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an element at risk of a given typological class (i.e. A, B, C, …..) can accuse a level of damage 
(i.e. D1, D2, D3,…….) consequent to the action of a given level of hazard intensity (i.e. V, 
VI, VII,…….). 
In order to perform vulnerability assessments of masonry buildings, several approaches, each 
one related to a different level of approximation, are available in the literature [Calvi et al., 
2006]. For the reader’s convenience, such strategies can be grouped in two categories: 
  
  Observed vulnerability /Statistical approach. 
The vulnerability is derived from the synthetic analysis of the formal and structural 
characteristics of the building.  
A restricted number of building categories, called "vulnerability classes", are identified as a 
function of the typological and structural characteristics.  Each class is then associated to an 
expected behaviour under seismic action, this behaviour is described by a vulnerability 
function that generally is calibrated by analyzing the damage observed during past events. 
Applications of this method, using the Damage Probability Matrices (DPM), were originally 
proposed by Whitman et al. [1973], who analyzed the damages observed in more than1600 
buildings after the 1971 San Fernando earthquake, by Braga et al [1982,1986] after the 1980 
south-Italia earthquake and by Zuccaro et al [2000], Bernardini et al [2007a, 2007b]. 
The validity of this approach is reliable on a large number of buildings having characteristics 
to be included in specific vulnerability classes, obviously it is not reliable for single buildings. 
On the other hand it has the undeniable advantage of demanding both little information and 
rapid processing. Furthermore, it is derived from observations of the actual performance of 
assets in real earthquakes. For this reason it is useful for investigating a wide range of 
buildings (urban scale or wider). The research in this context aims to achieve a greater 
reliability of results while maintaining an acceptable agility of the investigation.  
 
   Calculated Vulnerability/ Mechanical approach. 
The vulnerability evaluation is the result of accurate computations using simplified limit state 
analysis on predefined categories of Structural Mechanics. 
The damage evaluation is formulated on the basis of analytical calculations to determine the 
seismic response of the building, the stress and corresponding strain state are derived.  
In this way, the problem of seismic vulnerability of masonry structures is developed in 
structural engineering terms. Vulnerability is computed as a direct function of construction 
characteristics, structural response to seismic actions and damage effects. Applications of this 
method can be seen in the work of Giuffrè [1991], Singhal and Kiremidjian [1996], Park and 
Ang [1985], Masi [2003], Rossetto and Elnashai [2005], Dumova-Jovanoska [2004], D’Ayala 
et al. [2015]. 
This approach provides assessments certainly more reliable on single buildings, but it 
requires detailed knowledge of technical features of the buildings and the development of 
time consuming structural calculations. Therefore it is difficult to implement at large scale. 
Despite its robustness, the mechanical approach requires a detailed knowledge of structural 
features of the analyzed buildings and high computational efforts in computing the structural 
responses and, for these reasons, it is hardly implemented at a large scale. 
 
In order to overcome the drawbacks of both these strategies, hybrid methodologies, aiming at 
combining the results of a simplified mechanical model with the vulnerability evaluations of 
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a statistical approach, have been recently proposed. Their main philosophy consists in 
enriching a limited dataset, which is statistically analyzed, by the computation of simulated 
mechanical data or, alternatively, to introduce probabilistic corrections, derived by observed 
dataset, in a mechanical model, see, e.g., Cavalieri et al. [2017].  
Following a hybrid approach, the procedure presented in this research aims to develop 
collapse probability distribution for a set of building classes suitable for the Italian structural 
typologies. In particular, the statistical data derived by the survey of about 250,000 buildings 
is adopted to randomly generate a virtual set of mechanical models where each instance is 
characterized by mechanical properties relevant to a typological class according to the 
vulnerability assessment method proposed by Zuccaro et al. [2012]. The structural models are 
analyzed by means of simplified limit state analysis procedures in order to evaluate their 
seismic response and to compute the failure probability curves, expressed in terms of seismic 
acceleration for each typological class. 
The proposed algorithm is presented in Section 2, which also summarizes the definition of 
the statistical dataset, while the simplified structural analysis and the adopted collapse 
mechanisms are reported in Section 3. Numerical results are presented by discussing the 
failure probability curves relevant to each collapse mechanism, presented in Section 4, and by 
computing the vulnerability curves of each structural typology, shown in Section 5. The 
presented results are compared with alternative strategies, such as the mechanical approach 
proposed by Cattari et al., [2014] and the statistical procedure presented by Zuccaro et al. 
[2015]. A brief discussion on such comparisons and on the robustness of the proposed 
algorithm is reported in Section 6; finally, conclusions and future work are summarized in 
Section 7.  
The approach adopted constitutes a preliminary study to understand the basic seismic 
behaviour of the ordinary masonry buildings. Further developments of the research will 
include additional improvements also in dynamic state, able to identify a more accurate 
evaluation of collapse accelerations [Boothby, 2001; De Jong, 2009], considering 
micromechanical modelling of failure (effects of deformations in the mortar joints, detailed 
properties of the material, irregularity in the panels, etc.) and more detailed sensitivity 
analyses on the observed data used and on their reliability.  

2 Methodology 

The procedure, aiming to determine the vulnerability curves as functions of the structural 
typology and of the seismic acceleration, involves different steps of both statistical and 
mechanical nature. As described in the introduction, the aim of the paper is to evaluate the 
correlations between the vulnerability factors of masonry buildings, based on their structural 
typologies, and the collapse mechanisms potentially triggered by the seismic action. The 
result has been obtained by a Monte Carlo simulation analysis, and can be described in the 
following steps: 

i. Statistical analysis of existing masonry buildings. The analysis, pursued thanks to the 
PLINIVS Study Centre1 Database, is based on the survey performed all along the 

                                                 
 
1 PLINIVS Study Centre for Hydrogeological, Volcanic and Seismic Engineering. University of Naples, Italy. 
Centre of competence of Italian Civil Protection. www.plinivs.it 
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Italian peninsula. About 250,000 of the residential masonry buildings (ISTAT Census 
2011) have been surveyed distributed on about 600 municipalities. 
This analysis has allowed to investigate the geometrical and structural characteristics 
of Italian masonry buildings and identify the recurring combinations of these 
characteristics. The probability of combination between a particular characteristic (e.g. 
type of vertical structure) and other features (e.g. type of horizontal structure, 
presence of ties, etc.) have been then evaluated.  

ii. Iterative model generation. An iterative procedure has been implemented by an ad-
hoc software developed in order to generate virtual model of buildings (about 
100,000). The program adopts a random assignment procedure of the structural 
characteristics whose probability distributions are known from previous step. 

iii. Seismic Vulnerability classification by “SAVE” method 2 . The generated virtual 
buildings have been classified in vulnerability classes: A, B, C, D (EMS’98) on the 
basis of their typological characteristics. According to the assignment procedure based 
on the criteria defined in the "SAVE" project [Zuccaro et al. 2015], the vulnerability 
level of each building is evaluated considering the typological characteristic as 
vulnerability modifiers (Table 1), and giving to each of these a numerical weight 
calibrated using a wide database of seismic damage observed after the most important 
earthquakes occurred in Italy in the last forty years. 

Table 1 -Main typological characteristics identified on existing masonry buildings 

  

                                                 
 
2  “SAVE” -  Updated Tools for the Seismic Vulnerability Evaluation of the Italian Real Estate and of Urban 
Systems. National  Research project funded by  Italian Government 

Typology of vertical structure 

Solid bricks 
Regular stonework 

Tuff 
Hollow bricks 

Irregular stonework 

Typology of horizontal structure 
(Intermediate slabs and roof) 

Wooden beams  
Iron beams  

R.C. with hollow brick  
Vaults 

Number of floors 1 to 5 
Inter-storey height 3- 3,5- 4- 4,5- 5 m 

Wall thickness 0,27 to 0,8 m 
Wall length 4- 5- 6- 7 m 

Percentage of openings 10-20-30-40% 
Pushing roof 

Horizontal embedding 
Effectiveness of links 

On/off variable 
On/off variable 
On/off variable 
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iv. Collapse Mechanisms calculation. For each virtual building the trigger acceleration 
(ag) responsible of the relevant Collapse Mechanisms have been computed. The 
mechanisms considered are assumed with reference to the classification adopted in 
the MEDEA3 methodology [Zuccaro and Papa, 2002]. 

v. Vulnerability curves assessment. Collecting the obtained results, for each typological 
class (A, B, C, D), vulnerability curves are built, expressing the collapse probability 
as a function of the ground acceleration (ag ). 

Details concerning the assumptions of the mechanical model as well as the statistics of the 
computed probability distributions are reported in the following sections while the details 
concerning the dataset of existing buildings surveys are omitted for brevity. 

3 Collapse mechanisms 

3.1 Preliminary remarks 

The simplified limit state analysis proposed by the MEDEA strategy consists in modelling 
the analyzed structure by means of macro elements and in assuming a set of the collapse 
mechanisms which have been observed as the most significant in masonry structures. In 
particular, for each of the adopted limit states, the simplified analysis computes the mass 
multiplier , significant of the horizontal loads, for which the macro-element model attains 
the ultimate limit state relevant to each considered mechanism. The corresponding value ag of 
the trigger seismic base acceleration is computed by the typical relationship (1) [CM, 2009- 
C8A.4.9]. 

a୥ ൌ
α ∙ q
S

g (1)

where:  
 is the horizontal mass multiplier; 
q is the  ductility factor; 
S is the subsoil factor, fixed equal to 1.25; 
g is the gravity acceleration (9,81 m/s2); 
 
It is worth to emphasize that value of the collapse acceleration depends on the typological 
and structural properties assumed for the analysed virtual model. Such structural features can 
be considered as typological vulnerability factors since their combination has a great 
influence on the building capacity. 
Moreover, the confidence of the computational results depends on the definition of the 
ultimate limit states assumed for the structural model since they must be significant of the 
physical behaviour of the analysed building. Obviously, a limited set of collapse mechanisms 
or inaccurate assumptions concerning the macro-elements failure, can seriously compromise 
the capability in estimating reliable values of the ultimate loads. At the same time, it is 
desirable that the physical characterization of such conditions is defined in terms of a limited 

                                                 
 
3 “MEDEA”   A multimedia and didactic handbook for seismic damage evaluation. A self-training multimedia 
tool for seismic damage evaluation. 
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set of parameters acknowledged by the professional community as significant of the 
considered structural behaviour. 
For this reason, the presented procedure is based on collapse mechanisms and ultimate limit 
states which have proved to be effective and significant of the structural typologies detected 
in the statistical dataset. These conditions, outlined for convenience as in-plane and out-of-
plane mechanisms, are widely employed in the literature and commonly accepted as robust 
and reliable and are reported below [Novelli and D'Ayala, 2012; Fortunato et al., 2014; 
Iannuzzo et al. 2017]. 

3.2  In-plane Collapse mechanisms 

In-plane collapse mechanisms, according to Giuffrè definition [Giuffrè, 1991], can be 
considered as “second mode mechanisms”. The associated damage (shear cracks) generally 
does not lead the structure to collapse, but it can facilitate contemporary out-of-plane 
mechanisms.  
Virtual models generated by the iterative procedure are assumed to be composed by 
rectangular walls with maximum two openings each. The simplified structural analysis adopts 
rectangular macro elements, therefore, in the case of panels presenting one or two openings 
an automatic partition is performed in order to analyse windowless rectangular panels. Loads 
acting on the original wall are distributed on the derived panels proportionally to their 
stiffness. 
In general, several in-plane collapses present a classical X-shaped crack pattern due to 
diagonal orientations of the tensile-compressive principal stresses. Such a behaviour is typical 
of shear or slip failure which are assumed as the first two collapse mechanisms of the 
presented procedure. Moreover, it is considered a further collapse behaviour, although not as 
frequent as the previous ones, consisting in the vertical buckling of the rectangular panel. 
It is worth being emphasized that, whenever the original wall is composed by more than a 
single panel, each sub-element presents a peculiar value of the collapse mass multiplier α and, 
subsequently, of the trigger acceleration ag. In such a case, the original wall is assumed to 
behave as a series system so that its collapse multiplier corresponds to the minimum α 
computed in all its sub-elements. 
All the considered in-plane collapse mechanisms are analysed by considering a rectangular 
panel with thickness s, height h and width lp subject to vertical compression N and to a shear 
action T at the lower and upper base. In conclusion, the in-plane collapse mechanisms 
considered in this study are: 

 Shear crack, 
 Failure by slip, 
 Buckling failure. 

Their limit conditions are reported below. 

Shear crack 

The shear crack collapse mechanism is analysed by the Turnsek and Cacovic model [Turnsek 
V. et al, 1971].The assumed limit state condition consists in the opening of a diagonal crack, 
as shown in Figure 1, depending on the attainment of the tensile limit value by the stress 
components orthogonal to the crack direction. 
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The panel limit state is defined by the ultimate value of the bending moment Mu which is 
computed by a simplified equation provided by the Italian code [NTC, 2008]: 

M୳ ൌ 	ቀl୮
ଶ ∙ s ∙

σ୬
2
ቁ ∙ ൬1 െ

σ୬
0,85 ∙ fୢ

൰ (5)

where		σ୬	is the vertical compressive stress component of the panel and fୢ	is the characteristic 
value of the compressive limit stress of the masonry. Assuming the static constraint of the 
wall be fixed at the base and linked support at the top, by equilibrium considerations, the 
ultimate shear strength Tu of the panel is: 

T୳ ൌ
2 ∙ M୳

h
 (6)

with h denoting the height of the panel. 

3.3  Out-of-plane mechanisms 

Out of plane collapse mechanisms consist in kinematically indeterminate displacements of 
one or more structural elements compromising the structural capacity of the model. Such 
behaviours can be induced by different phenomena, such as ineffective connections between 
contiguous walls, insufficient anchoring of the floors or out-of-plane horizontal loadings due 
to vaults, floors and roofs. In some cases, diagonal cracks due to in-plane mechanisms behave 
as cylindrical hinges although this last case usually occurs for high levels of overall damage. 
Regardless of the nature of kinematic collapse, such mechanisms are particularly dangerous 
in absence of temporary retaining structures even if the incipient kinematic indeterminacy has 
not completely developed. In this respect, after the attainment of in-plane limit states, 
structural elements usually present a residual capacity due to their ductility so that the 
structural model is capable of achieve a sufficiently stable equilibrium condition. On the 
contrary, several cases of incipient out-of-plane collapse correspond to values of the potential 
energy which, although stationary, are not local minima; thus, even limited perturbations can 
trigger disastrous failure. For this reason, the analysis of such a class of collapse mechanisms 
is of outmost importance in estimating the structural vulnerability. 
Because of the kinematic indeterminacy of the schemes modelling out-of-plane mechanisms, 
the estimation of the collapse multiplier α related to a structural panel must be performed by 
applying the virtual work theorem according to the Lagrange’s procedure. 
To this end, following the macro-element philosophy adopted in this analysis, the limit state 
conditions are computed by means of rectangular panels subject to a standardised set of loads. 
In particular, the generic panel is subject to m vertical loads PSi due to the floorings; the 
horizontal load PH due to the roof; the horizontal load Ti due to any tie-beams at top; and r 
static actions related to arches and vaults, characterized by means of their vertical FVi and 
horizontal FHi components where subscripts i are progressive indexes. 
Each collapse mechanism is characterized by the presence of a cylindrical hinge; therefore, 
the panel is partitioned in n regions, whose self-weight is defined as Wi, which can rotate 
independently about the hinge’s axis. The kinematic scheme determines the distances of the 
static actions with respect to the location of the hinge. Specifically, assumed the hinge as 
origin of a horizontal-vertical reference system, the centre of mass of the i-th sub-panel is 



 
ZUCCAROet al. 

130 
 

located at [XGi, YGi]; the actions PH and PSi are applied at [di, hi], while the coordinates of 
actions FHi and FVi are [dvi, hvi]. 
Analogously to the in-plane mechanisms, the simplified analysis aims to determine the 
collapse multiplier α of the horizontal loads which is computed by defining a rotational 
equilibrium relationship with respect to the hinge location: 

α൭෍W୧ ∙
୬

Yୋ౟ ൅෍Pୗ౟ ∙
୫

h୧ ൅෍F୚౟ ∙
୰

h୴౟൱ ൅෍Fୌ౟ ∙
୰

h୴౟ ൅ Pୌ ∙ h୧

ൌ 	෍W୧ ∙
୬

Xୋ౟ ൅෍Pୗ୧ ∙
୫

d୧ ൅෍F୚౟ ∙
ୱ

d୴౟	 ൅෍T୧ ∙
୬

h୧ 

(7)

It is worth being emphasized that the left side of Equation (7) represents the momentum of 
the horizontal actions about the hinge axis. The presence of Wi, PSi and FVi, formally vertical 
actions, is due to the fact that multiplier α is significant of the horizontal acceleration; 
therefore, the terms inside the brackets physically represent horizontal inertia forces. In this 
sense, the overturning moment at the left side of Equation (7), is in equilibrium with the 
resisting moment computed in the right side. 
The trigger horizontal acceleration 	a୥	 is then computed by a relationship conceptually 
analogous to the one reported in Equation (1) which yields [CM, 2009- C8A.4.9]: 

a୥ ൌ
α ∙ ሺ∑ ௜ܹ ൅ ∑ ௜ܲ

௠
௜ୀଵ

௡
௜ୀଵ ሻ

M∗ ∙
q
S

 (8)

where q is the ductility factor, S is the subsoil factor assumed to be equal to 1.25, g is the 
gravity acceleration and M∗ is the participating mass. This last quantity is due to the presence 
of the non-uniform displacements distribution presented by the system of rigid sub-elements 
excited by the base acceleration and is computed by: 

M∗ ൌ
൫∑ 	 ௜ܹ

௡
௜ୀଵ ∙ ݀௫,௜ ൅ ∑ ௝ܲ

௠
௝ୀଵ ∙ ݀௫,௝൯

ଶ

݃ ∙ 	 ሺ∑ 	 ௜ܹ ∙ ݀௫,௜
ଶ௡

௜ୀଵ ൅ ∑ ௝ܲ ∙ ݀௫,௝
ଶ௠

௝ୀଵ ሻ
 (9)

 
where	d୶,୧d୶,୨ are the values of the virtual displacement computed at the application points of 
actions ௜ܹ and ௝ܲ, respectively.  
The values of the weights and external actions and their locations are computed by the 
simplified structural analysis for each macro-element while the location of the kinematic 
hinge depends on the peculiar collapse mechanism considered in the analysis. In particular, 
each macro-element has been analyzed with respect to three out-of-plane failure schemes, 
namely: 

 simple overturning, 
 vertical bending, 
 horizontal bending. 

whose analyses are reported in the following subsections. 
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each virtual building consists in computing the minimum value a୥	 of the horizontal 
acceleration for which any of its macro elements attains one of the limit state conditions 
corresponding to the kinematic schemes reported in Section 3. 
To fix ideas, Table 2 summarizes some occurrences of the virtual building dataset analysed in 
this research. In particular, the first two columns represent, respectively, a progressive 
building identification number and the vulnerability class assigned to the model. Moreover, 
columns 3-8 report the values of the trigger acceleration for which the weakest panel of the 
model attains at the corresponding ultimate limit state. Finally, assuming a series system 
behaviour, column 9 reports the minimum value of the trigger acceleration for which the 
global collapse of the model is assumed. Results of the simplified structural analyses are 
analysed from a statistical point of view. Grouping the buildings by vulnerability class, the 
arithmetic mean value and the standard deviation of the a୥values are calculated for each class 
and for all the mechanisms. These values consist in the first two moments of the Damage 
State Probability distributions characterizing the attainment of each limit state.  
In general, the values of the first two moments are not exhaustive of the limit state statistics. 
Nevertheless, a widely accepted assumption consists in modelling damage state probability 
curves by means of lognormal distributions which can be exhaustively characterized by the 
computed mean and variance. Probability curves related to each collapse mechanism and 
vulnerability class are reported in Figures 7-10 where the collapse probability is plotted as 
function of the ground acceleration a୥. Building typology determining the vulnerability class 
turns out to have a great influence on the probability distribution trend. In particular, class A 
buildings, whose curves are reported in Figure 7, present high vulnerability with respect to 
the shear crack and overturning collapse since these curves are shifted to the left of the graph 
with respect to the remaining distributions. This result is consistent with expectations since 
shear vulnerability is related to the poor mechanical strength of the masonry belonging to 
class A. Moreover, such a building typology presents masonry walls without strong mutual 
connection; for this reason, overturning mechanisms are likely to be activated even for low 
values of the base acceleration. 

Table 2 - Value of the trigger acceleration (ag) corresponding to the considered collapse 
mechanisms (sample of the first 8 occurrences of the computed dataset) 

ID 
Buildings 
Classes 

In-plane mechanisms Out of plane mechanisms 

MIN 
Shear 
Crack 

Buckling 
failure 

Failure 
by slip 

Vertical 
Bending 

Horizontal 
Bending 

Simple 
Overturning 

1 A 0,17 0,50 0,42 0,44 1,27 0,37 0,17 

2 A 0,32 0,24 0,34 0,38 0,16 0,30 0,16 

3 C 0,10 0,28 0,25 0,46 0,70 0,37 0,10 

4 B 0,83 0,55 0,60 0,59 0,79 0,66 0,55 

5 D 0,51 0,43 0,35 0,22 0,69 0,68 0,22 

6 A 1,50 0,56 0,38 0,40 0,86 0,72 0,38 

7 D 0,12 0,25 0,40 0,65 0,42 0,54 0,12 

8 C 0,29 0,37 0,34 0,25 0,26 0,21 0,21 

... ... ... ... .... ... .. ... ... 
100,000 A 0,36 0,43 0,52 1,03 1,13 1,18 0,36 
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In conclusion, comparison with both statistically and mechanically derived vulnerability 
curves shows a good matching of the probability distributions computed by the proposed 
strategy, although further investigations are required. Nevertheless, the reported comparisons 
have shown a sufficient robustness of the proposed procedure and confirm the physical 
assumptions introduced in the computational framework. 

Table 3 - DPM obtained through a statistical analysis of the data collected about the 
observed damages due to earthquakes occurred in Italy since 1980 [Zuccaro and De 
Gregorio, 2015]. 
Building 

Class 
INTENSITY D0 D1 D2 D3 D4 D5 

A 

V 

0,3487 0,4089 0,1919 0,0450 0,0053 0,0002 
B 0,5277 0,3598 0,0981 0,0134 0,0009 0,0000 
C 0,6591 0,2866 0,0498 0,0043 0,0002 0,0000 
D 0,8587 0,1328 0,0082 0,0003 0,0000 0,0000 
A 

VI 

0,2887 0,4072 0,2297 0,0648 0,0091 0,0005 
B 0,4437 0,3915 0,1382 0,0244 0,0022 0,0001 
C 0,5905 0,3281 0,0729 0,0081 0,0005 0,0000 
D 0,7738 0,2036 0,0214 0,0011 0,0000 0,0000 
A 

VII 

0,1935 0,3762 0,2926 0,1138 0,0221 0,0017 
B 0,3487 0,4089 0,1919 0,0450 0,0053 0,0002 
C 0,5277 0,3598 0,0981 0,0134 0,0009 0,0000 
D 0,6591 0,2866 0,0498 0,0043 0,0002 0,0000 
A 

VIII 

0,0656 0,2376 0,3442 0,2492 0,0902 0,0131 
B 0,2219 0,3898 0,2739 0,0962 0,0169 0,0012 
C 0,4182 0,3983 0,1517 0,0289 0,0028 0,0001 
D 0,5584 0,3451 0,0853 0,0105 0,0007 0,0000 
A 

IX 

0,0102 0,0768 0,2304 0,3456 0,2592 0,0778 
B 0,1074 0,3020 0,3397 0,1911 0,0537 0,0060 
C 0,3077 0,4090 0,2174 0,0578 0,0077 0,0004 
D 0,4437 0,3915 0,1382 0,0244 0,0022 0,0001 
A 

X 

0,0017 0,0221 0,1138 0,2926 0,3762 0,1935 
B 0,0313 0,1563 0,3125 0,3125 0,1563 0,0313 
C 0,2219 0,3898 0,2739 0,0962 0,0169 0,0012 
D 0,2887 0,4072 0,2297 0,0648 0,0091 0,0005 
A 

XI 

0,0002 0,0043 0,0392 0,1786 0,4069 0,3707 
B 0,0024 0,0284 0,1323 0,3087 0,3602 0,1681 
C 0,0380 0,1755 0,3240 0,2990 0,1380 0,0255 
D 0,0459 0,1956 0,3332 0,2838 0,1209 0,0206 
A 

XII 

0,0000 0,0000 0,0000 0,0010 0,0480 0,9510 
B 0,0000 0,0000 0,0006 0,0142 0,1699 0,8154 
C 0,0000 0,0001 0,0019 0,0299 0,2342 0,7339 
D 0,0000 0,0002 0,0043 0,0498 0,2866 0,6591 
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Figure 16 - Comparison between the In-plane mechanisms vulnerability curves and vulnerability 

curves derived from DPM [Zuccaro and De Gregorio, 2015] for vulnerability class A  

 

 
Figure 17 - Comparison between the out of plane mechanisms vulnerability curves and vulnerability 

curves derived from DPM [Zuccaro and De Gregorio, 2015] for vulnerability class A 
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Figure 18 - Comparison between the In-plane mechanisms vulnerability curves and vulnerability 

curves derived from DPM [Zuccaro and De Gregorio, 2015] for vulnerability class B. 

 

 
Figure 19 - Comparison between the out of plane mechanisms vulnerability curves and vulnerability 

curves derived from DPM [Zuccaro and De Gregorio, 2015] for vulnerability class B 
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Figure 20 - Comparison between the In-plane mechanisms vulnerability curves and vulnerability 

curves derived from DPM [Zuccaro and De Gregorio, 2015] for vulnerability class C 

 

 
Figure 21 - Comparison between the out of plane mechanisms vulnerability curves and vulnerability 

curves derived from DPM [Zuccaro and De Gregorio, 2015] for vulnerability class C  
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Figure 22 - Comparison between the In-plane mechanisms vulnerability curves and vulnerability 

curves derived from DPM [Zuccaro and De Gregorio, 2015] for vulnerability class D 

 

 
Figure 23 - Comparison between the out of plane mechanisms vulnerability curves and vulnerability 

curves derived from DPM [Zuccaro and De Gregorio, 2015] for vulnerability class D  
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7 Conclusions 

An hybrid methodology for determining the vulnerability curves relevant to building 
typological categories is presented. It consists in determining a virtual set of structural models 
generated by random assignment of geometrical and mechanical properties extract from 
ranges of values parameters statistically characterized from an observed set of existing 
masonry buildings data base representing the Italian heritage to analyse by limit state analysis 
in order to get trigger acceleration values for the most common collapse mechanisms. 
Each virtual structure is therefore analysed by a simplified procedure in which the structural 
performance is computed with respect of a limited set of in-plane and out-of-plane collapse 
mechanisms commonly observed in the experimental dataset. 
Assuming a series system behaviour of each structural model, and in particular, setting as 
global failure condition the attainment of the first limit state, the probability distributions of 
global collapse with respect to the base acceleration have been derived. 
Such distributions have been compared with benchmark vulnerability curves available in the 
literature and derived by both a statistical and mechanical approach. 
The proposed methodology proved to be consistent with the benchmark results confirming 
physical interpretations commonly accepted in common practice, such as the high fragility 
induced by out-of-plane mechanisms. Nevertheless, some of the computed vulnerability 
curves turn out to be over-conservative with respect to the considered benchmarks. 
Such an issue is due to the series system hypothesis assumed for the simplified structural 
analysis procedure. In fact, most of the considered collapse mechanisms, although 
compromising the structural capacity of one or more structural elements, do not necessarily 
induce global failure phenomena. 
For this reason, further investigations are required in order to account for the correlation of 
limit state conditions in different structural elements, ductility and more complex global 
kinematics. Such further information is oriented to determine failure probability distributions 
not only related to structural typologies, but also significant of different damage states.  
Moreover, recent earthquake events occurred in Central Italy, such as the Amatrice 
Earthquake in 2016, involved several masonry structures and important survey activities are 
undergoing. The forthcoming diffusion of more significant observed data will permit a 
further assessment of the proposed strategy both in defining the initial experimental dataset 
and in providing benchmark to be employed in the results comparison. 
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