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Abstract: The conservation of the historical and artistic heritage is one of the main priorities of
Italian and international policy. The great variety of masonry buildings that make up this heritage
is characterized by different combinations of materials and construction techniques. Then, several
damage scenarios could be observed as a result, requiring appropriate retrofitting interventions.
A rather accurate structural behavior analysis, especially for horizontal load conditions, allows
for elaborating a correct seismic assessment. Albeit there are various numerical tools available to
examine them, each one’s process starts by means of certain assumptions that could not be applied
indiscriminately. This paper aims to compare two different types of modeling techniques to evaluate
their strengths and weaknesses. To achieve this goal, an earthquake-damaged complex in Central
Italy was chosen as a case study. The structure was modeled using a finite element (continuous) and a
distinct element (discontinuous) method. Both approaches underwent a nonlinear dynamic analysis
using the strong motions recorded during the 2016 seismic sequence. The results show that both
approaches can evaluate the weak structural points. However, in some cases, the distinct element
method appeared more accurate in reproducing the cracks.

Keywords: masonry; finite element method; discrete element method; non-smooth contact dynamics;
concrete damage plasticity method; nonlinear dynamic analysis

1. Introduction

Heritage masonry constructions demonstrated over the years their extreme weakness
against the dynamic loads, i.e., earthquakes. The most recent strokes, which took place
in Central Italy between 2016 and 2017, highlighted the vulnerability of the masonry
structures [1-5]. Numerous factors, including their irregular geometry, uneven evolution
across time, inadequate conservation status, and noneffective box-like behavior, influence
their high vulnerability [6-8].

In ordinary practice, the evaluation of masonry structures is carried out by an equiva-
lent frame [9,10] derived from the damage observation after very destructive earthquakes,
where the vertical masonry panels make up for the piers, as the bands between the openings
do for the spandrels. Both are damageable elements connected with rigid nodes, wherein
the damage is not expected. The regularity of the structures, a correct distribution, an
alignment of the openings, and an absence of staggering of intermediate floors represent
the hypotheses underlying a correct application of the equivalent frame method. However,
these assumptions fall in historical buildings due to the chaotic evolution through time [11].

Since the 1990s, scientific research has started studying increasingly effective modeling
tools for analyzed heritage masonry constructions [12,13]. In this field, there are two most
popular methods, which provide a better numerical response when compared with real
damage: the block-based (discontinuous) and the continuous (homogenization) models. In

Appl. Sci. 2023,13, 972. https:/ /doi.org/10.3390/app13020972

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13020972
https://doi.org/10.3390/app13020972
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-8393-5888
https://orcid.org/0000-0002-9705-777X
https://doi.org/10.3390/app13020972
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13020972?type=check_update&version=1

Appl. Sci. 2023,13,972

20f17

the first one, the masonry response is simulated by considering the distinct roles played
by the blocks and the mortar. It includes detailed micro-modeling, where both blocks and
mortar are represented [14,15], along with simplified micro-modeling where the mortar
thickness is incorporated into the blocks” dimensions [5,10,16,17]. The block-based (dis-
continuous) approach can be modeled with both finite element (FE) and discrete element
(DE) methods.

In the FE one, the masonry is represented by sufficiently regular elements, interacting
with each other for the interposition of interfaces [18]. The latter are, generally, governed
by frictional or cohesive laws, wherein the parameters might be calibrated thanks to proper
experimental tests. In the DE method, the masonry is always made of blocks that interact
between themselves through the contact surfaces, where, generally, non-smooth or smooth
(contact) laws are used. The main advantage of using the block-based (discontinuous)
approaches is the possibility to consider the separation of the blocks as well as the possible
crumbling of the multi-leaf masonry walls. This allows for studying, in a unified way, the
in-plane and the out-of-plane behavior of the wall panels and their possible evolution over
time. Recently, it has been possible to find a combination of the two methods [19,20].

On the other hand, the continuous method makes no distinction between the elements
composing the masonry. Typically, the walls are assumed perfectly connected to each
other also in their orthogonal intersections, allowing for a detailed description of the in-
plane structural response. The heterogeneity of the material is assumed as a continuous
deformable body that can simulate the behavior under static and dynamic loads by means
of appropriate constitutive laws [21-25]. These constitutive laws can be drawn either
directly by the responses calibrating from standard experimental tests [26] or indirectly
by considering values obtained for similar masonry [27] or by national or international
regulations [28,29]. Comparing with the first block-based (discontinuous) model, this
process takes less time for the modeling and the analysis execution.

In this paper, the numerical versatility of the block-based (discontinuous) approach,
with the DE method, is compared to the continuous one by the classical FE method with
solid elements. Both methods are applied to a relevant case study;, i.e., the town hall of
Accumoli village, in the hinterland of the Lazio Region (Figure 1) in Rieti Province (Central
Italy). Most of the village suffered widespread damage since the first shock on 24 August
2016, and the case study is the only structure still standing in the oldest part of this town.

Figure 1. The Accumoli village (Central Italy).
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In Sections 2.1 and 2.2, the historical developments, the geometric configuration, the
materials, and the suffered damage are shown. The data are used to generate the continuous
and block-based (discontinuous) models reported in Section 2.3. Both models are subjected
to nonlinear dynamic analyses, applying the three main events recorded in the Central
Italy seismic sequence to take into account the effect of the cumulative damage. The main
results (Section 3) and conclusions (Section 4) are finally reported.

2. Materials and Methods
2.1. Historical Developments and Geometric Configuration

There is little historical information about the building. It seems to be the most ancient
palace in the Accumoli village (Figure 1). The earliest evidence that proved its existence
dates to the XII Century, when the village was under the Naples kingdom.

The square plan of the tower and the two arched windows of the entrance suggest
that it was designated, from its earliest days, as a public building (Figure 2). In terms of
the complex’s geometric arrangement, three buildings can be identified: the civic tower on
the south-east, the main structure on the south (also known as the Podesta Palace), and an
annex on the north (Figure 2).
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Figure 2. Ground (a) and first (b) floor layouts, and the south (c), west (d), east (e), and north
(f) facades, respectively. (All the dimensions are expressed in meters)
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The tower has a square cross-section of 6.15 m on each side and a maximum height
of 20 m. The walls’ thicknesses are almost constant and equal to 1.2 m. It shows four
single-arch windows in correspondence with the bell cell and three embrasures along the
height. Inside, there is one masonry cross vault, whereas the pitched roof is made with
reinforced concrete. Regular cut stones characterize the external tower masonry, and the
walls’ thickness suggests the presence of an inner core of rubble stone.

The two floors of the Podesta Palace have a rectangular cross-section that measures
8.60 x 14.00 m2. The maximum building height, estimated at the ridge of the roof, accounts
for a value of 12.8 m. On the first floor, there is the entrance, consisting of an arched portico.
The “Piano Nobile” is located on the first floor. The slabs are made of wood, except for a
masonry cross vault on the stairwell. The palace-bearing structure is composed of regular
cut stone.

On the south side, there is a one-floor annex of 10.50 x 3.80 m? in dimensions.

2.2. Damage Suffered Following the 2016—2017 Central Italy Earthquake

The structure showed deep cracks following the earthquake. The most affected area is
the tower, as visible in Figure 3. It showed a torsion-flexural deformation on its upper part,
masonry disaggregation on the support surface of the roof, and spread diagonal cracks in
each bell cell corner. These latter cracks provide unequivocal proof that their out-of-plane
processes have been activated. Small cracks also emerged in the interaction between the
Podesta Palace and the tower, as well as inside the portico’s openings.

Figure 3. Damage suffered by the structure following the Central Italy Earthquakes. Bell cell
(a) south-east, (b) north, (c) west fagade, and (d) Podesta Palace south fagade.
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Before the last strong quake occurred on 30 October 2016, the firefighters secured it.
They enclosed the tower with a system of ties and wood elements to avoid its collapse if
other strong quakes would have occurred (Figure 3).

2.3. Numerical Models

The structure was analyzed with a continuous (CM) and a discontinuous (DM) (namely
as a “block-based (discontinuous) approach”) model.

The CM was designed with the commercial software Midas FEA NX© 2022 V1.1 [30].
The masonry was simplified with a homogeneous isotropic material. Its nonlinearity was
considered with the concrete damage plasticity method (CDP). The CDP allows for the
representation of different masonry capacities in tension and compression through the
definition of distinct laws.

The DM, on the other hand, was implemented with LMGC900© version 2021, where
the structure’s geometry was imported as a discrete block assembly [31,32]. Since this was
a simplified micro-modeling approach, the blocks” dimensions included the mortar’s thick-
ness. The blocks were arranged to replicate, with sufficient accuracy, the existing pattern.
The nonlinearity of masonry, concentrated in the interaction of blocks, was simulated by
the non-smooth contact dynamic (NSCD) method.

2.3.1. Concrete Damage Plasticity Model (CDP)

The CDP was formulated to model the brittle behavior of concrete, even though it
proved to be suitable to catch the response of all brittle materials, such as masonry. It is an
isotropic plasticity model presented for the first time by Lubliner [33] and subsequently
implemented by Lee and Fenves [34]. The first formulation introduced the concept of
distinct responses in tension and compression [33]. However, the improvement [34] was
considered thanks to the contribution of the stiffness recovery, following the cracks’ closing
under cycle loads.

The damage is defined by the effective configuration (damaged). To accomplish this,
the equivalence between tension stress in undamaged (¢p) and damaged () configurations
must be imposed, taking the damage parameter (d) into account:

o= d'UOI (1)
written under the hypothesis of strain equivalence:
&€ = &p. (2)

In the plasticity theory, the strain tensor can be expressed as the sum of its elastic and
plastic components:
e=¢"+¢f 3)

where the elastic stress can be written as a function of the elastic damage stiffness matrix E
using the Hooke law:
oc=E(e—¢) 4)

To consider the damage irreversibility, the degraded stiffness matrix is expressed as:
E=(1-4d)Ey, ®)

where E identifies the undamaged elastic stiffness matrix. When the material is intact,
the d value is zero, whereas, when it is completely broken, it assumes a value of one. This
consideration affects the relationship between stress and strain, which becomes:

o= (1-d)Ey(e—eP). (6)
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To account for the higher stiffness degradation in tension (d;) compared to that in
compression (d.), under mono axial stress (Figure 4a,b), two distinct damaged variable
laws must be defined:

ot = (1—di)Eo (&1 —¢f), @)

0. = (1—d.)Eg (ec - ef). ®)

Equations (7) and (8) assume increasing values as the elastic strain increases. Instead,
under cyclic loads, the crack closure produces a partial elastic stiffness recovery, especially
passing from tension to compression status. In this case, it is assumed that:

(1—d) = (1—side) (1 — sedy). )

The scalars s; and s, hold the stiffness recovery during the load inversion. They are
defined as functions of weight factors as:

st =1 —wir*(0), (10)

se=1—w(1—-r"(0)), (11)

where r*(0) is equal to zero if the principal stresses are all positive and, when the primary
stresses are all negative, it takes unity. w; and w, are the scalar considering the stiffness
recovery: assuming zero, the stiffness recovery is not considered; if they are equal to one, a
complete recovery is allowed.

To define the boundary of the elastic domain, a yield strength function based on the
Drucker-Prager is employed (Figure 4c):

F(g/ K) = [Ddl + \/3712_’_ ﬁ(K) <@mux> - 7<_Qmux>] - CC(K) (12)

11—«
with:

I; the first invariant of effective stress;

I, the second invariant of effective stress;

0 maximum principal effective stress.

Although, « and  are two constants defined using the initial uniaxial compressive
yield stress fjg and the initial equiaxial compressive yield stress as:

_ fro—feo
. 2fb0_fc0’ (13)
g = 28 (—1)—(1+a), (14)

and ¢.(x) and ¢;(x) are the effective cohesion in compression and tension, respectively.
Finally, the constant <y is calculated as:

(15)

where K. (0.5 < K. < 1) is a parameter that defines the yield surface shape. It can assume a
value between 0.5 and 1.

The CDP models the non-associated potential flow employing the Drucker-Prager
hyperbolic function. It is defined by the dilatation angle (¢), the eccentricity €ccen, and the
tensile strength f, (16):

1
G= \/(seccenﬂotan tant,b)z +3) + 511 tan tany. (16)
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An additional parameter is typically presented, i.e., the viscosity used to avoid numer-
ical convergence problems.
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Figure 4. Inelastic mono axial curve in compression (a) and tension (b), and yield surface in the
Westergaard space (c).

2.3.2. Non-Smooth Contact Dynamics Model (NSCD)

The NSCD method implemented in the LMGC90®© version 2021 [31,32] uses an implicit
integration scheme and integrates non-smooth contact laws. Considering two bodies in a
plane, one candidate A; and one antagonist A;, and their possible points of contact C; and
C;, with n the vector orthogonal to the point of contact C; (Figure 5a), the distance between
the two points of contact will be:

g = (C] — Ci)n. (17)
Defining u, and u;, the normal and tangential velocity of C; with respect to C;, and r;,

and r¢, the normal and tangential reaction forces of A; on A]-, two contact laws were used:

1.  Signorini’s law of impenetrability (Figure 5b):
g§=>0,r, 20,8r =0, (18)

ifg=0—u, >0—>r,>0— u,r, =0. (19)

This law specifies a perfectly plastic impact, i.e., Newton’s law returns a restitution
coefficient equal to zero. As a result of the impact, there are no bounces and, in the case
of stones and bricks, there is a low coefficient of restitution and, for this reason, it can
be neglected.

2. The dry-friction Coulomb’s law (Figure 5c¢):
|re] < pr, = u =0,
< : : 2
|7’t| = Ury, {|rt|:ﬂrn_>ut:_/\::|/ (20)
where p is the friction coefficient and A is a positive real arbitrary number.

The equation of motion can be written in this way:

Mg = f(q,qt) +1, 1)

where M is the mass matrix, § is the acceleration, and f (g, 4, t) is the vector of the internal
and external discretized forces acting on the system; meanwhile, / is a measure of the
impulse of contact resultant.

The couples that characterize each contact, (i, u;) and (ry, r¢), are related by linear
maps that depend, respectively, on the global vector g and /.
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The I and the velocity g are a discontinuous function of time given that Equations (18)
and (19) are non-smooth. The velocities are discontinuous and the equation of motion is
integrated into time intervals [t;, t;,1] in this way:

. . b1 .
MG =4) = [ Fla.a e+ 1, 22)

where [;; is the impulse in the interval time and ¢; , ; is the variable that approximates the
right limit of the speed in the time [t;1].

The reactions are approximated in the average of the impulse in [t;, t; 1] in the global
(22) and local contacts (18)—(19). The deformability of the blocks is neglected, obtaining the
dynamic iteration between the elements exclusively by sliding and rotation of the blocks.

(a) . (b) .4 (© T A
/ A \ ur,

<-4 s
\ /

Figure 5. Bodies in possible contact in a plane (a), the Signorini’s (b) and dry-friction Coulomb’s

A A5

_P rﬂ

v.=
B

(c) laws.

2.4. Numerical Model Characteristics

The geometry of the structure was precisely recreated in both models (Figure 6), paying
attention to each structural component and opening. The ground presence on the walls of
the ground floor was considered by adding vertical rollers and big blocks adjacent to them
in both the CM and DM.

P2 (@)

Figure 6. Comparison between CM (a) and DM (b) with zooms on the civic tower and a cross vault.
In the DM, the inner core stones are reported in yellow (colors in the online version). On the 3D views
of the structure, the control points considered to plot the results are reported.
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The CM, in which the geometry was discretized with 4-node solid brick elements,
had 92986 elements, 23091 nodes, and 69276 degrees of freedom (Figure 6a). In the DM,
conversely, the masonry was represented as a blocks’ assembly; the size of them was chosen
to obtain a fair compromise between computational costs and accuracy of results. The
model is composed of 6790 3D rigid blocks, establishing a mutual interaction in normal
and tangential directions.

The tower walls’ thicknesses were split into three measures to distinguish between
the external layers, of 0.4 m each, and the inner core, of 0.4 m. The blocks used to simulate
the inner core were simply allocated close to the external ones. The masonry panels are
characterized by a poor connection between the layers within the wall. For this reason, the
numerical simulation is implemented through the distinction between an internal layer and
two external layers. In particular, the internal part is modeled by greater blocks than the
other layers. Therefore, regarding the masonry damage study, this choice has allowed the
investigation of the crumbling phenomenon with focus on the external layers. The wall’s
layer connection was ensured by means of a through stone each square meter (Figure 6b).
This choice could guarantee a limited connection, avoiding a complete independency
between the layers.

The models require distinct parameters to simulate masonry behavior. Regarding the
CM generated with the Midas FEA NX© 2022 V1.1, it is necessary to define elastic moduli
and masses for the linear response. Conversely, for the nonlinearity, the parameters of the
yield surface and the two mono-axial laws in tension and compression, with their respective
damage evolutions, are defined. In the DM made with the LMGC900© version 2021, the
blocks are characterized by only their density. In addition, to specify the interaction laws,
the definition of the friction values is required (see Table 1).

Table 1. Materials” parameters used in the continuous and the discontinuous model.

Medium-Quality Low-Quality

Masonry Properties Masonry Properties Concrete
Young’s Module (MPa) 2800 31,500
Poisson’s module (—) 0.25 0.3
Mass (kN/m?3) 22 25
Strength in compression (MPa) 8.0 5.6 -
Strength in tension (MPa) 1.6 0.46 -
Parameters to define the CDP Yield surface
Dilatation angle, i 10° -
Correction parameter, k. 0.666 -
Eccentricity, eeccen 0.1 -
Biaxial strength ratio, fyq/ fco 1.16 -
Viscosity 0.01 -
Non-Smooth Contact Dynamic Method
Friction masonry structure 0.50
Friction inner core 0.30

According to the survey conditions, the entire structure is conceived with cut regular
stone masonry. The only difference is in the tower, which has an inner core made with rubble
stones. The materials’ parameters are considered as reported in the Italian Code [28,29].

In the CM, three materials are defined: one for the complex and tower, one for the
bell cell, and the last for the roof. There was evidence in observing the structure and the
cracks’ pattern that the quality of the masonry was good in the Podesta Palace and annex,
and also in the tower body, although this latter presented an inner core. For these reasons,
the ‘Medium-quality masonry properties’ (see Table 1) is assigned. However, the bell cell,
due to its exposition to the atmospheric agents, showed a mechanical reduction in the
mortar in the joints, which is simulated by lowering its nonlinear parameters (“Low-quality
masonry properties” in Table 1). Finally, the roof is modeled with the elastic parameters of
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the concrete, considering it in the analysis as over-resistant and, therefore, avoiding the
post-elastic behavior characterization. The mono-axial tensile and compressive laws are
shown in Figure 7. The yield surface parameters employed are presented in Table 1.
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Figure 7. CDP constitutive laws defined in compression (a) and tension (b).

On the other hand, in the discrete model, all the complex is assigned with the density
of the cut stone, 2200 kg/m?, except for the inner core and the roof. The inner core was
given a density of 1900 kg/m3, while the roof was assigned a density of 2500 kg/m3, equal
to concrete. The joints’ friction was specified as follows: 0.9 between the blocks and the
ground; then, the value of 0.3 is applied both between the inner core stones of the tower
and at the contact surface of the inner core and the external layers of the tower (including
the blocks crossing the entire wall’s thickness). Finally, the value of 0.5 is used between the
remaining blocks. Those values were chosen based on previous studies [35-37].

The CM and DM underwent nonlinear dynamic analyses to assess the complex’s
response during the Central Italy seismic sequence. The three main shocks that occurred
on 24 August, 26 October, and 30 October 2016 were considered. The station of Amatrice
(AMT), nearby Accumoli village, was selected only for the first two shocks, since, in the
Accumoli station (ACC), the quality of the recordings is good enough only for the last
shock considered. The accelerations and velocities recorded were applied at the CM and
DM foundations, respectively.

Table 2 lists the main characteristics of these earthquakes. Class EC8 indicates the
type of ground on which the earthquake was recorded; Ry, is the Joyner-Boore distance or,
rather, the smallest spacing between the rupture site and the rupture surface projection;
Ryup is the shortest distance between the rupture site and the rupture surface; and R,; is
the distance calculated by the geometric swap.

To expedite the computation, only 10 s of each earthquake’s strong motion were
considered. These were applied in a series, every two seconds of rest, for a total time of
34 s (Figure 8). All three directions were considered. A load step of 0.005 s was set to
perform the analysis. As regards the damping, in the CM model, it was determined using
the Rayleigh method considering the 1st and 77th modes and a damping of 3% [23]. The
77th mode was selected so that, in the X and Y directions, the participation mass reached
a value of 85%. The DM model neglected the damping effects, which are crucial to the
continuum model, and the dissipated energy was related to the contribution of friction.

Table 2. The main characteristics of the three quakes considered [38].

. R; R R,,; N-S E-W Z
. . Vi rup epi
Seismic Event My Depth (km) Station Class EC8 (ki) (km) (km) PGA (m/s?) PGA (m/s?) PGA (m/s?)
24 August 2016 6.0 8.1 AMT B* 1.38 4.62 8.50 3.68 —8.51 391
26 October 2016 5.9 7.5 AMT B* 259 26.1 33.30 —0.59 0.91 0.49
30 October 2016 6.1 9.2 ACC A* 22 5.7 18.60 —-3.95 4.34 —5.47

*: that site classification is not based on a direct Vs, 30 measurement.
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Figure 8. Acceleration and velocity time histories applied to CM and DM, respectively, in order to
represent the effect of a seismic sequence.

3. Results

The numerical models’ results are compared in terms of damage (Figures 9 and 10)
and displacements (Figure 11). For this purpose, four control points along the external
roof’s perimeter were considered: two on the tower (P_1 and P_2) and two on the palace
(P_3 and P_4), as shown in Figure 6.

10 sec 22 sec 34 sec

Midas FEA NX
Tensile damage

[-]

+0.90
+0.80
+0.70
+0.60
+0.50
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+0.20
+0.10
+0.00

LMGC90©
Displacement
[m]
+0.20

—+0.15

—+0.10
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Figure 9. Damage at the end of each event in the CM (Midas FEA NX©) and DM (LMGC900©).
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Undamaged
—— Damaged

Figure 10. Differences between the undamaged and damaged states of CM (a) and DM (b) in the
bell cell.

The largest plastic deformations at the end of the analyses are labeled as P_1 and P_2
in the X-direction for both the CM (Figures 9 and 10a,b) and DM (Figures 9 and 10c,d). In
the CM, these points measure 0.15 m and 0.14 m, respectively. In the DM, they can reach
the values of 0.16 m and —0.21 m. They also show considerable cumulative displacements
in the Y-direction, achieving values like those detected in the X-direction. Comparing
the displacements’ time histories between CM and DM, although their values calculated
in different control points are similar, the two approaches do not provide an identical
representation of the masonry behavior. In contrast to the CM, wherein all the points go in
the same direction, the DM allows them to move in opposite directions. That difference
could be highlighted by the comparison of the damage plots. The CM at the end of the
sequence displays horizontal cracks between the arched windows and the bell cell corners.
On the other hand, in the DM, the four corners of the tower show the largest displacements,
indicating that the tower’s walls are opening. Indeed, the joints’ slide identifies masonry
wedges that start at the end of the tower’s connection with the palace and widen in the roof
direction. From the overlapping of the numerical and the real cracks pattern of the tower
(Figure 12), it is clear how the DM outcomes are closer to reality than the CM, highlighting
the prevalence of the walls” out-of-plane behavior over the in-plane one.
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Figure 11. Displacements’ time histories of the four control points obtained with CM and DM.

The time-histories displacements in the Z-direction indicate that, at the simulation
ending phase, all the upper points report positive values on the CM and negative values
on the DM. The main reason for this difference can be linked, in the last case, to the joints’
sliding that tilts the blocks, slightly lowering the reference points. However, their raising
could be observed in the CM, owing to the plastic deformation. Therefore, these results
could not be comparable (Figure 10).The time-histories displacements in the Z-direction
indicate that, at the simulation ending phase, all the upper points report positive values on
the CM and negative values on the DM. The main reason for this difference can be linked, in
the last case, to the joints’ sliding that tilts the blocks, slightly lowering the reference points.
However, their raising could be observed in the CM, owing to the plastic deformation.
Therefore, these results could not be comparable (Figure 10).
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Figure 12. Comparison of the actual cracks and the numerical damage, obtained with CM and DM.
(a) Bell tower north facade; (b) bell tower west facade; (c) bell tower south-east corner; (d) Podesta
Palace south fagade.

The points under investigation on the Podesta Palace (P_3 and P_4) show lower
cumulative displacements than those allocated on the tower; in the CM, they are close to
zero, whereas, in the DM, they are within a range of +0.04 m. In contrast to what was
observed in the tower, the numerical cracks in the palace obtained with the CM and the
DM are equivalent. They are mostly vertical and positioned near the palace’s entrance
openings (Figure 12).

Finally, the analyses carried out led to the damage evolution. The displacements time
histories reveal that the structure reported irreparable injuries during the quake of 24 Au-
gust, which increased after the occurrence of the last event, unlike the earthquake registered
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on 26 October, which, given its moderate intensity, left the complex’s condition unaltered.
By calculating the relative displacements following each event, it can be determined that
the third earthquake damaged the structure much more than the first one. Considering P_1,
its relative displacement is 0.12 m and 0.04 m in the X-direction for both models.

4. Conclusions

The paper presented the assessment of the structural response of an iconic complex
severely damaged by the Central Italy earthquake that occurred in 2016-2017. The structure
is located in Accumoli village, one of the epicenters of the seismic sequence that stroked the
Apennine area. The village is destroyed, and only the complex analyzed is still standing
thanks to the immediate securing of the firefighters following the second quake. This
building is important for its historical value, being the oldest in the town, but also for its
symbolic value, having been the town hall.

Its behavior under earthquakes was studied using two different approaches to assess
the masonry response: a continuous (CM) and discontinuous (DM) model. In the first
one, a homogenization between the bricks and mortar characteristics was considered. In
the second one, each block was reported separately, and the mortar characteristics were
considered with interaction laws. The masonry nonlinearity was simulated in the CM using
the concrete damage plasticity (CDP) model and, in the DM, with the non-smooth contact
dynamic (NSCD) method.

To analyze the structural response, the models underwent nonlinear dynamic analysis,
applying in series the three main shocks of the seismic swarm. The comparison between the
displacements of different points considered was similar according to these two approaches.
However, the comparison between the numerical and the real damage highlights that both
the models may reproduce the cracks that occurred in the palace, but only the discontinuous
is able to replicate the tower response. Indeed, the continuous is formulated to work well
when the masonry texture turns out to be not the main parameter that governs the response.
In the old towers, this is not always true, as the heterogeneity of the masonry and the
unclear interaction with the palace bring us to consider the discretization as bad with a
continuous approach. In the absence of regular masonry, as typically happens along the
Apennine area of Italy, the discrete models provide more consistent results with respect to
the observed damage, as the block-block interaction is fundamental [16,36,37].

Finally, it is important to underline an aspect that needs more investigation, namely
the palace-tower interaction. The cracks shown by both the numerical models are more
severe than they appeared in real life; to this end, it might be interesting to elaborate
additional models in which the building presents different degrees of connection with the
tower, e.g., the connection of the external or internal layer only.
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