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Abstract. The application of reliable predictive methods for the seismic vulnerability 
assessment of historical buildings represents a challenging issue in the process of risk 
mitigation at regional/national scale, in order to undertake appropriate strategies aimed at 
achieving acceptable safety levels. For the application of such policies, the availability of 
adequate procedures for the correct evaluation of the seismic risk of specific assets, like 
churches, is a fundamental topic of investigation. In this paper, a simple procedure based on 
the linear and non-linear kinematic approach is applied to evaluate the seismic capacity of 
masonry churches, both in terms of spectral acceleration and spectral displacement. To check 
the reliability of such a procedure, the obtained results have been compared with the damage 
scenario observed on a population of churches analysed by the research group in the aftermath 
of the 2009 L’Aquila earthquake. 

 
 

1 INTRODUCTION 
Recent seismic events produced extraordinary costs for reconstruction of damaged 

buildings, showing also a considerable impact on social and cultural factors of the affected 
territories. In particular, the earthquakes occurred in Italy in the last decades evidenced severe 
states of damage and significant losses of important historical and architectural assets, 
emphasising the great fragility of the existing building heritage and stressing the necessity to 
prevent losses through the definition of reliable preventive protection strategies. 

As far as masonry churches are concerned, different methodologies of assessment have been 
developed, considering various approaches with different levels of investigation [1-4]. The 
damage probability matrix (DPM) method and the vulnerability index method (VIM) are among 
the most common vulnerability assessment approaches found in literature [5, 6]. 
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Such methods are mainly based on the observational analyses carried out at territorial scale 
on churches in the aftermath of significant seismic events (such as Friuli [7], Umbria and 
Marche [8], Molise [9], L'Aquila [10, 11] and Central Italy [12, 13] earthquakes) which allowed 
to learn more about the most recurrent damage mechanisms and seismic fragilities of existing 
churches. Alternative methodologies were also developed on the basis of analytical evaluations, 
mainly based on the study of macro-element behaviour through linear and non-linear analyses. 
Different simplified methodologies to derive fragility curves can be found in literature [14, 15]. 
With general reference to the approaches used for existing masonry buildings, many studies are 
definitely worth of being mentioned [16-19]. 

In this paper a predictive methodology for the seismic vulnerability assessment of masonry 
churches in large territorial areas is presented, focusing the attention on the three-nave churches 
of the Abruzzi Region. A simplified procedure, based on the kinematic limit approach, is 
proposed with the aim to identify the structural capacity of the main detectable macro-elements 
and to provide predictive tools useful for the development of suitable risk mitigation strategies. 

2 LOCAL RIGID-BLOCK ANALYSIS 

2.1 Introduction 
A masonry building can be considered as an assembly of statically determined elements 

connected to each other in a unilateral restraint condition. The possible lack of effectiveness (or 
maybe the absence) of the connections between these elements can compromise the behaviour 
of the whole structure, making it particularly vulnerable to the stresses induced by a seismic 
event. This statement assumes a particular value for the masonry churches, in which the 
typological configuration of the buildings and also the possible historical stratifications may 
imply the presence of remarkable internal disconnections. The seismic action stresses these 
disconnections, favouring different behaviours for the several structural components: in case of 
good quality masonry, the damage can occur with the loss of equilibrium of rigid blocks that 
can sustain relevant displacements before collapsing. This hypothesis is confirmed by the 
partial collapses observed in the damaged masonry churches after the recent seismic events 
(Figure 1). 

The above observation allows to state that the study of the global seismic response may be 
less appropriate for many types of historical buildings, for which the use of local models may 
be more suitable. The analysis of local rigid-body mechanisms [20] considers each structural 
element composed of a certain number of non-deformable wall blocks, connected to each other 
and to the rest of construction through internal and external constraints. The set of these 
constrained rigid blocks must be such as to constitute a kinematic chain with a single degree of 
freedom (SDOF). 

The study of a local mechanism is conducted through the method of limit analysis, following 
a kinematic approach, according to the following steps: (i) identification of possible collapse 
mechanisms; (ii) definition of the value of the horizontal load multiplier α involving the 
activation of the relevant mechanism; (iii) safety check, through the comparison between 
seismic demand and structural capacity. 

More specifically, the structural capacity is evaluated through the linear and non-linear 
approach, to evaluate the acceleration of the kinematic activation and its ultimate displacement 
capacity, respectively [14, 21, 22]. 
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These criteria can be extended to monumental buildings by recognizing SDOF elements that 
identify the typical kinematic configurations of macro-elements. 

 a)  b)  c) 
Figure 1: Partial collapses observed in the Italian churches of Sant’Eusanio Martire in Sant’Eusanio Forconese 

(a), Santa Maria degli Angeli in Paganica (b) and Santa Gemma in Goriano Sicoli (c) (L’Aquila district, 
Abruzzi). 

2.2 Simplified kinematic procedure 
In this paper, a simplified method for a large-scale vulnerability assessment of churches is 

considered. The procedure is aimed at identifying the kinematically admissible mechanisms for 
a population of 64 three-nave churches located in the territory of L’Aquila [AQ] and Sulmona-
Valva [SU-VA] Dioceses (in Abruzzi, Italy), verifying their capacity in terms of possible 
accelerations (linear kinematic analysis) and ultimate displacements (non-linear kinematic 
analysis). The analysis regards the macro-element “Façade”. 

The analysis of the local mechanisms for masonry churches has been conducted assuming 
the macro-elements approach identified by the Italian Cultural Heritage Guidelines [22], based 
on the statistical studies carried out in the aftermath of the last Italian seismic events. In 
particular, a number of I MODE kinematically admissible collapse mechanisms, defined by 
different positions of the cylindrical hinges, has been identified for the analysed macro-element. 
Then, the analyses have been performed considering the detected constraint conditions, the 
presence/absence of possible retaining or thrusting elements and the influence of the typological 
features of the macro-element (Figure 2) on the activation of each possible mechanism, as 
schematically shown in Figure 3 and in Table 1. 

Namely, the identified kinematic motions are: 
- global façade monolithic overturning [K1]; 
- double-skin façade monolithic overturning [K2]; 
- global façade composed overturning [K3]; 
- top of the façade monolithic overturning [K4, K5, K6]; 
- top of the façade composed overturning [K7]; 
- monolithic vertical bending [K8]; 
- monolithic vertical bending (external skin) [K9]; 
- horizontal bending [K10]; 
- double-skin façade horizontal bending [K11]; 
- double-skin façade horizontal bending (external skin) [K12]. 
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 a)  b)  c) 

Figure 2: Common type of façades observed in L’Aquila district: salient façade_ church of San Pietro ad 
Oratorium in Capestrano (Aq)[SU-VA] (a); gabled façade _church of Sant’Agata in Tussillo (Aq) [AQ] (b); flat 

façade_ church Santa Maria di Collemaggio in L’Aquila [AQ] (c). 

  
Figure 3: Possible kinematic motions for the macro-element “Façade”. 

3 LINEAR KINEMATIC ANALYSIS 

3.1 General 
A linear kinematic analysis has been performed for the façades of the considered stock of 
churches. For each analysed façade and for each identified mechanism, the horizontal load 
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Table 1: Influence of typological characteristics and constraint conditions on the identified mechanisms. 

Kinematic motion Façade typology Constraint conditions 
[K1] 
[K2] 

Salient façade 
Flat façade 

Gable façade 

No retaining elements 
No connections on the top 

No connection between transversal walls 
[K3] Salient façade 

Flat façade 
Gable façade 

No retaining elements 
No constraints on the top 

Connection between transversal walls 
[K4] Salient façade 

Flat façade 
Gable façade 

No constraints on the top 

[K5] Salient façade No constraints on the top 
[K6] Flat façade No constraints on the top 
[K7] Salient façade No constraints on the top  

Connection between transversal walls 
[K8] 
[K9] 

Salient façade 
Flat façade 

Gable façade 

Connections on the top 
No connection between transversal walls 

[K10] 
[K11] 
[K12] 

Salient façade 
Flat façade 

Gable façade 

No connections on the top 
Connection between transversal walls 

multiplier α has been defined, according to the static theorem of limit analysis. The spectral 
acceleration a*

0 that activates the identified collapse mechanisms, related to the specific values 
of α, has been calculated according to equation (1) [20]: 

0*
*





ga

FC e


 
(1) 

where g is the gravity acceleration, FC is the confidence factor related to the level of knowledge 
(LC) of the investigated structures (geometry, material, etc.), and e* is the portion of mass 
participating in the considered mechanism. For the cases being, given the limited knowledge of 
the characteristics of the structures, FC = 1.35 for LC1 has been assumed. 

For the generic mechanism, the safety check for SLV (Life-saving Limit State) is assumed 
to be satisfied when the spectral acceleration a*

0 activating the mechanism complies with the 
structural capacity of the considered macro-element. The evaluation has been based on the 
definition of the safety index IS, SLV, which, for the reference limit state, is obtained as a ratio 
between the seismic capacity of the structure Cap, SLV [g] and the seismic demand Dem, SLV [g], 
according to the standards requirements [20]. 

The limit value for IS, SLV has been determined according to the Italian Guidelines [22], 
defining a ratio between the TSLV return period of the seismic action corresponding to the 
attainment of the SLV Limit state and the corresponding return period TR, SLV computed with 
the equation (2), in relation to the reference period VR and to the probability of exceeding in 
the reference period PVR. 

The limit value for the safety index estimated for the considered structures is IS, SLV = 0.614. 
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3.2 Application to the investigated churches 
The above linear kinematic analysis with reference to the macro-element “Façade” has been 

applied to the 64 investigated churches. The relevant results together with a statistical 
elaboration are given in Table 2, where the following main outcomes are provided: 

- the frequency of the collapse mechanisms that the constraint conditions of the structure 
make kinematically possible (Possible [K]; α>0); 

- the frequency of the mechanisms for which the IS, SLV safety index is lower than 1 
(Possible [K]; IS, SLV <1); 

- the frequency of the mechanisms for which the safety verification in terms of Cap, 

SLV/Dem, SLV ratio is not satisfied and for which the IS, SLV safety index is lower than 
0.614 (Possible [K]; IS, SLV <0.614). 

By the obtained results, it is possible to determine the kinematic motions that cannot be 
activated (namely [K2], [K9] and [K11]) as well as to identify the probability of activation of 
the possible kinematics. 

The results show that generally there is a high vulnerability of the façades with respect to 
the kinematic motion [K1] (global façade monolithic overturning), [K4] (top of the façade 
monolithic overturning) and [K10] (horizontal bending), for which the values of the IS, SLV safety 
indexes are less than the unit for the 48%, 25% and 22% of the analysed cases. For the same 
mechanisms the values of the IS, SLV safety do not respect the limit condition (IS, SLV <0.614) for 
the 13%, 7% and 22% of the analysed cases. 

The performed linear kinematic analysis also revealed the frequency of the mechanisms that 
could be potentially activated by the PGA values associated with the 2009 seismic event 
(Possible Activation PGA[INGV]), in accordance with the INGV Shake Map based on the Faenza 
and Michelini assumption [23]. 

In Table 3, the above results have been also compared with the frequencies of the damage 
level dk (with 0≤ dk ≤5) registered for the analysed churches in the aftermath of the seismic 
event [24], with refence to the out-of-plane mechanisms of the façade (mechanism [M1]) and 
of the top of it (mechanism [M2]). In order to check the reliability of the analytical results, the 
damage level dk corresponding to the activation of the damage mechanism has been considered 
separately for both values dk=1 and dk=2, accounting for possible evaluation errors connected 
to the ambiguous classification of damage. 

The comparison shows that for all the kinematic mechanisms related to the whole façade 
[K1, K3, K8] (to be compared with [M1]) and for all those related to the top of the façade [K4, 
K5, K6, K7, K10, K12] (to be compared with [M2]), the frequency of Possible Activation 
PGA[INGV] is lower than the activation frequency actually recorded following the seismic event 
(Observed Activation). Indeed, a better comparison has been obtained with reference to the 
damage levels dk>2, for which more objective criteria in the classification of the damage can 
be hypothesised. 

The correlations between the values of the collapse multiplier α calculated for the Possible 
[K] (α>0) and the damage levels observed for each church for the mechanism [M1] and [M2] 
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are shown in Figure 4 and in Figure 5, respectively. As it could be expected, higher values of 
the collapse multiplier α have been generally obtained for the Possible [K] detected in churches 
which suffered a lower level of damage dk for the collapse mechanisms [M1] and [M2], stating 
that the analysed mechanisms has been mainly observed for those churches characterized by 
lower value of the factor α, confirming the validity of the applied analytical procedure. 

Table 2: Frequencies of possible kinematic motions for the façades for the 64 analysed churches. 

Possible 
[K] 

(α>0) 

α 
(average 

value) 

a*0 [g] 
(average 
value) 

Cap, SLV [g] 
(average 
value) 

Dem, SLV [g] 
(average 
value) 

Possible [K] 
IS, SLV< 1 

Possible [K] 
IS, SLV<0.614 

[K1] 67% 0.126 0.172 0.344 0.369 48% 13% 
[K3] 13% 0.261 0.354 0.708 0.369 10% 0% 
[K4] 63% 0.232 0.313 0.625 0.521 25% 7% 
[K5] 30% 0.589 0.796 1.592 0.535 0% 0% 
[K6] 10% 0.437 0.591 1.183 0.519 5% 0% 
[K7] 5% 0.557 0.760 1.519 0.523 0% 0% 
[K8] 5% 0.405 0.558 1.116 0.369 0% 0% 

[K10] 22% 0.047 0.064 0.127 0.521 22% 22% 
[K12] 2% 0.009 0.012 0.024 0.521 2% 2% 
Table 3: Comparison between the results of the linear kinematic analysis and the frequencies of the dk 

damage levels registered in the aftermath of the 6th April 2009 earthquake for [M1] and [M2] mechanisms. 

IS,SLV 
< 1 

IS,SLV 
< 0.614 

Possible Activation 
PGA[INGV] 

Observed Activation 
[dk>1] [dk>2] 

[K1] 
58% 13% 

15% 
18% [M1] 37% 24% [K3] 3% 

[K8] 0% 
[K4] 

53% 30% 

3% 

18% [M2] 35% 28% 

[K5] 0% 
[K6] 2% 
[K7] 0% 

[K10] 12% 
[K12] 2% 

Figure 4: Correlations between the values of the collapse multiplier α calculated for the [K1] [K3] [K8] (with 
α>0) and the registered damage levels dk for mechanism [M1]. 
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Figure 5: Correlations between the values of the collapse multiplier α calculated for the [K4] [K5] [K10] (with 

α>0) and the observed damage levels dk for mechanism [M2]. 

4 NON-LINEAR KINEMATIC ANALYSIS 

4.1 General 
The non-linear kinematic analysis is devoted to investigate the displacement capacity of the 

structure when the collapse of the considered mechanism occurs. To this aim, the horizontal 
load multiplier α can be calculated on the deformed configuration, following the evolution of 
the mechanism, which can be exhaustively defined by a relationship α= α(dk), relating the load 
multiplier α with the displacement dk of a pivot point (the centre of masses) of the façade [20]. 
The analysis finishes when the load multiplier equals zero: the corresponding displacement of 
the pivot point dk,0 is representative of a collapse situation. 

From the relationship α= α(dk), the capacity curve of the equivalent SDOF system, in terms 
of spectral acceleration a* and spectral displacement d*, can be derived. The value a*

0 is the 
maximum acceleration to which the macro-element can resist before the kinematic motion 
activation; d*

0 is the spectral displacement corresponding to dk,0. Since the displacement d*
0 is 

not trustworthy in describing the real behaviour of the macro-element, the actual ultimate 
displacement of the SDOF system is evaluated as d*

u =0.4 d*
0. 

The safety check of the local mechanism in the SLV limit state consists in comparing the 
ultimate spectral displacement d*

u with the displacement demand ΔT(Ts) obtained from the 
displacement spectrum defined according to the Italian Code OPCM 3431 [25]. The check is 
satisfied when d*

u > ΔT(Ts). 

4.2 Application to the investigated churches 
The non-linear kinematic analysis has been performed for the façade of the 64 analysed 

churches with reference to the mechanisms for which the safety check in terms of Cap, SLV/Dem, 

SLV ratio is not satisfied. The check has been carried out considering the displacement demand 
ΔT(Ts) related to the seismic hazard of the inspected sites. 

The results and the corresponding statistical elaboration are given in Table 4 and Table 5; 
the outcomes reveal a high percentage of Possible Collapse [d*

u > Δd (Ts), SLV] for the kinematic 
motions [K4] (top of the façade monolithic overturning). 
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The non-linear kinematic analysis also reveals the frequency of the possible collapses 
occurred through the analysed mechanisms by considering the displacement demand ΔT(Ts),E 
induced by the PGA values associated with the 2009 L'Aquila seismic event [INGV] [23]. 

In Table 6, the results have been compared with the frequencies of the effective collapses 
(with dk =5) observed for the out-of-plane mechanisms [M1] and [M2] for the 64 churches 
following the seismic event [24]. The comparisons shows that, for the kinematic mechanism 
related to the whole façade [K1] (to be compared with [M1]) and for all those related to the top 
of the same [K4, K6, K10, K12] (to be compared with [M2]), the frequencies of the possible 
collapses induced by the PGA values of the seismic event (with d*

u < Δd (Ts), E) are similar to 
the percentages of the observed collapses, in particular when the condition Not Verified [K]-(IS, 

SLV<1) is considered. 
Table 4: Results of the non-linear kinematic analysis. Not Verified [K] (IS, SLV <1). 

 Not Verified 
[K] 

(IS, SLV<1) 

d*0 [mm] 
(average 

value) 

d*u [mm] 
(average 

value) 

Δd (Ts), SLV 
[mm] 

(average value) 

Possible Collapse  
d*u > Δd (Ts), SLV 

[K1] 48% 544.63 217.85 141.25 2% 
[K4] 25% 556.24 222.49 198.64 12% 
[K6] 5% 584.45 233.78 246.11 3% 

[K10] 22% 601.49 240.60 239.42 2% 
[K12] 2% 290.90 116.36 203.44 2% 

Table 5: Results of the non-linear kinematic analysis. Not Verified [K] (IS, SLV <0.614). 

 Not Verified 
[K] 

(IS, SLV<0.614) 

d*0 [mm] 
(average 

value) 

d*u [mm] 
(average 

value) 

Δd (Ts), SLV 
[mm] 

(average value) 

Possible Collapse  
d*u > Δd (Ts), SLV 

[K1] 13% 556.50 222.60 187.56 2% 
[K4] 7% 495.00 198.00 220.07 5% 

[K10] 22% 610.68 244.27 172.14 2% 
[K12] 2% 290.90 116.36 203.44 2% 

 
The correlations between the values of the ultimate displacement d*

u calculated for the Not 
Verified [K]s and the damage levels observed in each church for the mechanism [M2] 
(characterized by a higher percentage of possible activation and collapse compared to [M1]) 
are shown in Figure 6a and Figure 6b for (IS, SLV <1) and (IS, SLV <0.614), respectively. 

The obtained output shows that a lower level of damage dk has generally been observed in 
the cases characterized by a higher structural capacity (in terms of ultimate displacement d*

u); 
on the contrary, lower value of d*

u can be found in churches which experienced partial or total 
collapses during the 2009 seismic event. 

5 CONCLUSIONS 
In this paper a study related to seismic vulnerability of the facades of existing churches has 

been carried out. In particular, a kinematic analysis, based on the macro-element approach 
proposed by the Italian Guidelines, has been applied in order to assess the structural capacity  
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Table 6: Comparison between the results of the non-linear kinematic analysis and collapse frequencies 
(dk=5) observed after the 6th April 2009 earthquake for [M1] and [M2] mechanisms. 

 Possible Collapse 
d*

u < Δd (Ts), E 

(IS, SLV <1) 

Possible Collapse 
d*

u < Δd (Ts), E 

(IS, SLV <0.614) 

Observed Collapses 
[dk=5] 

[K1] 5% 5% 5% 5% [M1] 2% 
[K4] 3% 

8% 

2% 

5% [M2] 10% [K6] 2% - 
[K10] 3% 3% 
[K12] 0% 0% 

a) b) 

Figure 6: Correlation between ultimate displacement d*
u obtained for the Not Verified [K]s (linear analysis) and 

the damage levels observed in each church for the mechanism [M2]. 

of 64 churches that experienced the 2009 L’Aquila earthquake. The analysis and the comparison 
of the damage levels experienced by the investigated churches allowed the following main 
outcomes to be outlined: 

- the data collected in a territorial scale analysis can be profitably used for the 
implementation of simplified analytical procedures to be applied on a large-scale 
approach on homogeneous populations of churches; 

- the kinematic approach, based on the identification of the mechanisms kinematically 
admissible for the analysed churches and the verification of their capacity in terms of 
resisting accelerations and ultimate displacements, allows to perform an immediate 
analysis of the structural deficiencies of the examined buildings; 

- the applied procedure could allow to avoid, when not necessary, the development of 
more rigorous and time-consuming analyses, constituting a valid support in the 
simulation of possible post-earthquake damage scenarios and, consequently, in the 
definition of adequate preventive strategies for seismic risk mitigation. 
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