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' Department of Civil, Chemical, Environmental, and Materials Engineering (DICAM), University of Bologna, V.le
Risorgimento 2, Bologna, Italy

Abstract

In this paper, an innovative numerical modeling strategy for the structural analysis of historical
monumental buildings is presented. The strategy is based on a procedure that enables the semi-
automatic transformation of a three-dimensional points cloud surveyed through terrestrial laser
scanner or closed range photogrammetry into a three-dimensional finite element mesh, as well as
its mechanical characterization. Therefore, an increase of the level of automation in the mesh gen-
eration process is attained and a large reduction in the required time in comparison with traditional
modeling procedures is achieved. In order to validate the new strategy, an application to the case
study of the San Felice sul Panaro (Italy) fortress is carried out. The reliability of the proposed
model is assessed through a comparison between the results of structural analyses and the crack
pattern experienced by the structure during the Emilia earthquake (2012). Moreover, the vul-
nerability assessment of the main tower of the fortress is performed through simplified pushover
analyses conducted on the generated mesh.

Keywords: Mesh generation, Historical buildings, Finite element method, Structural analysis,
Points cloud, Laser scanning, Seismic vulnerability assessment

1. Introduction

The conservation of historical buildings often exploits structural analyses as a way to better
understand the authentic structural and constructive features and to estimate the safety conditions
of the building. Typically, structural analyses are a fundamental tool to catch the weaknesses of the
structure under vertical or seismic loads, which is necessary to understand the cost and magnitude
of the safety interventions required [1, 2, 3, 4].

Historical structures are characterized by an enormous complexity in terms of geometry, mate-
rials properties, loads and boundary conditions, hence, in most cases, the Finite Element Method
(FEM) has been used in order to model these features. From the first significant contributions
[5, 6, 7], related to famous examples of architectural heritage, the FE analysis of historical build-
ings has been considerably developed. An interesting review of classical and advanced approaches

*corresponding author: giovanni.castellazzi @unibo.it

November 11, 2016



for the structural analysis of masonry historical constructions can be found in [8]. A contribution
to the issue of FE modeling and analysis of architectural heritage through the discussion of an illus-
trative case study of an Italian medieval castle has been presented in [9], where a three-dimensional
numerical model of the castle has been used to identify the main sources of damage and assess
the effectiveness of the restoration works. Another significant contribution is the structural and
seismic assessment of the 19th-century Petruzzelli theater in Bari (Italy), presented in [10]. The
numerical model of Brunelleschi’s Dome of Santa Maria del Fiore, with an ad hoc nonlinear pro-
cedure to replicate the mechanical behavior of masonry, has been reported in [11]: the obtained
results allowed to assess and discuss both the Dome’s internal stress and cracking pattern. In [12],
a multidisciplinary approach, with a balanced fusion of historical analysis, precision surveys, ex-
perimental inspections and numerical modeling, enabled to spot the damage mechanisms of the
French Panthéon. In [13], the seismic assessment of an old masonry tower has been addressed
by developing three FE models with different levels of complexity while, in [14, 15], the seismic
risk assessment of a masonry chimney has been evaluated by using advanced analysis techniques.
Moreover, the FEM modeling of the towers of a temple in Cambodia has been presented in [16],
whereas a comparative numerical study on a 12th-century masonry tower has been described in
[17]. To assess the safety of the tower under seismic loads, the authors employed different numer-
ical analyses such as nonlinear static, limit, and nonlinear full dynamic analyses. Finally, in [18],
the results of a wide numerical campaign conducted on the clock tower in Finale Emilia (Italy),
collapsed during the main shock of the devastating Emilia earthquake seismic sequence (2012),
are collected.

From the above literature overview, it appears that the interest for the numerical modeling of
historical buildings increased in the last years and that the FEM can be considered as an effective
tool to investigate the structural behavior of this kind of buildings. Notwithstanding this, the
numerical modeling of historical monumental buildings is still a challenging task for contemporary
civil engineers. One of the main reasons for this is that, due to the complex geometry of such
historic structures, the use of traditional simplified structural schemes is inadequate. Thereby, it
is unavoidable to resort to a fully three-dimensional modeling that often is performed using the
Computer Aided Design (CAD), as is the case in most of the cited studies. In general, CAD based
modeling is an expensive and complex process, often manually carried out by the user, which
inevitably leads to the introduction of geometric simplifications (Defeaturing) or interpretations.

In order to reduce the time that the user has to spend to reproduce the complex geometry of
these structures, a precious support can be supplied by automatic advanced survey techniques such
as Terrestrial Laser Scanner (TLS) [19] and terrestrial photogrammetry [20], which can generate
three-dimensional detailed points clouds in a rapid way. Although the TLS is still today an expen-
sive survey technique in comparison with closed range photogrammetry systems [21], its usage
is showing a high growth coupled with a continuous technological development. In particular, in
the field of architectural heritage several TLS and photogrammetric applications have been per-
formed: from simple documentation [22] to monitoring the condition of historical buildings, and
also in order to support restoration works or structural checks [23, 24]. An example is reported
in [25], where a detailed geometric survey of a Portuguese Castle is conducted by means of the
laser scanning technique, allowing for a precise characterization of dimensions and disposition
of the masonry blocks used for the FE discretization. Another example is shown in [26], where
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the significant deformation of a Spanish Church has been surveyed by means of TLS: the three-
dimensional structural model has been created in a CAD environment using the results of the laser
scanner survey. Thereby, the current deformation of the church has been directly considered in the
structural analyses.

Several studies try to transform three-dimensional points clouds in FE models, but in most
cases the output is simple or dramatically simplified. For instance, in [27] a three-dimensional
points cloud is used to generate models of the cross sections of historical walls for structural
analysis application, while in [28] an example of FE analysis of a historic theater is performed
using laser scanning data limited to the inner surfaces of the building. Massive structures, such
as masonry bridges can also be investigated by summing the laser scanner survey information to
those obtained by ground penetrating radar and as a result generate a fine picture of the external
and internal features [29]. Here, the cloud simplification lies on the sampling of some points that
are useful to reconstruct the geometry by means of regular shapes. Other interesting contribu-
tions are proposed in [30, 31], where an attempt to precisely capture the geometry of the building
through the automatic reconstruction of its boundary is presented. Moreover, in [32] a point-based
voxelization method to automatically transform point cloud data into solid models for computa-
tional modeling is developed. The method constructs a Triangular Irregular Network (TIN) mesh
by means of a voxel grid bounding the cloud region. The resulting model captures the three-
dimensionality of the survey, but does not capture the whole structure, since it is designed for the
facade only.

One of the most frequent problems when dealing with complex historical buildings is the
impossibility to generate “closed surfaces” from the point cloud of the surveyed object. Thereby,
it is not possible to directly transform the TIN mesh surfaces into solid geometry and consequently
into a FE mesh, as done, for instance, for agricultural objects in [33] and for Michelangelo’s David
in [34]. In order to solve this lack of numerical tools, recently in [35, 36] the authors developed a
procedure that allows the simple and rapid transformation of a three-dimensional point cloud into
a FE model. The procedure, called CLOUD2FEM, starts from TLS or photogrammetric surveys
of historical monumental buildings and semi-automatically generates FE models.

On the basis of this procedure to generate FE meshes, an innovative numerical modeling strat-
egy for the structural analysis of historical monumental buildings is presented in this paper. The
strategy is mainly composed of: (i) a structural breakdown that allows a fine semi-automatic cre-
ation of the geometrical domain starting from a TLS or photogrammetric survey; (ii) a struc-
tural discretization capable of always guaranteeing the generation of the FE mesh by means of
three-dimensional hexahedral elements; and (iii) an easy and effective treatment of the mechanical
characterization of the FE mesh and of the connections between adjacent macro-elements. The
main innovative feature of the proposed numerical modeling strategy of historical buildings con-
sists mainly in the possibility to intensely exploit TLS and photogrammetric surveys of historical
buildings for structural purposes, with a large reduction in required time in comparison with CAD-
based modeling procedures and with an increase of the level of automation in the mesh generation
process. In addition, this novel approach resolves the auto-meshing failure issues which often
characterize historical structures complex geometries. Moreover, a detailed materials characteri-
zation of the generated models is achievable, as well as the possibility to iteratively sub-structure
the numerical model. Finally, the simplified management of adjacent macro-elements connections
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is useful to assess their structural interaction.

In order to show the potential and the reliability of the proposed strategy, the application to
the case study of the San Felice sul Panaro (Italy) fortress is presented. This application aims at
validating the numerical strategy from the structural point of view according to the requirements of
the Italian guidelines on cultural heritage [37] (§2.5). Several linear and nonlinear static analyses
under vertical and horizontal loads have been performed. Much attention has been paid to the
modeling of the connections between fortress adjacent macro-elements. A comparison between
structural analyses results and the crack pattern experienced by the structure during the Emilia
earthquake (2012) has been carried out. Moreover, the vulnerability assessment of the main tower
of the fortress is performed through simplified pushover analyses conducted on the generated
mesh.

The paper is organized as follows. Section 2 presents the new numerical modeling strategy for
structural analysis of historical monumental buildings. Section 3 presents the case study features.
Section 4 summarizes the results of the structural analyses, validating the FE model through a
comparison between the numerical results and the crack pattern affecting the structure due to the
Emilia earthquake and showing the vulnerability assessment of the main tower of the fortress.
Some concluding remarks end the paper (Section 5).

2. Numerical modeling strategy

The goal of the proposed strategy is to offer a simple and effective tool for scientists and
practitioners to be able to build FE models of complex large-scale structures, such as monumental
buildings, with a minimal time investment. To achieve this goal the strategy innovations are two-
fold: (1) simple and effective reduction of complex laser scanner and photogrammetric point clouds
to FE models; (ii) simple and easy manipulation of the FE models into any commercial or custom
FE code.

2.1. Structural breakdown: divide and conquer algorithm

As anticipated in Section 1, monumental buildings cannot be, in general, represented by means
of simplified structural models, since they lack of geometrical regularity. Thereby, their subdivi-
sion into macro FE is not possible or ends to be not effective. In this case, the usage of fully
three-dimensional FE models is preferable. However, this operation needs, as previously men-
tioned, the fine definition of the geometrical domain. Therefore, in the spirit of the divide and
conquer algorithm, we propose to breakdown the structure geometry through the application of
a systematic procedure that recursively performs the breakdown of the three-dimensional domain
into smaller bi-dimensional sub-domains. Masonry structures are made by alternate layers of mor-
tar joints and bricks, and bricks layers create, in general, horizontal planes. Thereby, for such
structures the vertical (z) direction is a sort of “principal direction” and this suggests that the sub-
division of the three-dimensional structural domain into bi-dimensional ones can be performed by
slicing the structure perpendicularly to the z direction. Such slicing operation is at the basis of the
CLOUD2FEM procedure [35], which conceives the point cloud as a stacking of points sections,
transforming a three-dimensional problem in several bi-dimensional ones, which are easier to be
managed. The points cloud is subdivided by subsequent section planes which are characterized
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by a constant incrementation of the coordinate plane. The increment is chosen according to the
complexity of the building along the slicing direction. All of the points P included between two
subsequent section planes can be projected to the closer ones:

VP(x,y,Z) € [Zl - %azi + %] — P(xay’zi),

where Z; is the midplane of the i-th slice and Az is the slicing step.

A boundary polygon that encloses the points of each slice can be computed using a concave
hull algorithm. The results of this operation are, in the simpler case, two polygons, the first
made by connecting the points that belong to the external points cloud and the second made by
connecting the points that belong to the internal points cloud. By subtracting the second from the
first, it is possible to obtain a filled region for each slice of the building that describes the entire
structure. The outcome describes the structure by means of a sub-set of slices that precisely
reproduces the features of the structure at each z; coordinate (see Figure 1(a)).

z

(a) Description of a three-dimensional object by means of slices

Istslice 2ndslice 3rdslice 4thslice 5thslice 6thslice  7th slice  8th slice
(b) Digitalized slices (N x M pixel matrices)

Figure 1: Slicing of the structure and slices digitalization.

2.2. Structural discretization: guaranteed meshing

Meshing of complex geometries is an hard task and requires some skills in order to be able to
complete the discretization operation. Often, in order to close automatic mesh generation with-
out biasing, small geometry simplifications are needed (Defeaturing). Dealing with monumental

5



buildings, the geometrical simplification of the structure is a common and accepted operation,
especially for preliminary studies, when the understanding of the structural behavior is crucial.

Therefore, in order to speed up the meshing operation, and to guarantee the automatic mesh
generation, we introduce our peculiar discretization. Each slice is idealized as a digital image,
composed of picture elements (pixels), with a certain resolution (Figure 1(b)). Since the digital-
ization is performed on each slice with a fixed space region, they are stackable. This is a major
advantage since it guarantees by definition the meshing procedure.

The slices stacking sequence generates the volume elements (voxels). The full reconstruction
of the original three-dimensional geometry is obtained by stacking all of the slices: this produces a
three-dimensional matrix composed by voxels. The resulting dataset is simple and easy to use with
the finite element technique: each voxel is automatically transformed into an eight-node hexahe-
dral finite element. For practical usage this operation could be performed selectively: for instance
only on filled parts (certain voxel values). Therefore, the structure is completely discretized as an
unique continuum generated by the assembly of eight-node hexahedral elements.

The resulting FE model is characterized by elements of the same dimensions: this aspect
introduces an automatic defeaturing of the model that the user can set according to the element
dimensions. Moreover, the nodes are evenly distributed over the structure. Of course, this it is not
to be considered as a limitation of the method. In fact, the application of octree-based refinement
or laplacian smoothing operation can easily improve the geometrical quality of the mesh with little
effort [30].

2.3. Structural modeling: materials and connections characterization

Once the structural breakdown and the mesh discretization procedure are set by means of
defining the parameters 7;, Az and the pixels resolution, the user is able to build the mesh. If no
specifications are made during the aforementioned operations, the resulting mesh will be associ-
ated to an unique (default) material identifier. Therefore, material associations can be conducted,
as usual, by selecting single or groups of elements. On the other hand, the mechanical character-
ization of the FE model can be conducted in a very easy way. Indeed, once the digitalization of
each slice has been concluded, the material characterization of the FE mesh can be simply con-
ducted on each slice by the user through a material ID assignment before the stacking operation
(for instance through the pixel colors in a bi-dimensional environment).

Historical buildings are often composed by several adjacent macro-elements built in different
eras. To assess the structural behavior of a building, the accurate modeling of the connections
between adjacent macro-elements is fundamental. In general, in dynamic regime, the interaction
between deformable regions can be described by means of advanced approaches such as those
shown in [38, 39, 40, 41]. On the other hand, in this paper the attention is focused on static anal-
yses and then, aiming at obtaining the simplest FE model, we propose to model the connections
by simply modifying the material properties of the connection zone. Therefore, connections are
simply inserted by manipulating the three-dimensional voxels based matrix, or, equivalently, a
layer of three-dimensional FE between adjacent macro-elements. Since monumental historical
buildings are characterized by great dimensions, the three-dimensional domains associated to the
connections are in most cases negligible in comparison to the global volume. Moreover, masonry
buildings are characterized in the majority of cases by orthogonal walls, resulting in a mesh grid
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which is well oriented and with evenly spaced nodes. Therefore, the identification and selection
of the layer of elements associated to the connection is very easy. However, in the uncommon
case of diagonal connections, or when walls are not parallel to the digitalization directions, a local
re-meshing to model the connections can be used.

In general, the mechanical behavior of connections varies from a compression stress state
(closing of connections) to a tensile stress state (opening of connections). Plausibly, in compres-
sion stress state the connections tend to have the same mechanical behavior of the surrounding
material. On the other hand, in a tensile stress state the connections’ behavior is largely affected
by the quality of the masonry toothing between adjacent macro-elements. In the following, we dis-
tinguish three connection levels: high quality connections (Fully connected), absence of toothing
between macro-elements (Not connected), and an intermediate level (Partially connected). As-
suming, for simplicity, that the connections have an isotropic behavior, the simplified mechanical
characterization of the three connection levels is sketched in Table 1.

Table 1: Connections simplified mechanical characterization: E.,, and G,,, are the Young’s modulus and shear
modulus of the connection, respectively, while E,, and G,, are the Young’s modulus and shear modulus of the masonry,
respectively.

Closing of connection

Econ = Em

G =G, Fully connected
= G./vce with yg. > 1 Partially and Not connected

Opening of connection

=E, Fully connected
Econ = E,/ye with yg, > 1 Partially connected

< FE, Not connected

=Gy Fully connected

Geon = Gy/yg: withyg > 1 Partially connected
< G, Not connected

If a finer modeling is required, the connections can be assumed to have an orthotropic behavior
and the mechanical properties can be set, for instance, through a tuning on experimental data [42].

3. The case study: The San Felice sul Panaro fortress

The San Felice sul Panaro fortress is a monumental historical building located near the city
of Modena, in San Felice sul Panaro (Italy). The monument (Figure 2) is a typical example of
fortified medieval architecture, composed by a massive quadrilateral plan with an inner yard and
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(a) The fortress (b) Schematic plan

Figure 2: San Felice sul Panaro fortress.

five towers (Figure 2(b)). Four towers are located at the corners, while another one is placed on
the north fortress facade. The S-E tower is called “Mastio” because of its dominant dimensions
compared to the rest of the building (Figure 2(a)).

The San Felice sul Panaro fortress exhibits a complex historical evolution during the centuries.
A precise and detailed historical reconstruction of the evolution phases of the fortress is reported
in [43, 44]. The main construction stages of the fortress historical evolution can be summarized as
follows:

— lower parts of Mastio and North Tower and perimetral walls: XIV century;

— upper parts of Mastio and North Tower and other towers: XV century;
— roofings and internal structures: from XVI to XVIII centuries;

— modern interventions (such as concrete curbs on minor towers and Mastio’s trunk reinforce-
ment): XX century.

3.1. Emilia earthquake damage

In 2012, the San Felice sul Panaro fortress was hit by the Emilia earthquake with two magni-
tude peaks of My = 5.86 (May 20th) and My = 5.66 (May 29th) [45]. The epicenters of the first
(May 20th) and the second (May 29th) main shocks were located at about ten and five kilometers
far from the fortress, respectively. After such a seismic sequence, the collapse of the four minor
towers’ roofs was observed and cracks of different relevance appeared on all the fortress struc-
tural elements extensively, see Figure 3. In [46], an accurate description of the monument damage
mechanisms is reported.

After first-aid structural interventions aimed to preserve the building were performed, the mu-
nicipality of San Felice sul Panaro did a fine survey of all the external and internal surfaces of the
damaged building by using TLS (Figure 4) in order to acquire a snapshot of the post-earthquake
condition of the structure and to measure its complex geometry. The raw points cloud of the whole
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(a) South front (b) North front

Figure 3: San Felice sul Panaro fortress after Emilia earthquake (2012).

building (composed by over 40 millions of points) as well as the surrounding buildings is shown
in Figure 4(a), while the TIN mesh reconstruction is shown in Figure 4(b).

(a) Points cloud (b) TIN mesh

Figure 4: TLS survey

4. Strategy validation

In order to extensively test the proposed modeling strategy and to show its capabilities and
reliability, an application to the San Felice sul Panaro fortress has been carried out. After a semi-
automatic generation of the fortress FE model, both linear and nonlinear analyses have been per-
formed. The goal of these analyses is twofold: (i) to validate the numerical model of the structure,
as requested by the Italian guidelines [37] by comparing the results of the structural analyses and
the crack pattern caused by the Emilia earthquake (2012) and (ii) to assess the seismic vulnera-
bility of the main tower of the fortress through a simplified nonlinear method. All the structural
analyses have been performed using the commercial FE software Abaqus [47].



4.1. From the points cloud to the FE mesh of the fortress

From the TLS points cloud, 121 digital slices have been stacked: a vertical gap Az = 25cm
coupled with a bi-dimensional resolution in the horizontal plane of 25cm xX25cm has been chosen,
as suggested in [48]. Indeed, in [48] the authors carried out a comparison in terms of natural
frequencies between different mesh sizes of the main tower of the fortress. Furthermore, the
effectiveness of the meshing approach has been also investigated in [35] through a comparison
with a very detailed CAD-based model. As a result, the resolution 25 x25 X25cm was found
to be the best compromise between results accuracy and computational effort. In fact, although
this mesh dimension does not accurately reproduce every small architectural detail, it guarantees
a good accuracy in terms of global structural response. Therefore, such a resolution has been
adopted in this paper since we are interested in analyzing the global behavior of the structure.
Figure 5 shows some examples of digitalized slices of the fortress and a sketch of their stacking
sequence.

r-th slice

n-th slice

m-th slice

m-th slice n-th slice r-th slice

Figure 5: Examples of digitalized slices of the fortress and their stacking.

The resulting mesh, depicted in Figure 6, is characterized by 409,300 hexaedral finite elements
(each one 25 x 25 x 25cm) and 1,512,444 dofs. Four different materials have been used, whose
mechanical properties have been set according to [49, 50, 51] and are collected in Table 2. In
Figure 6, the Mastio’s trunk top part is depicted with a different color because it is composed by
reinforced masonry due to the presence of steel tie-rods added in the 90s [44].

Table 2: Materials mechanical properties [49, 50, 51].
ID Material Young’s modulus [MPa] Shear modulus [MPa] Density [kg/m’]

1 Masonry 1500 625 1800
2 Reinf. masonry 1900 792 1800
3 Timber 8000 2918 415

4 Terrain 935 316 1200

Modeling the floors and vaults has always been a very significant issue when dealing with
numerical models of masonry structures. Following the proposed strategy, floors and vaults are
automatically meshed through a jagged representation of the original geometry. Indeed, it is al-
ways possible to improve the mesh accuracy using a smoothing method to reduce the faceting, as
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presented in [48]. Nevertheless, in order to assess the global behavior of a historical structure, the
geometrical accuracy of the raw mesh can be considered satisfactory even if vaults are present, as
in the current case (for instance see the sections in Figure 6).
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4.2. Boundary conditions and connections

In the past, the fortress was surrounded by a moat. Therefore, the ground level is located at two
different altitudes: inner ground level, located at 0.00 meters (assumed as origin of the reference
system), and outer ground level, located at —3.50 meters. The boundary conditions account for
this difference: all the nodes located at the moat level have clamped boundary conditions applied,
whereas the elements located into the courtyard have been modeled through an elastic material
to take into account the presence of the terrain (Material ID 4, [51]). For all of the following
analyses, these boundary conditions have been considered. ~Moreover, roofing structures have
been modeled as concentrated mass.

The crack pattern occurred between adjacent macro-elements (for instance the ones between
towers and the curtain wall) permits us to move considerations about the structural interaction
between adjacent structural elements. In particular, in Figure 7 some photos that portray different
toothing levels between structural parts are reported: absence of connection between the parts, see
for instance Figure 7(a) referred to N-E tower and North wall joint; low connection due to the
poor masonry toothing, see for instance Figure 7(b) referred to Mastio and East wall joint; high
connection due to the good texture quality of the masonry, see for instance Figure 7(c), where
only the corbels exhibit a detachment from the North tower. All these aspects fit the historical
evolution stages of the building [43, 44]. The proper modeling of such features is fundamental in

(a) N-E Tower - North wall (b) Mastio - East wall joint: poor toothing quality (c¢) North Tower - North
joint: note the absence of wall joint: good quality
connection between the parts connection

Figure 7: Connections between adjacent macro-elements of the fortress.

order to catch a plausible structural behavior of the fortress. Thereby, they need to be adequately
considered in numerical models.

After an accurate analysis of the historical evolution of the fortress and a study about the ad-
jacent macro-elements’ masonry toothing (thanks to a visual aid), hypotheses about the structural
connections’ positions have been made. In particular, connections have been introduced in the nu-
merical model between adjacent macro-elements built in different eras, where the poor quality of
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connections is visible and more plausible. Substantially, connections have been inserted between
towers and adjacent walls. The structural connections introduced are shown in Figure 6 in red.

4.3. Natural frequencies

A numerical assessment of the effect of connections characterization on the dynamic behavior
of the fortress has been conducted by means of natural frequencies analyses. In particular, two dif-
ferent connections configurations have been considered: adjacent macro-elements Fully connected
and Not connected (e.g. without any toothing).

Due to its nonlinear character, the pounding between adjacent macro-elements cannot be con-
templated in these linear analyses: indeed, in a Not connected configuration adjacent macro-
elements behave as isolated and independent structures.

The influence of connections on the dynamic behavior has been assessed by comparing results
between the two connections configurations in terms of natural frequencies and modal shapes. In
particular, results of the first nine natural frequencies of the fortress are reported in Table 3 for
the two connections configurations. As it can be noted, the structural effect of connections on the

Table 3: Results of the first nine natural frequencies of the fortress and relative variation for the two connections
configuration.

Mode Fully con. Notcon. % Var.
# fr. [Hz] fr. [Hz]

2.2231 1.9809 -10.895
24278 2.0500 -15.561
4.0917 3.8555 -5.773
4.4717 3.8857 -13.105
4.8790 4.2838 -12.199
4.9832 4.5906  -7.878
6.8285 6.3173  -7.486
7.3270 6.9297  -5.422
8.1807 7.9072  -3.343

O 0 IO\ kA~ W=

dynamic behavior of the fortress remains rather limited, with a percentage variation of the natural
frequencies under the 16%.

Figure 8 shows the comparison between the modal shapes of Mode # 2 (Mastio’s bending
mode) for the Fully connected and Not connected configurations. As it can be observed, this
modal shape does not essentially change between the two cases. On the other hand, Figure 9
shows the comparison between the modal shapes of Mode # 3. The modal shape’s change is
evident: in the Not connected configuration also the Est curtain wall is activated. Similarly, in the
comparison between the modal shapes of Mode # 6 (Mastio’s torsional mode), depicted in Figure
10, it is clearly evident the modal shape’s change concerning the North tower.
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(a) Fully connected configuration. 2.4278 Hz  (b) Not connected configuration. 2.0500 Hz

Figure 8: Mode # 2.

(a) Fully connected configuration. 4.0917 Hz  (b) Not connected configuration. 3.8555 Hz

Figure 9: Mode # 3.
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(a) Fully connected configuration. 4.9832 Hz  (b) Not connected configuration. 4.5906 Hz

Figure 10: Mode # 6.
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4.4. Linear Static Analyses

Although linear analyses cannot take into account the complex nonlinear mechanical behavior
of masonry, they are often used in the field of numerical modeling of historical structures for the
possibility of providing useful informations about the global structural behavior with a limited
computational effort [8, 52, 53].

As anticipated in the Introduction, in this study, linear static analyses have been used to con-
duct a numerical assessment of the structural behavior of the fortress in the spirit of §2.5 of the
Italian guidelines on cultural heritage [37]. The reliability of these analyses has been evaluated by
performing a comparison between analyses results and the crack pattern suffered by the structure
during the Emilia earthquake (2012). For the sake of brevity, the attention is focused on the study
of the structural behavior of the fortress principal tower (Mastio) and its interaction with adjacent
structural elements only. Since the Mastio showed significant damage only in the walls parallel
to the E-W direction, the comparisons with the crack pattern have been performed with horizontal
forces applied in the E-W direction only. For simplicity, horizontal forces proportional to the Mas-
tio’s first bending modal shape in E-W direction (Mode #2, Figure 8), with a maximum horizontal
acceleration equal to 0.3g, have been applied together with vertical dead loads.

Analyzing the masonry toothing between Mastio and its adjacent macro-elements, considering
also the fortress historical evolution, three different connections levels have been assumed along
the connection zones between Mastio and its adjacent macro-elements, as reported in Figure 11.
With reference to Figure 11, the portion A has been supposed as Partially connected with reduction

Figure 11: San Felice sul Panaro Fortress FE mesh. Detail of Mastio’s connections.
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factors (see Table 1) yg, = ys, = 1.6 due to its quite good masonry toothing, the portion B as
Partially connected characterized by a poor toothing quality with yg, = vy, = 10, and the portion
C Not connected since the absence of toothing between the parts is clear. Finally, for simplicity, it
has been assumed y¢. = 1 for all the portions.

The results of linear static analysis for a West directed force are depicted in Figure 12 for the
South front and in Figure 13 for the North front. As it can be easily realized, in this case the
connections tend to be in compression and, hence, these results refer to the condition of connec-
tions closing. In particular, concerning the South front, the stress states in terms of normal vertical
stress component and in-plane tangential stress component are depicted in Figures 12(a) and 12(b),
respectively. As it can be noticed, the recovered stress fields are well represented over the struc-
tural domain and are not influenced by the jagged representation of the geometry. However, if
needed, further enhancements of the recovered fields can be achieved by means of stress recovery
procedures, see for instance [54, 55].

<OW <wW

2 2
(a) Vertical Stress (Pa) (b) Tangential Stress (Pa)

Figure 12: Linear static analysis results relative to a West directed force, South front.

Moving to the Mastio’s North front, Figure 13 shows the comparison between the stress state
(reported in Figure 13(a) in terms of maximum principal stress) and the crack pattern which is
characterized by a curved crack, highlighted by a dotted line in Figure 13(a) and by arrows in
Figure 13(b). As it can be noted, they are in good agreement: the emphasized crack is almost
perpendicular to the grater maximum principal stress’ spatial vectors.
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(a) Maximum Principal Stress (Pa) (b) Crack pattern

Figure 13: Comparison between linear static analysis results relative to a West directed force and the crack pattern
suffered by the structure during the Emilia earthquake, North front.
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The results of the linear static analysis for an East directed force are shown in Figure 14 for
the South front and in Figure 15 for the North front. As it can be easily argued, in this case there
is an opening of connections since the joint between the Mastio and its adjacent macro-element is
in a tensile stress state. Similarly to the previous case, we propose a comparison between linear
static analysis results in terms of maximum principal stress and the crack pattern suffered by the
structure. Regarding the South front, the stress state is shown in Figure 14(a) and the crack pattern
in Figure 14(b). Segments AB, CD, EF and GH shown in Figure 14(a) correspond to the major
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(a) Maximum Principal Stress (Pa) (b) Crack pattern

Figure 14: Comparison between linear static analysis results relative to a East directed force and the crack pattern

suffered by the structure during the Emilia earthquake, South front. Segments AB, CD, EF and GH correspond to the
major cracks.

cracks of the Mastio’s South front indicated by arrows in Figure 14(b). As it can be noted, the
maximum principal stresses are almost perpendicular to the highlighted segments (Figure 14(a)).
In this sense, it can be stated that the stress state and the crack pattern shown in Figurel4 are in
good agreement. Moreover, it can be noticed that prolonging these segments they all run into point
O. Thereby, an hypothetic point between O and O’ can be considered as the center of rotation for
a plausible overturning mechanism.

Concerning the Mastio’s North front, the linear static analysis results relative to a East directed
force are shown in Figure 15. In particular, the distribution of the maximum principal stresses
is shown in Figure 15(a) and the crack pattern in Figure 15(b). Also in this case there is a good
agreement between the maximum principal stresses distribution and the cracks suffered by the
Mastio’s trunk.

As already mentioned, one of the features of the proposed modeling strategy is its ability to
give a fine geometrical representation of the whole building, including the secondary structural
elements. Among these, Figure 16 focuses the attention on the stiffening walls located in the
Mastio’s top. In particular, Figures 16(a) and 16(b) show the maps of the vertical stress component
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(a) Maximum Principal Stress (Pa) (b) Crack pattern

Figure 15: Comparison between linear static analysis results relative to a East directed force and the crack pattern
suffered by the structure during the Emilia earthquake, North front.

due to a horizontal East directed and West directed force, respectively, and Figures 16(c) and 16(d)
show the crack pattern. Inspecting Figures 16(a) and 16(b) reveals the presence of compression
and tensile stress peaks at the base of the E-W directed stiffening walls. This is in very good
agreement with the crack pattern suffered by these stiffening walls (Figure 16(c)), where a sub-
horizontal crack is clearly evident (Figure 16(d)).

4.5. Nonlinear Analyses

In order to assess the seismic vulnerability of the main tower of the San Felice sul Panaro
fortress and the reliability of the semi-automatically generated mesh, several nonlinear static
pushover analyses have been carried out.

4.5.1. Constitutive model

The nonlinear mechanical behavior of masonry has been modeled by means of the Concrete
Damage Plasticity (CDP) material model, which is available within the Abaqus software. Even
though the CDP was conceived for isotropic brittle materials like concrete, it has been extensively
used also for quite anisotropic materials such as masonry through a parameters’ adaptation [56, 57,
58, 59, 60]. The CDP model allows the analysis of materials with different strength in tension and
in compression, assuming different damage parameters, see Figure 18. The behavior in tension
is linear elastic till the stress peak o7 is reached. Afterwards, micro-cracks starts to propagate in
the material and the stress-strain curve drops down following a softening branch. The decay-rate
at which the curve decreases is defined by the factor d, (Figure 17(a)). Under axial compression
the response is linear up to the yield stress o, then hardening usually occurs before compression
crushing initiates, which is represented by a softening branch beyond the peak stress o, (Figure
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(a) East horizontal force: vertical stress (Pa) (b) West horizontal force: vertical stress (Pa)

(c) Mastio’s top (d) Particular of the crack pattern related to the red
highlighted square in Figure 16(c)

Figure 16: Comparison between numerical results and the crack pattern on Mastio’s top stiffening walls.

17(b)). The damage variable in tension d; and in compression d, are defined by the following
standard relationships:

o = (1 = d)Eo(e, — &)

0. = (1 —d)Eo(s. — &)
where o, and o, are the mono-axial tensile and compressive stress, Ej is the initial elastic modulus,
&; and &, are the total strain in tension and in compression, &/ "and &' are the equivalent plastic
strain in tension and in compression. Since the compression stresses are always far from the yield
stress (as experienced in linear analyses), the damage is assumed to be active only in tension, thus
the reduction of the material strength and stiffness has been applied only in the case of principal
stress exceeding the maximum admissible tensile strength. The material elastic modulus has been
gradually reduced every time the strain reached a critical value in tension.

The implemented strength domain is a standard Drucker-Prager surface modified with a K,
parameter, see Figure 18, representing the ratio between the distance from the hydrostatic axis
of the maximum compression and tension respectively. The value of K. has been kept equals to
2/3 as suggested by the users guide [47]. Furthermore, a regularization of the tensile corner has
been assumed in the constitutive law. This regularization is obtained with a further correction
parameter, called eccentricity. Such a parameter indicates the rate at which the plastic flow po-
tential approaches the asymptote, i.e. the flow potential tends to a straight line as the eccentricity
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Figure 17: Compression and tensile mono-axial inelastic curves [47].

tends to zero. The default value equal to 0.1 has been adopted. Smaller values may cause con-
vergence problems when the material is subjected to low confining pressures because of the very
tight curvature [47].

_ SIA Hydro.statlc
axis

Drucker-Prager v’
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(a) Yield surfaces in the Westergaard space (b) Yield surfaces in the deviatoric plane and
meaning of the K, parameter

Figure 18: Modified Druker-Prager strength domain [47].

For what concerns the dilatation angle, a value of 10° is adopted for the inelastic deformation
in the nonlinear range, in agreement with experimental evidences available in the literature. The
ratio between the bi-axial, f,9, and mono-axial, f,y, compression strength has been kept equal to
1.16 as suggested in [61].

Material models exhibiting softening behavior and stiffness degradation often lead to severe
convergence difficulties in numerical analyses. Some of these convergence difficulties can be
overcome by using a viscoplastic regularization of the constitutive equations. The CDP model
can be regularized using viscoplasticity, i.e. permitting stresses to be outside of the yield surface,
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through the viscosity parameter. Using the viscoplastic regularization with a small value for the
viscosity parameter (small compared to the characteristic time increment) usually helps to improve
the rate of convergence of the model in the softening regime, without compromising results. On
the other hand, high values of such a parameter can lead to an overestimation of the peak base
shear. A sensitivity analysis of the viscosity parameter influence on the case study is reported in
Section 4.5.3. Consequently, a value of the viscosity parameter equal to 0.002 has been assumed,
also in agreement with [59] for a very similar historical structure. A summary of the parameters
adopted in the nonlinear analyses is reported in Table 4.

Table 4: Concrete Damage Plasticity parameters for masonry according to [56, 57, 59].

Parameter Value
Dilatation angle 10°
Eccentricity 0.1
Jeol feo 1.16
K. 2/3

Viscosity Parameter 0.002

In the absence of availability of in situ test results for the fortress, it is necessary to refer to
what is stated by Italian Code for existing masonry buildings. According to the Italian Code NTC
2008 [49] and subsequent Explicative Notes [50], the mechanical properties assumed for masonry
material depend on the so-called knowledge level LC. For the cases at hand, a LCI level (the
lowest) is assumed in the absence of specific in situ test results. As a consequence, the values
adopted for cohesion and masonry elastic modulus are taken in agreement with Explicative Notes
[50] of the Italian code NTC 2008 [49], assuming a masonry typology constituted by clay bricks
with very poor mechanical properties of the joint and quite regular courses. The inelastic stress-
strain relationships adopted in the constitutive model of masonry are those reported in Figure 19
for the compression and tensile mono-axial curves. Furthermore, a linear reduction until the 90%
of the Young’s modulus with respect to E, for a deformation which corresponds to the lowest
extremity of the softening branch of the tensile law (Figure 19) has been assumed.
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Figure 19: Compression and tensile mono-axial inelastic curves for masonry according to [49, 50].

Mechanical properties adopted for masonry are also compatible with the works presented in
[18, 59, 62] where the numerical analyses of three case studies of coeval and very similar masonry
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towers, which are located in Finale Emilia at approximately 10 km far from San Felice sul Panaro,
have been presented. Indeed, it is worth-noting that middle-age masonries in the area hit by the
2012 seismic events seem to exhibit a quite similar and low strength [63].

Since the findings of experimental campaigns are not available and it is still unknown how the
tie-rods are linked to masonry, for the sake of safety we assumed the same inelastic parameters for
the masonry of the Mastio’s trunk top part (dark gray in Figure 6).

In traditional numerical modeling operations, masonry vaults and timber floors are commonly
modeled through equivalent linear elastic plates (i.e. with the same in-plane stiffness). Such a sim-
plification is commonly accepted in literature [64, 65] for the assessment of the global structural
behavior of buildings. Here, the jagged representation of vaults is automatically meshed but, since
we aim at assessing the global seismic behavior of the tower, their mechanical properties are kept
linear also in nonlinear pushover analyses.

4.5.2. Simplified pushover method

A simplified displacement-based procedure using nonlinear static pushover analyses (called N2
method [66]) is adopted for the seismic verification of the global performance of the main tower
of the fortress of San Felice sul Panaro. The elastic spectrum used for the N2 safety assessment
method is the one provided by the Italian standard [49] for the site of San Felice sul Panaro with a
return period equal to 975 years. This code spectrum is essentially compatible with the real spectra
of the actual earthquake recorded on May 29th 2012 at the SANO station located at approximately
150 meters from the fortress [67], see Figure 20.
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Figure 20: Comparison between the code spectrum and the spectra obtained from the actual earthquake recorded on
May 29th 2012 [49, 67].

According to the Italian Code [49, 50], when dealing with pushover analyses, the response
of the structure should be investigated along the geometrical orthogonal axes X and Y (in this
case N-S and E-W directions, respectively), in both the positive and negative directions. Italian
Code also prescribes the evaluation of the load carrying capacity by means of two configurations
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of lateral forces: a first distribution of forces derived by the assumption of a linear variation of
acceleration along the height (G1) and a second distribution with uniform acceleration (G2). For
the tower under consideration, distribution G1 always provides collapse accelerations lower than
those provided by distribution G2, therefore the reduction of the structure to a SDOF (single degree
of freedom) system is done with reference to distribution G1.

The numerical analyses are conducted using an arc length procedure to deal with possible
softening in the global pushover curve, up to a reasonably large displacement of a control point
placed at the top of the tower.

The choice of the control point for pushover analyses of historical monumental buildings is
rather critical since their behavior is rarely global. Therefore, as stated in [68], instead of the
displacement of a single control node it is preferable to use the average displacement of several
nodes at the same level. According to this, the average displacement of the twelve nodes evenly
spaced at the top floor of the tower shown in Figure 21 has been computed for each step and
considered in the pushover curves.

Figure 21: Nodes considered for the computation of the top displacement.

It should be pointed out that, even in the presence of softening in the constitutive model as in
the present damage-plasticity one, this is hardly visible in the global pushover curves, as already
experienced in [56, 59, 62]. Nevertheless, the Italian guidelines on cultural heritage [37] allows the
reduction to a SDOF system even without any visible softening of global pushover curve. Indeed,
in [37] considering the difficulties in the definition of the displacement at the ultimate limit state,
it is recommended to evaluate the ratio between the elastic limit base shear and the ultimate shear
of the bi-linear system (imposing an energy balance). Such a ratio cannot exceed a maximum
admissible value, defined on the basis of the ductility and dynamic features of each construction
typology, and in any case ranging between 3 and 6. As observed in [62], in case of masonry towers,
which may be roughly idealized as cantilever beams, the ratio between ultimate and elastic limit
load could be further reduced. In particular, for masonry towers very similar to the presented one,
in [62] the value of 1.8 has been suggested. This value is assumed also in the present paper.

4.5.3. Numerical results
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As already mentioned in Section 4.5.1, the choice of the viscosity parameter could lead to
an overestimation of the peak base shear in pushover analyses. In order to have a quantitative
evaluation of its influence on the case study under consideration, a sensitivity analysis has been
performed by changing its value from O to 0.002 for a chosen load case (G1 distribution, East
directed force). Figure 22 illustrates the pushover curves of the chosen load case obtained by
adopting a viscosity parameter equal to 0.0001, 0.0004 and 0.002, respectively (for values lower
than 0.0001 the analyses were prematurely aborted). As a result, a slight overestimation of the
peak base shear and a substantial saving of the computational time have been obtained using the
value equal to 0.002 with respect to 0.0001. Such an over-prediction seems to be included within
the engineering practice acceptability and, therefore, the authors adopted the value 0.002 for the
other load cases.
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Figure 22: Influence of the viscosity parameter on a pushover curve.

The obtained pushover curves are collected in Figure 23 for each direction of the horizontal
forces, while the relative bi-linear capacity curves of the equivalent SDOF systems and the results
of the N2 safety assessment are reported in Figure 24. The comparison between damage contour
plots of the pushover analyses and the actual crack pattern of the tower is shown in Figures 25,
26, 27, 28 for East, West, South and North directed forces, respectively. Only the sides parallel to
the direction of the horizontal force are reported in such figures since the other sides do not show
significant damage. The damage contour plots are referred to the seismic demand condition.

As pointed out in Figure 24, the check done by means of the N2 safety assessment method
is positive for each direction of the horizontal forces even if the East directed force case, which
presents the lowest safety index, is very close to one. This finding could suggest that for the
considered seismic action (compatible with the occurred earthquake) the tower is prone to col-
lapse, and by inspecting the actual damage pattern it appears reasonable. Moreover, form the East
directed force results it emerges a clearly minor capacity curve and a more widespread damage
distribution with respect to the other analyses results. This is in very good agreement with the
damage experienced by the Mastio during the Emilia earthquake. Indeed, the sides of the tower
parallel to the E-W direction, in particular toward East (see Figure 25), much suffered the occurred
earthquake plausibly due to the presence of several almost-aligned openings (particularly in the
North front, see Figure 25(b)).
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Figure 23: Pushover curves.

In general, a good agreement between the damage contour plots and the crack pattern of the
tower has been achieved either for main cracks (Figures 25(a), 25(b), 27(b)) or for minor cracks
(Figures 26(a), 26(a), 28(a)) and local failures (Figures 27(a), 28(b)). In particular, main cracks
are predicted quite accurately in terms of both position and direction, whereas minor cracks are re-
produced more coarsely. This could be addressed to the fact that minor cracks are more influenced
by the peculiar masonry texture than main and large cracks, and the actual masonry texture is not
contemplated in the adopted continuum model. In addition, several minor cracks appeared in the
tower but they are rather narrow and could be almost imperceptible to the naked eye (e.g. Figure
28(a)). This is probably due to the presence of steel tie-rods in the Mastio’s trunk top part, added
in the 90s, which may have limited the cracks opening. In order to detect the presence of minor
cracks, the thermographic imaging support could reveal useful. Accordingly, in Figures 25(a) and
26(a) thermal images have been superimposed on traditional photos. In all, such results further
consolidate the validation of the semi-automatically generated FE model, presented in Section 4.4.

Finally, it is worth noting that the generated model benefits from the regularity of the hexa-
hedral mesh which certainly improves the convergence of advanced numerical analyses such as
nonlinear analyses with complex damage-plasticity constitutive laws.
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(a) South front. Superposition of a thermal image on a tradi-
tional photo

(b) North front

Figure 25: Pushover analyses with horizontal East directed force. Comparison between damage contour plots and the
crack pattern.
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(a) South front. Superposition of a thermal image on a tradi- (b) North front
tional photo

Figure 26: Pushover analyses with horizontal West directed force. Comparison between damage contour plots and
the crack pattern.
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Figure 27: Pushover analyses with horizontal South directed force. Comparison between damage contour plots and
the crack pattern.
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(a) East front

(b) West front

Figure 28: Pushover analyses with horizontal North directed force. Comparison between damage contour plots and
the crack pattern.
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5. Concluding Remarks

An innovative modeling strategy for the numerical analysis of monumental historical buildings
has been presented. The peculiar structural breakdown allows a fine semi-automatic generation of
the structural domain starting from a TLS or photogrammetric survey. The complexity of the
structure is surmountable by means of recursive simplifications of the geometrical domain. Once
the domain has been reduced, the proposed meshing approach is able to always guarantee the
generation of a “closed” mesh made by eight-node hexahedral elements. Therefore, an increase
of the level of automation in the mesh generation process is attained and a large reduction in the
required time in comparison to CAD-based modeling procedures is achieved. The validation of the
strategy has been performed on the San Felice sul Panaro Fortress which embodies all the typical
complexities of monumental historical buildings. The structural validation has been carried out
on the whole fortress generated FE model through a comparison between the results of linear
and nonlinear pushover analyses and the crack pattern present in the structure due to the Emilia
earthquake (2012). Moreover, the vulnerability assessment of the main tower of the fortress has
been performed on the generated mesh which leads to very accurate and easy-to-interpret findings.
A good agreement between the numerical prediction and the crack pattern has been observed.
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