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Abstract

The seismic response of churches is peculiar due to the building typology, the structural fea-
tures and the used materials. During last decades a great work of research on damages oc-
curred on such structures after seismic events was performed and some insight of this behavior 
have pointed out suggesting different intervention techniques. This lead to apply, during past 
years, some interventions on churches already damaged. In particular, the Umbria-Marche 
region, has stroked by three relevant earthquakes: Norcia 1979 (Mw 5.8), Colfiorito-Annifo 
1997 (Mw 6.0), Norcia 2016 (Mw 6.5). The last events occurred on structures already damaged 
in past and strengthened by interventions that aim at improving their seismic behavior. 
Starting from the conclusions of such extended survey campaign and analyzing the effect of 
interventions, the Church of S. Martino’s dei Gualdesi in Castelsantangelo sul Nera (MC –
Italy) was modelled and studied with both linear and non-linear methods. 
The paper presents the results of such analysis comparing also the observed damages and the 
effectiveness of some interventions preformed in past years on the church.
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1 INTRODUCTION
The study of structures damaged from earthquakes is the most interesting benchmark to eval-

uate the analytical and numerical tools available in the vulnerability analysis and commonly 
used to design retrofit or refurbishment interventions.

The study herein reported is a preliminary stage of a deeper project carried out on the San 
Martino’s dei Gualdesi Church. The case-study selection derives from a wider observation on 
a dataset of about 900 churches stricken by the 2016 earthquake swarm [1] that recognize in 
Castelsantangelo sul Nera, an interesting opportunity to evaluate vulnerability and effect of 
interventions.

The paper presents a qualitative evaluation of interventions carried out in the municipality 
and reports the analysis carried out on San Martino. The presented analysis looks at the unrein-
forced church and aims at evaluating the seismic multiplier. Moreover, a non-linear static anal-
ysis has carried out to evaluate its reliability in predicting the damage pattern and to support the 
kinematic analysis.

2 RESPONSE OF CHURCHES IN CASTELSANTANGELO SUL NERA

The municipality of Castelsantangelo sul Nera, located in the Marche Region, was interested 
by numerous seismic events in past years and also by the 2016 Central Italy seismic swarm. 
This last caused severe damage to structures including the churches of the region [2].

In order to evaluate the vulnerability and the seismic response of such structures, a focus on 
the municipality cluster, composed by 19 cases, was carried out beginning form the enlarge 
database collected in the Centre of Italy [1]. All the churches in the cluster undergone a PGA 
between 0.52g and 0.54g evaluated by INGV shake-maps. Therefore, considering similar ac-
tions, the damage observed is mainly guided by the vulnerability of each structure.

The Damage Index (id) has evaluated by the A-DC form [3, 4] and the Vulnerability Index 
(iv) was first defined according to the II level form for the church survey [5]. The id have shown 
an high heterogeneity, ranging from 0.33 to 0.85 (variation of 0.52, average of 0.52 and standard 
deviation of 0.14) that could be attributed to the vulnerability of the constructions since the 
seismic actions were quite similar. The analysis of iv did not show significant variations varying 
between 0.36 and 0.57 (average of 0.48 and standard deviation of 0.06). This could lead to 
suggest a small representativeness of the iv value to describe the different vulnerabilities, sug-
gested also by the fact that the variation of the damage index calculated by formulation available 
in literature [6] would be 0.09, for the iv and PGA values ranges herein described.

To better highlight the raised differences, a specific evaluation on each case has performed,
also considering the consolidation interventions carried out in past years with the aim of ob-
taining insight into their effect on the seismic response.

From the observation of all cases, some intervention highlighted always a positive behavior 
such as tie rods applied for both goals: prevent the out-of-plane mechanisms of the walls and 
counterbalance the loads of arches and vaults. This intervention pointed out some issues only 
in case of poor masonry quality with the disaggregation of wall [7]. Another very positive in-
tervention is the introduction of a metallic hopping system on the bell-tower. Indeed, two 
churches two hundred meters close, very similar in geometry and dimensions, like S. Stefano 
and San Martino’s dei Gualdesi pointed out two emblematic boundaries in behavior (Figure 1)
between the total collapse and only a cracking of the bell-tower due to the presence, in the case 
of St. Martino, of hooping interventions on the belfry that avoid the collapse after the mecha-
nism activation. On the other hand, some interventions show generally worsening effects such 
as some concrete slab reinforcement of roofs, where due to the increase of loads and stiffnesses,
masonry collapse or severe damage occurred. The task of containing the overturning of the 
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walls and distributing the vertical loads was entrusted to the ring beam. Sometimes, it was ob-
served an overall achievement of the goal, whereas either in the case of reinforced concrete ring 
beam and in the steel beam sometimes some damage caused by this intervention were observed 
such as horizontal cracks at the height of the ring beam and the disintegration of the masonry 
below it. The causes can be associated with poor masonry quality as well as an ineffective or 
absent connection between the ring beam and the masonry.

The results obtained from this analysis have determined different responses in terms of local 
and global damages although the earthquake was the same. For these reasons, in order to un-
derstand which parameters have the greatest influence on the vulnerability, a seismic behavior 
analysis of a specific church, that may represent the cluster, has been implemented and herein 
presented.

Figure 1: S. Stefano’s tower (left) and San Martino’s bell tower (right) after the 30rd of October 2016

3 SAN MARTINO’S DEI GUALDESI CHURCH

San Martino’s dei Gualdesi church, in Castelsantangelo sul Nera (MC), was built in the 14th

century. The structure is mostly made of local limestone (two leaves masonry 70-120 cm thick)
and lime mortar. The structure is 30.60 x 7.40 m in plan and 6.87 m height for the nave with an 
height of 17 m for the tower and it is of medium size compared to those present in the region
[1]. The church consists of a single nave, marked by four pointed arches arranged transversely, 
covered by a timber gable roof. Externally, the church has the same internal regularity: the 
longitudinal south-west facade is characterized by two entrance portals and by further second-
ary openings. The transversal gabled facade, located to the north-west side, is composed by a 
simple window in the central area.

The structural data were entirely deduced from the information collected during the on-site
surveys and through some documentary additions provided by the Superintendence for Cultural 
Heritage of Ancona. To date, it has not been possible to carry out diagnostic campaigns for the 
characterization of construction details or materials. For this reason, the materials’ mechanical 
properties were obtained from a critical analysis of masonry arrangements by the study of the 
masonry quality index (IQM) [8] of some panels and masonry sections. These investigations
with its typological and qualitative definition helped in identify two different masonry typolo-
gies according to the Italian National Standard [9], whose mechanical properties [10] are sum-
marized in Table 1.

In this case, since the investigations are limited, the confidence factor calculated according 
the Italian guidelines for cultural heritage [11] is equal to 1.24 and the level of knowledge 
reached is KL1.
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a)

b)
Figure 2: Aerial view (a), and plan (b) of San Martino’s dei Gualdesi church.

MASONRY TYPOLOGIES ( (
E

(
G

(
w

(

Masonry: Roughly cut stone ma-
sonry with good texture - III 2.6 0.056 1740 580 21

Arches: Stone blocks squared ma-
sonry- V 5.8 0.090 2850 950 22

Table 1: Mechanical properties of the masonries used.

3.1 Interventions related to the past seismic events

The most significant earthquakes for the Castelsantangelo sul Nera area were the earth-
quakes of Norcia, Mw 5.8 in 1979, and the Umbria-Marche earthquake, Mw 6.0 in 1997. These 
seismic events had a strong impact with regard to both the identification of seismic damage and 
the implementation of series of interventions aimed at mitigating its effects (not always with 
real benefits). The church of San Martino’s dei Gualdesi, entering into this context, was sub-
jected to four intervention campaigns (in 1988, 1999, 2000 and in 2014). Some of the older
interventions had been replaced in subsequent refurbishments. Therefore, a description of the 
present configuration of the church with the current interventions is presented below. 

In general, two significant phases of intervention can be distinguished: one relating to the
2000 restorations , which mainly involved the bell tower, and a more recent restoration of 2014 
regarding the structure of the nave.

In 2014 interventions, a systematic demolition of the top of the wall was carried out with 
subsequent reconstruction of it for a height of 30-50 cm. In addition, a UPN 220 metal profile 
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has been inserted and anchored with the underlying wall with a 16 bar 85 cm long, every 50 
cm. The bars were inserted inside perforations (with a diameter of 24 mm) and subsequently 
injected with lime mortar (blue line in Figure 3). A further intervention was the injection of a 
fluid hydraulic lime mortar on the walls. Four holes per square meter with a diameter of 22 mm 
were injected (red dot fill in Figure 3). A final and significant structural intervention performed 
on the nave concerns the execution of a series of steel bars reinforcement between the longitu-
dinal walls of the nave and the internal arches. Twelve stainless steel bars with a diameter of 
16 mm were inserted and injected with epoxy resin inside drillings of 24 mm of diameter (red 
strip hatch in Figure 3). Regarding the bell tower, in 2000, two orders of metal hooping beams 
have been inserted in elevation under the belfry and at the level of the mouldings (blue dashed 
line in Figure 3). Finally, about 20 perforations per wall were made on the tower’s walls with 
subsequent insertion of steel bars presumably with a diameter of 20 mm (green dot mesh in 
Figure 3).

Figure 3: Representation of interventions implemented in 2014 and 2000 to the San Martino’s dei Gualdesi 
church.

3.2 Analysis of damage

The church of San Martino’s dei Gualdesi, referring to the A-DC form [3, 4], has an inter-
mediate damage index (id=0.60). Although the id value is slightly higher than the average of the 
Castelsantangelo’s cluster (see § 2), the church showed only a small collapse of the wall above 
the entrance (Figure 4d) but, any other structural element of the nave and the tower had not
collapsed. The main damages are located in the internal part of the church, in particular near 
the pointed arches, in some parts of the perimeter wall and in the bell tower.

The cracks affecting the internal part of the church are mainly located between the longitu-
dinal walls and the central arches. From the structure of the church, it is clear that the pointed
arches, placed transversely to the nave, support the roof and transmit the loads to the side pillars 
and to the perimeter walls. Figure 4b highlights some cracks between pillars and the longitudi-
nal wall probably due to the weak connection in shear between the two. Moreover, it seems that 
some interactions in traction are present since some sliding in first voussoirs is present, probably 
due to the introduction of rebars and a consequent movement of the pillar according to the out-
of-plane of the lateral wall.

371



Elvis Cescatti, Michol Rampado, Veronica Follador, Francesca da Porto and Claudio Modena

More cracks are located at the interface between the extrados of the arch and the masonry,
due to the absence of connection between the two different materials. In the same pictures (Fig-
ure 4b), reduced cracks are observed even at the level of the roof, perhaps due to the insertion 
of the metallic ring beam that may have limited their opening but also promoted the detachment. 

Other cracks were located in the transverse walls of the nave, in particular in the north-west 
facade, which still has the shape of the original door. The distribution of the cracks follows the 
intersection between the original wall and the added element showing the typical shear cross 
shape (Figure 4a).

Lastly, deep cracks were found on the bell tower (Figure 4c). The position of these cracks is 
related to the presence of windows and small openings. The windows and the little columns of 
the upper level represent the weakest. However, although characterized by widespread cracks, 
the bell tower did not show the collapse of masonry parts or other elements. This prove the 
effectiveness of the past hooping interventions, which have defined a better connection between 
the orthogonal walls ensuring the box behavior during the seismic events. 

Unlike the other facades of the church, the longitudinal wall located to the south shows a 
loss of the curtain wall with the detachment of the upper portion of the masonry (Figure 4d).
The collapse of this masonry portion seems to be promoted by the reinforcement (of the past 
interventions) at the top. Indeed, if the metallic beam presents excessive stiffness, it can gener-
ate damages related to the tangential stresses in the contact area with the masonry and therefore 
a detachment between the parts. Moreover, the entire wall suffered from an out-of-plane dis-
placement in the order of 15-20 cm. The overall displacement of that seems to be provided by 
the monolithic behavior probably promoted and enhanced by injections.

Figure 4: Damages observed on the north-west facade (a), central arch (b), bell tower (c) and o the south-west 
facade.

4 STRUCTURAL ANALYSIS

The preliminary structural analysis of the church has focused on the pointed arch behavior 
and on the influence that this has on the overall behavior. With this aim, a kinematic study was 
performed together with a non-linear static analysis with a Finite Element Model in order to 
validate the assumptions made.

4.1 Definition of the seismic action

The seismic action used for the assessment of the church is determined by following the 
indications provided by the Italian Standard [12]. The design parameters used in the analysis 
are represented in Table 2. The return period, considering the ecclesiastical function, is of 712 
years.
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Parameters (DLS) Parameters (ULS)
0.120 q 1.00 0.283 q 2.000
2.305 S 1.80 2.400 S 1.554
0.288 ƞ 1.00 0.339 ƞ 1.000
1.500 0.15 1.295 0.170
1.584 0.45 1.500 0.510
1.200 2.08 1.200 2.726

Table 2: Design parameters used in the analysis

4.2 Kinematic analysis

The kinematic analysis is based on the limit analysis and the principle of virtual works and 
refers to the upper bound solution [13]. This, on one hand, make easier the analysis and, on the 
other, it requires defining the minimum multiplier to obtain the exact solution. Therefore, the 
Finite Element Model helps in defining the proper crack pattern and hinges location.

The out-of-plane limit analysis was guided by the actual crack pattern observed, and hence 
evaluating those mechanisms activated during the earthquake (Figure 5). In detail, the south-
west wall of the nave and the north-west corner of the tower were analyzed as out-of-plane
mechanisms, while the central arch as in-plane mechanisms.

Figure 5: In-plane (left) and out-of-plane (right) analysis of the church.

Table 3 shows the results of the kinematic analysis implementing linear methods. The factor 
z is the safety coefficient defined as the ratio between the seismic capacity and the demand for 
each macro-element. Values greater than one indicate that the mechanism is verified at the 
damage limit state (DLS) and at the ultimate limit state (ULS). As regards the out-of-plane
kinematic mechanisms, the linear verification is not verified for any mechanisms. The activa-
tion multiplier was calculated accounting for the masonry compression hence considering the 
hinge in the middle of the stress-block. The lower multiplier refers to the wall overturning (C3 
Figure 5) and it figures out that the restrain contribution of the roof is not negligible, since that 
mechanism does not reach the collapse although it has activated with an overall ultimate dis-
placement of about 15-20 cm. The tower mechanism activated also on the real case but it was
counteracted by the hooping system that avoided the collapse, as did not happen for the near 
church of S. Stefano. Lastly, the highest multiplier found (mechanism C2) of 0.535 has acti-
vated but not avoided by any interventions resulting in the collapse of the macro-element. That 
value is similar to the highest PGA recorded in the swarm of 0.541 the 26th of October 2016.
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1° Mode
Kinematics α (t/2) ζ (DLS) ζ (ULS)

C1 0.266 0.38 0.44
C2 0.535 0.68 0.74
C3 0.143 0.58 0.57

Table 3: Results of the kinematic analysis for the out-of-plane mechanisms

Similar to what has been observed for the out-of-plane mechanism, the hypothesis of inter-
action among macro-elements may lead to significantly different solutions also for in-plane 
analysis. Due to this, different combinations (Table 4) have been defined.

For the in-plane analysis of the arch, which is placed in the transversal direction of the nave
(Y direction), the hinges position was defined by the analysis of the principal traction strains.
The latter were obtained by the non-linear static analysis of the church, considering that this 
comes from static considerations which belong to the lower bound solution. Therefore, the ob-
tained multiplier should be the exact one also for the interaction among longitudinal walls and 
the arch. 

Table 4: Type of kinematic analysis implemented

The possible variability may concerns the in-plane and out-of-plane interaction of the longi-
tudinal wall and of the soil on the mountain side. Therefore, looking at Table 4, cases A, B, C 
considers different interactions among macro-elements whereas cases from D1 to D3 evaluate 
differently positions of the hinge on the mountain side (hinge D).

Table 5 reports the obtained activation multipliers α, always considering the hinge regression, 
and the factor ζ that report the structural verification. Due to the not symmetric geometry, the 
multiplier of both directions is reported.

In case A the arch is alone, neglecting the contributions of lateral walls, whereas in cases B 
and C walls are considered. In the latter the coupling between the arch and the wall is perfect,

D1- All hinges as FEM D2 – Hinge D on the impost D3 – Hinge D in the wall

Case A
Only arch

Case B
Only tension

between the arch and 
the wall

Case C
Shear and tension

between the arch and 
the wall
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with transmission of normal and shear stresses on the interface, while in case B only the normal 
action is considered.

2° Mode (+Y) North/mountain dir. 2° Mode (-Y) South/valley dir.
case α (t/2) ζ (DLS) ζ (ULS) case α (t/2) ζ (DLS) ζ (ULS)

D1
A -0.002 - -

D1
A 0.079 0.34 0.34

B 0.188 0.80 0.79 B 0.172 0.73 0.72
C 0.189 0.80 0.79 C 0.184 0.78 0.77

D2
A -1.030 - -

D2
A 0.108 0.45 0.44

B 0.065 0.28 0.28 B 0.137 0.59 0.59
C 0.064 0.28 0.27 C 0.159 0.69 0.68

D3
A -0.550 - -

D3
A 0.107 0.44 0.44

B 0.277 1.16 1.14 B 0.161 0.68 0.67
C 0.306 1.28 1.26 C 0.198 0.83 0.82

Table 5: Results of the kinematics analysis for the in-plane mechanisms

In the case A, in the positive direction of Y, there is a negative multiplier that means that 
there is no equilibrium in the thrust of the arch without the lateral walls providing a counterbal-
ancing effect even in static conditions. Therefore, the case A is not a reliable hypotheses of the 
actual behavior. Considering the fact that the FEM model reliably describes the hinge positions,
and comparing with the actual observations, also cases D2 and D3 are not suitably describing 
the real situation because did not appear evident cracks next to the guessed hinge position D.

In conclusion, the cases more similar to the actual situation are B and C in conditions D1. 
Herein, case B is selected as the most reliable (Table 5 in bold) because even the intervention 
with rebars performed in 2014 could not guarantee the shear transfer, as pointed out by the 
crack pattern occurred (Figure 4b). Therefore the final multipliers selected are α 0.188 and 
0.172 in the positive and negative Y direction respectively.

4.3 Fem analysis

The numerical analysis of San Martino’s dei Gualdesi was performed using the DianaFea 
software. In detail, a linear and a non-linear static analysis were performed in order to obtain 
results consistent with the actual damages observed.

The church has modeled using two-dimensional elements. The roof analysis of weight has 
performed following the information obtained by documents on past interventions. The vertical 
elements of the model have defined as regular curved shells: quadrilateral elements with eight 
nodes and a quadratic behavior. The mesh has a size of 0.25 m. The linear elements such as 
beams have specified as beam elements curved and characterized by three nodes (Class-III 3D).
Boundary conditions were defined to constrain all translations and two rotations except the out-
of-plane. Finally, the material properties were defined following Table 1 for the linear proper-
ties. To account for the non linear behavior a total strain cracked model has been adopted with
a parabolic behavior in compression and a exponential one for the softening in tension. The 
fracture energy has defined following the literature [14].

First, a linear static analysis was performed to evaluate the static conditions of the model. 
Regarding the reaction forces, the maximum vertical value is 74.9 kN. The vertical deformation 
(Z direction), due to its own weight, is located on the bell tower and is approximately 1.7 mm. 
Lastly, as regards the main stresses, the compression stress located at the base of the bell tower 
is 0.45 MPa.
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Subsequently, the static non-linear analysis was implemented to analyze the non-linear be-
havior of the structure. The analysis concerns both the longitudinal (X) and transverse direc-
tions of the church (Y), with more attention to the transversal direction (east-west direction). 
The own weight of the structure was applied in a single load step, followed by the application 
of a global acceleration (proportional to the masses) into different load steps. 

Results show greater deformations and displacements refer to the analysis with transverse 
direction of the seismic action (+Y,-Y). In the first case (+Y, mountain dir.), the displacements 
of the control nodes positioned at the top of the central arch are approximately equal to 0.20 m
in agreement with the actual observations. Analyzing the results relating to strains, the main 
stresses are located on the transversal walls. However, high cracks are also located on the lon-
gitudinal facades of the church and on the tower’s walls (Figure 6).

In the negative direction of Y (-Y, valley dir.), the greatest displacement is measured at the 
top of the bell tower (0.12 m) even the control nodes at the top of the central arch reach consid-
erable displacements of 0.10 m.

Regarding the analysis in the longitudinal direction (+X, -X) the main deformations and 
displacements are located on the upper part of the bell tower.

Figure 6: Major principal strain for the analysis in the +Y direction (left) and -Y direction (right).

4.4 Comparison between the damages observed and the numerical analysis

The results obtained from the numerical analysis has been compared with the damages de-
scribed in the previous paragraph (§3.2). The structural parts investigated are the north-west 
and the south-west facade of the nave, the walls of the bell tower and finally the internal arches 
of the nave. 

Figure 7a shows that strains, and thus cracks concerning the internal arch, are mainly located 
between its lateral part and the longitudinal part of the south-western masonry and in the inter-
face between the extrados of the arch and the masonry above. From this crack pattern, the four 
hinges location for the limit analysis presented above was defined (§4.2).Moreover, damages 
and cracks coincide with the damages observed in the on-site survey (Figure 4b), confirming 
the reliability of this type of analysis.

Less deformation and damages occurred in the north-east walls, again corresponding to the 
actual condition. In this case, the pillars are embedded in the wall itself, ensuring a better con-
nection between them. The greatest displacements are reached in the analysis with transverse 
direction of the seismic action. 
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The longitudinal south-west wall showed significant damage due to the longitudinal action. 
Figure7b shows cracks on the entire wall and in particular near the transverse arches and open-
ings. More cracks are located in the interface between the wall of the bell tower and in the upper 
part of the nave facade. These damages coincide also with the current state of the church. 

Figure 7: Localized deformations in the central arch (a), south-west wall (b), tower (c) and north-west wall (d).

The north-west facade is characterized by significant damages in the case of transverse seis-
mic action. Cracks obtained from the numerical model provide almost the same pattern ob-
served in the structure. The distribution of cracks follows the intersection between the original 
wall and the added element. 

Lastly, the south-western wall of the bell tower shows significant deformations due to the 
longitudinal action (-X). The principal strains, obtained from the numerical model, are located 
near the mullioned windows, in the small openings below and lastly in the contact area between 
the roof of the church and the belfry. These critical points are also observed on the damage 
picture (Figure 4c).

5 CONCLUSIONS 

The paper presents the first stage of studies carried out on the San Martino’s dei Gualdesi
church, confirming that the integrated methodology among different type of analysis (i.e.
kinematic and non-linear static analysis) lead to achieve reliable results compared to the
real case observations.

The kinematic analysis, supported by some non-linear analysis in the definition of the
mechanisms, proved to be a valuable tool in the definition of the activating accelerations.
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The evaluation of the interaction in-plane and out-of-plane may also be detrimental to ob-
tain the correct value.

The static non-linear analysis confirms to be a reliable method of structural modeling de-
tecting a crack pattern very similar to the real one.

Future works aim at evaluating through capacity curves the real performances of the struc-
ture, even compared with the real occurred earthquake, and furtherly improving analysis
by the implementation of interventions.
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