysis.

The algorithm first identifies the values of the slenderness A and the coefficient of
eccentricity m for each wall to derive the reduction coefficient for compressive strength ¢,
as explained in [14]

A= hwull (1)
twall
_ 6¢ o)

twall
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hwull
200 ®)
where hy,,;; and t,,,; represent the height and thickness of the wall, respectively, and e is
the unintentional eccentricity of the load.
Furthermore, a check of the wall slenderness A is carried out as a function of the
boundary conditions [57], assessing that its value belongs to the admissible range, which in
the Italian Building Code [14] is set to

A < 20, @)

and then the reduction coefficient ¢, 0 < ¢ < 1, of the design strength, f;, is determined, as
a function of A and m [14,57].

The reduced design resistance ¢ f; is thus compared with the value of the design
compressive stress at the ultimate limit state (0 s117) to calculate the safety coefficient Cg
related to each element

cs = 2o ®

00,SLU

Clearly, the verification is satisfactory when Cg > 1.0.

3.2.3. Seismic Assessment: Linear Static Analysis

The linear static seismic analysis is carried out in Grasshopper using “C#” components,
employing the developed VPL algorithm. This kind of custom component enables selection
of the node inputs and outputs and to program the action to be performed in “C#” language.
By developing certain code lines, it is possible to use the data of the Archicad informed
model in order to calculate:

Ty: fundamental period of the structure;
Se(T1): horizontal elastic response spectrum of the structure;
S, the seismic action acting perpendicularly to the wall.

Afterwards, using other components “C#”, the values of strengths and stresses under
horizontal actions for diagonal shear, in-plane and out-of-plane flexural verifications are
calculated for each structural wall in accordance with the Italian Building Code [14]. The
script output (Figure 9) also provides the values of the safety coefficient for each wall and
the consequent seismic risk index for the investigated structure by comparing the seismic
demand and the actual capacity.

Figure 9. Code developed in Grasshopper to perform linear static analysis of an existing masonry
structure and 3D representation of the results.
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The outcomes of the analysis are further emphasized in a 3D graphic representation,
where wall elements are plotted in different colors depending on the safety coefficient of
the element itself, so facilitating the identification of critical elements. The outcomes of
the analysis for the “Bernardo Rucellai” school are summarized again in Figure 9, where
elements satisfying the assessment (C; > 1) are represented in green, while the other
elements are represented in red if C; < 0.3, in orange if 0.3 < Cs < 0.6 and in yellow if
06 <Cs<1.

3.2.4. Seismic Assessment: Non-Linear Static Analysis

Since in the “Bernardo Rucellai” school structure the presence of efficient and resistant
in-plane connections between aligned masonry walls has been detected, a seismic non-
linear static analysis has been performed, considering sets of connected masonry walls
belonging to the same alignment, so accounting for the force redistribution capability of
the elements of each alignment, beyond the elastic limit.

The key steps of the original script developed in Grasshopper for the computation
of the capacity curves and of the seismic risk index for each wall alignment are briefly
discussed below.

At first, by using a specific Archicad feature, the algorithm identifies the walls belong-
ing to a given alignment. The relevant values defining the capacity curves of each wall,
namely the elastic stiffness ko, the shear strength Hp,, the elastic displacement J, and the
ultimate displacement J,, are computed by specific C# components as

-1
GLt G (H\?
ko= —— |14+ —|( =
0 1.2H< +1.2E<L)> ©)
1.5Li”l’0 00 SLV
Hgy = 142 7
Rd b T 151 @
H
5e—k7Rd;(5u:}1(se/ (8)
0

where L, t and H represent the length, the thickness and the height of the wall, respectively,
E and G represent the elastic modulus and the shear modulus of the masonry, respectively,
Tp is the shear strength of the masonry, b is a corrective coefficient, depending on the ratio
H/L (1 <b=H/L <15][15]), 09 srv is the value of the compressive stress induced by
the seismic combination and y is the ductility coefficient.

In an # stories building, the algorithm starts from the distribution of seismic forces F,
acting on the alignment at the k-th story. The distribution can be, as usual, proportional to
the story elevation z; and to the quota Wy of the seismic weight of the k-th floor supported
by the given alignment, according to the equation

)

where F;, is the total shear acting at the base of the alignment and the summation is extended
to all floors. The capacity curve is evaluated by an iterative procedure using “Anemone”
Grasshopper plug-in, as summarized in Figure 10. The iteration starts by considering the last
story and then moves to the lower floors for each iteration step.
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Figure 10. Code developed in Grasshopper to perform non-linear static analysis for alignments of an
existing masonry structure.

The total force acting on the alignment is subdivided in a suitable number g of incre-
ments: for instance, as in the case study, 4 = 1000.

At the j-th step of the iterative procedure, the algorithm considers a total force acting
on the alignment which is given by

F
Fij = ]7’1 (10)

The seismic force to be applied to the k-th story is thus

Wi z

F:=F, ———
ki h’]Zanzn

(11)

Considering an alignment composed by s shear walls, at the j-th step of the itera-
tive procedure, the total lateral stiffness of the alignment at k-th floor results, to a first
approximation

Kij* = Yoy kixja (12)

where k; ;1 is the lateral stiffness of the i-th wall element at the k-th level, as determined at
the previous (j — 1)-th step, and the sum extended to all the shear walls, which are present
at the considered floor and that are extended to the foundation.

The inter-story drift is then

~ Fej+ Hi

Uk,j Kkj* (13)

where Hy 1 ; represents the shear transferred by the upper story.

At each step of the procedure, the inter-story drift is compared with the elastic dis-
placement 4, ; and with the ultimate displacement J,, ; of each shear wall, considering three
possible situations:

e thewallis still in elastic phase (J.; > vy,)
Hixj = vk kikj; kixj = ko_ix (14)
e  the wallis in plastic range (J,,; < vg; < dy,:)

HRga ik (15)

Hixj = Hra ik kiyj = o
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e  the wallis collapsed (vg,; > dy,:)
Hixj=0; kix; =0 (16)

When the previous checks are completed, it is possible to calculate the corresponding
shear transferred by the story and its total lateral stiffness:

Hrorkj= Y oy Hik; 17)

Krorxj = Zlm:l ki, (18)

Once the analysis of the k-th story is concluded it is possible to move to the underlying
story, (k — 1)-th, repeating the procedure described before, and so on until the lowest level
is reached.

For each step of the iterative procedure, the total displacement, which is the sum of
the inter-story displacements, and the total shear at the base of the alignment are identified.
The algorithm is run until a value of the total base shear reduces to a suitable percentage of
the maximum base shear: about 80%, according to the Italian code [14]. The capacity curve
and the seismic demand are plotted for each alignment in a parametric H — § diagram
within the Rhinoceros display environment to evaluate the seismic risk index, Ig, which is
the ratio between the shear strength and the shear demand

IR _ max (HTOT,O,j) (19)
Fy

The capacity curves and the seismic demands of the six relevant alignments of the
“Bernardo Rucellai” school, so derived, are shown in Figure 11.

It should be remarked that in Figure 11, single walls not belonging to alignments are
not reported since they have been previously considered in the linear static analysis. In
fact, dealing with flexible floor hypothesis, they do not participate in force redistribution.
It must be stressed that the minimum seismic risk index for the alignments is Iz = 0.61
(alignment no. 4 in Figure 11).

Considering that the minimum seismic risk index for the single walls is Iz = 0.39,
the seismic risk index of the building in the present condition is Iz = 0.39, and therefore
strengthening interventions are necessary.

Of course, when, as in the case study, buildings are characterized by flooring systems
that are flexible in their plane, the analysis should stop at this stage. Anyhow, in order
to illustrate all the relevant features of the proposed procedure, a 3D global analysis of
the building has also been carried out. This 3D analysis allows the evaluation of the
effectiveness of a strengthening intervention, consisting of the introduction of steel bracing
diaphragms or reinforced concrete slabs at the floor level, which is often proposed for
its simplicity. The intervention increases the rigidity of the floors in such a way that a
“box” behavior of the building can be hypothesized under seismic actions and the plastic
redistribution capacity of the structure can be fully exploited.

The resulting global capacity curves and verifications on the ADRS plane, obtained by
means of the E-PUSH software for the so-strengthened structure, are shown in Figure 12.
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Figure 11. Capacity curve and seismic demand plotted for each alignment of the “Bernardo Rucellai”
school in Rhinoceros.
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(@) (b)

Figure 12. Final output of the global pushover analysis of the building in the case of strengthening
intervention, consisting of the introduction of horizontal steel bracing systems at the floor level,
aiming to achieve a box behavior. Verification in the acceleration-displacement response spectra
(ADRS) plane: (a) x-direction, Iz = 0.55, (b) y-direction, I = 0.86.

3.3. Analysis Model: Collection of Analysis Results in Archicad

When all analyses are performed, data gathered from the code are collected and
returned to Archicad, in a reverse procedure from the initial one, to generate a model,
called the "analysis model", composed only of structural masonry walls. The data for
each wall refer not only to the information previously specified in the architectural and
structural model, but also to that resulting from E-PUSH via the Grasshopper’s algorithm.
These include the loads, the stresses and the outcomes of the structural analyses (capacity,
demand, safety factors and seismic risk indices). The results of the analyses are finally
collected, setting up suitable interactive abacuses.

3.4. Updating of the HBIM Model: Strengthening Interventions

Using the graphic overwriting (Figure 13) it is possible to visualize directly on the
model the information related to each analysis that has been performed, so allowing an
impressive and intuitive representation of the results, for example, highlighting elements
satisfactorily verified or not. The three models obtained, the architectural, structural and
analysis models, are layered and positioned on various levels, so enabling individual
examination with no interference.

Moreover, the proposed procedure allows a customizable project of strengthening
interventions in BIM to be carried out using the “Renovation” feature in Archicad. In this
framework, the program allows the relevant state of each element to be specified: existing,
to be reinforced, new, and, using the restructuring filters, it is possible to define which
elements should be displayed or hidden. In this way, different project statuses of the
building, such as current and post-intervention status, can be created and managed in the
same BIM model, as illustrated in Figure 14.
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Figure 13. Analysis Model: collection of analysis results for the considered case study in Archicad.

(a) (b)

Figure 14. Strengthening interventions on the structural model of the “Bernardo Rucellai” school in
Archicad: (a) current and (b) post-intervention status.

In the procedure, this feature is mainly used on the elaborated structural model. The
definition of a new user-defined property, called “intervention description”, permits the
description of the type of retrofitting intervention on a specified wall. Items for which
action is expected should be reported and duplicated to represent the post-intervention
version of the model.

The update in the informed model of the characteristics of the elements on which
interventions are planned can be carried out in two different ways, depending on whether
the intervention can be schematized or not in the structural modelling used, according to
operations of the E-PUSH method.

For all the interventions that involve the update of one of the input properties of the
Grasshopper algorithm, such as geometrical or mechanical characteristics, it is possible to
determine the actual improvements by performing the analysis using the VPL code also on
the post-intervention version of the structural model. In this way; it is possible to represent
on the model all the proposed strengthening interventions that are proposed, such as, for
example, increasing the resistant sections of the walls, including the closing of doors and
windows, reinforcements and improvement of the quality of the masonry, such as the use of
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reinforced mortar plaster, insertion of steel reinforcement composed of steel and composite
strips, and so on.

In this way, the post-intervention mechanical properties of the walls can be considered,
evaluating the corresponding seismic risk index, Iz, depending on the strengthening
interventions. Consequently, a powerful and flexible management environment is set up,
able not only to assess the effects of the interventions but also to identify the most effective
and suitable ones.

4. Discussion

The implementation of structural analysis procedures in a BIM environment can
facilitate the assessment process of historical masonry buildings. In fact, as illustrated in
the previous sections, all the relevant information for the definition of the structural model
can be directly derived from the HBIM model, and structural analysis and verifications can
be performed by algorithm modelling without the use of third-party software.

The proposed approach relies on a computational method for linear and non-linear
static analysis of masonry structures, previously developed by the authors [6,7], and now
implemented in connection with the BIM model via Grasshopper. The analysis method
requires the definition of a very simple structural model with a limited number of input
data, which can be easily extracted by the BIM model, speeding up the process of the
assessment and reducing errors in comparison with traditional procedures based on CAD
programs. By adopting this methodology, information is managed and updated throughout
the process, making the work easily editable and shareable. This allows you to acquire an
updated model in real time during the design process, preventing redundancies or loss of
information that could affect both economic and temporal terms.

In fact, one of the main advantages is the ability to modify the digital model and
directly update the results of the assessment, avoiding a total remodeling of the project and
preserving all the information in a single environment.

The procedure enables a thorough definition of the information relating to the building
under consideration, rapid modification of the input data and rapid production of accurate
and consistent analytical results at any stage of the design, and documents of all types,
such as abacuses of measurements and metric calculations, are all within the same model.
Its implementation on the case study already described in Section 3, demonstrates that the
proposed approach, based on the E-PUSH program, can be successfully adopted for the
assessment of existing masonry structures and the design of strengthening interventions,
providing safety coefficients and seismic risk indexes coincident with those obtained
following the traditional workflow. The main advantage is a drastic simplification of
the assessment process and, consequently, a more efficient choice of the strengthening
interventions, which can be easily compared inside the BIM environment. It must be
underlined that, in any case, the results are consistent with those obtained with other
software packages.

5. Conclusions

The safety assessment of existing masonry structures is an extremely relevant topic,
especially for those countries with a built heritage characterized by a significant seismic
vulnerability. Therefore, the definition of a reliable and suitable assessment procedure is a
key aspect of the preservation of historical buildings, as is also providing a definition of the
most appropriate and respectful strengthening interventions, if necessary.

In this study, a parametric procedure in the BIM environment for the assessment of
existing masonry buildings is presented, combining the potential of the E-PUSH algorithm
with the advantages of Heritage Building Information Modeling, which allows enhanced
interoperability between BIM software and algorithmic modeling programs.

The algorithmic modeling applied to BIM translates into the possibility for the designer
to program codes autonomously, in such a way that repetitive or particularly complex
actions required to define the digital model can be carried out “automatically”, facilitating
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the assessment process, reducing errors and redundancies, or loss of information, and opti-
mizing the time. The development of advanced codes can, for example, enable structural
analyses to be carried out on the Building Information Model to assess the vulnerability of
existing masonry buildings.

The advantages of using algorithmic modeling software integrate well with the char-
acteristics of Heritage Building Information Modeling. The informed model thus becomes
an essential part of the process of the evaluation and management of historical heritage,
providing for every building the crucial reference for understanding and monitoring docu-
mentation and a continuously updated source of data suitable for assisting the stakeholders
in conservation, restoration and reconstruction projects.

The satisfactory application of the proposed procedure to a relevant case study,
the “Bernardo Rucellai” school in Florence, confirms its potentialities and encourages
further developments.
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