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Abstract. Knowledge is fundamental to understand the key characteristics of a heritage building. Furthermore, construc-
tive analysis of a historical construction is central to research into its structural behavior. This work aims to increase the
knowledge level of a historical construction by the understanding of the constructive evolution through Historical-Build-
ing Information Modeling (H-BIM) workflow. The research proposes a multidisciplinary approach applicable to the field
of historical constructions, which is resumed in the followings steps: historical-critical analysis, material and soil character-
ization, data organization through H-BIM, qualitative static and dynamic structural analysis, validation of the results. The
building of Quartel da Tropa - located in Floriandpolis, Brazil - is used as a practical case study to show how the proposed
research can be adapted to historical buildings. Such an impressive eighteen-century masonry construction is the largest
troop barracks among Brazilian fortifications. The proposed approach allows the creation of a structural model from the
architectural model with fewer uncertainties and less simplification, improving the knowledge path of historical construc-
tions and its structural assessment. The historical-critical analysis and the H-BIM allow managing and presenting of the
information useful to the understanding of the constructive phase evolution of a historical building.

Keywords: H-BIM, structural analysis of historical constructions, knowledge path of cultural heritage, historical-critical

analysis.

Introduction

The knowledge path of a historical construction is a fun-
damental part of a methodology introduced in the Italian
Guidelines for evaluation and mitigation of seismic risk
to Cultural Heritage (MIBAC, 2017). It allows assessing
the level of safety against seismic actions and designing
interventions aimed at the protection of historical struc-
tures. The document underlines the crucial role of the
knowledge phases in the process of understanding of the
structural behavior of heritage buildings, providing a fun-
damental approach to assess the structural risk (MIBAC,
2017). Such an approach is developed to analyze the key
characteristics of heritage buildings. It helps to define in-
terpretive models by conducting both a qualitative evalu-
ation of a building structural behavior and a quantitative
structural analysis (MIBAC, 2017; Vandesande & Van
Balen, 2018; Ioannides et al., 2016). The level of reliability
of the interpretive model is strongly related to the level of
details (LoDs) of the model (Biagini et al., 2016) and the
available data (MIBAC, 2017; Vandesande & Van Balen,

2018; Ioannides et al., 2016). The LoDs and the available
data are deeply related to the definition of the main con-
structive phases of the building. The level of knowledge of
these types of constructions goes through the constructive
investigation and the assessment of structural character-
istics. It represents a challenge that requires surveys, in-
situ or laboratory tests and analysis that can be laborious
and expensive (Gentile & Saisi, 2007; Mastrodicasa, 2012;
Gentile et al., 2015; Oreni et al., 2017). Understanding how
and which modifications led the ‘as-designed’ project to its
‘as-built’ state is one of the main phases in the knowledge
path of the building itself. Analyzing the reasons behind
the evolution and the progress of building construction is
necessary to understand the ‘as-built’ state. When a res-
toration project is developed, quick and easy access to all
needed information can be difficult. In the case of build-
ings with historical value, analyzing the project sources
and documents that describe the structural evolution is
much broader and more difficult to interpret than in the
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case of contemporary structures. In the proposed work,
this identification is obtained by a historical-critical analy-
sis of the documental sources of the building (MIBAC,
2017; ReLUIS, 2010). Often the lack of historical infor-
mation does not provide data on the material characteris-
tics nor the information required to understand the rea-
sons for those interventions. In this research, the authors
want to propose an approach for the improvement of the
knowledge of the historic building through the analysis of
the constructive phase evolution.

Modern software allows the creation of interactive da-
tabase collectors for the elaboration of architectural proj-
ects, including structural characteristics. Such software
is based on the Building Information Modeling (BIM)
methodology, which describes collaborative processes for
production and management of structured electronic in-
formation (Antonopoulou & Bryan, 2017). The power of
this methodology turns it widely used by professionals in
various fields. The use of BIM in new projects has been a
regular practice for several years (Eastman et al., 2011). In
recent years, BIM has been extensively employed for aca-
demic and research proposal (Murphy, 2012). However,
finding BIM applications in the restoration of buildings
with historical value than in contemporary ones is less
common (Volk et al., 2014). This is mainly due to the ef-
fort required to digitize acquired data, often incomplete,
fragmented and not up-to-date for comprehensive and
complete modeling (Volk et al., 2014). The lack of infor-
mation implies a low level of details (LoDs), which can be
increased by the use of Building Information Modeling.
In recent years, BIM has been used in restoration pro-
cesses of historical buildings (Antonopoulou & Bryan,
2017), due to its excellent performance during the phases
of definition and description of the building constructive
evolution, the maintenance of its elements and its risk as-
sessment. In the heritage buildings information modeling
(H-BIM), structural evaluation of the construction is fun-
damental, and it goes throughout the different building
phases interpretation (Antonopoulou & Bryan, 2017). The
interoperability of the available software allows the use of
more appropriate structural computing software, which in
turns permits more precise modeling and provides more
appropriate methods of analysis, such as the modal and
dynamic analyses (Antonopoulou & Bryan, 2017). Despite
many BIM and H-BIM researches being analyzed, they
are mostly focused on the geometrical description of the
‘as-built’ configuration of heritage building through laser
scanning and photogrammetry or on the organization of
the data sources. Few examples of H-BIM in combina-
tion with structural FEM analysis were found (Murphy,
2012; Barazzetti et al., 2015; Chi et al,, 2015; Dore et al.,
2015; Oreni et al,, 2017) and even fewer considering the
heritage constructive phases for the structural assessment
of the building (Crespi et al., 2015). An extensive review
on the H-BIM can be found in the work of Bruno et al.
(2018). These authors pointed out useful solutions to fill
the scientific gaps in the integration between BIM with
diagnostics and monitoring for structural reinforcement.

Some of these points include dynamic analysis of the
modal parameters, i.e. frequencies and modal shapes as-
sessment, and evaluation of health and safety status of the
structures through Finite Element Analysis (Bruno et al.,
2018). The state of art of the H-BIM literature confirmed
that there is still a need for research in the scientific field
of heritage structural assessment (Bruno et al., 2018; Po-
cobelli et al., 2018).

In the heritage analysis field, linear elastic analysis is
commonly used as an auxiliary tool assisting in the di-
agnosis of large masonry structures (Roca et al., 2010).
While its application to masonry structures is widely used,
it does not consider the non-linear response and other es-
sential features of real masonry behavior. Due to the high
level of uncertainties about the non-linear properties of
the materials, in the proposed research linear elastic anal-
ysis was chosen as a qualitative approach to the structural
behavior assessment (Roca et al., 2010). Such an approach
leads to suppose the following hypotheses. Mechanical be-
havior of materials are linear elastic, displacements of the
structure in the deformed configuration are small and the
structural constraints are bilateral and do not depend on
the entity of the acting load (Del Piero, 1989; Roca et al.,
2010). Modal analysis was used to evaluate the evolution
of construction behavior in the main directions of the
structure (Meli & Pefia, 2004). The static analysis was de-
veloped to assess where the structural elements reach top
out-of-plane displacement and base compressive stress.

The objective of this work is to improve the knowledge
path of a historical building through the H-BIM workflow,
understanding the influence of the constructive phases in
the structural behavior of a historical building and inves-
tigating the possible reasons for such modifications. Such
an approach also leads to suggest possible special cares
for future structural intervention proposals. Furthermore,
one of the aims of this research is to analyze the accu-
racy of the H-BIM workflow during the process between
architectural and structural modeling of a heritage built.
The H-BIM model can be obtained directly from point
clouds - generated by laser scanning or photogrammetry
processing, or from 2D technical drawings. In the pro-
posed workflow, the authors chose the last option to al-
low extending the proposed workflow to the general case
where only 2D drawings are available.

The proposed workflow can be resumed in the follow-
ing steps: 1) historical-critical analysis of the data source,
2) material and soil characterization, 3) data organization
through Historical Building Information Modeling (H-
BIM), 4) qualitative dynamic and static structural analysis,
5) elaboration of the results. The proposed paper intends
to increase the level of knowledge of a historical building,
aiming at understanding the evolution of the constructive
phases through the use of Historical Building Informa-
tion Modeling (H-BIM) (Antonopoulou & Bryan, 2017)
and finite element method analysis (Zienkiewicz & Taylor,
2000; Bathe, 2016). The heritage building of the Quartel da
Tropa - belonging to the fortress of Anhatomirim Island
(SC), Brazil - was chosen to apply the proposed approach.
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1. The knowledge path of historical construction

A historical masonry structure is selected as an example to
apply the proposed multidisciplinary approach, the Quartel
da Tropa (literally Troop Barracks), that is the largest among
Brazilian fortifications (Figure 1). The construction is one
of the main buildings of the Fortress of Santa Cruz, located
on Anhatomirim Island in the municipality of Governador
Celso Ramos, State of Santa Catarina, Federal Republic of
Brazil. The construction was designed by the Portuguese
military engineer José da Silva Paes. In the eighteenth cen-
tury, the fortress belonged to one of the cornerstones of the
triangular defense system, still formed by the Fortresses of
Sao José da Ponta Grossa and Santo Antonio de Ratones.
This system was designed to protect the northern side of
Santa Catarina Island from foreign attacks, mainly from
Spain, and consolidate the Portuguese occupation of South-
ern Brazil in the eighteenth century. The as-designed pro-
ject demonstrates the influence of Renaissance architecture
(Tonera & Fragoso, 2013) (Figure 2a).

1.1. Historical-critical survey
of the constructive evolution

The evaluation of constructive evolutions and the con-
struction identification were obtained through the histor-
ical-critical analysis of the documental sources (Tonera &

"

Fragoso, 2013; Cali et al,, 2019). Such evaluation helps to
understand the structural performances of the construc-
tion and the possible modifications caused by each con-
structive phase (Magenes & Menon, 2009). In-situ meas-
urements and visual inspections were carried out by the
authors. Such sources, together with the evaluation of the
existing geometrical surveys (Tonera & Fragoso, 2013)
and the historical-critical analysis (Cali et al., 2019), al-
low the defining of the main characteristics of this heritage
built and summarizing them in a Heritage Building Infor-
mation Model (H-BIM). The structure - length 66.8 m,
width 9.85 m, height 10.5 m - is characterized by the
presence of masonry arches in the longitudinal direction
(Figure 3a) - north-east facade - and in the transversal
direction (Figure 3b), connecting the thick slope-shaped
retaining wall to the main facade (Figure 3c). A central
slope-shaped masonry element and buttresses were intro-
duced in the north-east fagade along with the construc-
tive history of the building (Figure 3e), but no informa-
tion about the reasons of such intervention was found in
the documentary research (Tonera & Fragoso, 2013). The
structure had two symmetrical mezzanines at the opposite
side of the main facade (Figure 4), but in the ‘as-built’ con-
figuration (Figure 4d), only the mezzanine of the north-
west part still exists. The access to such mezzanines was
in the partially buried lateral facades (Figure 3f). The first

Figure 1. Overall view of the fortress of Anhatomirim Island, Santa Catarina, Brazil. Source: Backert
& Sartori architecture (Tonera & Fragoso, 2013)

a) As-dcsigned drawing of the north-east facade

b) Ground floor plan

Figure 2. ‘As-designed’ representation of the Quartel da Tropa: a) north-east fagade; b) ground floor plan; ¢) second-floor
plan; and d) mezzanine floor plan. Source: Arquivo Histdrico Ultramarino, Lisbon (Tonera & Fragoso, 2013)
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level of the south-west facade is totally buried, and thick
slope shaped wall retain the soil action (Figure 3c).
During its lifecycle, the spatial configuration of the
building was modified according to the different service
functions. In the ‘as-designed’ configuration, the construc-
tion was conceived as military troop barracks, later on, it
was used as a military hospital, jail and in the last years as
a museum (Tonera & Fragoso, 2013). In terms of structur-
al behavior, functional changes have also led to a different
distribution of dead and alive loads during the construc-
tion life cycle, which hinders a global understanding of
the state of stress and displacement of the ‘as-built’ con-
figuration. The historical-critical analysis will be useful to
consider those considerations in further research stages.
Historical-critical analysis of the documental research-
es and existing geometric surveys (Tonera & Fragoso,
2013) allow creating the H-BIM model where the build-

ing constructive evolution through four main phases
are represented (Tonera & Fragoso, 2013). According to
the historic researches in the archives of the Instituto de
Patriménio Histérico e Artistico Nacional (IPHAN), the
slope-shaped masonry element and the buttresses of the
north-east fagade are not represented in the original draw-
ings of 1747 (Tonera & Fragoso, 2013). Such elements are
represented in further drawings and documents (Tonera
& Fragoso, 2013). It is possible to suppose that they were
implemented in further constructive phases: the central
masonry element was probably introduced in 1760 and
the buttresses in 1843 (Tonera & Fragoso, 2013). The
analysis of the documental sources also shows that, dur-
ing the restoration of 1970, the wooden horizontal struc-
tural elements underwent profound modifications (Tonera
& Fragoso, 2013) (Figures 3b, 3e and 3g), according to
a trend also found in other architectural heritage sites

. 2\‘!"_.. 3l

Figure 3. Quartel da Tropa (a) in the ‘as-built’ configuration after the 1970s restorations (b, ¢, d, e) where the simple trussed roof
structure (b) was replaced with a collar tie beam (e) and concrete beams (d) were introduced on the masonry arches (c) and (g);
three sides of the construction are partially buried (f) (Tonera & Fragoso, 2013)
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in Brazil (Pereira, 2007). The roof structure was simply
trussed, with king post and struts (Figure 3b). It was re-
placed with trusses with a collar tie beam (Figure 3e). In
the same restoration of 1970, the beams of the wooden
slabs, which were fixed in the masonry walls (Figure 3b),
were substituted by simply supported beams resting on
new reinforced concrete beams, leaning on the masonry
arches (Figure 3b).

Each of these phases is represented in the H-BIM mod-
el (Figure 4). Phase 1 represents the ‘as-designed’ project
of 1747 (Figure 4a), Phase 2 shows the central masonry
slope-shaped element of 1760 (Figure 4b), Phase 3 rep-
resents the introduction of buttresses of 1843 (Figure 4c)
and Phase 4 corresponds to the ‘as-built’ construction,
after the restoration interventions of 1970 (Figure 4d). In-
deed, during its history, the Quartel was used in different
ways, for example as a military jail or as military hospital
(Tonera & Fragoso, 2013), meaning that the distributive
configuration of the spaces was modified according to the
function it had to supply (Figure 4e). Those different func-
tions lead to different load values and distributions that
modify the structural behavior of the elements.

a) Phase 1:
As-designed configuration

c) Phase 3:
Buttresses

¢) Plan of the ground floor of the Quartel da Tropa
© 9 © o o o o

b) Phase 2:
Central masonry element

d) Phase 4:
As-built configuration

Mezzanine

1.2. Material and soil characterization

An appropriate approach to structural risk assessment
involves an adequate definition of material characteristic
parameters through comprehensive research campaigns
(MIBAC, 2017; Vandesande & Van Balen, 2018; Ioannides
et al.,, 2016). However, simulating the case where research-
ers do not have the possibility to develop such extensive
experimental campaigns, simplifications of the mate-
rial behavior had to be adopted. Material characteristics
were estimated from experimental results (Terezo, 2005;
Geotechnical Mapping Laboratory of Federal University
of Santa Catarina [LAMGEOQ], 2018), national standards
(ABNT, 2004; NTC, 2008) or obtained from proved scien-
tific literature (Zenid, 2009; Ross, 2010; Rocco Lahr et al.,
2015; Ferrito et al., 2016). Despite Brazilian research stud-
ies on this type of masonry structures being found (Arash,
2012; Carvalho et al., 2014), large variability in the results
was observed (Carvalho et al., 2014). For these reasons,
material properties were implemented according to the
suggested values of the Italian Standard (NTC, 2008)
and proved scientific researches in this field (Gesualdo &

U
|

Phase 2
I Phase 3
[ Phase 4

Figure 4. Constructive evolution in the H-BIM: (a) ‘as-designed’ project; (b) the introduction of the central masonry element;
(c) the introduction of the buttresses; (d) ‘as-built’ project; (e) ground-level plan according to the constructive evolution
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Nunziante, 2005; Roca et al., 2010). Such references allow
the adopting of an average value 1.40 MPa - interval be-
tween 1.00 and 1.80 MPa - for the compressive strength
of the masonry structures (NTC, 2008). The compressive
strength will be considered to check if the results obtained
from the static analysis are sufficiently distant from these
values, meaning that the linear static behavior also has
a physical meaning. Concerning the wooden structure,
a geometric and physical survey confirms that there are
several types of wooden species in the different structural
elements (Terezo, 2005). Despite this heterogeneity, most
of the wooden beam elements are made of the same wood
species, Peroba rosa (technically known as Aspidosperma
pirycollum) (Terezo, 2005). Experimental tests on the soil
were carried out by the authors (LAMGEO, 2018), with
the aims of increasing the understanding of the historical
construction and its environment (MIBAC, 2017). Direct
shear tests, granulometric analysis, and humidity test were
carried out to obtain cohesion C, friction angle ®, density
soil y. Such tests suggest that the soil type is red yellow
podzols and the soil lithology is granitic rock type which
is considered as cohesive soil. It should be noted that such
characterization is developed to assess the contribution of
the soil in terms of horizontal load action and it will be
presented in Section 2.1.2 of this work. The material and
the soil characteristics implemented in the model are sum-
marized in the following Table 1.

Table 1. Characteristics of the physical
and mechanical parameters

E [MPa] v v [kN/m?] | C [kPa] | @ []
Masonry 1309 5 | (25 19.00 - -
structures
Wooden 10500.00 | 0.27 6.38 - -
structures
Concrete 11243500 | 0.20 25.00 - -
beams
Soil - - 15.50 1470 | 18.40

2. Numerical model

The creation of the H-BIM model of the Quartel da Tropa
begins with the analysis of the available information. The
main source is a comprehensive geometric survey of the
construction, including the pathology survey (Tonera &
Fragoso, 2013), the identification of the wooden struc-
tures (Terezo, 2005) and experimental test on the soil
(LAMGEQ, 2018). The existing 2D CAD drawings (Ton-
era & Fragoso, 2013) represent the main sources of the ar-
chitectural H-BIM model. The software used to model the
building is Autodesk Revit® (Autodesk Inc., 2012b). This
software allows for the creation of structural analytical
models - elaborated from the architectural model - and
analyzing it through default structural tools. Furthermore,
the analytical model can be exported to other structural
analysis software. In the proposed workflow, the analyti-
cal model was exported in Autodesk Robot Structural

Analysis®, software based on the Finite Element Method
(Zienkiewicz & Taylor, 2000; Bathe, 2016). In this phase
of analysis, materials are considered homogeneous and
isotropic. As developed in the research of Haciefendioglu
et al. (2016), linear elastic behavior is assumed, and stiff-
ness degradation is neglected.

2.1. Finite element model

The BIM software Revit® simplifies the structural analyti-
cal model representing walls by their middle planes and
beams by their longitudinal axes. The generation of the
finite element model was developed in Robot® (Autodesk,
Inc., 2015a). It allows the user to modify the finite ele-
ments meshing discretization, that in Revit® is not cus-
tomizable (Autodesk Inc., 2012b). Such H-BIM workflow
allows updating both architectural and structural models
by the use of compatible software. The modifications in-
troduced in one of the two software can be exported to
the other one. In the FEM model, the wall middle planes
are discretized by thick-shell meshes, which are defined
as 4-node quadrilateral elements (Q,). This type of mesh
is defined according to the discrete Kirchhoff-Mindlin
element based on Mindlin-Reissner (Discrete Kirchhoff-
Mindlin Quadrilateral, DKMQ) plate theory and assumed
shear strain fields (Ho-Le, 1988; Katili, 1993). The beams
are modeled as linear bar elements, with 6 degrees of free-
dom at each node. Regarding the behavior of Q, elements
in connection with bar elements - perpendicular to the
plane of FE (in direction of drilling rotation), pinned con-
nections are generated.

A fundamental characteristic of such H-BIM work-
flow is that the compatibility between the two software
allows modification of the FEM model and consequently
updating the H-BIM model at a later stage (Autodesk Inc.,
2012b). In the FEM software Robot®, the main methods
of finite element mesh discretization are Delaunay (Ho-Le,
1988) and Coons (Coons, 1967; Provatidis & Kanarachos,
2000). As already pointed out, the type of mesh element
automatically chosen during the exportation from Revit®
to Robot® is the shell element (Autodesk Inc., 2012b). Fur-
thermore, due to the complexity of the analytical model,
the process of mesh refinement is important to validate
the finite element model and to obtain consistent results.
However, in this research, the number of degrees of free-
dom (DoF) of the model was considered as a fundamental
parameter. A good balance between mesh quality (Kolcun,
1999) and DoF allows the creation of a consistent analyti-
cal model that can be analyzed without a high computa-
tional effort.

2.1.1. Definition and calibration of the mesh

In the proposed work, several models are analyzed to
define and calibrate the mesh. The chosen parameters
defining each model are mesh type and quality, size and
number of finite elements, number of degrees of freedom
and time of elaboration of linear elastic analysis. Robot®
provides two dimensionless parameters to evaluate the
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global mesh quality coefficient. The quality of all mesh el-
ements, Q; (Eqn (1)), where values of elements (triangles,
quadrilaterals) are averaged (Autodesk Inc., 2015b) and
the weighted quality of all mesh elements, Q, (Eqn (2)),
where weighted values — the mesh element area consid-
ered as weight — of elements (triangles, quadrilaterals) are
averaged (Autodesk Inc., 2015b).

1<

Q1 :_ZO‘,'; (1)
=
1

Q2 :azgiap (2)
k=1

where o is the mesh quality of each element calculated
according the Eqn (3), Q; the area of the i-th element and
Q the total area of the mesh elements, (), the area of each
i-element, n number of mesh element.

Calculation of o coefficients is done for each triangle:
{a;, 0y, a, oy} = {0(ABC), a(ACD), a(ABD), a.(BCD)}.
Any quadrilateral ABCD is divided into 4 overlapped tri-
angles (ABC, ACD, ABD, and BCD). Once these coeffi-
cients are calculated, the quality coeflicient is calculated
by Eqn (3) (Autodesk Inc., 2015b):

a(ABC)=23—AXBR
|ca]” +[as]" +[5c]

The mesh quality parameters Q; and Q, increase ac-
cording to the reduction of the element size (Figure 5).
However, as long as the element size decreases the num-
ber of degrees of freedom grows exponentially. It causes
an increase in the computational effort of the analysis,
even in the phases of linear elastic analysis. The use of
the Coons (1967) element method was selected because
the time analysis is almost 3 times less than the Delau-
nay method. The element size 0.3 m was chosen due to
the combination of convergence of the results, good mesh
quality (Q; = 0.96; Q, = 0.96) (Figure 5) and a number of
degrees of freedom (164358) that still ensures the quick-
ness of the linear elastic analyses.

2.1.2. Definition of loads and boundary conditions

In the knowledge path of heritage buildings, the geotech-
nical context assessment is fundamental for the evaluation

and modeling process of the boundary conditions and
the loads interacting with the referred structure (MIBAC,
2017; Vandesande & Van Balen, 2018; Ioannides et al.,
2016). The considered loads acting on the building are
the dead loads of structural elements and the lateral loads
due to the presence of the soil on three partially buried
lateral fagades. The weight contribution of non-structural
elements is simplified by equivalent vertical loads. Such
loads are introduced in the H-BIM workflow through
Revit®. As previously mentioned, the contribution of the
soil was simplified in terms of horizontal soil actions,
that are modeled in Robot®, since it allows for the crea-
tion of triangular horizontal loads. Such load represents
the hypothesis of at-rest earth pressures in which little or
no movement is acceptable (Pradel, 1994), and the Jaky
formulation was considered (Morgenstern & Eisenstein,
1970). In addition, the retaining wall counteracting the
soil action has a base thickness of 2.4 m, confirming that
rotation or movement is not allowed.

The assessment concerning the type of wall-beam and
beam-beam connections of the structure was developed
through visual inspection. The absence of rigid connec-
tions between the above-mentioned elements allows the
supposition that rotations at each node are released. Beam
elements and their connection type influence the results
of the structural behavior analysis. The foundations were
modeled in Revit®, in which they are simplified as fixed
constraints due to the rigid ground foundation assump-
tions (Clemente et al., 2012; Betti et al., 2016; Kilar &
Petrov¢ic, 2017). The simplifications are also validated by
the visual inspection that showed how the vertical ma-
sonry elements are in contact with the soil, at a deeper
level than the considered construction ground floor (Fig-
ure 10(b)).

2.2. Linear elastic analysis

In the structural assessment of historical constructions,
linear analysis is always performed, prior to the applica-
tion of more sophisticated approaches, in order to allow
an overall understanding of the structural behavior, the
range values and distributions of the loads and the mesh
definition and calibration (Roca et al., 2010). A necessary
condition for the linearity of a structural problem is that
some characteristics of the system satisfy at the same time

1.00

B EQ

0.95

0.90

Mesh quality (-)

0.80

0.75

0.8

.4 .2

Element size (m)

Figure 5. Evolution of the mesh quality dimensionless parameters Q; and Q,
of the Coons mesh method according to the element size
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the following hypotheses, in terms of materials, geometry
and boundary conditions. Geometric linearity has been
assumed for structural behavior and linear elastic materi-
als were assumed as well, the constraints of the structure
are bilateral and do not depend on the entity of the acting
loads (Del Piero, 1989; Roca et al., 2010). Such structural
analysis consents to understanding of the structural global
behavior and to hypothesize the causes of the different
constructive configurations during time.

The results of the previous analyses were recorded
in the control points selected on the north-east facade,
which was the most affected by the restoration interven-
tions during time (Figure 6). The information collected,
such as the historical-critical analysis, the surveys, and
the physical-mechanical characterization of the materials,
were implemented in the architectural H-BIM model and
used to create the structural H-BIM model.

The linear static analyses were focused on the evalu-
ation and the comparison of two main parameters in the
constrictive evolution phases: the out-of-plane top dis-
placement and the base compressive stress. In Robot’, the
structural analysis is developed with the sparse method
(Bank & Douglas, 1993; Autodesk Inc., 2015a). The direct
sparse solvers (SPDS) are computational techniques based
on the decomposition of the matrix with a considerably
smaller number of elements different from zero (Bank &
Douglas, 1993; Autodesk Inc., 2015a). This method solves
the following linear equation system (Department of
Aerospace Engineering Sciences, 2018) (Eqn (4)):

[K]{u}={F}, (4)
where [K] is the stiffness matrix, {U} the displacement
vector, {F} the force vector of the system.

The modal analysis is elaborated through the Lanczos
method (Koch, 2011; Autodesk Inc., 2012a) by the solu-
tion of the equation system of eigenvalue problems (Eqn
(5)). The static loads of soil and the weight of non-struc-
tural elements are considered as masses of the dynamic
system and considered in the following system:

{[x]-et[M]}{u}=0

where [K] is the stiffness matrix of the structure, [M] is
the mass matrix of the structure, ®; is the natural pulsa-
tion (natural frequency) of mode i and U, is the eigen-
mode vector of mode i.

In each constructive phase, the vibration modes are
selected as qualitative parameters that characterize and
summarize the structural behavior in the two main direc-

(5)
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tions. The mode shapes are calculated in both directions
to evaluate the stiffness variation caused by the several in-
terventions on the masonry structure. They also allow the
investigation of the influence of the different interventions
over time.

3. Results and discussion

The results obtained in the proposed research are shown
in this section. After the mesh refinement process of the
FEM model, the modal analysis was developed to resume
the global behavior in each constructive phase, in terms of
overall stiffness. The static analyses were resumed through
the evaluation of two main parameters, the top out-of-
plane displacement, and the base compressive stress. Both
analyses were developed to improve the knowledge path
of the referred historical construction.

3.1. Evolution of the structural
behavior of the Quartel

The proposed qualitative analysis of the evolution of struc-
tural behavior is developed to understand the construc-
tive phases of historical construction. Furthermore, such
analysis allows the supposition of possible reasons that led
to the modification during time in case of lack of informa-
tion in the knowledge path of the historical construction.

3.1.1. Evolution of first vibration mode
through the constructive phases

The evolution of the global stiffness was evaluated through
the analysis of the main modes of each model, according
to the different construction phases. The results, resumed
in Table 2, showed an increase in the natural frequency
of the main modes in the transversal and longitudinal di-
rection (Figure 7). In the following Table 2, some param-
eters are selected to describe different characteristics of
each mode, fand T are respectively the frequency and the
period of the vibration mode, PMM is the representative
mass percentage of the mode in the longitudinal (X) and
transversal (Y) directions, M is the total mass of the struc-
ture, Af and AM are the increases in terms of frequency
and total mass, in relation to the previous model.

The modal analysis suggests how in each construc-
tive phase the value of the frequencies increased despite
the masses increasing as well. This result suggests how,
in relation to the distribution of the masses along with
the geometry of the construction, the structural global
stiffness increased (Figure 7 and Table 2). The increase
of the frequencies of the main modes occurs mainly in

8 9 10 11 12 13

Figure 6. Definition of axes and control-points in the finite element model in the north-east fagade
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First transversal mode

a) Phase 1: As-designed configuration 3.01 Hz
b) Phase 2: Central masonry element 3.15Hz
c):hase 3: Buttresses 323 Hz
3 g
d) Phase 4: As-built configuration 334Hz

421-434 429

First longitudinal mode

a) Phase 1: As-designed configuration 3.60 Hz

3.56 Hz

b) Phase 2: Central masonry element

Figure 7. Evolution of the most representative transversal and longitudinal mode according to the constructive phases:
(a) ‘as-designed’ project; (b) introduction of the central masonry element; (c) introduction of the buttresses; (d) ‘as-built’ project

Table 2. Modal parameters according to the constructive phases

Transversal direction f(Hz) T (s) PMM - Y (%) M (kg) Af (%) AM (%)
Phase 1 3.01 0.33 17.84 3593349.70 - -
Phase 2 3.15 0.32 21.11 3829560.79 4.65 6.57
Phase 3 3.23 0.31 20.89 4023393.51 2.54 5.06
Phase 4 3.34 0.30 15.67 4219425.75 341 4.87
Longitudinal direction f(Hz) T(s) PMM - X (%) M (kg) Af (%) AM (%)
Phase 1 3.60 0.28 31.82 3593349.70 - -
Phase 2 5.56 0.18 22.76 3829560.79 54.44 6.57
Phase 3 5.75 0.17 10.21 4023393.51 3.42 5.06
Phase 4 6.29 0.16 28.71 4219425.75 9.39 4.87

the longitudinal direction when the thick central mason-
ry slope-shaped element is introduced, AM 6.57% and Af
54.44%. This is due to the thick section of the masonry
element that increases the stiffness in the same direction.
A comparison is realized between the four phases, thus
describing the constructive evolution. The identification
of the first mode shape for each constructive phase allows
the understanding of how the interventions of the mason-
ry structures increase the global stiffness, modifying the
mode shapes (Figure 7). As the first modes always appear
in the transversal direction (Figure 7), it is considered as
the weakest one.

The modification of the longitudinal modal shapes
between the constructive Phases 1 and 2 (Figure 7a and

Figure 7b) suggests also that the dynamic behavior of the
construction was modified by the introduction of the
slope-shaped central masonry element. In the same di-
rection, the buttresses (Phase 3) do not modify the mode
shape but cause a frequency increase Af 2.54%, despite a
AM 5.06%, meaning a possible stiffness increase. The in-
troduction of thick masonry walls, under the arches in the
right part of the structure, lead to a Af 3.41%, modifying
the first transversal mode shape (Phase 4). The ‘as-built’
configuration (Phase 4) shows how the introduction of
masonry walls in the right part leads to an asymmetri-
cal behavior in terms of mode shape, and consequently in
terms of frequency, distribution of the masses, and stift-
ness.
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3.1.2. Out-of-plane displacement

The top out-of-plane displacements obtained from the
analysis of the permanent loads are presented in Figure 8.
It is possible to understand how the horizontal soil action
is the main cause of the lateral displacement (Figure 8).
On the other hand, the timber structures of the roof intro-
duce lateral loads in the vertical masonry structure (Perei-
ra, 2007). In the main fagade, these two types of loads have
the same direction, increasing the lateral displacement
of the construction. In the opposite facade, south-west,
these loads have opposite direction. The introduction of
the central masonry element does not reduce considerably
the out-of-plane top displacement (Figure 8b). The intro-
duction of the buttresses — axes 3" and 11" - reduced
the out-of-plane displacement in the transversal direction
(Figure 8c). In the ‘as-built’ constructive configuration,
walls, introduced in the lower level of the right part of the
construction, reduced the out-of-plane displacement, in
the right part of the fagade (Figure 8d). Consequently, the
‘as-built’ configuration led to an asymmetrical behavior of
the structure, confirming the results of the modal analysis.

The analyses of the different constructive phases al-
low the understanding of how the restorations affected
the global structural behavior of the construction. The
interventions modified the configuration of the north-
east facade. For these reasons, focusing on the structural
response of this fagade in the main constructive phases
was interesting. In the ‘as-designed’ configuration, the out-

a) Phase 1: As-designed configuration

_ok1 0.1

-0.37
-0.81 -0.91

c) Phase 3: Buttresses

—— 0.5cm f_.,

of-plane displacement reaches the maximum values of the
north-east facade, in the control point d and i (Figure 6
and Figure 8a). As expected, the buttresses, introduced
where the high displacement values were reached at 3
and 11" axes, reduced the out-of-plane displacements in
these points (Figure 8c). According to the simplification of
the main constructive phases, the ‘as-built’ configuration
led a displacement reduction in the right side of the facade
(Figure 8d). The results pointed out that the modification
of the construction improved the structural behavior in
terms of top out-of-plane displacement, particularly in the
buttresses — axes 3'd and 11t - of the fagade. On the other
hand, the ‘as-built’ structure (Figure 8d) shows a high level
of asymmetry due to the introduction of thick masonry
walls under the arches on the right part of the construc-
tion, causing an asymmetric response to the acting loads.
The results of the out-of-plane displacement confirm the
main deformation configuration suggested by the first
mode shape of the structure in the transversal direction.

3.1.3. Base compressive stress

The compressive stresses achieved at the base of each axis
of the north-east facade are presented in Figure 9. The
introduction of the central masonry element (Phase 2)
caused a stress reduction, relating to the ‘as-designed’
configuration (Phase 1), of 43% in the central column on
the 7th axis (Figure 9). This intervention also reduced the
stresses in the north-east facade, from axis 4 to axis 100,

b) Phase 2: Central masonry element

d) Phase 4: As-built configuration
-0.09 0.06

-0}42 -0.3

~0.68 -0.60

Figure 8. Out-of-plane top displacement (cm) of the north-east fagade according to the constructive evolution: (a) ‘as-designed’
project; (b) the introduction of the central masonry element; (c) the introduction of the buttresses; (d) ‘as-built’ project

0.8

B Phase 1
0.7 [ Phase 2
0.6 [0 Phase 3

Base compressive stress (MPa)

3 4 5 6

© Phase 4

7

Control point

Figure 9. Base compressive stress (MPa) in the control points of the north-east fagade according to the constructive evolution
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Figure 10. Stress distribution: (a) in the ‘as-built’ configuration and (b) damage on the column of the north-east

At the same time, it caused an increase in the compres-
sive stress at the base of the 3rd axis. The introduction of
the buttresses (Phase 3) caused a reduction respectively of
55% and 52% at the base of the axes 3™dand 7th (Figure 9).

The analysis of the base compressive stress in the ‘as-
built’ masonry structures (Phase 4) confirmed the asym-
metrical structural behavior in the ‘as-built’ configuration.
The introduction of the central masonry element and the
buttresses reduced both the top out-of-plane displace-
ments and the compressive stresses of the structure in its
main fagade. While the thick masonry walls introduced in
the ‘as-built’ configuration (Figure 4d) reduced both dis-
placements (Figure 8) and stresses (Figure 9), they caused
an asymmetrical global structural response of the mason-
ry structures, concentrating the stresses on the left side of
the building, particularly in the arch and in the column
in the axis 4 (Figure 10). These results are confirmed by
the current state of the building, where cracks and dam-
ages appear in the above-mentioned structural elements
(Figure 10b).

The results suggest that the constructive modifications,
summarized in the Phases 1, 2 and 3 (Figure 4) were made
to improve the global structural behavior, aiming to coun-
teract the horizontal actions, including the loads due to
the soil. Those assumptions suggest how horizontal actions
must be carefully considered in the structural assessment
developed in any future restoration planning. Indeed, they
were possibly the main reasons for the structural interven-
tions made. On the other hand, the results obtained for
the ‘as-built’ configuration (Figure 8d and Figure 9) sug-
gest that the introduction of longitudinal and transversal
masonry walls modification was probably made accord-
ing to functional requirement, as already pointed out in
Section 2.1, in the spatial distribution of the lower level
of the building, neglecting the structural consequences of
the construction. Regarding the wooden horizontal ele-
ments, they improve the stiffness and the box behavior
of the building, but they do not reduce the asymmetrical

behavior, in terms of vibration modes, stresses, and dis-
placements. Furthermore, in the ‘as-built’ configuration
base compressive stresses reach values that are far from
the considered average compressive strength of the ma-
sonry structures (1.40 MPa). Since the results obtained
from the static analysis are sufficiently distant from this
value, it means that the linear static analysis is consistent
with a qualitative interpretation of the structural behavior.

Conclusions

The application of the H-BIM workflow on the study case
of the Quartel da Tropa shows how the proposed mul-
tidisciplinary approach allows the understanding of the
constructive phase evolution of a historical building and
the possible reasons that caused modifications during the
lifecycle of such construction. The obtained results lead to
the following conclusions:

- the proposed workflow has the followings steps:
historical-critical analysis, material and soil char-
acterization, data organization through Historical
Building Information Modeling (H-BIM), qualitative
dynamic and static structural analysis, elaboration of
the results. Such an approach allows the creation of a
structural model from the architectural model with
fewer uncertainties and less simplification, improving
the knowledge path of historical constructions. The
historical-critical analysis and the H-BIM allow the
managing and presenting of the information useful
to the understanding of the constructive phase evolu-
tion of a historical building;

- the lack of information about the physical and me-
chanical characteristics increases the level of uncer-
tainties in the structural analysis, while not repre-
senting the real behavior of the building, the linear
analysis provides suggestions about the overall struc-
tural behavior of the construction;

- the analysis of the constructive evolution allows the
defining of how the restoration interventions modi-
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fied the structural behavior of a building and it is
useful to understand the reasons for the different
modifications during time.

Furthermore, presenting the results related to the case
study helps to show how the proposed approach is applied
to the heritage built. The results of the modal analysis
show how frequencies of the main modes, in both direc-
tions, increased in each constructive phase, also suggest-
ing an increase in the global stiffness of the structure. Such
results suggest that:

- the structural interventions modified the global be-
havior of the construction, in terms of displacement,
stresses, and stiffness, and in the ‘as-built’ configura-
tion introduced an asymmetrical global behavior in
the masonry structures;

- despite the wooden horizontal elements improves the
stiffness and the box behavior of the building, they
do not reduce the asymmetrical behavior, in terms of
vibration modes, stresses, and displacements;

— the structural assessment, fundamental for future in-
terventions, should carefully consider the horizontal
loads acting on the structure and the contribution
of the wooden structures. The results also demon-
strate that the functional modification of the building
should not neglect their effects in the overall struc-
tural behavior.
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