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Abstract. In this paper, advanced numerical models are used to study the progressive damage of 
a historic building, namely the Palazzo of Podestà and the Civic Tower of Accumoli (central Italy). 
The dynamic behaviour of the structure is analyzed following important seismic events such as 
those that occurred in 2016-2017. Discontinuous and continuous approaches are used. In the 
formers, the masonry response is represented both with Discrete Element Method (DEM) and the 
Non-Smooth Contact Dynamic (NSCD) method; in the latter the masonry nonlinearity is replicated 
using the Concrete Damage Plasticity (CDP) model. The numerical results showed a good 
correspondence of all the approaches with the real damage suffered by the structure after the 
seismic sequence. 
Introduction 
In 2016, a series of catastrophic seismic shocks caused victims and considerable damage to the 
heritage structures in the Central Italy regions [1,2]. These earthquakes heavily stroked the Norcia, 
Visso, Arquata del Tronto, Amatrice and Accumoli villages [3,4]. 

 
Figure 1. The geographical location of Accumoli village. 

The case study of this paper is located in the Accumoli village, in the Lazio region (central 
Italy). The historic center of Accumoli, before this disaster (Fig. 1), was the tangible testimony of 
a troubled history. 
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Figure 2. North (a), South (b), East f (c) and West façade (d), Ground (e) and first floor (f). 
Accumoli dates to 1211, the territory was initially much larger than the current ones including 

several municipalities. At the heart of this small village there is the case study of this paper, i.e. 
the Civic Tower of Accumoli and the adjacent Podestà palace. The Tower dates to the twelfth 
century, it is unique in its kind in the entire Tronto’s valley. It is in via Tommasi, featuring a square 
plan measuring 6.15x6.15 m2 with walls of 1.20 m thickness at the base and 1.00 m at the top. In 
elevation, the maximum height exceeds 20 m (Fig. 2). The bearing structure consists of multi-leaf 
walls [5,6], the perimeter curtains are in cut stones and the inner core is in irregular stones. The 
structure ends with a pitched roof in reinforced concrete. 

Next to the tower, there is the Palace of Podestà. It dates to the thirteenth century, and it is the 
oldest structure in the Accumoli village. The palace has a rectangular plan of 8.6x16 m2 dimensions 
and a maximum height of 10 m. It consists of ground and noble floors. In the latter, there are 
architrave windows, instead on the ground floor there are two arched openings, typical of medieval 
public buildings. The bearing structure is made of square and smooth sandstone ashlars. (Fig. 2). 
On the north side of the palace, there is a little annex of one floor. It has a rectangular plant of 
10x3.8 m.  

After the 2016 earthquakes, the complex exhibited visible cracks, especially on the tower as 
visible in Figure 3. 

 
Figure 3. Real damage of the North façade (a) and West façade (b). 

Discontinuous and continuous approaches 
Numerical models were created to have a complete picture of the progressive damage that the 
structure undergoes when subjected to a seismic sequence. A comparison was made between the 
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discontinuous and the continuous approach [7–9]. 
In the discontinuous approach, the dynamic response of the structure is studied with the Non-

Smooth Contact Dynamic (NSCD) method [10–12] implemented in LMGC90© open-source code 
and with the Distinct Element Method (DEM) [13–15] implemented in 3DEC© code. A 3D 
numerical model is created, and the masonry is discretized in different individual rigid blocks, 
reproducing the real behaviour of the structure, and analysing the progressive damage under a 
seismic action [16–18]. The size of the blocks has been approximated to obtain a fair compromise 
between a good degree of detail and a not too expensive computational burden (Fig. 4) [12]. 
Furthermore, it was decided to model the tower also considering its internal filling (Figure 4.b-c-
d) as can be seen in Figure 4c, made with larger blocks than the two external leaves in order to 
limit the computational burden. 

The blocks in the NSCD method are subjected to Signorini's law (i.e., impenetrability condition) 
and to the dry-friction Coulomb’s law. The contacts have than a non-smooth nature. 

 
Figure 4. Discontinuous (a-d) and continuous model (e). 

DEM models use smooth functions to represent interactions between blocks. A Mohr-Coulomb 
constitutive model is used. 

Differently, in the continuous approach, the masonry is approximated to a fictitious and 
homogeneous isotropic medium [19]. To reproduce the nonlinear behaviour of the masonry, the 
Concrete Damage Plasticity (CDP) model [20,21] is used. Such a model is one of the most used to 
analyse the masonry behaviour under horizontal loads [8]. Indeed, it can simultaneously provide 
the compression and tension damages and consider the recovery of stiffness due to cracks closure.  
Numerical results 
The structural behaviour of the structure was first studied under gravitational loads, then the 
records of the three most important seismic events that occurred in Central Italy in 2016 were 
applied in the three main directions to obtain a first comparison between the numerical and the real 
damages.  
The three events taken into consideration are summarized in Table 1. The events were applied in 
sequence considering 10 seconds of the peak amplitude of each and two seconds of rest between 
one event and another, the total time histories apply were of 34 seconds.  
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Table 1. Characteristic of the three main shocks of the Central Italy seismic sequence of 2016 
recorded in Amatrice (AMT) and Accumoli (ACC) station, where * indicates that the site 

classification is not based on a direct Vs,30 measurements. 

Seismic event ML Depth 
[km] Station Class 

EC8 R [km] R [km] R [km] 
Channel 
NS PGA 
[cm/s2] 

Channel 
EW PGA 

[cm/s2] 

Channel 
UD PGA 
[cm/s2] 

1st 24/08/2016 6 8.1 AMT B* 1.38 4.62 8.5 368.39 -850.8 391.37 
2nd 26/10/2016 5.9 7.5 AMT B* 25.93 26.09 33.3 -58.55 90.74 -49.11 
3rd 30/10/2016 6.1 9.2 ACC B* 35.33 35.32 47.10 -122.44 75.95 -44.07 

 
Figure 5 shows an excellent correspondence of results between DEM and NSCD. The part of 

the structure that is most affected by the seismic sequence is the belfry; in fact, following the first 
two events the formation of crack patterns on it is visible. Following the earthquake of 30th October 
2016, it is possible to notice the propagation of crack patterns between the palace and the tower. 
Furthermore, the palace after the last shock is damaged near the openings on the ground floor. The 
tower instead highlights the formation of vertical crack patterns on all the façades. On the other 
hand, the FE model also shows the vulnerability of the bell-cell. After the first event, horizontal 
cracks at its base are visible; instead, at the end of the sequence, a crack appeared also in the upper 
corner of the single arched windows. In contrast to the discrete approaches, the continuous showed 
important cracks in the connection between the tower and the palace just after the first events (Fig. 
5). 

 
Figure 5. Comparison between results of 3DEC©, LMGC90©, and FEM. 

Finally, it is important to stress the fact that all the approaches were able to identify the bell-
cell as the most vulnerable element, as incidentally demonstrated by the 2016 seismic sequence. 
However, the cracks’ pattern is more accurate with the discontinuous approaches instead than with 
continuous one. It is certainly linked to a loss of the resistant properties of the mortar, but also to 
a masonry’s texture with irregularities, at least in the filling. With these boundary conditions, the 
masonry exhibits crumbling instead of a monolithic behaviour, the first one impossible to catch 
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with continuous approaches. 
Conclusions 
The Palazzo of Podestà and the Civic Tower were studied through continuous and discontinuous 
approaches. The latter allows to represent the discontinuities of the masonry, capturing the 
dynamic behaviour of the structure following the seismic sequence of Central Italy in 2016. It is 
possible to note a good correspondence between the models with the NSCD and DEM methods 
and the real damage. In particular, the global and local behaviour of the structure is obtained. 
Furthermore, good results are obtained with the continuous approach, which, however, unlike the 
discontinuous approach, cannot faithfully reproduce the cracks because the texture of the masonry 
has a high influence on the structural response. 
Acknowledgments 
The authors express their gratitude to Itasca and Harpaceas for providing access and support to 
3DEC under the IEP program. The authors gratefully acknowledge the support of the Italian 
Ministry of University (Italy), under the program “Dipartimento di Eccellenza” of the Department 
of Civil and Building Engineering, and Architecture - Polytechnic University of Marche (Ancona, 
Italy). 
References 
[1] G. Milani, Lesson learned after the Emilia-Romagna, Italy, 20–29 May 2012 earthquakes: 
A limit analysis insight on three masonry churches, Engineering Failure Analysis. 34 (2013) 761–
778. https://doi.org/10.1016/j.engfailanal.2013.01.001 
[2] M. Valente, G. Milani, Damage assessment and collapse investigation of three historical 
masonry palaces under seismic actions, Engineering Failure Analysis. 98 (2019) 10–37. 
https://doi.org/10.1016/j.engfailanal.2019.01.066 
[3] F. Clementi, G. Milani, A. Ferrante, M. Valente, S. Lenci, Crumbling of amatrice clock 
tower during 2016 central Italy seismic sequence: Advanced numerical insights, Frattura Ed 
Integrita Strutturale. 14 (2020). https://doi.org/10.3221/IGF-ESIS.51.24 
[4] F. Clementi, Failure Analysis of Apennine Masonry Churches Severely Damaged during 
the 2016 Central Italy Seismic Sequence, Buildings. 11 (2021) 58. 
https://doi.org/10.3390/buildings11020058 
[5] A.M. D’Altri, G. Castellazzi, S. de Miranda, Collapse investigation of the Arquata del 
Tronto medieval fortress after the 2016 Central Italy seismic sequence, Journal of Building 
Engineering. 18 (2018) 245–251. https://doi.org/10.1016/j.jobe.2018.03.021. 
[6] F. Clementi, A. Ferrante, S. Lenci, The Non-smooth Dynamics of Multiple Leaf Masonry 
Walls of the Arquata Del Tronto Fortress, in: 2020: pp. 1798–1807. https://doi.org/10.1007/978-
3-030-41057-5_145 
[7] A. Ferrante, E. Giordano, F. Clementi, G. Milani, A. Formisano, FE vs. DE Modeling for 
the Nonlinear Dynamics of a Historic Church in Central Italy, Geosciences (Basel). 11 (2021) 189. 
https://doi.org/10.3390/geosciences11050189 
[8] E. Giordano, E. Bertolesi, F. Clementi, M. Buitrago, J.M. Adam, S. Ivorra, Unreinforced 
and TRM-Reinforced Masonry Building Subjected to Pseudodynamic Excitations: Numerical and 
Experimental Insights, Journal of Engineering Mechanics. 147 (2021). 
https://doi.org/10.1061/(ASCE)EM.1943-7889.0002017 
[9] G. Standoli, G.P. Salachoris, M.G. Masciotta, F. Clementi, Modal-based FE model 
updating via genetic algorithms: Exploiting artificial intelligence to build realistic numerical 



Theoretical and Applied Mechanics - AIMETA 2022  Materials Research Forum LLC 
Materials Research Proceedings 26 (2023) 313-318  https://doi.org/10.21741/9781644902431-51 

 

 
318 

models of historical structures, Construction and Building Materials. 303 (2021) 124393. 
https://doi.org/10.1016/j.conbuildmat.2021.124393 
[10] M. Jean, The non-smooth contact dynamics method, Computer Methods in Applied 
Mechanics and Engineering. 177 (1999) 235–257. https://doi.org/10.1016/S0045-7825(98)00383-
1 
[11] J.J. Moreau, Unilateral Contact and Dry Friction in Finite Freedom Dynamics, in: 
Nonsmooth Mechanics and Applications, Springer Vienna, Vienna, 1988: pp. 1–82. 
https://doi.org/10.1007/978-3-7091-2624-0_1 
[12] A. Ferrante, M. Schiavoni, F. Bianconi, G. Milani, F. Clementi, Influence of Stereotomy 
on Discrete Approaches Applied to an Ancient Church in Muccia, Italy, Journal of Engineering 
Mechanics. 147 (2021) 04021103. https://doi.org/10.1061/(ASCE)EM.1943-7889.0002000 
[13] P.A. Cundall, A computer model for simulating progressive large-scale movements in 
blocky rock systems, in: Proocedings of the Symposio of the International Society of Rock 
Mechanics, Nancy 2, 1971 
[14] J. V Lemos, Discrete Element Modeling of Masonry Structures, International Journal of 
Architectural Heritage. 1 (2007) 190–213. https://doi.org/10.1080/15583050601176868 
[15] S. Chen, A. Ferrante, F. Clementi, K. Bagi, DEM analysis of the effect of bond pattern on 
the load bearing capacity of barrel vaults under vertical loads, International Journal of Masonry 
Research and Innovation. 6 (2021) 346. https://doi.org/10.1504/IJMRI.2021.116234 
[16] N. Mendes, S. Zanotti, J. V. Lemos, Seismic Performance of Historical Buildings Based 
on Discrete Element Method: An Adobe Church, Journal of Earthquake Engineering. 24 (2020) 
1270–1289. https://doi.org/10.1080/13632469.2018.1463879 
[17] A. Ferrante, F. Clementi, G. Milani, Advanced numerical analyses by the Non‐Smooth 
Contact Dynamics method of an ancient masonry bell tower, Mathematical Methods in the Applied 
Sciences. (2020) mma.6113. https://doi.org/10.1002/mma.6113 
[18] A. Ferrante, F. Clementi, G. Milani, Dynamic Behavior of an Inclined Existing Masonry 
Tower in Italy, Frontiers in Built Environment. 5 (2019). https://doi.org/10.3389/fbuil.2019.00033 
[19] F. Bianconi, G.P. Salachoris, F. Clementi, S. Lenci, A Genetic Algorithm Procedure for 
the Automatic Updating of FEM Based on Ambient Vibration Tests, Sensors. 20 (2020) 3315. 
https://doi.org/10.3390/s20113315 
[20] J. Lee, G.L. Fenves, Plastic-Damage Model for Cyclic Loading of Concrete Structures, 
Journal of Engineering Mechanics. 124 (1998) 892–900. https://doi.org/10.1061/(ASCE)0733-
9399(1998)124:8(892) 
[21] J. Lubliner, J. Oliver, S. Oller, E. Oñate, A plastic-damage model for concrete, International 
Journal of Solids and Structures. 25 (1989) 299–326. https://doi.org/10.1016/0020-
7683(89)90050-4 
  
 


	Some recent advances and applications in Distinct Element modelling of masonry structures
	Introduction
	Discontinuous and continuous approaches
	Numerical results
	Conclusions
	Acknowledgments
	References


