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Featured Application: The methodology proposed in the paper is useful for the pre-selection of
the most suitable retrofitting intervention for masonry constructions, with specific regard to Italian
castles. In particular, it enhances the understanding of the effect of local structural interventions
on the global behavior of masonry construction.

Abstract: This paper deals with the force-based assessment of collapse mechanisms and strengthening
interventions of the historic masonry castle “Bussi sul Tirino” (Abruzzi, Italy) using rigid block
limit analysis (RBLA). The structure, which is a fortified palace dating back to the 11th century, has
experienced severe earthquakes over the centuries and was hit once again in 2009 by the L’Aquila
earthquake. Based on the historical analysis and the results of in situ investigations, a spatial rigid
block model of an entire structural unit was generated using the in-house software LiABlock_3D.
The software is a MATLAB® based tool for three-dimensional RBLA, which provides as outputs
collapse failure modes and collapse load multipliers. In addition, a specific routine was developed
for the purpose of the study to compute the participating mass ratio and the spectral acceleration that
activated the failure mechanisms. The results of the numerical analysis were used to address three
different retrofitting interventions, based on the use of connection elements and ties that, according
to the minimum intervention principle, progressively enhanced the seismic capacity. Comparisons
in terms of seismic safety indices are finally provided in order to give a quantitative measure of
the effectiveness of the adopted retrofitting strategies.

Keywords: masonry structures; seismic vulnerability; fortified palace; castles; discrete model; rigid
blocks; limit equilibrium analysis; LiABlock_3D; cultural heritage

1. Introduction

Italy is the country with the highest number of cultural heritage structures in the world. As well
as the fifty-three UNESCO World Heritage Sites, the official online database “Vincoli in rete” (VIR) [1],
launched in 2012 by the Italian government and currently under development, reports more than
12,000 archaeological sites and monuments, as well as about 200,000 architectural heritage properties
distributed all over the country.

One of the main issues concerning the Italian cultural heritage is definitely its seismic risk.
The most valuable buildings are often located in medium–high hazard territories that, even recently,
have been shaken by severe earthquakes able to produce catastrophic damage scenarios. Among these,

Appl. Sci. 2020, 10, 5035; doi:10.3390/app10155035 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-2711-3366
http://dx.doi.org/10.3390/app10155035
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/15/5035?type=check_update&version=2


Appl. Sci. 2020, 10, 5035 2 of 22

the 2009 L’Aquila [2–4], the 2012 Emilia [5], and the 2016 Central Italy earthquakes [6] are certainly
worth mentioning.

Moreover, these buildings were built without any type of design regulation and present significant
sources of vulnerability, often exacerbated by the various transformations that have occurred over
the centuries [7–10].

In addition to the fact that some of these buildings often host a high number of people, they
present a high architectonic value and contain precious artworks that need to be protected in order to
avoid irremediable losses.

Among these buildings, a large proportion of the immovable Italian cultural heritage is made of
fortified architecture. Indeed, more than 3800 castles, 1000 fortresses, and 4400 towers are currently
listed in the VIR database, but, according to other unofficial statistics, there are more than 20,000
fortified properties in the country. Indeed, fortified constructions represent a significant part of
the national architectural heritage and need to be analyzed as a particular class of construction from
the seismic vulnerability standpoint.

Castles and fortress were generally built for residential and/or military purposes and are
characterized by massive structures conceived for defensive purposes. Nowadays, large parts
of the existing castles are the results of manipulations carried out over the centuries to adapt them to
residential functions [11]. Consequently, many transformations can be observed in the internal spatial
distribution and, most of all, in the opening position.

According to recent studies [12,13], the seismic vulnerability of castles and fortresses depends not
only on the in-plane and out-of-plane capacity of the masonry walls, floors, and vaults, as for ordinary
buildings, but it is also affected by the non-regularities, both in plane and in elevation, the corner
positions of the towers—which are often not continuous and not aligned with the perimeter walls—and
the different heights and slenderness of the curtain walls. In addition, their seismic capacity is also
affected by the behavior of specific elements, for instance merlons, corbels, and outstanding elements
such as spires that must be carefully evaluated [14]. Cattari et al. [13] found that the most recurrent
fragilities are related to (i) the tower-to-perimeter wall interactions; (ii) the behavior of the main body of
the tower (i.e., at the base of the tower due to combined compressive and bending cracks); (iii) in-plane
and out-of-plane failures of the tops of towers, (e.g., flexural or shear cracks in the merlons, overturning
of the merlons, mechanisms affecting the bell gable piers, etc.); and (iv) damage mechanisms involving
the roof (e.g., due to the roof thrust in the tower corners).

As a matter of fact, the seismic behavior of castles is characterized by local collapse mechanisms
rather than global failures and their detection is not straightforward.

Among the different methods and modeling approaches for the assessment of historic
constructions subjected to seismic actions [15–27], this study focused on force-based assessment
(FBA) and computational RBLA [28–32].

FBA is the verification approach chosen by the majority of codes in most countries, and also chosen
by practitioners [29]. FBA approaches analyze the equilibrium condition of a given failure mechanism
at the onset of motion to find the value of the collapse load multiplier and the corresponding ground
acceleration associated with its activation. For this reason, FBA is also described as linear kinematic
analysis in several technical standards and scientific papers (e.g., Reference [22]). The FBA procedure
works as follows: for a given masonry assemblage subjected to gravity and seismic loads, the first step
is to identify all the potential collapse mechanisms likely induced by lateral loads (e.g., the overturning
or vertical bending of a façade, the corner overturning etc.). Each collapse mechanism is then usually
idealized into an assemblage of rigid blocks that interact with each other at their contact interfaces,
under the assumption of infinite compressive strength and no-tension, frictional interfaces. Each rigid
block is then subjected to vertical downward forces, which represent the permanent and variable
vertical loads, and to a lateral load that is expressed as the product of the vertical forces and of
the unknown collapse multiplier. The latter is calculated by analyzing the equilibrium condition of
the failure mechanism, e.g., using simple analytical models which stem from the application of classic
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theorems of limit analysis and, in general, from the application of the virtual work principle. Collapse
load multipliers are then used to evaluate the ground acceleration that activates the mechanism, as
discussed in detail in Section 3. It is worth noting that a crucial aspect of FBA is the proper identification
of all the potential collapse mechanisms and their individual calculation according to linear kinematic
analysis. The final goal of FBA is to find the most vulnerable collapse mechanism among them all,
which is the one characterized by the lowest value of ground acceleration. According to the current
practices [22,29,33], the analyst defines a priori a set of potential collapse mechanisms according to
his own expert judgement and the damage observed after seismic events of the past, as well as on
the basis of the behavior of similar constructions during earthquakes (i.e., referring to a consolidated
abacus of damage). Indeed, subjective judgment plays an important role in the whole evaluation
process and this is a critical aspect of the current practice when analytical formulations are adopted,
which might limit the application, especially in the case of non-standard construction with complex
three-dimensional assets.

Conversely, the approach adopted in this study relies on the automatic detection of the potential
collapse mechanisms of a masonry construction. To this end, we used the in-house software code
LiABlock_3D [34], which is based on the rigid block modeling approach for the linear kinematic analysis
of three-dimensional masonry structures. The software was validated in previous studies [35–37],
and was herein applied to an entire structural unit of a historic construction, the castle of Bussi sul
Tirino (Abruzzo, Italy).

The main goals were to explore to what extent numerical rigid block models can be conveniently
used to identify the most important fragilities of historic masonry constructions, to evaluate
the effectiveness of the structural interventions, and to provide a solid basis for the selection of
the optimal retrofitting solution according to the minimum intervention principle.

It is worth noting that the major advantages of the proposed approach and software code compared
are (i) the use of few input data to build the numerical model—essentially related to the geometry of
the construction and few properties of the material; (ii) the possibility of reproducing specific features
of the construction, as for any kind of discrete model, e.g., the bonding condition of orthogonal walls,
the recesses in the walls, and others; (iii) the automatic detection of collapse mechanisms that are not
defined a priori, but rather are the results of numerical analysis; (iv) the possibility of identifying
very complex mechanisms, which simultaneously may involve in-plane and out-of-plane collapses,
triggering the failure of large parts of the construction; (v) the computational efficiency of the software
that, conversely to similar rigid-block-based models, has a low computational demand, which is
recognized to be the main limitation for the large-scale employment of RBLA [22].

Considering that the focus of the present study was also the quantitative evaluation of
the effectiveness of interventions, a novelty introduced in the paper is the development of a specific
module to calculate the participating mass ratio associated with the failure mechanisms and collapse
load multiplier.

All this considered, the paper is arranged as follows. In Section 2, the knowledge acquisition
path for the castle is described. Historical analysis, an in situ survey, and the results of visual
inspections and laboratory tests are reported. The transformations carried out through the centuries
were clearly identified, together with the past and current damage due to seismic events that hit
the castle, including recently. The information gained in this previous step was then used to set up
a consistent and realistic numerical model of the structure under investigation. Section 3 is devoted to
an explanation of the implemented analysis techniques, with a detailed description of the potential
that the LiABlock_3D software was able to offer, while Section 4 presents the numerical model of
a castle wing. Section 5 describes the initial analysis that was carried out of the mechanisms involving
the simplest macro-elements by implementing both the LiABlock_3D software and some hand-made
calculations. Verification and sensitivity to the rigid block size were also confirmed. The software
was then used, as described in Section 6, to analyze mechanisms with a higher level of complexity
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and, based on the obtained results, the effectiveness of three possible retrofitting interventions was
evaluated in terms of seismic safety indices.

2. The Castle of Bussi sul Tirino

2.1. Description and Historical Analysis

Bussi sul Tirino is a small ancient town located in the Abruzzi Region (Italy), the foundations
of which date back to the medieval age. The castle of Bussi is the largest palace in the historic center
and it is located in the upper part of the town (Figure 1).
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Figure 1. (a) The town of Bussi sul Tirino; (b) localization from Google Earth (42◦35′37.16” N
15◦08′03.05” E); (c) the castle; (d) the main façade of the castle.

This building can be classified as a “fortified palace”, a specific class of ancient buildings
characterized by massive structures and equipped with fortification elements, of which the actual
configuration is the result of subsequent transformations that have occurred over time [38]. Indeed,
the Bussi Castle was transformed and extended over the centuries, via drastic formal amendments,
substantial changes, and enlargements not only to repair the extensive damage suffered over
the centuries due to recurrent severe earthquakes, but also to adapt the original construction to
residential use [38]. The palace originated in the 11th century as a watchtower (Figure 2a) erected for
defensive purposes.

During the 13th century, three main earthquakes (in 1259, 1299, and 1301) struck the town of Bussi.
Most of the buildings were seriously damaged and the medieval fortifications partially collapsed.
In the 14th century, the castle was rebuilt around the ruins of the original watchtower, which was
included in but not connected to the new construction. At that time, the building plan was composed of
two structural units, arranged in an L-shape (Figure 2b). The massive masonry walls were built around
the ruins of the tower and made of rubble stone with poor quality mortar. Barrel vaults surmounted
the ground floor (Figure 2c). These were built with random and partially squared stones held together
by thick mortar joints, with an overall thickness of about 50 cm. Another important seismic event
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occurred on 24 April 1593, and the subsequent restoration works, carried out under the government
of the Medici family, were essentially devoted to repairing the damages and adapting the original
fortress to a residence for nobility. Two additional wings were built and the castle assumed its final
configuration, characterized by a square plan with an internal courtyard (Figure 2d). A stairway
was built in the court to access the lodge on the first floor, which connected the different portions of
the castle and, in particular, was an entrance to the main hall.
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Figure 2. The historical development of the castle: (a) the original watchtower, 11th century;
(b) the enlargement made in the 14th century; (c) a sketch of the construction around the tower
ruins; (d) castle plan in the late 16th century.

In the 1706, the Maiella earthquake (Grade VII on the Mercalli scale) caused severe damage
throughout the Bussi municipality and, although there is no certain information about the castle’s
condition, subsequent historical documents report that [39] it remained in a precarious condition until
the mid-nineteenth century [40]. After that, substantial transformations were carried out [41]. Radical
variations on the stylistic elements were realized and non-structural, thin “in folio” brick vaults were
built at the first floor.

Another important earthquake occurred on 13 January 1915 (Grade VII on the Mercalli scale).
The castle suffered extensive damage, the tower partially collapsed (Figure 3), and several invasive
retrofitting interventions were carried out, which included the installation of ties, the construction
of buttresses not adequately connected to the external walls, and the construction of supporting
arches at the ground floor. The tower was rebuilt using modern brick and reinforced concrete floors.
In the main hall, a reinforced concrete slab replaced the ancient timber roof and the wooden false
ceiling with the aim of making the terrace accessible from the tower door at the second floor.

Several partition walls were built within the castle to increase the number of residential
environments, altering the original distribution. Figure 4 displays the actual configuration of the castle.

Other relevant earthquakes occurred on 7 May 1984 (5.8 on the Richter scale), 26 September 1997
(5.7 on the Richter scale); 14 October 1997 (5.5 on the Richter scale); and 6 April 2009 (5.9 on the Richter
scale). The last produced the most severe damage despite the castle’s significant distance from
the epicenter (about 35 km): cracks opened in horizontal and vertical structures, especially in the parts
added at the end of the sixteenth century. The large range of area hit by this earthquake was
a consequence of its peculiar features, as recognized in several studies which provided evidence that
strong effects at relevant distances were produced by directivity effects [42], site effects due to particular
soil [43–46] and topographic conditions [47], shallow cavities [48], etc.

As a matter of fact, the ten century history of Bussi Castle has led to a very complex structural
configuration of the actual building, where different construction techniques, materials, and retrofitted
solutions coexist and interact. As such, for a more reliable interpretation of the structural asset, in situ
survey, visual inspection, and tests were carried out and are presented in the next section.
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2.2. The Main Structural Features of the Construction

In order to provide a reliable characterization of the main structural features of the castle,
the information gained from the historical analysis about the construction material and techniques was
integrated with the findings of focused visual inspections and non-destructive tests.

Visual inspections were carried out on bare masonry walls, removing a small amount of plaster
in selected zones (Figure 5a). In particular, the goal was to properly identify the stone and mortar
typology and condition, the masonry texture, and the bonding condition between orthogonal walls.
Additionally, endoscopic tests revealed the masonry composition throughout the thickness.

Broadly speaking, the masonry is mixed, disordered, and of poor quality, made of soft stones,
travertine, and bricks.

At both the ground level and the first story, two-leaf masonry walls are present. Both the leaves
are characterized by a thickness of 500 mm and are not transversally connected with one another.
These walls are made of rubble limestone kept together by air lime mortar joints with a thickness of
about 10 mm.
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The tower presents 500 mm thick two-leaf walls that are made of perforated bricks organized
according to the Flemish bond type (holes laying in the horizontal direction with perforation percentages
ranging between 45% and 65%), kept together by 15 mm thick cement mortar joints. The tower vertical
walls are effectively connected to each other, as was evidenced by the removal of plaster portions
(Figure 5b).

Many interventions have been done, such as reconstructions and reinforcement of vaults, insertion
of iron ties, and repair operations on the masonry walls. These interventions have been done using
different construction techniques and materials.

3. Force-Based Assessment Using 3D Rigid Block Limit Analysis

Following the historical analysis and the results of the in situ investigations, it was possible to
ascertain that the whole castle is made of separate units that, apart from hammering phenomena, work
autonomously. The seismic behaviors of these parts are primarily affected by local mechanisms that
are usually triggered for very low levels of ground acceleration.

With this in the mind, the most important structural unit, namely the castle wing containing
the main hall and the tower (see red mark in Figure 4b,c), was analyzed using LiABlock_3D, an in-house
software tool developed at the University of Naples for the structural analysis of masonry structures
under variable loads and settlements [34].

Within this framework, LiABlock_3D executes linear kinematic analysis of masonry structures
represented by rigid blocks, which interact at polygonal contact interfaces. A no-tension friction
behavior is assumed at contact interfaces. The inputs required to build the numerical model are
the discretization of the 3D geometry of the construction and a few other mechanical parameters,
namely the materials’ unit weights and the friction coefficients.

Thanks to the intrinsic features of discrete modeling, the numerical model reproduced the real
bond pattern of masonry walls. As such, diatons and transversal connections between the walls, as
well as the effect of iron ties could be easily introduced into the model where these existed.

As for the mathematical formulation behind LiABlock_3D, the software implements
the lower-bound problem of limit analysis:

maxα
s.t. : Ax = fD + α fL

x ∈ C
(1)

where x is the vector of the internal static variables at contact interfaces; A is the equilibrium matrix; fD
is the vector of dead loads that includes, by default, the self-weight Wi of each rigid block applied
at its centroid, other downward vertical loads Qi (i.e., to consider the variable loads on floors, roof,
etc.), and other permanent loads Fi (e.g., to simulate the effect of a chain). fL is the vector of live loads
expressed as the sum of block self-weights Wi and vertical loads Qi. C is the convex cone yield function
matrix, which represents the failure conditions under the assumptions of (i) infinite compressive
strength, (ii) tensionless behavior, and (iii) shear failure governed by a Coulomb-type criterion with
isotropic friction and cohesionless behavior.

Live loads can be applied to the whole assemblage or to a selection of rigid blocks in any direction
along the global coordinate axes. Live loads are multiplied by an unknown scalar multiplier α, the load
factor that activates the local mechanism under investigation.

As for numerical analysis for seismic vulnerability assessment, live loads are usually applied to
the whole assemblage of rigid blocks and a set of analyses is carried out to analyze both the in-plane
and out-of-plane behaviors of the rigid block assemblage along the principal directions of the wall
cross sections.

The output provided by the code are the plots of the collapse mechanisms and the corresponding
load factors. Two different solutions are provided for each analysis: (i) an initial approximate solution,
obtained in a very short time, under the simplified assumption of associative behavior, which involves
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dilatancy in sliding according to the normality rule, and (ii) a refined—more cumbersome—solution
according to the non-associative sliding behavior that usually provides a lower, hence safer, load factor.
Details about the theoretical background behind LiABlock_3D, and a more comprehensive discussion
of the failure criteria, the loading conditions, the solution procedures, and comparison with similar
tools are provided in Reference [34].

Within the present study, a novel module of the software was developed to calculate
the participating mass ratio e* and the spectral acceleration a0* activating the mechanism, starting from
the formulation provided in Reference [33], according to the following equations.

e∗ =
[
∑N

k = 1(Wk+Qk)δx,k]
2

[
∑N

k = 1(Wk+Qk)][
∑N

k = 1(Wk+Qk)δ
2
x,k]

a∗0 =
α0 g
e∗FC

(2)

where N is the number of blocks k involved in the mechanism; δx,k is the virtual displacement of the live
loads α(Wk + Qk) acting on the centroid of the block k; α0 the non-associative collapse load multiplier
given by LiABlock_3D; FC is the confidence factor, herein equal to 1.35, as prescribed by Reference [33]
when the historical analysis of the building, the geometric survey, and limited in situ investigations
were carried out.

In order to better stress the effects induced by the different applied retrofitting interventions,
the results of the analysis were also compared in terms of seismic safety index Iss defined in Reference [32]
as the ratio between the seismic capacity at the life safety limit state (PGAcap) and the seismic demand
(PGAdem) defined by Equations (3)–(5).

ISS =
PGAcap

PGAdem
(3)

PGAcap = a∗0·q (4)

PGAdem =

 ag·S mechanism at ground level
max

(
ag·S; Se(T1)·ψ(Z)·γ

)
mechanism in elevation

(5)

where a∗0 is the spectral acceleration given by LiABlock_3D according to Equation (2); q is the behavior
factor equal to 2; S is the soil category factor equal to 1 for stiff soils; Se(T1) the spectral acceleration for
the elastic design; ψ(Z) the first mode of vibration factor, conventionally assumed to be equal to Z/H,
H being the building height above the ground and Z the height at which the collapse mechanism is
triggered; and γ is the modal participation factor equal to 3N/(2N+1), N being the number of floors.

Within this paper, the values of q, S,ψ(Z), γ, and T1 were calculated as in Reference [33]. The values
of the variable Z were easily obtained from the plot of each collapse mechanism given by the software.
Indeed, it is the height between the ground and the course of the blocks that are located at the bottom of
the failure mechanism. It is worth noting that LiABlock_3D easily returned the virtual displacements
δ(x,k) related to each collapse mechanism because, thanks to the adopted position for the limit analysis
problem in terms of mathematical programming, kinematic variables were obtained directly from
the Lagrange multipliers of the optimal solution to the static problem. Further details on this aspect
can be found in Reference [49].

4. Rigid Block Model of the Castle

A 3D discrete model, built in a CAD environment, was developed for the unit of the castle
under investigation. The structural unit has a rectangular plan of 23 m × 7 m with a height of 15 m.
The tower extends beyond the roof by 8 m. Starting from the three-dimensional drawings, the first
step consisted of electing the relevant parts of the construction to be taken into account, in order to
generate a response able to represent the real structural behavior. In the present case, a full model
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of the analyzed wing of the castle—including the multi-leaf walls, the barrel vaults at ground floor,
and all the floors—was implemented.

A second important decision concerned the sizes and the shapes of the rigid blocks to be assumed
for bricks, stones, lintels, voussoir elements, etc.

As for the sizes, rigid blocks were characterized by an average size three times larger than
the average size of the real stones, which gave an acceptable compromise between the effectiveness of
the model in capturing the actual structural behavior—for example in reproducing the exact crack
patterns—and the computational costs of the analyses, as is addressed in more detail in the next section.
From this perspective, some preliminary evaluations were carried out, proving that this dimensioning
of rigid blocks allowed local failures to be reproduced in critical parts such as around the openings,
at the vault support height, etc.

As far as the shape of the elements was concerned, the rigid blocks closely reproduced the shapes
of the real stones, at a scale ratio of three to one. Rectangular and trapezoidal rigid blocks were defined
to reproduce the different elements composing the numerical model (e.g., the regular stones, lintels,
voussoirs, and timber joists of floors).

For the model of the studied castle, horizontal contacts for each block and vertical contacts
separating adjacent leaves on the vertical plane were modeled. Other vertical contacts (e.g., vertical
contacts in the thickness of the wall) were excluded from the analysis, considering that the benefit
in terms of accuracy of results did not compensate for the higher computational costs produced by
involving a larger number of variables. Indeed, previous studies [49] revealed that the activation of all
vertical contacts may lead to an overestimation of the collapse load multiplier, especially in the case of
out-of-plane failures. Thus, in the interests of safety, they were excluded from the current model.

The numerical model of the selected structural unit of the castle included four external façades,
the tower, the barrel vault of the ground floor, the internal walls, and the floors (timber and reinforced
concrete slab at the first and second floors, respectively). Floors were modeled through joists connecting
masonry blocks. Figure 6 displays some exterior and interior views of the numerical model.

Figure 6. Cont.
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Figure 6. The numerical model of the castle: (a) exterior north-east view with labeled façades; (b) interior
south-east view; (c) a sample of the adopted rigid block model and loading condition. The block
type “i" presents six interfaces Ji,1−6 of four contact points ki

j,1−4 each. Normal forces ni
j,1−4 and two

shear forces (ti
jx,1−4, ti

jy,1−4) act at each contact point along the local block axis. The self-weight Wm

and the live loads αWm are applied at the centroid of the block. (d) A voussoir block type; (e) details of
the rigid block shapes for the rigid blocks supporting the floor joists.

As for the loading conditions, the rigid blocks belonging to the façades were loaded by their
self-weight only. The rigid blocks representing the floor joists and/or the voussoirs were also loaded by
imposed loads equal to 2.0 kN/m2 for internal floors and 4.0 kN/m2 for roofs, which are the numerical
values commonly adopted for the residential category of use according to Reference [33].

Figure 7 reports some details of the numerical model.
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5. Verification and Sensitivity Analysis

In a first step, a set of numerical analyses was carried out on a limited number of macro-elements
of the construction and compared with the analytical results. A sensitivity analysis was then carried out
considering three different sizes of rigid blocks, to validate the assumptions made for the discretization
of the whole 3D model.

Therefore, in the first phase, the four façades of the castle were considered as independent
macro-elements and composed of walls with two leaves without transversal connections between
them, as in the real building.

Each façade was composed by a set of regular rigid blocks characterized by a depth of 1050 mm
and a height of 750 mm. For each course, the block thickness corresponded to the overall thickness
of a single leaf of the real structure, while the width and length were three times larger than the real
elements. To ensure proper support around the windows, each lintel was modeled as a single rigid block
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extending a half-block around the openings (with an overall depth given by the sum of the opening
and the length of a half-block).

The four façades were analyzed with LiABlock_3D for the live loads active along the in-plane
and out-of-plane directions. For this purpose, a friction coefficient of 0.577 (which is the value of friction
coefficient recommended by Reference [33]) and a block unit-weight of 19 kN/m3 were considered.

As expected, the most vulnerable mechanisms were the ones activated for out-of-plane loading
actions. A global overturning mechanism was generally observed, due to the lack of transversal
connections between the leaves. For in-plane loads, the mechanisms were triggered due of the presence
of openings or following the variation of the wall thickness due to the presence of the buttress
(see Figure 8). It is worth noting that a major benefit provided by LiABlock_3D is to immediately return
the first local mechanisms that are activated by live loads acting in the wall plane. Conversely, analytical
methods would require several hypotheses to be formulated concerning the slope of the failure plane,
thus requiring a huge number of calculations that are not necessary when the LiABlock_3D software
is used.
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the negative x-axis; (b) the F4 façade for live loads along the negative y-axis.

Table 1 reports the comparison between the load factors for the out-of-plane mechanisms,
calculated by applying LiABlock_3D according to both the associative and the non-associative friction
behavior, and by carrying out hand-made calculations according to a conventional linear kinematic
analysis. It is interesting to note that the analytical solution was included within the two load factors
given by the software in the cases of associative and non-associative behaviors. This was mainly due
to the fact that the numerical models took into account the friction behavior on the vertical contacts
between the two leaves, which is usually neglected in analytical calculations, leading to an overall
increase of resistance.

Table 1. Numerical and analytical load factors for the out-of-plane analysis of the four
façade macro-elements.

Macro-Element Blocks ×
Contacts

Load Factor α
Diff.

Analytical vs.
Non-Ass. %

Associative
(LiABlock_3D)

Non-Associative
(LiABlock_3D)

Analytical
(Hand-Made
Calculation)

F1 862 × 10,204 0.056 0.051 0.053 4
F2 278 × 3012 0.041 0.037 0.039 5
F3 808 × 9420 0.039 0.037 0.039 5
F4 190 × 1740 0.077 0.075 0.073 2.7
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A mesh sensitivity analysis was carried out on the F3 façade (see label in Figure 9). Three block
dimensions were considered: a coarse mesh M1 with rigid blocks three times larger than the real
ones, refined meshes M2 and M3 with rigid blocks width and length two and three times smaller than
the first one respectively.
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The block thickness, as in this case, was equal to the thickness of a single leaf. The F3 façade
wasanalyzed for in-plane live loads and out-of-plane loads, considering, in this case, a restraint
at the edge of the walls. Figures 10 and 11 show the in-plane and out-of-plane collapse mechanisms for
the coarse and refined models.
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The participating mass ratio module, which was developed for the first time for the study
presented in this paper, provided the participating mass ratio e* and the spectral acceleration a0*
activating the mechanism. Table 2 reports the results for the out-of-plane collapse mechanisms.
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Table 2. Results for the out-of-plane collapse mechanisms of the F3 façade.

Mesh
Load Factor α

e* a*
0 ISS

Associative Non-Associative

M1 0.090 0.086 0.57 0.11066 0.881753
M2 0.080 0.075 0.51 0.10922 0.870279
M3 0.089 0.080 0.54 0.10505 0.837052

6. Numerical Analysis of the Structural Unit and Assessment of Strengthening Interventions

The global model of the castle wing included 2792 rigid blocks and 31,668 contacts. Table 3
presents a summary of the model parameters required as inputs.

The structural response was analyzed for four loading conditions (LC1–LC4).
For each load case, rigid blocks were loaded at the centroid by two forces, a vertical downward

force Pi and a horizontal force αPi directed (respect to the coordinate system of Figure 12), respectively,
along the positive x-axis for the first load case (LC1); negative x-axis for LC2; positive y-axis for LC3;
and negative y-axis for LC4.

Table 3. Model parameters.

Model Part Unit Weights (kN/m3) Friction Coefficient

Main body of the castle 19.0 0.577
Tower walls 12.0 0.577

Timber floors 6.0 0.577
Reinforced concrete floors 25.0 0.577

Four structural configurations were then analyzed, considering the castle wing in its present
condition and supposing three types of potential structural retrofit interventions. The main goal was to
evaluate the actual capacity of the construction at the “life safety” (LSL) limit state, which is the ultimate
limit state corresponding to extensive damage to structural and non-structural components, to detect
the most vulnerable collapse mechanisms and, on the basis of the obtained information, to best identify
the most appropriate mitigation measures.

Sixteen numerical analysis were carried out: the four structural configurations were analyzed for
the four load cases. In order to immediately compare the effect of the proposed retrofit interventions,
the following four figures report the results of the analyses of the four structural configurations grouped
by load case.

Generally speaking, it was possible to observe that the responses of the castle wing in its present
condition (Figures 12, 13, 14 and 15a) essentially involved out-of-plane failures of the façades due
to overturning or delamination for very low seismic demands (see Table 4 for the obtained results).
This was mainly due to the lack of connections between the transversal walls. With reference to
the façade F2 and the load case LC1 (Figure 13a), the collapse mechanism detected by the software was
a complex inward overturning of the superior part of the walls. In this case, the mechanism developed
at the second floor only, because, at the first floor, the presence of the whole vault provided a lateral
stiffness to the model that prevented any displacement of the walls above the height of the vault.
In contrast, at the second floor, the timber floor was modeled by means of joists only. No slab was
introduced in the model. As such, the joists transferred the floor loads to their supporting rigid blocks
but they did not provide any lateral stiffness to the second story, so the façade F2 was free to move
in the inward direction. It is worth noting that the same façade, F2, presented a completely different
behavior for the load case LC2 due to the presence of the buttress. Following the results of the analysis
in the present condition, the first non-invasive intervention (R1, visible in Figures 12, 13, 14 and 15b)
was considered by inserting corner quoins between all the façade walls at the first floor (red quoin
blocks in Figure 12b). In this case, the overturning of the upper part of the walls was observed for
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load cases LC2 and LC4 (loads along the x-axis and the negative y-direction). As for load case LC3,
(positive y-direction), the identified collapse mode involved a combination between the out-of-plane
overturning of the upper part of the façade and, in some cases (Figure 14b), out-of-plane bending with
a vertical cylindrical plastic hinge.

As for the second retrofitting intervention (R2), additional quoins (red blocks in Figure 13c)
were inserted at the level of the second floor (Figures 12, 13, 14 and 15c). In such a case, similar but
more limited collapse mechanisms were observed in the load cases LC1 and LC3 (along the x-axis
and positive y-direction). Conversely, the analysis for LC2 and LC4 (negative x-, y-axes) revealed
a quite different behavior of the construction, which tended to experience global collapse mechanisms.
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Figure 12. Collapse mechanisms and participating masses (in blue) provided by LiABlock_3D for
the load case LC1 (live loads fL along the positive x-axis): (a) the castle wing in its present conditions;
(b) retrofitting intervention n.1 (R1); (c) retrofitting intervention n.2 (R2); (d) retrofitting intervention
n.3 (R3). Quoins in red; washer-bearing plates in green.

As for the last retrofitting intervention (R3), in addition to the aforementioned quoins, a set of ties
was applied. Those were modeled in LiABlock_3D through the insertion of washer-bearing plates
(green blocks in Figure 12d) modeled as special rigid blocks of null volume and active vertical contacts
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at the interface between the façade and the plate itself. Constant horizontal forces, equal to the ties’
failure load, were applied to the bearing plates, so as to simulate the effect of tie forces.

Figures 12d and 13d report the collapse mechanisms for the load cases LC1 and LC2 (along
the x-axis) where a single tie force was applied to the washer-bearing plates located on the F2 and F4
façades. Figure 14d and d highlights the failure modes for the load cases LC3 and LC4 (live loads along
the y-axis), considering the effects of two ties applied to the four plates located on the F1 and F3 façades.
In such case, global mechanisms were obtained with a damage distribution along the whole structure.
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Figure 13. Collapse mechanisms and participating masses (in blue) provided by LiABlock_3D for
the load case LC1 (live loads fL along the positive x-axis): (a) the castle wing in its present condition;
(b) retrofitting intervention n.1 (R1); (c) retrofitting intervention n.2 (R2); (d) retrofitting intervention
n.3 (R3). Quoins in red; washer-bearing plates in green.
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Figure 14. Collapse mechanisms and participating masses (in blue) provided by LiABlock_3D for
the load case LC1 (live loads fL along the positive x-axis): (a) the castle wing in its present condition;
(b) retrofitting intervention n.1 (R1); (c) retrofitting intervention n.2 (R2); (d) retrofitting intervention
n.3 (R3). Quoins in red; washer-bearing plates in green.

In Table 4, the collapse load multipliers for each load case and retrofitting interventions are
reported. In the same table, the percentage increments are also listed, proving the effectiveness of
the applied devices.

Table 4. Collapse load multipliers for the four structural configurations under investigation.
The percentage increases respective to the present conditions are reported in brackets.

Load
Case

Loading
Axis

Present
Conditions

Retrofit Interventions

R1 R2 R3

LC1 +x 0.13460 0.14634 (+9%) 0.22059 (+64%) 0.22308 (+66%)
LC2 −x 0.06625 0.09721 (+47%) 0.20033 (+202%) 0.22073 (+233%)
LC3 +y 0.03794 0.07432 (+96%) 0.09333 (+146%) 0.10774 (+184%)
LC4 −y 0.08496 0.09638 (+13%) 0.12455 (+47%) 0.13443 (+58%)
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Figure 15. Collapse mechanisms and participating masses (in blue) provided by LiABlock_3D for
the load case LC1 (live loads fL along the positive x-axis): (a) the castle wing in its present condition;
(b) retrofitting intervention n.1 (R1); (c) retrofitting intervention n.2 (R2); (d) retrofitting intervention
n.3 (R3). Quoins in red; washer-bearing plates in green.

It is interesting to note that the average time required to obtain the refined solution for each
analysis was below 10 min, using a 4.0 GHz Intel Core i7-6700 k Processor with 32.0 GB of RAM.

Finally, a comparison in terms of seismic safety index is carried out. In particular, assuming a value
of T1 equal to 0.38 s (according to the simplified formulation T1 = 0.05*Z3/4), the spectral acceleration
for the elastic design at the castle location corresponding to the main period of the castle was equal to
0.55 g. Figure 16 reports the seismic safety indexes for the whole set of analyses carried out.

As it is possible to observe, all the applied retrofitting interventions allowed incremental increases
of the structural capacity of the castle unit under investigation and, although the seismic safety indexes
were less than 1 for the majority of cases, the retrofit R3 allowed the minimum value of 0.78 to be
achieved, which is considered acceptable in cases of historic construction [32].
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Figure 16. Seismic safety index for the present conditions and for the three retrofit interventions.

7. Conclusions

An application of 3D limit equilibrium analysis is presented in the paper for the seismic capacity
assessment of a historic masonry castle. The aim of the study was to show the potential of this approach
when numerical analysis tools are used as an alternative to classic analytical formulations based
on macro-elements.

Starting from an in-depth knowledge acquisition path of the structure under investigation, a clear
understanding of the construction features and details (e.g., the interlocking between the walls,
the irregularities in the wall elevation, etc.) was obtained. On that basis, a rigid block numerical model
was implemented that closely reproduced the real assemblage of the construction using an in-house
software tool.

The analysis revealed that failure mechanisms, the relevant collapse load multipliers,
and strengthening interventions can be conveniently assessed when the behavior of an entire structural
unit is investigated. The routine implemented for the evaluation of the participating mass ratio showed
that spectral and ground accelerations could be easily derived on the basis of the calculated failure modes
even in the case of complex and combined collapse mechanisms. Additionally, thanks to the discrete
nature of the numerical model, it was shown that the design of the local retrofit intervention could be
easily implemented (i.e., enhancing the connection of the wall by the use of quoins) and evaluated
so as to provide guidance for the choice of the optimal retrofit intervention, which is a question of
compromise between safety and preservation requirements. It is worth noting that the methodology
proposed in the paper provides an insight into the structural capacity only. Within the field of cultural
heritage preservation and conservation, other fundamental requirements must be taken into account.
Indeed, the selection of an optimal retrofit intervention must be based on the achievement of several
preservation and conservation requirements, apart from the structural capacity, in order to respect
the historic and cultural value of the constructions, as well as the economic constraints.
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