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ABSTRACT

The damage occurred due to past earthquakes highlighted that the seismic behavior of historic masonry structures
characterized by an aggregation of units with an own seismic behavior (e.g. palaces, fortresses, castles, etc.) is strongly
affected by their dynamic interaction. At present, no codified and operational tools are available to perform the seismic
assessment of such mutually interacting structures. This paper introduces a numerical procedure based on the use of
nonlinear static analyses to fill this gap. The proposed procedure firstly requires the execution of a modal analysis on the
3D finite element model of the whole structure to define the modes which involve the dynamic response of each unit and
their modal shapes. The latter are then fitted to define the load patterns to be applied on each unit through pushover
analyses. The pushover curves obtained for each unit are then converted into capacity curves to finalize the seismic
assessment. The effectiveness of the proposed procedure is shown through an application to a medieval fortress
significantly damaged by the 2012 Emilia earthquake (Italy). The results achieved are promising and support the possible

extension of the procedure to other typologies of complex historic structures composed by various interacting units.

Keywords: Interacting structures, Fortresses, Masonry, Seismic assessment, Nonlinear static analyses, Emilia

earthquake.



1 Introduction

This paper deals with the seismic assessment of mutually interacting historic masonry structures carried out
through nonlinear static analyses. This kind of structures is characterized by a seismic behavior which is ruled
by the structural response of the many interacting units which form the whole building. This interaction can
be relevant especially if the units are characterized by various architectural features that lead to different
dynamic properties, stiffness and strength of the units. Such typology includes a huge number of examples: a
bell tower incorporated in a church, monumental palaces which are often the result of subsequent additions of
structural units, and fortified constructions (as fortress or castles), which are usually formed by towers
connected through defensive walls (Fig. 1). Although the activation of local mechanisms is significant (e.g.
mainly interesting out-standing portions such as battlements), the assessment of the global response is equally

relevant. The paper focuses the attention only to the latter, particularly referring to the case of fortresses.

The vulnerability of fortresses was strongly highlighted by the 2012 Emilia earthquake [1]. In fact, such
typology is particularly frequent in that area and offered several examples of severe damage, pointing out the
complexity in interpreting their seismic behavior. A classification of the recurrent seismic damage mechanisms
was originally proposed in [1], based on observed damage and typical configurations. In particular, the main
observed mechanisms were: 1) damage mechanisms due to the interaction between the towers and the fortress’
curtain walls; 2) damage mechanisms involving the main body of the towers; 3) damage mechanisms involving
the upper parts of the towers; 4) damage mechanisms at the level of the roofs. Starting from the proposal of
[1] for the Emilia fortresses, further damage mechanisms were then added in [2], corroborated by the damage

collected for a large number of cases hit by other past Italian earthquakes across the whole country.

Fig. 1 - Examples of two Emilian fortresses: Vignola fortress (a) and Castello Estense in Ferrara (b).

The seismic assessment of such complex structures poses several critical issues. The first problem deals with
the definition of the best modeling choice to be adopted that has to balance the need of a reasonable
computational effort with that of guaranteeing a reliable assessment capable to catch the interaction effects.
The second problem is instead connected to the lack of tools and standardized procedures to perform the
seismic analysis and verification of such complex masonry structures [3]. While Standards [4] are more

oriented to ordinary buildings, Recommendations addressed to monumental assets (i.e. [5]) in general state a



series of general principles and indications for possible methodologies of analysis, without however

prescribing operational tools or indicating specific models and standardized procedures.

In this context, this paper aims to overcome the aforementioned lack of operational tools by proposing a
procedure for the seismic assessment of mutually interacting masonry structures based on the use of nonlinear
static analyses. The required steps of the procedure are explained in §2. The procedure is then applied to a
case-study, which is the San Felice sul Panaro fortress (§3, §4, §5) that was significantly hit by the 2012 Emilia
earthquake [1]. It is worth to note that the procedure uses a 3D finite element (FE) solid model of the entire
structure, developed through a non-standard mesh generation procedure starting from a laser-scan survey, that
allows to accurately describe the actual geometry (§4, [6, 7]). Therefore, in the whole model the dynamic
interactions among the different units of the entire asset are explicitly accounted for. Furthermore, the use of
efficient numerical algorithms keeps bearable the computational effort. The comparison between the occurred
damage and the one predicted - in terms of crack pattern and ductility demand obtained by the analyses -

allowed to validate the procedure (§6).



2 Seismic assessment of fortresses through nonlinear static analyses: Critical issues and new

proposals

2.1  Modelling issues

The seismic assessment of complex monumental assets can be pursued by following two different approaches
that affect also the choice in the modelling strategies: (i) the decomposition of the whole asset into different
units (e.g. on the basis of historical and constructive features) by performing then separate verifications; (ii)
the realization of a unique global model of the entire asset, performing the pushover analyses and,
consequentially, making the verification through the capacity curve representative of the overall global seismic
behavior. In principle, both alternatives can be considered reliable and have to be chosen depending on the
specific features of the examined asset, on its complexity (that can make feasible only few alternatives) and
on its expected structural behavior. However, they both present pros and cons. Regarding the first approach
(i), the difficulties are mainly related to the need of defining the “equivalent” boundary conditions for each
modeled unit. Obviously, as a consequence, such an approach is not able to consider the possible interaction
effects between the different parts, unless in an approximate and conventional way. Conversely, the second
one (ii) implicitly considers these interactions, although affected by computational effort complications

induced by the modelling of the whole structure.

The seismic interaction of adjacent masonry structures is a very complex problem, given that the quality of the
connection is difficult to evaluate and to mechanically describe; indeed, when it is really poor, a global
behavior of the complete structure could not be activated. Despite that, the proposal of using a model of the
whole structure is based on the idea of explicitly accounting for the effects of interaction that have been testified
by various earthquakes, in particular in the case of fortresses which the paper focused on (as for many other

Emilian fortresses [1] and many fortified constructions [2]). Furthermore, it has to be pointed out that:

i)  although the units are weakly connected, a certain interaction among them could appear when subjected
to seismic action able to push one unit towards the other one and vice versa;

ii) the dynamic behavior of this kind of structures, such as fortified structures, is highly dependent on the
boundary conditions [1], thus an initial weak connection among units is not sufficient to guarantee a
completely autonomous behavior of each sub-structure that is, neglecting mutual interactions;

iii) relevant interactions can be determined especially if the units of the considered asset are characterized
by different architectural features that lead to different dynamic properties, stiffness and strength of the

units.

Of course, the numerical modelling of historic monumental structures, usually characterized by huge
dimensions and complex and irregular geometries, represents a challenging task. The use of 3D solid finite
elements with a continuum representation of the mechanical behavior of masonry, which allows to keeping
affordable the computational effort [8, 9, 7, 10, 11, 12, 13, 14, 15], appears preferable than the adoption of

more simplified modelling strategies, such as those based on the structural element approach, that are



particularly common in the context of ordinary buildings [16, 17]. Indeed, the latter appear questionable or to
be carefully considered for the typology under examination since the common simplifications on which they
are based, e.g. neglecting the out-of-plane response or the equivalent frame idealization, may result too rough
and conventional in case of huge thickness of walls or presence of small openings, as the case of towers in

fortresses.

The 3D solid geometry of these structures is usually developed in a CAD environment, which is generally an
expensive and complex process with inevitable geometrical simplifications. However, recent mesh generation
procedures allow to semi-automatically transform 3D point clouds, e.g. surveyed through terrestrial laser

scanner (TLS), into solid numerical models, see for example [6, 7, 18, 19, 20].

In the following, between two approaches aforementioned, the second one (ii) is considered the most reliable
for the fortresses which the paper focuses on and that are characterized by an aggregation of adjacent units
(e.g. towers, curtain wall, buildings, etc.), which interact due to mutual boundary conditions. Indeed, the effects
of adjacent buildings on the seismic behavior of a masonry tower have been discussed in [21], where the
seismic behavior of a tower has been found to be considerably influenced by the presence of adjacent buildings.
Particularly, in [21] it has been shown that the results obtained by numerical models which accounted for the
adjacent parts were in good agreement with the damaged condition of an actual non-isolated tower that suffered
an earthquake. However, the definition of equivalent boundary conditions to simulate the adjacent parts
appears non-trivial and generally excessively approximated for this kind of structures. Therefore, the
application of conventional boundary conditions on each unit of the structure appears inadequate and a

comprehensive model of the whole structure is more appropriate to investigate its seismic behavior.

2.2 Issues on analysis methods

Once defined the most suitable numerical model, a further critical issue deals with the procedure for the
analysis and verification, which is not manageable a priori. At present, Standards and Recommendations [4,
5] do not suggest a well-established procedure for the assessment of such complex structures. Linear analyses
or methods based on the local verification of stress states can produce very conventional assessment since the
redistribution effects are usually very significant. Furthermore, linear analyses need the adoption of a behavior
factor which would be completely conventional for non-standard typologies as the one examined, being the

values recommended in codes only calibrated for ordinary new buildings [22].

Thus, the use of nonlinear procedures appears essential to obtain more reliable results. In this framework, the
options are two: nonlinear dynamic analyses (NLDA) and nonlinear static analyses (NLSA) based on the

pushover framework.

NLDA are the most advanced analysis method today available. However, this procedure is not only
computationally demanding, being not usually feasible even with very powerful computers in the case of very

complex models, but it also presents some drawbacks.



On the one hand, only few numerical models allow to run time history analyses especially for masonry
structures, due to the complexity of defining cyclic constitutive models and viscous damping models [23, 24].
Moreover, the energy dissipation due to impacts between structural units, the pounding between adjacent

structures and the damping model for masonry structures are still challenging aspects to account for.

On the other hand, the choice of suitable accelerograms sensibly influences the response of the structure and,
so, the results of the analyses, due to the well-known record-to-record variability. This issue is particularly
tricky when a limited number of records is adopted, as usually suggested in Standards (e.g. 7 different
accelerograms for the Italian Standards) and implied by the huge computational effort required by the so

complex models discussed in this paper.

Additionally, safety assessment procedures are still under investigation for dynamic analyses of masonry
buildings and, for monumental structures, this is even more challenging representing still an open issue, both
in literature and in Standards [23, 25]. In fact, currently no Standards propose operative tools to perform the
seismic verification of monumental structures through NLDA. Furthermore, if the final goal is to perform a
seismic assessment (and not strictly a verification given a precise seismic demand), the results of NLDA have
to be finalized to evaluate the maximum acceleration compatible with the fulfillment of a target limit state
(LS). In general, evaluating the maximum acceleration compatible with the fulfillment of a target LS by using
NLDA requires to perform incremental dynamic analyses (IDA) or multiple stripes analyses, both
characterized even by a more significant computational effort. Finally, but not secondary, the interpretation of
the huge amount of information of the NLDA results is not straightforward to be defined with the aim of
carrying out a performance-based assessment especially for monumental buildings: that is at the same time the

most crucial aspect, since it represents the main tool to plan strengthening interventions [23, 25].

For these reasons, the use of NLSA is considered an effective tool [26] and it represents the most widespread
method to study the global response of existing buildings, as well. A critical review of its reliability in case of

ordinary regular and irregular masonry buildings has been illustrated in [27, 28].

The main assumption of pushover-based methods is that the structure vibrates predominantly in a single mode.
For this reason, NLSA is usually based on the application of a unique force distribution (for example
proportional only to mass or proportional to mass and elevation). Then, most Standards propose to apply at
least two different load patterns (LP) or a combination of force distributions to approximately consider the
evolution of inertial forces which depends on the progressive degradation of the structure. However, the use
of a single LP on the whole model risks to be too conventional in a pushover analysis framework. Indeed, it
could fail in activating the nonlinear behavior of all the units in the aggregate. For example, when the most
vulnerable units of the structure exhibit a nonlinear behavior, the others can almost remain in the elastic field.
Furthermore, this assumption may not be fulfilled, especially in high-rise buildings, where higher modes
effects may be important along their height [29]. However, both in low-rise buildings (like the majority of

ordinary masonry structures) and in more complex structures (like the monumental ones) higher modes effect



may be significant, due to the presence of in-plan irregularities (which induce torsional effects) or of flexible

diaphragms (then, the first mode does not activate all the walls) [28].

Other strategies in the field of NLSA as the multimodal or adaptive approaches have been mostly developed
for other structural types (reinforced concrete and steel buildings) and their application to masonry is still under
investigation even for simple structures [30] having produced results not so encouraging in previous

applications [31].

The second problem is connected to the availability of robust criteria to define proper performance levels on
the pushover curve in case of complex masonry buildings. In the case of other typologies, e¢.g. RC buildings,
the structural elements are usually modeled without a post-peak strength degradation and the seismic
verification is developed through local safety checks. This procedure is not suitable for unreinforced masonry
buildings, since their structural elements often present a significant strength degradation that needs an analysis
involving the building in its entirety. Criteria to define performance levels that combine checks at different
scales (that of structural elements, the one of whole walls and the global one) have been recently proposed in

[26].

Finally, in order to evaluate the seismic demand corresponding to the attainment of the different performance
levels, the NLSA needs a procedure to compare the capacity with a response spectrum. To this aim, firstly, the
pushover curve representative of the behavior of the multi-degree of freedom system (MDOF) has to be
transformed into the capacity curve of the equivalent single-degree of freedom one (SDOF) and, then, a
procedure to properly reduce the elastic spectrum has to be adopted. Concerning the latter issue, several
methods are proposed in literature and Standards (as the Coefficient Method in [32], the N2 Method in [33],
the Capacity Spectrum Method in [34]). Recent works highlighted how, among them, in case of structures
characterized by a short period as the masonry structures the N2 Method risks to produce assessment not
conservative [27, 28, 35]. Therefore, at §6.1 of this paper the adoption of the Capacity Spectrum Method will

be favored.

2.3 Adopted procedure

In order to face the aforementioned issues and to provide a first contribution to overcome the lack of operational
tools identified in literature, this paper proposes a procedure for the seismic assessment of irregular complex

structures together with a first application to the case of fortresses. The procedure follows five steps:

1. Generation of a FE model of the whole aggregation of units aimed at explicitly capturing the mutual
interaction effects;

2. Execution of a modal analysis to define the modes involving the dynamic response of all the units and
their modal shapes;

3. Fitting of the modal shapes to define the LP distribution to be applied to each unit that may vary in
plan and height;



4. Execution of a series of pushover analyses (for each unit) by applying to the whole numerical model
the force distribution obtained from the modal shapes identified in 3), which generally involves only
one unit;

5. Conversion of the pushover curve of each unit in the capacity curve representative of the equivalent

SDOF system and then finalization of the seismic verification.

Fig. 2 sketches the proposed procedure, applied to San Felice sul Panaro Fortress, which is the case study
considered in the Sections below. The proposed procedure is general and potentially applicable through several

numerical modelling strategies [36, 26], e.g. discrete element method (DEM) based approaches [37].

It has to be pointed out that devising the various units and the loading to be applied in each pushover analysis
presupposes the analyst's interpretation of the global modal configurations. However, the few practical

guidelines listed below can help in the definition of the different units:

- for the standardized building typology object of the paper (the fortified buildings, including castles,
fortresses, and citadels), the post-earthquake damage systematically highlighted their propensity to
exhibit an independent dynamic behavior of the towers, which are affected by the dynamic interactions
with the adjacent structural bodies [2, 1]. This dynamic behavior is mainly due to: 1) the architectural
transformations occurred over the centuries which led to the actual structural configuration, mostly
formed by towers connected through massive defensive walls; ii) the different dynamic properties,
stiffness and strength which characterize the different units, thus determining these significant
dynamic interactions. In this case, the experience from the damage observed after past earthquake can
primarily address the analyst (and addressed the Authors in this specific case) in the identification of

the units;

- more in general, when there is no evidence of the dynamic behavior by the post-earthquake damage
or for other building typologies (such as aggregates, monumental palaces or bell towers incorporated
in a church) which are not characterized by recurring and standardized architectural configurations,
identifying the various units can be not so trivial. However, also in these cases, a deepen preliminary
analysis on the historical transformations faced over the-centuries and the analysis of their peculiar
constructive features (also through in-situ investigations) can help the analyst to identify the various

units and outline the most reliable hypotheses on their mutual interaction.
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Fig. 2 - Sketch of the proposed procedure.
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3 The case-study of San Felice sul Panaro fortress

The San Felice sul Panaro fortress is located near the city of Modena in San Felice sul Panaro (Italy), which
has been severely hit by the 2012 Emilian earthquake. It represents a typical example of Emilian fortified
medieval architecture, composed by a very massive main structure, characterized by a compact quadrilateral
plan with an inner yard and five towers: four of them are localized at the corners, while the other one is placed
on the north fortress facade (Fig. 3). The S-E tower is called “Mastio” (the keep), since it has a dominant
dimension if compared to the rest of the structure. The masonry is made by solid bricks and lime mortar, as
usual in all the constructions of the area. Masonry cross section is usually solid, even if the central part is often

made of reused bricks and poor lime mortar.

The San Felice sul Panaro fortress shows a complex historical evolution during the centuries. The current
configuration of the fortress dates to the 14"-15" century [38]. At the beginning, the fortress probably had a
quite simple shape, with a quadrilateral walled enclosure and a tall sighting bastion. In the following century,
the fortress, which assumed the present configuration, was restored and fortified [38]. Later on, other buildings
were built in the inner courtyard. More recently, starting from the 1960s, some modern interventions were

realized, such as a concrete curb on minor towers and Mastio trunk reinforcement.

Fig. 3 - North facade of San Felice sul Panaro Fortress (view before the Emilia earthquake, 2012) and schematic floor
plan.

3.1  Damage pattern after the Emilia earthquake

In May 2012, the Emilia earthquake hit the San Felice sul Panaro fortress. The epicenters of the first (May
20™) and second (May 29™) main shocks were about ten and five kilometers far from the fortress, respectively.
The seismic sequence induced the collapse of the four minor roofs of towers (Fig. 4a), shear cracks of different
relevance on the main body of the Mastio (Fig. 4b) and of the other towers and extensive collapse in the north
tower, this latter induced by the shock of May 29" (Fig. 4¢). It has to be pointed out that the different seismic
behavior exhibited by the five towers was highlighted by: the different interventions they were subjected to;
the different position in plan and the different connection quota with the perimeter wall (which determined

irregularities in plan and in elevation); the quality of connection with the other fortress structures.
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Fig. 4 - Collapse of a minor tower’s roof (a), damage pattern in the Mastio (b) and collapse in the north tower (c).

Furthermore, serious damage occurred in the lower part of the S-E tower, characterized by the presence of
wooden floors or vaults. For example, some deep cracks occurred in the vault of the Giulio II Hall (Fig. 5a)
and the perimeter walls detached from the floor of some centimeters (Fig. 5b). Then, a significant damage was
concentrated also in the battlements (mainly shear diagonal cracks in the Mastio merlons and horizontal cracks
in the North perimeter wall — see Fig. 5c-d, respectively) and in the masonry corbels that support the upper
parts. Finally, the earthquake induced the detachment between perimeter walls and towers and the out-of-plane
response of the West wall in two levels. A more detailed description of the exhibited damage mechanisms is
contained in [1]. Despite the general overview of damage provided, in the paper the attention is focused to the
in-plane global response of structural units rather than on the local mechanisms activated in battlements or

local portions according with the main aims of research herein described.

‘ C.

Fig. 5 - Damage pattern in the Giulio II Hall (a-b) and in the battlements (c-d).
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4  The numerical model of the fortress

The finite element model of the fortress in San Felice sul Panaro has been developed by means of a non-
standard mesh generation procedure called CLOUD2FEM, conceived and set up by part of the Authors in [6,
7]. Such an original procedure semi-automatically transforms 3D point clouds of complex geometries in 3D
FE models, keeping low the user-time demand with respect to traditional CAD-based approaches. In this
section, the FE mesh generation of the case study is briefly revisited. The interested reader is referred to [6, 7]
for further details. Furthermore, the description of the adopted constitutive law for masonry, as well as the
verification of the consistency of its mechanical parameters, are reported. Finally, the load pattern

implementation and the analysis algorithm adopted are discussed.

4.1  FE mesh generation

In the aftermath of the 2012 Emilia earthquake, the municipality of San Felice sul Panaro commissioned a
laser scanner survey of the fortress’ outer and inner surfaces to acquire a detailed snapshot of its condition
(Fig. 6). Firstly, the surveyed points cloud (Fig. 6a) has been processed by standard operations, i.e. the
reduction of the points’ density and the generation of the triangular irregular network (TIN) mesh. Then, the
TIN mesh (Fig. 6b) has been broken down in 2D subdomains by slicing it perpendicularly to the vertical
direction with a 25c¢m step. The boundary polygons, which enclose the outer and inner points of each slice,
have been computed by means of a concave hull algorithm, generating filled regions [6, 39]. Afterwards, each
slice has been transformed into a digital image composed of pixel with a 25x25cm resolution. As the
digitalization has been performed of a fixed region of space, the slices were stackable and the subsequent
stacking operation generated voxels. Finally, each voxel has been converted into an eight-node hexahedral
finite element and, hence, the structure has been completely discretized as a unique continuum composed by
evenly spaced hexahedral elements. The adopted 25x25x25¢m resolution was found to be by the authors the

best compromise between accuracy and computational effort for the case under study [7, 18].

C

Fig. 6 - Laser scanner survey of the fortress: (a) points cloud, (b) TIN mesh and (c) example of processed slices.
Although the laser scanner survey was conducted for both the interior and exterior surfaces of the building,
several criticalities had to be addressed. Indeed, there were debris and piles of rubble in the surroundings of

the building, and there was furniture in several rooms of the building. These disturbing elements hid the actual

geometry of the building. Therefore, a manual processing of the slices was required to keep the non-structural
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portions out of the geometry. Even if this part of the procedure is semi-automatic, some manual interventions
appeared fundamental for a precise separation between non-structural and structural parts. Despite the survey
and, hence, the generated model were based on the after-quake condition of the structure, it was possible to
include the collapsed portions of the fortress in the FE model to obtain its before-quake condition. Indeed, by
processing the 2D slices in a voxel framework, the lacking parts of the structure have been geometrically
modeled with reference to a before-quake documentation (drawings, plans and photos). Fig. 6¢ shows two
examples of processed slices in which the geometry of the minor towers’ crowning (collapsed due to the
seismic events) has been recreated with a reasonably good approximation. Such an operation was facilitated
by the peculiar mesh regularity, which helped the user in the geometrical reconstruction.

Fig. 7 shows the obtained 3D FE model of the fortress. The whole model counts 526,985 nodes and 424,096

eight-node hexahedral elements.

It has to be pointed out that the raw semi-automatic procedure leads to a simplification of the geometry by
approximating the external surface with a regular grid-based mesh. This simplification then introduces some
discontinuities on the FE model that are more visible where the structure is irregular with respect to the main
direction used to generate the grid. In general, for skew geometry, the first raw approximation can be easily

enhanced by means of standard mesh improvements [6].

As can be noted from the magnified portion in Fig.7, the adopted discretization is quite fine aiming at
investigating the fortress global structural behavior. Indeed, all the structural elements of the fortress present
at least 2-3 hexahedral elements along the walls’ thickness. Exception is made for the minor towers crowing’s
walls, where in some portions only one element along the thickness is present. However, following the

aforementioned scope, this condition can be tolerated.

Fig. 7 - 3D finite element model of the fortress. The magnified portion shows the adopted discretization.

According to the adopted mesh generation approach, floors and vaults are automatically meshed through solid
3D FE in a jagged representation of the original geometry. In this case, instead of using equivalent diaphragms

to model floor and vaults [16], 3D solid jagged elements are used to approximately account for the presence
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of floors and vaults. Such approximations, however, can be considered satisfactory aiming at investigating the

global structural response.

The effectiveness of the model generated is also shown in [40], where the model, in the after-quake condition,
has been updated with ambient vibration data measured on the Mastio. Indeed, the capability of adequately
reproduce the first five natural frequencies and modal shapes of the Mastio showed the reliability of the FE

model, as further described at §4.2.

The fortress under study is a very complex building composed by several materials. For simplicity, four
different material properties have been identified and implemented in the FE model (i.e. masonry, timber,
reinforced concrete and terrain). Particularly, the last three materials have been assumed linear elastic, for
simplicity. Conversely, the nonlinear behavior of masonry is described at §4.2. It has to be noticed that, in
order to do not alter the linear dynamic response of the structure (e.g. in terms of participating masses), the
terrain, which is present in the courtyard of the building (with a level at approximately 3.50 m higher than the

external one), has been considered with a very small density.

The model is assumed on a fix base. Indeed, although for massive structures as the fortresses the soil-structure
interaction could be significant [41, 42], this assumption is considered reliable for the San Felice sul Panaro
case study, since the soil at the fortress foundation is not poor quality and no damage caused by soil-structure

interaction problems has been highlighted on the structure.

4.2 Constitutive model for masonry and mechanical parameters adopted

The nonlinear behavior of masonry emerges also for stress states substantially lower than its maximum
strength. As known, masonry is characterized by different strengths in compression and in tension, with the
latter considerably lower than the first, and by anisotropic behavior, both in linear and nonlinear regimes, due

to the heterogeneity of the material composed by bricks and mortar joints [43].

Detailed models that account for the actual texture of masonry have a long tradition in the scientific literature
[44]. Additionally, orthotropic continuum damage models have been successfully formulated for masonry [45].
However, these sophisticated approaches appear too computational demanding to analyze actual large-scale
structures. Additionally, the assumption of orthotropic nonlinear behavior generally appears as questionable
as an isotropic one for historic masonries, since they are usually characterized by chaotic and random textures

[9, 8, 46, 19].

In this paper, the isotropic plastic-damage constitutive model developed by Lee and Fenves [47] for quasi-
brittle materials is adopted for masonry. In the following, the main features and parameters involved in the

model are recalled. The interested reader is referred to [47, 9] for further details.

Two independent scalar damage variables are supposed. Particularly, one scalar damage variable for the

compressive behavior (0 < d. < 1) and one for the tensile behavior (0 < d; < 1) are employed. According
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to the concepts of effective stress and strain decomposition, the stress-strain relations under uniaxial

compression, g, and tension, a;, are:

o, = (1 —d.)Ey(e. — &), o, =(1—d)Ey(e, — ), (1)

where E; is the initial Young’s modulus of the material, €, and &; are the uniaxial compressive and tensile
strains, and e? and ef are the uniaxial compressive and tensile plastic strains (Fig. 8). In particular, the curves

shown in Fig. 8 denote the main input data required by the model.

The constitutive model is formulated in the context of non-associated plasticity [47]. Therefore, the plastic
potential is characterized by the dilatancy angle ¥, generally assumed equal to 10° for masonry [48], and by a
smoothing parameter € usually assumed equal to 0.1 [9]. A multiple-hardening Drucker-Prager type surface is
assumed as yield surface. This surface is specified by the ratio f;q/f.o between the biaxial f;, and uniaxial
feo initial compressive strengths and a constant p, which represents the ratio of the second stress invariant on
the tensile meridian to that on the compressive meridian at initial yield. The values f;/f.0 = 1.16 and p =

2/3 are typically adopted for masonry [9].

As regards the mechanical parameters, the in-situ investigations carried out on the Fortress (double flat-jack,
shove test, compressive tests on drilled specimens, etc) shown a broad set of results for which the definition
of a precise set of values of mechanical parameters was not possible (e.g. the compressive strength of masonry).
Despite that, such results were useful to support qualitative evidences and address the choice of parameters
within some reference values proposed in the literature for similar masonry typologies.

In particular, the Italian code [49, 50] provides mechanical properties for several representative
masonry typologies which can be found on the Italian territory, including the clay brick and lime
mortar masonry type that characterizes the San Felice sul Panaro fortress.

According to range of variation proposed in the Italian Code, the value 1500MPa has been adopted as Young’s
modulus of masonry. This value is referred to the undamaged state of masonry. Contextually, the overall
Young’s modulus of the Mastio in the after-quake condition has been estimated in [40] through an ambient
vibration-based FE model updating. The resulting value, representative of the damaged state of masonry, has
been found to be equal to the 55% of the one adopted in this paper. Although a direct and conclusive correlation
between these two works is not possible, this result somehow supports the reliability of the value adopted for
the Young’s modulus, which is consistent with the masonry typology under examination and for which such a

reduction could be reasonable, given the highly-damaged state of the tower (Fig. 4b).

The adopted compressive and tensile uniaxial stress-strain relationships are shown in Fig. 9, leading to an
indirect definition of the fracture energies in tension and compression. Particularly, the values 2.40MPa and
0.12MPa have been assumed as uniaxial compressive and tensile strengths, respectively [49, 50]. In particular,
the adopted value for the compressive strength (2.40 MPa) is the minimum value suggested by the Italian code
[49, 50] for the clay brick and lime mortar masonry type. This choice is justified by the fact that the absence

of plaster in the examined masonry and the oldness of this building, together with very limited maintenance
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over the centuries (as testified in other Emilian fortresses, as well), might have facilitated the decay of the

mortar and consequently the reduction of mechanical characteristics of the masonry.

The evolution of the scalar damage variables d; and d., as function of the uniaxial strains, has been kept
substantially proportional to the decay of the uniaxial stresses (Fig. 9), as adopted in several numerical
campaigns of masonry structures [21, 46, 51, 41]. Although stress states in fortified masonry structures are
usually far from compressive failures in static conditions, when these structures are pushed horizontally their

compressive stresses significantly increase. Therefore, compressive softening is herein accounted for.

A summary of the adopted mechanical parameters is collected in Table 1. The effectiveness of the constitutive
model employed for masonry and of the mechanical parameters assumed with respect to the consequent

strength predictions at the scale of masonry panels is shown in the following section (§4.3).

Finally, it has to be pointed out that the walls of the San Felice sul Panaro fortress are characterized by multi-
leaf brick masonry. Despite in some portions of the building an out-of-plane damage of the external leaf has
occurred [52], the main scope of the paper consists in analyzing the global response of the units and to outline

a procedure to account for their interaction in their safety assessment.
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Fig. 8 - Plastic-damage constitutive law for masonry: a) compressive and b) tensile uniaxial stress-strain relationships.
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Fig. 9 - Uniaxial behavior and damage evolution for the compressive and tensile regimes.
Table 1. Masonry mechanical parameters.
Young’s modulus [MPa]  Poisson’sratio Density [kg/m3] e[\] ¥ [\ foo/feo [N P\ VP [\]
1500 0.2 1800 0.1 10° 1.16 2/3 0.002
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4.3  Mechanical parameters consistency

The definition of reliable mechanical properties for existing masonry structures is a challenging task. This is
even more complex when dealing with historic structures, where in situ destructive tests are limited or often
forbidden. Therefore, reference to literature or codes material properties is usually undertaken, as also herein
adopted and afore illustrated in §4.2. However, such parameters, and in particular those associated to the
interpretation of the shear failure modes (e.g. shear strength), are usually referred to the scale of masonry
panels rather than the scale of the material, as contemplated instead in continuum FE formulations. Thereby,
the evaluation of the consistency of the adopted mechanical parameters with consolidated panel-scale strength
criteria appears of primary importance. To this aim, a simple benchmark of a masonry panel (Fig. 10) has been
modelled. The numerical outcomes obtained on the benchmark have been compared with well-known shear-
strength criteria, as the ones contemplated in the Italian code [49, 5]. Fig. 10a shows the mesh used and its
geometrical dimensions. Blue elements represent rigid links. The implemented mesh corresponds to the
discretization adopted in the fortress model (i.e. 25x25x25cm). The masonry panel has been subjected to
vertical compressive normal stress coupled with shear stress. Several simulations have been carried out with
different values of the vertical normal stress in order to simulate the whole strength domain of the panel.
Typical tensile and compressive damage contour plots at failure are shown in Fig. 10b and Fig. 10c,

respectively.
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Fig. 10 - Benchmark used for the verification of the mechanical parameters: (a) 3D mesh, examples of (b) tensile and
(c) compressive damage contour plots at failure (a/f,,= 0.43).

b - c

Numerical findings, in terms of ultimate shear, have been compared with two well-known shear strength
domains, which are contemplated in the Italian code [49, 50, 5], see Fig. 11. In particular, the Turnsek-Cacovic
[53] criterion with the modification then introduced in [54], ( 2 ), and the criterion based on the failure due to

combined compressive and bending stress, ( 3 ), have been considered:

_ 1.5TyBt o (2)
]/u - b 1 + 1.5'[0
oB?t o 1
Vu = 2 (1_0.85fm)B_/2 3)
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where I, is the ultimate shear, 7, is the masonry shear strength without vertical normal stresses, B is the length
of the panel, t is the thickness of the panel, ¢ is the average normal vertical stress and b is a corrective
coefficient assumed equal 1. For 7, the value 0.08MPa has been assumed according to [50] for clay brick
masonry with weak mortar and quite regular texture. As can be noted in Fig. 11, a good agreement between
the FE results and the Turnsek-Cacovic shear-strength criterion can be observed. It has to be pointed out that
the criterion defined in ( 3 ) is based on the conservative hypotheses of no-tension material and stress-block
behavior in compression. Therefore, the slight overestimation of the numerical results with respect to ( 3 ) for

very low or very high compressive stress appears reasonable and expected.
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Fig. 11 - Ultimate shear comparison between strength domains for masonry panels and the results of FE simulations.

Moreover, in order to evaluate the effectiveness of the adopted mesh size and the role of the regularization
introduced by the viscosity parameter (VP), a set of analyses have been conducted with progressively finer
mesh generated by subdividing each 8-node hexahedral element into four FEs the with orthogonal vertical
planes for the sake of comparison. The analyses have been performed on the FE model of the SW tower, which
was extracted from the whole model. The same LP for the SW tower was considered in all the analyses. In
particular, this LP is characterized by two trapezoidal distributions in plan (towards N and W) which
exponentially vary in height. The results of the analysis, in terms of pushover curves and tensile damage
contour plots, are shown in Fig. 12, whereas the times required by the numerical analyses are collected in Table
2 together with the sensitivity analysis on the viscosity parameter VP. By inspecting Fig. 12 it is possible to
see that there is no particular influence of the mesh size on the pushover curve and on the cracking pattern,

confirming the capability of the mesh adopted to represent complex stress gradients.

In particular, a very good agreement is observed in the damage patterns of the finer and reference meshes,
which point out the same cracks in mostly the same positions. Also, the differences of the pushover curves, in

terms of maximum base shear are substantially small, included, in the Authors opinion, in between the

20



constitutive law approximations. Finally, by inspecting Table 2, a considerably better efficiency of the
reference mesh is observed. Indeed, the time needed by the reference mesh is much lower than the one needed
by the finer mesh. Therefore, the chosen mesh appears a good compromise between results accuracy and

computational effort for the case under study.
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Fig. 12 - Sensitivity analysis on viscosity parameter and mesh size. The tensile damage contour plots are referred to a

top horizontal displacement equal to 0.08 m.

Table 2. Times required by the numerical analyses.

Analysis VP Time required®
REF 0.002 00:41:05
FINER MESH 0.002 11:28:44
VP=0 0 Diverged
VP=0.00002 0.00002 04:38:13
VP=0.0002 0.0002 03:09:56
VP=0.02 0.02 00:27:12

®) on a commercial laptop equipped with a processor
Intel®Core™ i7-6500U CPU @ 2.50GHz and 16GB
RAM.
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4.4  Load application and analysis procedure

The FE model depicted in Fig. 7 has been imported into the software Abaqus Standard [55], which has been
used to perform the pushover analyses. The Italian Tier-1 cluster (GALILEO), devoted to scientific computing
on the basis of national and European proposals (recently introduced in CINECA), has been exploited to
conduct the simulations. Particularly, an 8-nodes supercomputer (RAM 128 GB per node) with two 8-cores

Intel Haswell (2.40 GHz per node) has been utilized. Each pushover analysis lasted for 24 hours.

A two-step analysis approach has been implemented. Firstly, gravitational loads are applied to the structure.
Secondly, non-uniform-distributed element-based horizontal loads have been applied through user-defined

subroutines, following the LPs defined from the modal analysis.

To compute the solution up to the collapse of the structure (also in case of softening), a quasi-static direct-
integration dynamic analysis algorithm has been adopted [55]. This algorithm allows to analyze quasi-static
responses in which inertia effects are essentially introduced to regularize unstable behaviors. The Authors
experienced a better performance of this algorithm, specifically in the softening regime, with respect to more
common arc length procedures. Geometric nonlinearity has been considered in the analyses to account for

large-displacement effects.
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5 Application of the proposed procedure to the case of the San Felice sul Panaro fortress

The San Felice sul Panaro fortress is composed of an aggregation of units (towers, curtain walls and recently
added buildings) which exhibited an own behavior although strongly influenced by their mutual interaction.
In addition to the preliminary analysis of the historical transformations faced over the-centuries by the fortress
and of their structural details, the identification of these various substructures has been benefitted, in the

examined case, also from the interpretation of the surveyed damage pattern (§3).

In the following sections, the steps of the procedure introduced in §2 are hereinafter illustrated referring to the

units identified in Fig. 13.

1. North (N) tower
. North-West (N-W) tower
. South-West (S-W) tower

. Mastio

. North-Est (N-E) tower ' 1

2

3

4

5

6. West unit 10 )
7

8

9

. North wall 7
. Construction named “Casa Matta”

. East wall

EW (y dir)

10. Entry unit
NS (x dir)

Fig. 13 - Identification of the main units in the San Felice sul Panaro fortress.

5.1  Definition of the load patterns

Once identified the main units of the structure (see Fig. 13) and realized the 3D model of the whole structure
(§4), the procedure requires to perform a modal analysis to define the modes involving the dynamic response
of all the units and their modal shapes (Table 3). Rather than considering the modes with a significant
participant mass with respect to the global structure, the modes which activate a significant mass with respect
to each examined unit are considered to define the load patterns; to this aim, the participant factor e* is
evaluated with reference to the mass of the unit under investigation. Table 4 presents in particular: the units
under investigation (use Fig. 13 for the ID number); the selected mode/modes for each unit, together with the
main direction/directions in which the mode is activated; the analysis directions; the mass participant factor

e*; the period T and the
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Table 3. Modal shapes of the selected modes for each examined unit.

N-E tower N tower W body

Mode 4 (x+y) Mode 6 (x+y) Mode 8 (x+y) Mode 3 (y)

Mastio S-W tower N-W tower

Mode 1 (x) Mode 2 (y) Mode 9 (x+y) Mode 12 (x+y)

Table 4 Values of the participant mass fractions e* obtained for each unit.

Unit Modes Analysis e’ T [s] My [%)] My [%]
(main direction)
2 (y) W 0.486 0.431 0.9 34
2(y) E 0.559
Mastio (n. 4)
1 (x) S 0.554 0.47 32.4 0.9
1 (x) N 0.511
6 (xty) E+S 0.529 0.216 3.9 2.6
6 (xty) W+N 0.498
N tower (n. 1)
8 (xty) E+N 0.471 0.199 16.4 7.8
8 (xty) W+S 0.521
S-W tower (n. 3) 9 (xty) W+N 0.543 0.186 4.4 8.2
N-E tower (n.5) 4 (xty) W+N 0.618 0.251 6.1 1
3(y) E 0.174 0.284 0 8.1
W unit (n. 6)
3 () W 0.326
N-W tower (n. 2) 12 (x+y) E+N 0.555 0.162 1.5 6.8
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For each unit, only the modes involving its dynamic response have been considered and, for each mode, the
so obtained modal shapes have been fitted with exponential, polynomial and linear functions, which vary in

plan and height.

Table 5 collects the main dynamic parameters of the first twelve modes in terms of period T and participant
mass in the x and y directions computed referring to the mass of the whole structure (M. and M,, respectively).
Furthermore, the main units activated by each mode are identified (the identification number of units refers to
Fig. 13). It is worth noting that the modes of the Mastio (1 and 2 in Table 4) are coherent with the ones
obtained from the dynamic identification [40], performed on the Mastio after the earthquake (equal to
T1¢=0.581 and T»i=0.568). A direct comparison of the numerical and experimental periods of the Mastio is
not possible, since the first refers to an elastic condition while the second to a cracked one. However,
computing the ratio Ti/T, with the experimental and numerical data, one can see that the results almost

correspond (T1/T>=1.09 and T\ 4/ T2,i=1.02).

Table 5. Dynamic parameters of the first twelve modes.

Mode T[s] Mx[%] My[%] Involved units

1 0.47 324 0.9 4
2 0.431 0.9 34 4

3 0.284 0 8.1 6

4 0.251 6.1 1 5

5 0.227 0.3 6.8 4-5-9
6 0.216 3.9 2.6 1

7 0.209 0 0 1-7-9
8 0.199 16.4 7.8 1

9 0.186 4.4 8.2 3
10 0.182 0 0.5 1-3-5-7
11 0.166 4.5 3.8 2-3-6
12 0.162 1.5 6.8 2

Fig. 14 shows the modal shape in plan and a sketch with the 3D LPs applied in the pushover analyses for some
units of the fortress. Table 6 collects the functions fitted from the modal shapes, showing the selected mode
with its main direction (the axes are indicated in Fig. 13), the functions fitted from the maximum and minimum
modal displacements assumed for the force distribution in the nonlinear pushover analyses (where z is the
vertical axis), and the function and a sketch of the LP applied in plan. As one can see from the table, three
kinds of LPs have been applied in plan (constant, parabolic and linear trapezoidal), with a vertical outline
which varies in height. As it is possible to see from Fig. 14 and from Table 6, the applied distribution varies
only in height while it remains constant in plan for some units (such as the Mastio), whereas for other units
(such as the West unit), it varies both in height and in plan. More specifically, Table 6 collects: the kind of LP
applied in plan (distinguishing between constant, parabolic and linear trapezoidal); the examined unit (Mastio,
W unit, N-E tower, S-W tower, N-W tower, N tower); the selected modes with its main direction/directions;

and the expressions of the functions used for the LP, fitted from the selected modal shapes. It has to be pointed
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out that for those modes characterized by significant displacements both in the x and y directions (i.e. modes
4, 6, 8, 9 and 12), the pushover analyses have been performed by simultaneously applying the x and y
component of the LP.

Modal shape 3D distribution
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Fig. 14 - Examples of modal shapes and 3D LPs for different units.
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Table 6. Functions of the LPs applied to the different units of the Fortress.

. M Function
LP Unit d‘.’de
(dir.) Max Min Plan
1 (xdir)  F(2) =0.0021-2z17%  F(z) = 0.0021z178 -
Constant Mastio
2(ydir)  F(z) =0.0021-2zY77  F(z) = 0.0021z77 -
1
2 [ )3
. . . -L/2 L2
Parabolic Wunit 3 (y dir) Fi(z) = 4705 . 2354 F,(z) = 8705 . z163 /
4 2
Fx,2) = R@) - ((sz> (R@ - Fz(z)))
4(xdir)  Fi(2) =0.0095-2z%°  F,(z) = 0.0003 - z27°
N-E Y1 L
tower Fa(z)
_ d
4(ydin)  F2)=001-2%  Fa(2)=5e7 €% a o
Linear trapezoidal
b X
onaandb Fi(z) | F(2) |Fi(2)
9(xdir) Fi(z) =0.0124-25°  F,(z) = 0.0002 - 2272
S-W
tower F(x,2) = Fy(2) + (Fl(z);Fz(z))X
9(ydir)  F(2)=001-z'%  F,(2) = 0.0002 - 256
12 (xdir)  F,(2) = 0.0073215%  F,(2) = 0.0035¢%27% F) y gﬂ(z)
d
Linear trapezoidal — N_yy a c
onaand d tower b X
12 (ydir)  Fy(z) = 0.0078z"6* F,(z) = 0.0008z2%317 F:(z) L
F(x,2) = Fy(z) + (A2
y
6 (xdir)  Fi(z) = 00042276 F,(z) = 3¢5 - 7317 2
a c
Parabolic N ! L2 b L2
onaand b tower 32 3"
1
6 (ydir)  Fi(z) = 0.0063-2z66  F,(z) = 0.0003 - z2*?
4. 2
Fx2) = F,(2) - (L— (R G- Fz(z))>
8 7
F,(2) = 0.0079¢%252  F,(z) = 0.00052%45 3
(-x dir) 2
L2
a c 1
Parabolic N e bl
onband ¢ tower 8 2 3x
F,(z) = 0.0084e°25  F,(z) = 0.00072%15 |
(y dir)

F(x2) = Fy(2) - (4L— (Fi) - Fz(z))>
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5.2 Nonlinear static analyses results

This section aims to describe how the results of the nonlinear static analyses in terms of pushover curves have
been converted into the corresponding capacity curves of the equivalent SDOF systems. Once evaluated the
LPs as explained in §5.1, the procedure has been firstly applied to the Mastio to verify its effectiveness. The

aim of this example was to verify the reliability of applying the load pattern only to one unit of the building.

The results have been compared with those obtained by applying a unique load proportional to the height to
the whole fortress; the latter is consistent with that usually proposed in codes [4, 49]. The results were
compared in terms of damage pattern (Fig. 15), pushover curves (Fig. 16a) and capacity curves (Fig. 16b)
showing a quite good agreement. Particularly, in order to make the two curves comparable, the base shear has
been evaluated considering only the reaction forces of the nodes located at the base of the Mastio for both
analyses. However, by applying a single LP that aims to excite contemporary the inertial forces on the whole
fortress, only the nonlinear response of the Mastio (which is the first unit to be damaged) is activated (Fig. 15),
while the response of the other minor towers is substantially still linear elastic. This is highlighted from the
simulated damage pattern in Fig. 15a obtained by applying the force distribution to the whole fortress, where
it is evident that the main damage is concentrated in the Mastio, while the other towers and the adjacent unit
are interested only by a very light damage. Furthermore, in Fig. 16 the curves are rather akin in terms of
stiffness and they differ of less than 10% in terms of maximum strength. It is also possible to observe that,

when the LPs are applied to the whole fortress (black curves in Fig. 16), the softening effect is less pronounced.

Fig. 15 - Comparison in terms of damage pattern obtained applying a unique LP to the whole fortress (a) and
only to the Mastio (b).

In light of these results, the proposed procedure suggests to consider a global model of the whole fortress (to
explicitly catch the interaction effects among units), and to push each unit with a specific LP fitted from the
modal shapes. In this way, it is possible to describe the nonlinear behavior of all the units, including, for

instance, the minor towers.

Dealing with masonry buildings, the pushover curves can be affected by the choice of the Control Node (CN),

as discussed in [25]. However, in the specific case of fortified structures, this issue appears to be less relevant,

28



since the pushover analyses are performed on the global model, but with a load pattern only applied to a
specific part (i.e. the Mastio tower under examination). Hence, the choice of the most proper CN would run
out with the four edges of the tower (in plan), while in elevation, in order to explore the possible activation of

mechanisms along the main body of each tower, it is necessary to define the CN at the highest parts.
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a. b.

Fig. 16 — Comparison in terms of pushover curves (a) and capacity curves (b) obtained applying a unique LP to the
whole fortress (graphs in black) and only to the Mastio (graphs in grey).

Nonlinear static analyses have been then carried out in both the directions +/- X e +/- Y, as indicated in Fig.

13. From the results, the following data have been extracted:

- the global shear at the base of the whole fortress, expressed as function of the average displacement at
the top level of each unit;

- the displacements of several nodes evenly placed along the height of each unit at the beginning of the
response, thus representative of an elastic phase. These values allowed calculating the participation
coefficient and the participation mass necessary to transform the pushover curves into the capacity

curves of the equivalent SDOF system.

Starting from these data, the pushover curves (V-d) of each unit have been obtained and then converted into
the corresponding capacity curve (V*-d*), following the general principles of [33], adopted in [4] as well, and
based on the evaluation of the participation coefficient /" and the mass M* of each unit (see Eq. (4), where ¢
is the i component of the eigenvector representative of the first modal shape and m; is the correspondent
modal mass). Hence, the capacity curve was obtained by dividing the displacement d by /" (d*=d/I') and the

base shear by the product 7'M* (V*=V/(IM*)), where I and M* were related to the unit under investigation.

_Xmgy  Ymydy

= Ymp? Y mg?

(4)
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6  Validation of the proposed procedure

This section presents the results of the application of the proposed procedure to the examined case study, in
terms of comparison between the seismic demand and the system capacity. In particular, in this case, the
seismic demand came from the records of the SANO station from the ITACA network, which was very near to
the Fortress. Two seismic shocks of comparable entity occurred in May 2012. However, no near-field records
of the first shock were available. Hence, in the examined case, the actual record that hit the monument on the

29" May 2012 was considered as seismic action.

Fig. 17 shows: a) the localization of the SANO station with respect to the Fortress; b) the comparison in terms
of acceleration-displacement response spectra of the two components North-South (NS) and East-West (EW)
of the actual record of the 29" May 2012.

EW dir
7 —NS dir
6
5
Es4
)
%]
3
2
1
24} m
Station SANO Au T Bergarvni, 180 0 0 01 02 03
a. Sq[m] b

Fig. 17 — a) Localization of the SANO station; b) Comparison in terms of acceleration-displacement response
spectra between the NS and the EW components of the actual 29" May 2012 seismic event (from SANO
station - ITACA network).

The results were interpreted in terms of expected ductility demand zp, representative of the ductility reached
by the different units during the 2012 earthquake. This parameter has been assumed as reference to estimate
the entity of the damage level attained together with its qualitative comparison with the actual one occurred.
Indeed, it is expected that the units with higher values of ductility demand would correspond to the ones

characterized by a more significant damage (in terms of spread and gravity of the cracks).

6.1  Assessment of the expected seismic demand

The first step to evaluate the ductility demand was the estimation of the seismic demand dpp expected from the
2012 earthquake. This latter was evaluated by applying the Capacity Spectrum Method (CSM) [34], since
recent studies proved that other methods of verification proposed in literature and in Standards (as the N2

method [33]) cannot considered equally reliable for masonry structures, such as the examined one [27, 28, 35].

The CSM is based on the use of overdamped reduced spectra, computed using a reduction coefficient (§) aimed

to conventionally take into account the progressive nonlinear response trough the concept of hysteretic
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damping for ductility values higher than 1. In the examined case, the overdamped response spectrum has been

evaluated on the basis of the well-known reduction law, adopted in [4] and [5] as well:

£ = o+ Ema (1~ 5) (5)

where &; is the elastic damping (assumed equal to 5%); &uex 1s the maximum hysteretic damping (assumed
equal to 20%); u is the ductility computed starting from the displacement associated to the considered limit
state, calculated once converted the capacity curve in the equivalent bi-linear; Sis a coefficient herein assumed
equal to 0.6. The latter value is compatible with the ones traditionally assumed for masonry structures [56, 57].
It is worth noting that the evaluation of the bi-linear curve from the capacity curve is not strictly necessary to

apply the CSM but only to evaluate the ductility 2.

Therefore, once evaluated the capacity curve for each unit, the expected seismic demand dpp was evaluated as
the spectral displacement obtained comparing the capacity curve with the overdamped response spectrum

generated from the actual records of May 2012.

Fig. 18 shows, by way of example in the case of the Mastio, the comparison between the capacity curve of the
system (in black) — obtained as illustrated in §5.2 — and the actual overdamped spectrum (through the
continuous grey). In this case, the response spectrum has been obtained from the EW component of the actual
record (grey dotted line in the figure), properly overdamped as above described, in order to consider the

progressive nonlinear response of the system for ductility values higher than 1.

7 -
== Actual response spectrum
6 .
— Overdamped response spectrum
5 -
4 4
%
< 34
)
I
|72 B, I
- ....
0 ! —eeeeeeeees jensesecet : : ;
0 dpp 0.05 0.1 0.15 0.2 0.25

Fig. 18 — Comparison between the capacity curve of the system and the actual overdamped spectrum (EW component
of the record) for the estimation of the expected seismic demand.

Although the use of a real response spectrum can be conventional in the application of the CSM (due to its
irregular shape), is has been considered more representative with the aim of validation being more

representative to the real event that hit the structure.
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It has to be pointed out that, in the CSM method framework, the seismic assessment has been developed:

- inthe X and Y directions for the units where the LP applied in the pushover analyses pushed the
unit in those directions one at a time;

- with respect to the resultant axis of the two forces distributions applied simultaneously along the
orthogonal axes X and Y. In this case, the values of shear and displacement obtained from each

pushover have been projected with respect to the above-mentioned axes.

6.2  Definition of the ductility demand and comparison with the actual damage

Once evaluated the demand displacement dpp, it was necessary to estimate a conventional yielding point d, to
convert dppinto the expected ductility demand to provide an estimate of the comparison with the actual damage
level occurred. To this aim, a bi-linear curve was defined according to the principles proposed for masonry

structures by [33] and assuming an initial stiffness which was representative of the actual one of each unit.

Then, the actual ductility demand gpp is computed as ppp = C;ﬂ for dpp>d, (i.e. when it is higher than 1).
y

Table 7 presents a summary of the results obtained for all the units (identified by the numbers of Fig. 13), in

terms of:

- period which defines the initial elastic branch of the bi-linear curve (77);

- value of the calculated ductility demand zp, obtained alternatively comparing the capacity curve of each
unit with the overdamped response spectrum obtained from the NS or the EW component of the actual
record;

- direction of the analysis, i.e. the cardinal point towards which the LP pushes the unit.

Moreover, an empirical Damage level graduated according to the EMS98 scale [58] has been assigned to each
unit, distinguishing between the one occurred in the main body of the unit (D) and the one interesting the tower
top parts (D). In particular, concerning the assignment of D, the criteria summarized in Table 8 have been
adopted, while for the top parts (D) the damage level has been assigned depending on the seriousness and
extent of the damage interesting the towers corbels, battlements and roofs. The qualitative correspondence
between the obtained ductility level upp and the empirical damage level assigned has been assumed as further
factor for assessing the reliability of the numerical analysis performed. In fact, values of ypp higher than 1
indicated the structural response progressed in the nonlinear field and increasing values should be associated

to more significant and spread damage.
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Table 7. Results of the proposed procedure validation.

wep [-] per [-]
Unit N Dir. T*[s]
(NS record) (EW record)

W 0.379 3.373 1.192
S 0.471 3.229 2.397

Mastio 4
E 0.466 3.306 2.484
N 0.419 3.383 1.417
E+S 0.120 0.768 0.831
W+N 0.176 1.312 1.309

North tower 1
E+N 0.219 1.409 1.159
W+S 0.0844 1.548 1.172
S-W tower 3 W+N 0.182 1.046 1.048
N-E tower 5 W+N 0.306 4911 0.957
N-W tower 2 E+N 0.127 1.088 0.674
W 0.518 4.207 3.843

West unit 6
E 0.509 3.590 3.253

Fig. 19 indicates, on the Fortress plan, the damage levels (D and D) associated to each unit and the maximum
ductility demands obtained from the adopted procedure. The number in red identifies the different units (as in
Fig. 13). As one can see from Fig. 19, it is clear that referring to the damage in the top parts (D), damage
mechanisms due to the interactions with the roof are present in almost all towers (sometimes the roofs even
collapsed). Instead, the damage interesting the tower main body is more differentiated. In particular, from the
observation of the post-earthquake damage (confirmed also by the damage pattern numerically simulated), it

appears that two different situations occurred:

a) the damage occurs first in the top parts; hence, the forces in the pushover are not able to further increase
and the tower main body is not damaged, remaining almost in the elastic phase. This for example
happened in N-W and S-W towers (respectively, units 2 and 3 in Fig. 13);

b) the damage occurs first in the tower main body and then it spreads across the top parts. This latter

happened in the Mastio, the N-E tower and the N tower (units 4, 5 and 1 respectively in Fig. 13).

Interpreting the results in light of these two possible occurred situations, one can observe that there is a good

correspondence between the level of damage and the highest value of maximum expected ductility demand
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upp. In fact, the first condition (a) is associated to low values of ductility (N-W and S-W towers reach a
maximum ductility level equal to 1.088 and 1.048, respectively), instead the second one (b) corresponds to
higher level of expected ductility. This latter is for example the case of the North tower (with a maximum
ductility level in the most punitive direction equal to 1.548), of the N-E tower (with a maximum ductility equal

to 4.911) and of the Mastio (with maximum ductility level in the most punitive direction equal to 3.383).

3-D2-D5 2-D1- D5
upp=1.048 P ' upp=1.088
},lpp:4207
1-D2*/D3- D5
pr:l .548
4-D4-D

e} Hpp23.38

;‘ 5-D4- D5

m upp=4.91

NS (x dir)

* After the first seismic shock

Fig. 19 — Damage levels associated to towers’ main body (D) and top parts (D) and maximum obtained ductility
demands, identified on the Fortress’ plan.

Table 8. Criteria for the definition of the damage level D ( [58]) expressed in Fig. 19.

Damage Level Observed damage

Visible cracks. However, the structure preserves its structural functionality but is close

D2 to the attainment of its maximum shear strength

D3 Sigpiﬁcant anq spread cracks. The structure has ree.lched the maximum resistance to
horizontal actions and present permanent deformations

D4 Partial local collapse, due to the in-plane behavior of the units

D5 The unit is near to the collapse

Furthermore, the comparison with the actual damage occurred after the 2012 earthquake highlighted a very
good correspondence with the one numerically simulated. Hence, the obtained results confirmed the proposed
procedure reliability. Fig. 20 and Fig. 21 show the damage contour plots in terms of tensile damage (d;),
extracted at the maximum expected ductility demand (performance points), for some units of the fortress. For
the sake of comparison, photos of the actual crack pattern experienced by the structure due to the 2012 Emilia
carthquake are reported as well. A very good agreement between the simulated crack pattern and the actual

one is observed in terms of both damage level and crack location.
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Mastio

Fig. 20 - Comparison between the actual damage pattern and the simulated one for some units of the fortress at the
performance point: Mastio (S dir.), N tower (W+S dir.) and SW tower (W=+N dir.).
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Masti

Fig. 21 - Comparison between the actual damage pattern and the simulated one for some units of the fortress at the
performance point: Mastio (E dir.), NE tower (W+N dir.) and NW tower (E+N dir.).

Finally, it has to be pointed out that, although only the modes related to the minor towers (non-uniformly

constrained at the curtain walls) presented significant torsion, the load patterns assumed for these towers were
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not purely torsional, but rather a coupling of bending and torsional loads, given the two trapezoidal
distributions in plan and the exponential law in height. This approach provides realistic results, as the critical
comparison between the computed damage pattern and the actual one experienced by the structure during the
Emilia earthquake (2012) appears in good agreement. Indeed, concerning for example the SW tower, there
was no way to reproduce the pseudo vertical crack in the photo of Fig. 20 with the standard load patterns

(uniform or triangular distributions) of pushover analysis.

7  Conclusions

The seismic assessment of interacting structural units in complex historic masonry constructions is a very
difficult task, not manageable a priori through well-defined procedures of analysis and verification. As a first
attempt to provide operative tools, this paper proposed a procedure for the seismic assessment of such complex

structures.

The procedure requires: a numerical model of the entire aggregation of units, in order to explicitly consider
the interaction effects among these latter; the execution of a modal analysis to define the modes involving the
dynamic response of each units and their modal shapes; the execution of a series of pushover analyses (one for
each unit) by applying the load pattern fitted according to the identified modal shapes; the conversion of the
pushover curve of each unit into the corresponding capacity curve of the equivalent SDOF system, in order to

perform the seismic verification.

The procedure has been then applied to a case-study, the medieval fortress in San Felice sul Panaro,
significantly damaged by the 2012 Emilia earthquake. The results are good in terms of comparison between
the damage experienced by the structure and the one predicted, showing the potential of the proposed
procedure. Although in the analysed case the predictions were facilitated as the building already exhibited an
earthquake damage, the proposed procedure must be, in general, applied carefully in order to limit the analyst’s
interpretation. To this aim, the analysis of the historical transformations, the investigation of the constructive
features and the examination of the occurred damage in similar structures can address the analyst in the proper

identification of the seismic response, providing in this way reliable results.

Finally, the procedure proposed in this paper appears general and potentially applicable also in conjunction to
other numerical modelling strategies and other types of monumental buildings. Indeed, as the generated FE
mesh could be imported in other codes, it could be used in other computational analysis frameworks (e.g.
DEM, micro-models, multi-scale models, FE limit analysis, etc.). Additionally, the extendibility of the
proposed procedure to other historical building typologies, which appears preliminary affordable, could

represent an interesting future scientific development.
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