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Abstract  In an era marked by the urgent need to 
ensure the safety of existing buildings according to 
current standards, evaluating the stability of masonry 
structures against hazard events has become a signifi-
cant challenge. Despite the versatility and durability 
of masonry, structural assessments are hampered by 
factors such as limited information on material prop-
erties, irregular geometries, and ageing. To address 
this issue, numerous modelling techniques have been 
developed, supported by extensive scientific litera-
ture. However, significant factors related to the case 
study replication, such as the geometric complexity, 
the mechanical behaviour of masonry, the loading 
applications, contribute to the challenges associated 
with modelling procedures, including computational 
time, discretization procedures, and step incremen-
tation. This paper critically discusses the most inno-
vative modelling approaches. Specifically, it aims to 
compare the efficiency of the Distinct Element (dis-
continuous) Methods and the Finite Element (con-
tinuous) Method, both applied to the numerical simu-
lation of a case study structure severely damaged by 

the 2016 Central Italy earthquake under lateral load-
ing conditions. The continuous method is analysed 
using Midas FEA NX©, while the discontinuous 
methods are studied using 3DEC© and LMGC90© 
software, each with different contact conditions. 
Finally, the investigation highlights the main advan-
tages and disadvantages of each method. In particu-
lar, the discontinuous method demonstrates reliability 
in accurately replicating failure patterns, whereas the 
continuous method allows for a faster model setup, 
making it suitable for preliminary studies on struc-
tural dynamics.

Keywords  Continuous method · Discrete element 
method · Masonry · Collapse mechanisms · Non-
linear dynamic analysis

1  Introduction

Over the centuries, historical masonry constructions 
have shown their susceptibility to dynamic loads, 
mainly earthquakes. Recent seismic events in central 
Italy between 2016 and 2017 have highlighted the fra-
gility of these structures [1–5]. Irregular geometry, 
varying historical development, inadequate mainte-
nance, and the lack of effective structural behaviour, 
such as box-like action, have been identified as the 
primary factors contributing to their vulnerability 
[6–8].
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The conservation and restoration of historical 
buildings, specifically those to be considered as part 
of the cultural heritage, are becoming increasingly 
important in Europe, while preserving their main 
architectural features. This is especially true in Italy, 
where the world’s largest percentage of monumen-
tal churches, monasteries, and towers is located. The 
earthquakes recorded in the recent decades (Umbria-
Marche 1997–1998, Abruzzo 2009, Emilia-Romagna 
2012, Marche-Lazio-Umbria-Abruzzo 2016–2017) 
have severely damaged numerous unique architectural 
heritage structures [9–11].

Ensuring the protection of Europe’s and Italy’s 
rich architectural heritage necessitates a thorough 
assessment of historical constructions’ vulnerability 
to earthquakes [12]. Unlike modern structures, most 
historical buildings are constructed from masonry, 
which is not inherently designed to withstand lateral 
forces. Traditional design methods prioritized grav-
ity loads, neglecting aspects like lateral resistance and 
ductility [13]. Further complicating matters, many 
historical buildings now serve various purposes, 
including residences, offices, museums, and critical 
civil service facilities. Buildings designated for stra-
tegic roles during disasters, such as housing rescue 
team headquarters or providing temporary shelter to 
displaced persons, require even greater safety con-
siderations [14, 15]. Consequently, these structures 
must be able to withstand both vertical and horizontal 
loads effectively.

Historical masonry structures present unique chal-
lenges for seismic analysis due to their inherent com-
plexity and limited understanding of their structural 
behaviour, particularly under earthquake loads. Com-
pared to modern buildings, these structures are typi-
cally more massive and primarily designed to resist 
compressive forces. The successful development of 
reliable mathematical models is crucial for the seis-
mic assessment and retrofitting of such structures. 
For modern buildings utilizing well-defined indus-
trial materials like reinforced concrete and steel, the 
consistent properties of materials and structural ele-
ments enable the development of reliable models 
[16, 17]. However, accurately evaluating the seismic 
response of historical masonry structures is signifi-
cantly more complex. This complexity arises from 
several factors, including the variability in mate-
rial properties, geometric irregularities, variations in 
floor stiffness (influencing diaphragm action), and the 

often-intricate connections between orthogonal walls 
and both structural and non-structural elements [6, 
18–21].

In conventional engineering practice, assess-
ing masonry structures often relies on an equivalent 
frame approach [22]. This method, derived from 
post-earthquake damage observation, models verti-
cal masonry elements as piers and sections between 
openings as spandrels, assuming both to be prone 
to cracking or failure and connected by rigid nodes. 
However, these assumptions are not suitable for his-
torical buildings due to their complex and evolving 
construction histories [23].

Since the 1990s, advancements in scientific 
research have yielded more sophisticated modelling 
techniques specifically tailored for heritage masonry 
structures [24–27]. Two prominent methods, block-
based (discontinuous) and continuous (homog-
enization) models, offer more accurate numerical 
responses compared to real-world damage scenarios 
[28, 29]. The block-based (discontinuous) approach 
captures the distinct behaviour of individual blocks 
and mortar in the masonry response. This method 
encompasses detailed micro-modelling, where both 
blocks and mortar are explicitly represented [30, 31] 
as well as simplified versions where mortar thickness 
is incorporated into block dimensions [32, 33]. These 
approaches can be implemented using either Finite 
Element (FE) or Discrete Element (DE) methods.

In the FE approach, masonry is discretized into 
regular elements that interact through interfaces 
governed by frictional or cohesive laws [34]. These 
parameters are calibrated based on experimental test-
ing. The DE method, on the other hand, represents 
masonry as individual blocks interacting through 
contact surfaces, often using non-smooth or smooth 
contact laws. The key strength of the block-based 
(discontinuous) approach lies in its ability to simulate 
block separation and potential crumbling of multi-
leaf masonry walls. This allows for a unified analysis 
of both in-plane and out-of-plane structural behaviour 
[35–40].

Conversely, the continuous method assumes per-
fect connectivity between all masonry elements, ena-
bling a detailed description of the in-plane structural 
response. Material heterogeneity is treated as a con-
tinuous deformable body governed by appropriate 
constitutive laws for static and dynamic loads [13, 
41–44]. These laws can be derived from experimental 
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tests [45], similar masonry properties, or national/
international regulations. Compared to the block-
based approach, the continuous method offers faster 
model creation and analysis execution [43, 46, 47].

This paper explores the contrasting strengths of the 
block-based (discontinuous) approach using the DE 
method and the continuous method using classical FE 
with solid elements. Both approaches are applied to a 
significant case study: the church of S. Nicolò in Sen-
tino (Fig. 1), located in a hamlet of Camerino within 
the Macerata Province of central Italy. The village 
experienced extensive damage during the earthquake 
of August 24th, 2016, making this church one of the 
oldest remaining structures in the area.

Finally, this investigation highlights the main 
advantages and disadvantages of each method. The 
discontinuous method excels in accurately replicating 
failure patterns, while the continuous method offers 
faster model setup, making it suitable for initial stud-
ies on structural dynamics.

2 � Historical developments and the seismic damage 
of 2016

This study examines the Church of San Nicolò in 
Sentino, Italy, a historical masonry structure that 
serves as a case study for the application of seismic 
analysis methods. The church, located on the out-
skirts of Sentino’s inhabited center, is a stone-built 
building with exposed masonry (Fig. 1). Its Roman-
esque origins date back to the thirteenth century, as 
documented in the Rationes Decimarum.

The Church of San Nicolò in Sentino represents 
the collaborative efforts of individuals and the com-
munity. It embodies the characteristics of isolated, 
rural, rectangular churches typical of the Romanesque 
period. The design prioritizes simplicity, reflecting 
the fundamental principle of ‘economy’ prevalent in 
historical construction practices. Local materials and 
craftsmanship were employed, resulting in a structure 
devoid of complex features like cross vaults, domes, 
loggias, or multiple naves. Conversely, the church fea-
tures small single windows, a truss roof, a few ‘oculi’ 
(circular windows), and arches. Both geometrically 
and materially, the church presents a straightforward 
construction, built entirely from locally sandstone.

Fig. 1   Sentino, hamlet of Camerino, central Italy
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Although its apparent simplicity and modesty, the 
church exhibits a refined elegance and attention to 
detail. The main façade features a rose window, while 
the rear façade includes a single window. Internally, 
the camorcanna vaults (vaults with intersecting ribs), 
a coffered ceiling adorned with intricate carved roses, 
and a collection of ancient and valuable frescoes all 
contribute to the church’s historical significance and 
preservation value. The layout of this former par-
ish church follows a rectangular plan (dimensions: 
15.60 m × 9.50 m) designated for religious functions. 
A superimposed bell tower and a smaller, more com-
pact structure adjoining the main building served as 
the sacristy.

The church has experienced numerous seismic 
events throughout history within the pre-Apennine 

Camerte region; from the past and destructive earth-
quakes of 1741 and 1799 to the more recent ones 
of 1997 and 2016, that provided serious damage 
to the structure, compromising its overall stability 
(Fig. 2). The historical analysis of this cultural her-
itage allows to understand the interaction between 
building blocks constructed in different eras. This 
complex issue is depending on the masonry qual-
ity, its heterogeneity, and the degree of connection 
between the different structures. In general, more 
recent structural modifications are not connected 
to the pre-existing ones, creating potential stability 
and safety issues.

The structural transformation began in the nine-
teenth century with the subsequent enlargements of 
the sacristy and the bell tower, positioned 5 cm from 

Fig. 2   The four façades 
with the damage after the 
seismic sequence of 2016, 
the transversal and longitu-
dinal sections
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the frescoed back wall (Fig. 3), covering a portion of 
it and hiding the existing ‘monofora’ window.

Subsequently, to balance the architectural symme-
try, an accessory room was built mirroring the bell 
tower, covering the frescoed 15th-century apse. The 
entire presbyterial area was then enriched and cov-
ered with barrel vaults and camorcanna. In 1928 the 
church underwent a restoration intervention, and a 
wooden false ceiling was built in the church hall and 
a choir loft, also in wooden structure, supported by 
small pillars.

After the 1997 earthquake, the load-bearing perim-
eter walls exhibited various cracks and serious frac-
tures, mainly in the lower part of the structure. More 
critically, the upper masonry was detached, with no 
connection to the wooden beams. The external walls 
were characterized by de-cohesion of the masonry 
with several stones expelled due to the degradation 
of the mortar beds. Also, the foundations exhibited 
significant settlement, especially in the rear pres-
bytery area and the lateral part of the small church. 
In addition, the foundations were in poor condition 

due to moisture infiltration, which had damaged and 
degraded the mortar.

In 1999, rehabilitation works aimed at both restor-
ing the damaged elements and improving the overall 
structural load-carrying capacity by seismic retrofit-
ting interventions. In particular, the reinforcement 
process involved: firstly, the masonry walls were 
strengthened by cracks repairing, and thus their con-
nections between orthogonal elements were improved 
to prevent overturning mechanism. Moreover, a 
complete overhaul of the roof was planned, with a 
non-thrusting covering. Then the foundations were 
consolidated, and the presbytery area was restored. 
The interventions in 1997 improved the monolithic 
behaviour of some masonry walling. In 2002, a sig-
nificant modification was made. Nevertheless, seis-
mic sequences occurred in 2016 had revealed major 
structural weaknesses and inadequacies in the inter-
ventions performed a few years prior. Masonry dis-
integration occurred again in other areas of the 
structural aggregate. Despite the interventions after 
the 1997 earthquake, the external walls exhibited 

Fig. 3   Detail of the damage inside the church and of the windows near the bell tower placed at 5 cm from the back wall
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out-of-plane failure mechanisms due to the degra-
dation of the mortar beds and the lack of connec-
tion between the wooden beams and the masonry 
(Fig.  2). The northeast façade of the sacristy expe-
rienced disintegration and partial expulsion of the 
external wall. This disintegrative behaviour can be 
attributed to the poor quality of the mortar and the 
insufficient number of diatoni within the structure to 
ensure rigid body behaviour. In addition, multi-leaf 
masonry walls result critical owing to the pressure of 
the infill to the external walls. The northwest façade, 
the church’s main front, shows failures along the mor-
tar joints, because of the poor mechanical quality. A 
passing crack along the mortar joints near the south-
west façade of the church indicates an attempt to drag 
part of the counteracting wall. Two oblique cracks 
in the northeast counteracting wall also confirm the 
mechanism’s activation. The southwest façade of the 
building shows cracks primarily in the upper part and 
along the mortar joints, with a significant pseudo-ver-
tical crack above the ‘monofora’ window, indicating 
an attempt to expel the sandstone blocks. Significant 
damage was also observed in the bell tower, where 
the masonry is severely cracked and almost disinte-
grated in several places (Fig. 2).

In summary, the vulnerability of the wall to hori-
zontal forces could be influenced by several reasons: 
the absence of top restraints, ineffective connections 
with orthogonal walls, and a lack of bond beams or 
ties. These factors can provide the activation of a 
composite overturning mechanism, highlighted by a 
diagonal crack in the orthogonal walls of the nave. 
This mechanism involves the rigid rotation of the 
wall around a horizontal hinge, dragging portions of 
the masonry from the counteracting walls. A fast-
securing system on this façade was installed in 2018 
in guaranteeing its integrity.

Therefore, measures were taken to secure the 
religious building by implementing interventions to 
maintain the unity of the masonry structure in the 
most damaged parts.

3 � Numerical models

This study presents a comparative analysis of two dis-
tinct modelling approaches for evaluating the Church 
of San Nicolò’s dynamic behaviour under seis-
mic loads: the Discontinuous Model (DM) and the 

Continuous Model (CM). The most significant dis-
tinction between these methodologies resides in their 
respective approaches to material nonlinearities.

The DM assumes that material nonlinearities are 
primarily concentrated within the mortar joints, rep-
resenting the church structure as an assembly of indi-
vidual blocks. Whereas the CM simplifies the struc-
ture by assuming material homogeneity, distributing 
nonlinearities uniformly throughout the entire volume 
of solid elements.

Each approach employs distinct computational 
algorithms. For the DM analysis, the Discrete Ele-
ment Method (DEM) and the Non-Smooth Contact 
Dynamics (NSCD) are implemented respectively in 
3DEC© [48] and within LMGC90© software [49, 
50]. These methods account for the discrete shape 
of the masonry blocks and their interaction at mortar 
interfaces.

On the other hand, the CM has developed in Midas 
FEA NX© [51] based on the Concrete Damage Plas-
ticity (CDP) model. In this approach, the masonry is 
considered as a continuum, simplifying the analysis 
but potentially neglecting the influence of mortar 
joint behaviour on the overall response.

The mechanical parameters have been calibrated 
according to the Italian regulations of 2018 [52], as 
outlined in Chapter 8, and the corresponding explana-
tory circular of 2019 [53]. The mechanical parame-
ters considered are listed in Table C8.5.I of [53] for 
the type of masonry referred to as “Random Rubble 
Masonry” (hereafter referred to as bad masonry) and 
“Solid Bricks and Lime Mortar” (hereafter referred 
to as good masonry). The tensile strength has been 
assessed as equal to one-tenth of the compressive 
strength. The parameters have been reduced by a con-
fidence factor of 1.35 [52].

The following section provides a brief overview 
of the DEM, NSCD, and CDP methods. Theoreti-
cal details can be found in-depth in the referenced 
sources [48, 54–56].

3.1 � Discontinuous models

The DM approach employed two software packages: 
3DEC© [48] and LMGC90© [49, 57]. In this method, 
the structure was discretized into an assembly of dis-
tinct blocks, resembling a simplified micro-modelling 
approach. The block dimensions incorporated the 
mortar thickness. The nonlinear behaviour of the 
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masonry, arising from interactions between blocks, 
was addressed using Discrete Element Methods 
(DEM) in 3DEC© and Non-Smooth Contact Dynam-
ics (NSCD) in LMGC90©. To facilitate a direct com-
parison between the two discontinuous approaches in 
this study, rigid blocks within the DEM framework 
are used.

3.1.1 � Geometry

The geometry of the church and the configuration of 
its constituent blocks present a considerable techni-
cal challenge for the automated generation of models 
using scripting or computer-aided design (CAD) soft-
ware. In order to ensure the accurate depiction of each 
block’s position, scaled images of the church were 
imported into AutoCAD©. The pictures were instru-
mental in the generation of a two-dimensional rep-
resentation of the structure’s façades, delineated by 
a series of lines. Subsequently, the 2D outlines were 
extruded to generate the 3D geometric model of the 
church’s principal structure, as illustrated in Fig. 4.

The transfer of the church’s geometry into 
LMGC90© using CAD files is a relatively straight-
forward process. However, this is not the case with 

3DEC©. Although 3DEC© has the capability to 
import and export CAD files in DXF and STL for-
mats for 3D surfaces, it also allows for the modifica-
tion of polyhedrons (the 3D representations of objects 
in 3DEC) via DXF files. Nevertheless, a limita-
tion of the integrated import command (polyhedron 
cube) is its restriction to creating boundaries in two 
dimensions. Consequently, an alternative approach 
is necessary to generate complex three-dimensional 
geometries.

The method employed here involved developing 
a script that converts the 3D geometry into a format 
compatible with 3DEC©. Specifically, the script pro-
duces a text file that utilizes the polyhedron prism 
command to represent blocks within 3DEC©.

3.1.2 � Discrete element method (DEM) in 3DEC©

The present work utilizes the Discrete Element 
Method (DEM) implemented in 3DEC© [48]. This 
method represents the structure as an assembly of 
rigid or deformable blocks interacting through con-
tact points (Fig.  5). Unlike the Non-Smooth Con-
tact Dynamics (NSCD) method, DEM employs an 
explicit integration scheme for numerical stability, 

Fig. 4   Steps for creating the texture of the DEM
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often incorporating damping, employing the central 
difference method.

The interaction between blocks is governed by 
linear or non-linear contact laws in both the normal 
and shear directions. Each block and its associated 
joints are further discretized into internal particles 
(Fig. 5.a). These particles interact with neighbouring 
blocks through contact points. Contact laws (Fig. 5b, 
c) define the relative movement at these interfaces. 
The parameters of the joints used in 3DEC are pro-
vided in Table  1. A pair of springs at each contact 
point facilitates the transfer of normal (Eq.  (1)) and 
shear forces (Eq. (2)) between blocks:

Within the DEM framework, the state of failure 
corresponds to a nullification of both the cohesion (c) 
and the normal stress �n ; however, the friction angle 
(ϕ) remains unaffected. Sliding between blocks is 
initiated when the shear force (τ) reaches a critical 
value, defined as:

(1)Δ�n = JknΔun,

(2)Δ�s = JksΔus.

Here, �n represents the normal stress acting across 
the contact surface. This equation reflects the influ-
ence of both cohesion (c) and friction angle (ϕ) on the 
shear resistance, with �n playing a role by amplifying 
the frictional resistance through the tangent term.

If the normal tension (�n) exceeds the tensile 
strength (f t):

In the proposed model utilizing an explicit time-
stepping algorithm, the equations of motion for each 
node of the rigid blocks are as follows:

where ui is the nodal displacement vector of a node 
(i = {x, y}) , m is the nodal mass, � is the mass-pro-
portional viscous damping constant. The total nodal 
force vector 

∑
fi is given by a sum of three terms:

(3)|�s| = c + �ntan� = �crit

(4)�n = 0.

(5)m
du̇i

dt
+ 𝛼mu̇i =

∑
fi,

(6)
∑

fi = f C
i
+ f E

i
+ f A

i
,

Fig. 5   Mechanical representation of the contact point between blocks (a), laws in the normal direction (b), and the shear direction 
(c)

Table 1   Joints’ parameters 
used in 3DEC© JKn (Pa/m) JKs (Pa/m) Jfric (°) Jcoh (Pa) Jten (Pa) W [kN/m3]

Church 1.13E + 10 4.53E + 09 27 1.00E + 05 5.00E + 04 20
Inner rubble 2.67E + 10 1.07E + 10 17 1.00E + 05 1.00E + 05 19
Tower 1.33E + 10 5.33E + 09 27 1.00E + 05 1.00E + 05 18
Foundation 7.67E + 09 3.07E + 09 42 1.00E + 05 1.00E + 05 20
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where f C
i

 represents the contact forces, f E
i

 is the 
nodal forces from the internal stresses and f A

i
 is the 

sum of the external applied loads, including gravity.

3.1.3 � Non‑smooth contact dynamics (NSCD) 
in LMGC90©

The NSCD method [58, 59] utilizes an implicit inte-
gration scheme to incorporate non-smooth contact 
laws (Fig. 6). This approach involves considering two 
interacting bodies: the Ai candidate and the Aj antag-
onist. Potential contact points, denoted as Cj and Ci , 
are identified on these bodies, with n representing the 
unit vector normal to the contact point (Fig. 6a). The 
distance between these points defines the gap func-
tion (g):

Two contact laws are employed to determine the 
normal ( ̇un ) and tangential ( ̇ut ) forces at the contact 
interface. These laws consider the relative velocity of 
the ( Cj ) with respect to the Ci along the normal ( rn ) 
and tangential (rt ) directions, respectively. The result-
ing contact forces (R) employed by the Aj antagonist 
on the Ai candidate.

Signorini’s Law of Impenetrability (Fig.  6b), 
Eqs. (8) and (9) define a perfect plastic impact, imply-
ing a zero coefficient of restitution according to New-
ton’s Law. Therefore, this translates to negligible 
bouncing behaviour, relevant for materials like stones 
and bricks with low restitution coefficients.

(7)g = (Cj − Ci)n

(8)g ≥ 0, rn ≥ 0, grn = 0,

Equation  (10) represents the dry-friction Cou-
lomb’s Law (Fig. 5c):

where μ is the friction coefficient and λ is a positive 
real arbitrary number.

The equation of motion for the system can be 
expressed as:

The couples associated with each contact, 
denoted as ( u̇n, u̇t ) and ( rn, rt ), are governed by lin-
ear maps that depend on q the global vectors q̇ and 
l  , respectively.

Since Eqs.  (8) and (9) are non-smooth, the con-
tact forces ( l ) and velocities ( q̇ ) become discon-
tinuous functions of time. While the velocities are 
discontinuous, Eq.  (11) can be integrated over a 
time step (t). The equation of motion is then inte-
grated over time intervals 

[
ti, ti+1

]
 using the follow-

ing approach:

Here, li+1 represents the pulse at the time interval 
and q̇i+1 is the variable that approximates the right 
limit of the velocity at time 

[
ti+1

]
 . The contact forces 

are approximated by averaging the pulse in 
[
ti, ti+1

]
 

within the global time step (Eq.  12) and the local 

(9)if g = 0 → u̇n ≥ 0 → rn ≥ 0 → u̇nrn = 0.

(10)||rt|| ≤ 𝜇rn ∶

{ ||rt|| < 𝜇rn → u̇t = 0,
||rt|| = 𝜇rn → u̇t = −𝜆

rt

|rt| ,

(11)Mq̈ = f (q, q̇, t) + l.

(12)M
(
q̇i+1 − q̇i

)
= ∫

ti+1

ti

f (q, q̇, t)dt + li+1

Fig. 6   Contact between bodies (a), Signorini’s law (b) Eq. (6), 
and dry-friction Coulomb’s law (c) Eq.  (8), where M is the 
mass matrix, q̈ is the acceleration vector, f (q, q̇, t) represent the 

internal and external discretized forces acting on the system, 
respectively, and l is the resultant of contact
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contact law constraints (Eqs. 8 and 9). By neglect-
ing block deformability, the NSCD method captures 
the dynamic interaction between elements through 
sliding and oscillation of rigid blocks. The different 
numerical models are reported in Fig. 6. A friction 
coefficient equal to � = 0.50 was used at the inter-
face between the blocks, equal to � = 0.90 in the 
interface between the blocks and the base, equal to 
� = 0.30 the external masonry and the filling.

3.2 � Continuous model (CM)

The CM approach is implemented in a commercial 
software, Midas FEA NX© [51]. In this method, the 
masonry was simplified as a homogeneous isotropic 
material. Its nonlinear behaviour was governed by 
the Concrete Damage Plasticity Model (CDP) [56], 
which is a valid option for materials performance 
within the FEA framework. The CDP allows for the 
simultaneous simulation of cracking and crushing by 
defining separate stress–strain relationships and dam-
age evolution laws for tensile and compressive behav-
iour [43, 60, 61].

3.2.1 � Concrete damage plasticity model (CDP)

The CDP model governs the nonlinear behaviour of 
masonry in the continuous model (CM). Initially for-
mulated for brittle concrete behaviour [54], CDP has 
proven effective in capturing the response of various 
brittle materials, including masonry. Lubliner [54] 
first introduced the CDP model as an isotropic plas-
ticity model. Lee & Fenves [56] later improved it by 

incorporating stiffness recovery after crack closure 
under cyclic loading. The core concept of CDP lies 
in the distinction between tensile and compressive 
responses. Damage is defined based on the ‘effective 
configuration’. This concept equates the stress state in 
the undamaged ( �0 ) and damaged ( � ) configurations, 
considering the damage parameter ( d ), as shown in 
Eq.  (13). This equivalence is established under the 
assumption of strain equivalence, Eq. (14):

Here, � represents the total strain tensor, �e denotes 
the elastic strain component, and �p represents the 
plastic strain component, reflecting the CDP model’s 
foundation in classical plasticity.

The elastic stress ( � ) is related to the elastic 
damage stiffness matrix ( E ) through Hooke’s Law 
(Eq. 16):

To account for damage irreversibility, the degraded 
stiffness matrix ( E ) is expressed as:

where E0 represents the undamaged elastic stiffness 
matrix. During the elastic phase, the damage param-
eter ( d ) is zero. It progressively increases towards 
the value of 1 as the material approaches complete 

(13)� = d ⋅ �
0

,

(14)� = �
0

.

(15)� = �
e + �

p

(16)� = E(� − �p).

(17)E = (1 − d)E0

Fig. 7   Compression inelastic mono axial curve (a), Tensile inelastic mono axial-curve (b), Yield surface in the Westergaard space 
(c)
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rupture. As a result, the stress–strain relationship 
becomes:

Separate damage variable laws are defined for 
tension and compression (Eqs.  19, 20) to capture 
the higher stiffness degradation in tension ( �t ) com-
pared to compression ( �c ) under uniaxial stress 
(Fig.  7a–b). These damage variables increase with 
increasing elastic strain:

However, under cyclic loading, crack closure 
contributes to a partial recovery of elastic stiff-
ness, especially when transitioning from tension to 
compression.

This phenomenon is captured by

The parameters s_t and s_c are introduced to 
account for stiffness recovery during the load inver-
sion stage. These factors depend on weight factors 
w_t and w_c , that influence the degree of stiffness 
recovery according to

The factor r∗
(
̂̄𝜎
)
 ranges from zero to one, being 

zero when all principal stresses are positive and 
reaching one when all principal stresses are negative.

The weight factors wt and wc govern the extent of 
stiffness recovery. When they are zero, stiffness recov-
ery is neglected. Conversely, when they are equal to 
one, it signifies complete recovery of stiffness.

To delineate the boundary of the elastic domain, a 
yield strength function based on the Drucker-Prager 
function is employed (as illustrated in Fig. 7c).

where:

•	 I1 : First invariant of effective stress

(18)� = (1 − d)E0(� − �
p).

(19)�t = (1 − dt )E0(�t − �
p

t )

(20)�c =
(
1 − dc

)
E0

(
�c − �p

c

)

(21)(1 − d) = (1 − s_td_c)(1 − s_cd_t)

(22)st = 1 − wtr
∗
(
̂̄𝜎
)

(23)sc = 1 − wc

(
1 − r∗

(
̂̄𝜎
))

(24)F(�̄,�) = 1
1 − �

[

�I1 +
√

3I2 + �(�)
⟨ ̂̄�max

⟩

− �
⟨

− ̂̄�max
⟩

]

− cc(�),

•	 I2 : Second invariant of effective stress
•	 ̂̄𝜎max : Maximum principal effective stress

The constants � and � are determined using the ini-
tial uniaxial compressive yield stress ( fb0 ) and the ini-
tial equiaxial compressive yield stress ( fc0 ) as:

Additionally, cc(�) and ct(�) represent the effec-
tive cohesion in compression and tension, respectively. 
Finally, the constant � is calculated as:

where kc = I2,TM∕I2, CM is the ratio of the second 
stress invariants on the tensile meridian (TM) and 
compressive meridian (CM) at the initial yield point 
(Fig. 7c).

The CDP model incorporates a non-associated flow 
rule to govern the plastic flow direction. This means the 
direction of plastic strain increment may not necessar-
ily coincide with the normal to the yield surface. The 
model employs the Drucker-Prager hyperbolic func-
tion to define the plastic potential (flow potential). This 
function is characterized by three key parameters:

•	 Dilatation Angle � : this parameter controls the vol-
ume change associated with plastic flow. A positive 
� indicates dilation (volume increase) during plastic 
deformation, while a negative value signifies com-
paction.

•	 Eccentricity ( �eccen ): This parameter influences the 
shape of the flow potential in the stress space. A 
value of � = 0 results in a circular flow potential, 
while � ≠ 0 introduces eccentricity.

•	 Tensile Strength ( ft0 ): This parameter defines the 
tensile strength limit of the material.

The values of materials parameters are reported in 
Table 2.

(25)� =
fb0 − fc0

2fb0 − fc0
,

(26)� =
cc(�)

ct(�)
(� − 1) − (1 + �).

(27)� = 3
1 − kc

2kc − 1
,
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4 � Numerical analysis

The structural dynamic response of this reli-
gious building was investigated through nonlinear 
dynamic analyses using numerical models. Initially, 
the structure was influenced only by gravitational 
forces, followed by the application of the seismic 
sequence of central Italy 2016, consisting in four 
significant events recorded between August 24th 
and October 30th.

The seismic sequence is selected considering that 
the damage pattern currently visible is the result of 
a prolonged sequence. As a result, the damage acti-
vation might be demanding to define ‘a priori’. By 
employing this approach, it could be possible to 

replicate a more realistic scenario, thereby allowing 
a better understanding of the pros and cons about 
the method applied, and in relation to a potential 
evolution of the damage itself.

Data were collected from the reference station 
placed in Matelica (MTL) within the Italian Accel-
erometric Archive (ITACA) database (Fig. 8). Those 
earthquakes were applied sequentially to account for 
a cumulative damage. To reduce computational bur-
den, for each event, only the 10-s time around the 
highest peaks and 2  s of null acceleration between 
consecutive shocks were encompassed, resulting in 
a total investigation duration of 46  s. The step-time 
increment was assumed for a value of 0.005  s, con-
sidering the accelerograms in the three spatial direc-
tions (north–south, east–west, and vertical). Table  3 
presents key data for the four analysed seismic events, 
including:

•	 EC8 class: the type of ground on which the earth-
quake was recorded

•	 Rjb: Joyner-Boore distance, which is the distance 
to the nearest point on the surface projection of 
the fault

•	 Rrup: minimum distance between the site and the 
fault

•	 Repi: the epicentral distance (geometrically calcu-
lated distance)

Table 2   Materials parameters used in the continuous model

Good masonry Bad masonry

Young’s Module [MPa] 1500 870
Poisson’s module [-] 0.4 0.4
Weight density [kN/m3] 18 19
Strength in compression [MPa] 2.2 1.0
Strength in tension [MPa] 0.22 0.19
Dilatation angle,� 13°
Correction parameter,kc 0.666
Eccentricity,�eccen 0.2
Biaxial strength ratio, fb0∕fc0 1.16
Viscosity 0.002

Fig. 8   Seismic sequence applied for the nonlinear dynamic analysis, recorded in Matelica (MTL)
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5 � Numerical results

In this paragraph, are examined the numerical mod-
elling outcomes obtained using the discontinuous 
and continuous models under investigation in this 
research for the Church of San Nicolò in Sentino.

Six control points have the same coordinates in 
both models (Fig. 9). The first point P_1 is located at 
the top of the main façade, points P_2 and P_4 are 
situated on the respective spine walls of the main 
façade, while point P_3 is placed on the southeast 
façade. Finally, the remaining monitoring points, P_5 
and P_6, are located at the top of the bell tower. The 
results of the different models are reported in terms of 
the displacement of six control points (Table 4) with 
respect to the Time Histories in the x, y, and z direc-
tions (Fig.  10), as well as in terms of block sliding 
damage and masonry tensile damage (Fig. 11).

The comparison between the numerical results of 
the models with the existing crack pattern assists in 
the thoroughly investigation of the dynamic response 
of the church during the 2016 Central Italy seismic 
sequence and to evaluate the correlation between the 
real damage of the structure and the response of the 
models.

In the continuous model, the structure remains 
nearly intact after the initial 10  s: indeed, the dis-
placements remain close to zero until just before the 
final two events.

On the other hand, the discrete element mod-
els report significant involvement in the bell tower 
area, detecting displacements of the order of centi-
metres in the x-direction for the bell tower and the 
church structure. Specifically, after the first shock in 
the NSCD and DEM models, the displacements of 
P_1, P_2, P_3, and P_4 in the x and y directions are 
similar, while the values of the remaining monitoring 
points in the bell tower differ slightly between the two 
methods.

At the end of the first sequence, the most sig-
nificant displacements along x/y are found in 
the discontinuous model: point P_2 has values 
of − 11.1 mm/ − 5.5 mm in 3DEC, − 12. mm/ − 5.0 mm 
in LMGC90, as well as P_6 in the bell tower with 
residual displacements of − 11.3  mm/ − 1.6  mm in 
3DEC, − 12.3 mm/ − 2.7 mm in LMGC90.

The second seismic event (26th October 2016 
– 17:10), owing to the lower magnitude, pro-
vides minimal change in terms of damage and Ta
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displacements. During this acceleration, the struc-
tural scenario has remained unchanged in the discrete 
model, while in the CDP, as confirmed by Fig. 11, the 
tensile damage has increased at the base of the bell 
tower, as stress concentration loci, thereby contribut-
ing to the expansion of the existing crack pattern.

Nevertheless, the most extensive damage was 
observed for the last two events, characterized by 
more tensile damage in the continuous approach and 
greater displacements of the blocks in the discontinu-
ous ones. Indeed, they accounted for maximum val-
ues 20  mm in the bell tower that resulted the most 
affected by these shocks, demonstrating to be the 
most vulnerable element in both the Discrete Ele-
ment Method and the Non-Smooth Contact Dynam-
ics (Fig. 11). The belfry cell exhibited deterioration in 
the openings, on the northwest and northeast façades, 
where there is evidence in the keystone dropping of 
the openings and in the sliding of the adjacent blocks. 
At the end of the 36-s simulation with the LMGC90 

software, the damage of the arch was observed, 
providing the collapse of several voussoirs on the 
northeast façade of the bell tower, a mechanism not 
observed in the actual structure (Fig. 12).

In the model investigated with the CDP, after 
34  s, substantial displacements along the x/y axes 
were detected in the church structure. In particular, 
the most notable ones were recorded along x-direc-
tion at points P_2 (− 11.6 mm) and P_4 (18.4 mm). 
This behaviour is also evident in the tensile dam-
age pattern, where the structure appears much more 
cracked than in the previous event, showing vertical 
and diagonal cracks at the openings and wall connec-
tions. In addition, the volume of tensile damage in the 
masonry in the CDP model in this scenario accounts 
for a value of 29.2% compared to 2.1% from the pre-
vious earthquake, highlighting the significant impact 
of the third event on the structure.

The fourth seismic event examined (30th Octo-
ber) has increased the existing crack condition in 

Fig. 9   Finite element (left) and discrete element (right) models with control points used in subsequent nonlinear dynamic analyses
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Fig. 10   Displacements’ 
time histories of the six 
control points used (Seismic 
station MTL—Matelica)
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the continuous model, in which the primary dam-
age occurred in the church’s façade and nave walls, 
resulting a tensile damage volume of 30.4%. Sub-
stantial displacements in the x/y direction at moni-
toring points P_2 (− 21.7 mm/ − 19.8 mm) and P_4 
(20.2  mm/ − 17.3  mm) were recorded, suggesting 
a potential combined overturning mechanism, as 
indicated by the diagonal cracks developed both in 
the actual state of the church and in the continuous 
model.

Moreover, notable displacements are observed 
in the y-direction (70 mm) of the bell tower control 
point (P_5 and P_6). Likewise, in the discontinuous 
models, the most several effects were reported in 
the bell tower, where maximum displacements after 
the last shock in both the DMs were concentrated, 
getting worse its instability.

There is also evidence of very slight deviations 
between the x and y directions (Table 4) in all dis-
placements for both discontinuous methods (DEM 
and NSCD), except at the bell tower control points. 
Regarding the z direction, the values obtained in the 
discontinuous models could be comparable.

It is worthy to underline that, in the CDP model-
ling, an increase of residual displacements is detected 
from the 24th to the 46th second. On the other hand, 
no significant residual displacements are observed in 
the DMs. This discrepancy in behaviour can be attrib-
uted to the different nonlinear governing laws charac-
terizing each approach. Finally, the last two seismic 
events induce the most substantial displacements 
across all the models.

Nevertheless, the differences between DEM 
and NSCD methods can be noted by observing 

Fig. 11   Numerical damage at the end of each seismic shock in the considered sequence in terms of displacement for DEM and 
NSCD, and tensile damage for CDP
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the oscillations in all three directions, in particu-
lar after 24  s, due to the laws governing the con-
tacts between the blocks and the diverse behav-
iours in stabilising residual displacements. In the 
DEM method, the ‘smooth’ contact laws between 
the blocks are perfectly elastic. Therefore, even for 
small displacements, there is evidence in record-
ing significant oscillations of the DEM blocks that 
result also larger compared to the other NSCD 
method. In addition, oscillations are registered 
during the 2-s pause period between one another 
seismic sequence, although free from any accelera-
tion. Conversely, the NSCD model features ‘non-
smooth’ inelastic impacts between the blocks, 
resulting in no recoil or rebound phenomena post-
impact. In this case, the onset of displacement 
begins at the debonding load point, depending on 
the friction law. In conclusion, the initial shocks 
indicated that the bell tower is the most vulnerable 
element in the discontinuous model. The displace-
ments at P_6, located at the top of the bell cham-
ber, show significant and similar values in both the 
DEM and NSCD models compared to the church’s 
underlying structure. In the continuous model, 
however, displacements are nearly zero.

The latest seismic events have amplified the 
crack pattern in the bell tower for the discontinuous 
model, as underlined by increased displacements of 
the control points at the end of the sequence and 
by the evolution of the damage where greater block 
sliding is observed. On the other hand, in the CDP 
model, the tensile damage is mainly concentrated 
in the church structure. In particular, the activa-
tion of the out-of-plane overturning mechanism 
of the main façade is confirmed by the maximum 
displacements accounting for values at the control 
point as previous reported.

Finally, the numerical damage assessments from 
different models are compared with the actual 
structural damage (Fig.  12). Each model effec-
tively replicates the existing crack patterns in the 
structure, according to their respective capabilities. 
The discrete element model accurately describes 
the crack pattern in the bell tower, while the finite 
element model shows the bell tower exhibiting 
cantilever-like behaviour with localized damage 

at its base. The continuous model provides a more 
detailed representation of the diagonal failures, 
observed in the northeast façade.

5.1 � Numerical damage and real structural crumbling 
comparison

The simulation results were compared with the actual 
damage to the structure, demonstrating how different 
approaches in constitutive laws are crucial for inves-
tigating masonry vulnerability and providing a com-
prehensive understanding of the structure’s dynamic 
behaviour. After 46  s of simulation, the northwest 
façade of the bell tower in the discontinuous models 
aligns with the existing crack pattern (Fig. 12a). The 
failure mechanism of the bell chamber opening and 
the developing of various vertical cracks along the 
façade are clearly evident. Conversely, the bell cham-
ber in the continuous model performed like a cantile-
ver beam, resulting in damage patterns differing from 
the current condition of the structure. The northeast 
façade of the bell tower also demonstrated realistic 
behaviour in the discontinuous approach, in particular 
in the DEM model, where block sliding follows the 
existing crack pattern of the structure (Fig.  12b). In 
the NSCD model, block displacements were larger 
and more significant than in the DEM model, result-
ing in the collapse of two blocks at the top of the bell 
tower that is not comparable with the real structural 
behaviour after the seismic sequences. In the con-
tinuous model, the bell tower failures corresponding 
to the joint with the church structure, as previously 
described. Considering the main façade, it is impor-
tant to underline that its activation of the combined 
overturning mechanism is highlighted by cracks and 
displacements in all the three models, especially in 
the continuous method, where cracks conform to the 
existing pattern of the orthogonal walls to the main 
façade (Fig. 12c). Regarding the southeast façade, the 
sliding of blocks above the ‘monofora’ was captured 
through the three models, thanks to the tensile cracks 
in the continuous model and the block displacements 
in the discontinuous approach (Fig.  12d). Similarly, 
quasi-vertical cracks propagating from the upper part 
of openings in the southeast façade could be more 
detected in the NSCD model and in the CDP one 
(Fig. 12e). Finally, although with different methodol-
ogies, there is evidence in a better handling of nonlin-
ear behaviour by the NSCD and CDP approaches, in 

Fig. 12   Comparison between the numerical and real damages 
after the seismic sequence of central Italy in 2016

◂
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particular for the simulations of cracks formation and 
discontinuities managing.

However, the collapse of the external wall of the 
northeast façade of the sacristy was not reported by 
the continuous models. This might be depending on a 
combination of factors, including the influence of the 
site distance to the seismic station, where accelera-
tions and velocities were registered for the simulation. 
Data recorded in Camerino station, closer to the 2016 
epicentres than Matelica station, would have provided 
more accurate results. Despite these factors and vari-
ous modelling approximations, the overall outcomes 
could be overlapped to the actual damage observed.

5.2 � Numerical simulations through the main seismic 
events of the Central Italy 2016 earthquake 
sequence

For the sake of completeness, considering that the 
accelerations recorded in Matelica station are lower 
than those effective in  situ, these numerical simula-
tions were also carried out using the time history 
data recorded in the seismic stations closer to the 
epicentral point (Fig.  13) [62]. These analyses were 
implemented to evaluate in-depth the damage devel-
opment of that religious masonry building under 
investigation.

Firstly, in Fig. 14 there is a clear correspondence 
between the discontinuous models, the ‘DEM’ and 
the ‘NSCD’. Indeed, the belfry collapse could be 
observed for both the DM methods, meanwhile in the 

Fig. 13   Accelerations recorded in the epicentral stations

Fig. 14   Global view of the damage at the end of the analysis with epicentral actions
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Fig. 15   Displacements’ 
time histories of the six 
control points used with 
epicentral actions



	 Meccanica

Vol:. (1234567890)

CDP model was not displayed at all even at the end 
of the last sequence at the 46th second, as reported in 
Fig. 15 in terms of displacements of the same control 
points of Fig. 9.

For the DEM model, there is evidence in the over-
turning mechanism of the upper part of the main 
façade, just above the rose window. Conversely, the 
NSCD displayed general dislocations in the rear part 
of the building. In this case, the external wall collapse 
of the sacristy could be observed, even after the first 
seismic sequence of 10 s. Likewise, in this model, the 
collapse of both the walls of the nave was detected. 
Indeed, the failure pattern underlines the trigger of 
the out-of-place mechanism.

Moreover, a good comparison between the 
NSCD model to the CM up to the end of the second 
sequence (20th second) is highlighted: the collapse 
of the bell tower, the lateral nave and the external 
wall of the sacristy could be confirmed thanks to the 
continuous model.

Finally, it is worthy to underline that the DM simu-
lations automatically stop as soon as collapse occurs 
due to the lack of convergence in the numerical solu-
tion. Only FEM analysis can continue, thanks to its 
homogenization properties, until the end of the fourth 
seismic shock, at the 46th second (Fig. 15).

6 � Conclusions

In this research, the assessment of the ‘San Nicolò’ 
Church, located in Sentino, a hamlet of Camerino is 
illustrated through numerical simulations. This build-
ing can be considered a symbol for the significant 
damage subjected after the Central Italy earthquake 
of 2016 and 2017, due to its proximity to the epicen-
tres of the seismic sequence affecting the Apennine 
region.

The response to seismic activity of this reli-
gious building was studied using nonlinear dynamic 
analyses with both continuous and discontinuous 
approaches. The continuous approach modelled the 
masonry as an isotropic and homogeneous material, 
while the discontinuous method considered it as an 
assembly of three-dimensional individual blocks, 
incorporating mortar characteristics and interaction 
laws.

To analyse the structural response, both models 
were implemented to nonlinear dynamic assessments, 

sequentially undergoing the four main shocks of the 
earthquake swarm. Displacement data from various 
points indicated similar results between the two mod-
elling approaches. However, comparing the numeri-
cal outcomes to the actual damage observed, it is 
clear that both models could replicate the failure pat-
tern developed in the church, although with varying 
degrees of accuracy. The continuous model is effec-
tive when the structural response does not depend 
on the masonry texture. Conversely, discrete models 
provided more consistent results in regions, such as 
the Apennine ones, characterized by buildings with 
irregular masonry, due to the challenges in defining 
the critical role of the block-to-block interaction.

The seismic actions of interest, recorded near 
the case study, were applied to the base of the mod-
els, considering only the 10 s of peak maximum for 
each event, with a two-second pause between them, 
to reduce the computational time. In detail, accelero-
grams in the discontinuous methods and in the CDP 
method were used in the three spatial directions, eval-
uating the vulnerability of the case study.

From the comparison of the different approaches 
used, it emerged that both were able to replicate, 
according to their characteristics, the existing fail-
ures pattern of the religious building and the activa-
tion of mechanisms. The continuous model highlights 
in-plane mechanisms in the walls, while the discon-
tinuous one allows for the analysis of rotations and 
detachments between blocks, up to the collapse of the 
masonry.

The numerical results obtained were significant 
for assessing the vulnerability of the masonry struc-
ture. The discontinuous approach demonstrated that 
the most damaged and fractured points were those on 
the bell tower; indeed, they exhibited the greatest dis-
placement at the end of the simulation. This outcome 
aligns with the real crack pattern of the bell cell, 
characterized in some points by almost disintegrated 
masonry.

Despite the bell tower being the most vulnerable 
element, the cracks observed in the bell tower in the 
CDP model differ from the actual condition. The bell 
tower behaves like a cantilever beam, with the cracks 
localized at the connection with the main body of the 
church and, therefore, performing smaller displace-
ments compared to the other two methods. The crack 
pattern, in this case, was better described by the dis-
continuous model.
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Another vulnerable point highlighted through 
these approaches, and in particular by the Concrete 
Damage Plasticity method, is the main façade of the 
church. The diagonal passing cracks developed in the 
main façade walls are a clear symptom of the activa-
tion of the combined overturning mechanism. Indeed, 
especially in the continuous model, the displacements 
of control points P_1, P_2, and P_4 and the high-
lighted cracks confirm this.

Therefore, the numerical results demonstrated 
that DMs better replicated the bell tower damage 
response; on the other hand, the CM reproduced more 
clearly the diagonal cracks in the northeast façade. 
Then, both approaches accurately simulated the in-
plane cracks, visible near the ‘monofora’ and the 
openings.

Finally, the numerical results obtained from dif-
ferent simulations, along with their diverse approach 
properties, highlights the scientific relevance of this 
document. The findings of this study illustrate that 
none of the methodologies employed is capable of 
accurately representing the overall damage to such 
complex buildings. These types of cultural sites are 
distinguished not only by their irregular geometry 
in all directions but also by structural modifications 
and changes in use that have affected their masses 
and stiffness, making them especially challenging to 
assess through the application of traditional methods. 
It can be concluded that the optimal solution is the 
intelligent integration of each method. For instance, 
the CDP should be employed for preliminary and 
global simulations of the building to establish the 
primary location at which a local mechanism may 
potentially become activated. Furthermore, the CDP 
may be employed to define the behaviour at the point 
of collapse. It is evident that this approach is not via-
ble for weaker actions due to the intrinsic material 
properties and conditions of homogeneity. However, 
it may be more appropriate for residuals, as demon-
strated above.

Conversely, DMs are well suited to modelling 
simulations of local mechanisms. Due to the intrinsic 
material properties of the material, the displacements 
are accurately reported for the damage of a single 
structural member, even in the initial sequence, while 
the damage is only slightly activated.

Accordingly, an optimal compromise could be 
developed to facilitate the analysis and reduce the 
computational burden. Therefore, it is the aim of this 

research to propose the application of a potential pro-
cedure that could evolve into a reliable and suitable 
methodology for the overall prediction of failure sce-
narios and structural damage in the case study under 
lateral loading conditions, aligned with the current 
state of knowledge and exploiting the advantages of 
each method. To elaborate further, that potential pro-
cedure might suggest, following the initial implemen-
tation of a CM approach for the structural building 
as a whole, to concentrate on the particular structural 
members by means of DM, that may encompass those 
deemed responsible for the irregularities observed in 
the buildings.
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