
1 INTRODUCTION 

Historic masonry churches form a significant part of built cultural heritage. Since they are still 
in use and represent a place of social aggregation and cultural identity where people may gather 
in large numbers, their protection against natural and anthropic hazards is relevant from the two 
perspectives of safety and conservation.  

Among the hazards threatening historic churches, earthquakes have so far drawn the greatest 
attention from academics and institutions. In the last decades, several research works were de-
voted to the damage and vulnerability assessment of historic masonry churches subjected to hor-
izontal actions (e.g., Doglioni et al. 1994; Lagomarsino 2012; Penna et al. 2019). These studies 
led to the identification of earthquake-induced damage and collapse mechanisms. In contrast, 
little attention was paid to the effects of other phenomena, such as slow-moving landslides, 
which, however, are a potential source of risk due to the damage that they can induce to mason-
ry structures (Antronico et al. 2015).  

Landslides are an important hazard in the Italian territory. According to the 2018 Summary 
report of the Institute for Environmental Protection and Research (ISPRA, Trigila et al. 2018), 
Italy is one of the European countries most affected by landslides. The cultural heritage build-
ings exposed to landslide risk are 37847, corresponding to 18.6% of the total. Although the 
2018 Summary report by ISPRA does not specify the number of historic churches at risk, Italy 
has about 67013 churches, of which 32000 are listed (Calderini & De Matteis 2020). Conse-
quently, the probability that a number of them are exposed to landslide risk is very high. 

Differently from what was observed for earthquakes, in the case of landslides no abacus of 
collapse mechanisms or damage classification is available for historic masonry churches, as the 
effects of landslides on the structural response of this type of buildings have not been systemati-
cally investigated (Ferrero & al. 2021a). Furthermore, the literature related to churches located 
in landslide-affected areas has mainly focused on the geotechnical and geological analysis of the 
slope movement (Cigna et al. 2013; Margottini et al. 2013; Soccodato et al. 2013) rather than on 
soil-structure interaction. 

Historic masonry churches exposed to slow-moving landslides: a 
critical damage assessment 

C. Ferrero, L. Cambiaggi & C. Calderini 
Department of Civil, Chemical and Environmental Engineering, University of Genoa, Genoa, Italy  

R. Vecchiattini 
Department of Architecture and Design Civil, University of Genoa, Genoa, Italy 

ABSTRACT: This paper deals with the damage assessment of historic masonry churches ex-
posed to slow-moving landslides. A damage survey campaign was carried out on 33 listed 
churches located in the Liguria region (Italy) in areas affected by slow-moving landslides. For 
each church, information about zoning, state of activity and direction of landslide phenomena 
was collected and analyzed. Knowledge of each building’s main geometric and structural fea-
tures, history and past interventions was gained by means on-site surveys and archival research. 
A detailed field-survey of crack patterns and deformations was also performed. Based on the 
critical assessment of the damage observed, preliminary conclusions on the structural response 
of historic masonry churches to slow-moving landslides were made. Recurrent types of damage 
and damage mechanisms were also identified. 



Among the regions in which Italy is divided, Liguria is one of those most affected by land-
slide phenomena. Due to the geographical location, orography as well as morphological and ge-
ological setting of the Ligurian territory, landslides frequently occur. As reported in Guzzetti et 
al. (2004), 1806 landslide events damaged 1233 localities between 1800 and 2001. Furthermore, 
in 2017, an area of 751.9 km2, equal to 13.9% of the regional territory, was classified as a high 
or very high landslide hazard zone (Trigila et al. 2018). In view of these considerations, the Li-
gurian territory is an ideal area to perform damage assessment of churches exposed to slow-
moving landslides.  

This work presents the results of a damage survey campaign performed on a sample of 33 
historic masonry churches located in Liguria in areas affected by slow-moving landslides. The 
aims of the work were to describe the damage suffered by the churches in terms of crack pattern 
and deformations and to identify the damage mechanisms. Note that all the landslides consid-
ered in this study are classified as very slow or extremely slow according to Cruden & Varnes 
(2006), that is their velocity does not exceed 1.6 m/year and 16 mm/year, respectively. 

The paper is organized as follows: in Section 2 the criteria for the selection of the case studies 
are presented; in Section 3 data gathering and on-site inspections are introduced; in Section 4 
the damage observed in the churches is described; in Section 5 the results of the damage surveys 
are commented and critically discussed; in Section 6 some conclusions are provided. 

2 IDENTIFICATION OF THE SAMPLE OF CHURCHES 

The sample of churches to be investigated was selected taking into consideration on one side the 
landslide classification of the Liguria region and on the other side the list of heritage buildings 
protected by the Ministry of Cultural Heritage and Activities. 

The Liguria region is divided into three river basins: Tyrrhenian basins, Magra River basin 
and Po River basin. In the three basins, different types of maps identify landslides areas: the 
Carte della Suscettività al Dissesto (Regione Liguria 2017) for the Tyrrenian and Magra River 
basins and the maps of the Atlante dei Rischi Idraulici e Idrogeologici (Autorità di bacino dis-
trettuale del fiume Po 2017) for the Po River basin. Note that, hereafter, the maps of the three 
Ligurian basins will be generically named landslide maps. 

The criteria adopted in each basin to zone and identify landslides are presented next: 

 The entire territory of the Tyrrhenian basins is divided into five classes of landslide sus-
ceptibility on a scale from Pg0 to Pg4. Pg4 class corresponds to the highest level of 
landslide susceptibility and is characterized by the presence of active landslide. Pg3 
class is divided into two subclasses, Pg3a and Pg3b, which denote areas with dormant 
landslides and territories with indirect indicators of movements (i.e., bent trees, damage 
in retaining wall, etc.) or stabilized landslides, respectively. The three classes Pg2, Pg1 
and Pg0 indicate the presence of geomorphological indicators, such as springs or cracks 
in the ground, but they are not affected by landslides. 

 The landslide maps of the Magra River basin adopt the same criteria used in the maps of 
the Tyrrhenian basins to define landslide susceptibility classes. However, only the areas 
classified as Pg2, Pg3 and Pg4 are reported in the landslide maps. 

 The landslide maps of the Po River basin do not classify the territory according to land-
slide susceptibility classes, but they only indicate the areas affected by active, dormant 
or stabilized landslides. Landslides are represented either with their extension or with a 
dot when their perimeter is unknown. 

 
The set of churches to be analyzed was identified by superimposing the landslide maps of the 

Ligurian river basins, updated as of 2017/2018, on the regional map of the listed architectural 
assets, named vincoli architettonici puntuali in Italian (Regione Liguria e Segretariato Region-
ale del MiBACT per la Liguria 2017), which reports the position of all the listed buildings lo-
cated in Liguria. The buildings selected were the ones located in areas characterized by the 
highest landslide susceptibility (i.e, Pg4) in the case of the Magra River basin and Tyrrhenian 



basins and the ones located in areas affected by active landslides in the case of the Po River ba-
sin. Not only churches, but also religious buildings such as sanctuaries, oratories and chapels 
were considered. The superimposition of the two types of maps was performed by means of the 
QGIS software (QGIS 2017). An example of superimposition is presented in Figure 1.  

Extended to the entire Liguria region, this approach led to the detection of 28 listed churches 
located on active landslides. The position of each church within the Ligurian territory is shown 
in Figure 2. The sample of churches was then enlarged by adding five listed churches (labelled 
additional churches in Figure 2) that experienced damage potentially due to ground movements. 
Two churches were located very close to active landslides, one was situated on a Pg3 area and 
two were located near Pg3 areas. For further information about the 33 buildings object of study, 
the reader is referred to Ferrero et al. (2021a). 
 

 
 
Figure 1. Identification of churches located on active landslides. 
 



 
 
Figure 2. Location of the churches analysed in the Ligurian territory. 

3 METHODOLOGY AND SAMPLE DESCRIPTION 

3.1 Information gathering  

Once the churches to investigate were identified, further information about landslides and ge-
otechnical soil characterization in the surrounding areas was collected and analyzed. Geotech-
nical data derived from geological surveys, in situ tests, inclinometers or piezometers installed 
in the landslide area, when available, were downloaded from the Geoportale (Geo-portal) of the 
Liguria region (Geoportale Regione Liguria 2020). The availability of data obtained by means 
of advanced satellite techniques, such as the satellite radar interferometry, was also verified. 
However, as described by Cambiaggi (2020), the geotechnical data were really poor or com-
pletely missing for the large majority of the churches. Although the state of activity, type and 
estimated direction of the landslide phenomena could be identified, almost no information was 
found about magnitude, rate and dominant component (vertical or horizontal) of the landslide 
movements. This type of data can be obtained by means of advanced satellite techniques (such 
as the satellite radar interferometry) or inclinometers, the latter providing a profile of subsurface 
horizontal deformation. In the case of the Liguria region, good-quality displacement data could 
not be derived from interferometry due the morphological setting of the territory, which consists 
primarily of hilly and scarcely urbanized areas characterized by low distributions of the targeted 
ground points used by satellites to acquire interferometric data (Arpa Piemonte 2008). Further-
more, only one third of the landslides were monitored by means of inclinometers (Cambiaggi 
2020). 

Useful data about state of activity, type and estimated direction of the landslides were found 
in the Atlante dei Centri Abitati Instabili della Liguria (hereafter called Atlante) (Federici & 
Chelli 2007). Most of the landslides were classified as complex and resulted from the combina-
tion of flows and slides (rotational and/or translational). In the other cases, lateral spreads, flows 
and slides (rotational and/or translational) were involved. The landslide phenomena were ac-
companied by superficial plastic deformations in one third of the churches. 

As shown in Figure 3, the landslide direction was estimated on the basis of the orientation of 
the symbols used in the maps of the Atlante to represent landslides. When the churches were lo-



cated in areas not included in the maps of the Atlante, the landslide maps together with the con-
tour curves of the slope were used to identify a potential direction of the landslide movement. In 
view of this and considering that landslide phenomena may evolve over time, the landslide di-
rection assumed in this work has to be considered approximate.  

To evaluate any potential evolution of the landslide areas over time, the maps of the Atlante, 
which were elaborated between 2001 and 2007, were superimposed to the maps of the basin 
plans, which are more recent and updated as of 2017/2018 (Figure 3). 
 

 
 
Figure 3. Superimposition of the maps of the Atlante dei Centri Abitati Instabili della Liguria (Federici & 
Chelli 2007) and the Carte della Suscettività al Dissesto (Regione Liguria 2017). 
 

Useful material regarding the churches to inspect was found in the Archives of the Ligurian 
Office of the Italian Ministry of Cultural Heritage and Activities. For some churches, a detailed 
documentation was collected, which included historical information, geometrical surveys, past 
crack surveys and description of past interventions. However, in many cases, very poor infor-
mation was available and even plans and elevations were not existing or were incomplete and 
had to be elaborated during the inspections. 

3.2 On-site inspections  

Inspections and damage surveys were performed in all the 33 churches selected as case studies. 
The crack pattern observed in each church was surveyed and mapped in detail. Cracks were 
classified according to three levels of width: (i) thin for a width up to 1 mm (the latter included), 
(ii) medium for a width between 1 mm and 5 mm, and (iii) large for a width equal or larger than 
5 mm. When cracks were repointed and did not re-open, crack width was not reported. Cracks 
affecting walls and pillars were marked on the building plan by means of symbols identifying 
their orientations (vertical, horizontal and diagonal). Construction joints were distinguished 
from other damage signs since they are related with the construction process of the building. It 
is worth noting that the extrados of arches and vaults was not inspected because no access was 
provided to the attic. 

In addition to the crack pattern, out-of-plumbness of walls and pillars as well as sinking of 
floors were surveyed and, when possible, measured by means of electric bubble levels or out-of-
plumb wires. 

An inspection of the surroundings of each church was also performed to detect any potential 
evidence of ground movements, such as cracks and distortions in neighboring buildings, cracks 
in road surfaces and inclined streetlights or trees. 



4 DAMAGE SURVEY 

The damage surveyed in the sample of churches is described below for the different structural 
elements composing the church: floors, walls and pillars, and arches and vaults. As described by 
Ferrero et al. (2021a), the additional churches experienced the same types of damage as the 
churches located on active landslides. For this reason, no distinction between them will be con-
sidered in the following paragraphs. 

Damage in the floor appears in the form of cracking of tiles, gaps among tiles or sinking 
(Figure 4). Cracks are usually localized in few tiles and are especially observed on step treads 
and balustrades bases (Figure 4a). Conversely, gaps, which are separations that develop at the 
joints among tiles, are usually widespread in the floor (Figure 4b). In particular, several church-
es present a series of parallel gaps crossing the entire floor from one side to the other (Figure 
4b). As shown in Figure 4c, in some cases cracks and gaps originate from the floor and propa-
gate upwards into the walls. In addition to cracks and gaps, several churches exhibit sinking of 
floor, which is often accompanied by gaps among tiles or lifting of some of them, as shown in 
Figure 4d. 

 

 
 
Figure 4. Damage of floors: a) cracks on step treads and balustrades bases, b) parallel gaps among tiles, c) 
cracks propagating from floor to wall, d) sinking of floors. 

 
The majority of the churches present cracks in load-bearing masonry walls (Figure 5). Cracks 

are observed in the façade and apse walls as well as in lateral longitudinal and transverse walls. 
The façade and apse walls generally present cracks next to openings and inside alcoves (Figure 
5a). The lateral longitudinal walls usually exhibit vertical cracks that propagate upwards from 
the level of the ground, cut the structure along its entire height and, in some cases, continue up 
into the vaults. Some churches also exhibit vertical cracks that do not propagate from the floor. 
These cracks, which are generally repeated in each bay, progress over the entire height of the 
wall, increasing in width with height (Figure 5c), and continue up into arches and vaults, cutting 
them transversally. Diagonal cracks extending from the ground level are less frequently ob-
served (Figure 5b). 



In addition to cracks, some churches also present significant out-of-plumbness in lateral walls 
and pillars. In some cases, the entire building exhibits a rigid rotation, with both longitudinal 
walls leaning in the same direction (Figure 5e). Loss of horizontality of the metallic tie-rods is 
often observed in the case of rigid rotations (Figure 5e). 

 

 
 
Figure 5. Damage of walls: a) cracks in the façade wall next to openings, b) diagonal cracks in longitudi-
nal walls propagating from the level of the ground, c) vertical cracks increasing in width with height at 
the middle span of the wall, d) vertical cracks in lateral walls extending from the level of the ground and 
continuing up into vaults, e) rigid rotation producing out-of-plumbness of longitudinal walls and loss of 
horizontality of metallic tie-rods. 

 
Most of the churches of the sample exhibit damage in arches and vaults. The damage in the 

arches appears in the form of cracks and deformations (Figure 6). As shown in Figure 6a-b, the 
crack pattern can be either symmetrical or asymmetrical. In the first case (Figure 6a), a crack 
occurs near the crown at the intrados. In the second case (Figure 6b), a recurrent crack pattern 
can be hardly identified, since cracks appear at different locations along the arch profile in the 
different churches of the sample.  

Beside cracks, arches also exhibit large deformations, which generally involve the adjacent 
vaults. Figure 6 shows some representative examples of in-plane deformations occurring either 
in the arches of the lateral chapels (Figure 6c) or in the arches separating the different naves and 
bays of the church (Figure 6d). As expected, deformations are generally accompanied by the 
opening of some cracks, which are needed to accommodate such large changes in the geometry.  

Several churches of the sample present extensive damage in the vaults in the form of longitu-
dinal, transverse, and diagonal cracking. As shown in Figure 7a, in many cases, cracks propa-
gate from the supporting walls into the vaults and are continuous between arches and vaults. It 



is interesting to observe that the vaults of several churches exhibit multiple parallel diagonal 
cracks, which are oriented in the same direction as the gaps of the floors (Figure 7b). 
 

 
Figure 6. Damage in arches: a) symmetrical crack pattern, b) asymmetrical crack pattern, c-d) large de-
formations. 
 

 
 
Figure 7. Damage in the vaults: a) cracks continuous between vault and supporting wall, b) multiple par-
allel diagonal cracks. 

5 CRITICAL DAMAGE ASSESSMENT 

The systematic observation of the damage experienced by the 33 churches under consideration al-
lowed some remarks to be put forward about the structural response of historic masonry churches 
exposed to slow-moving landslides. 

First, the damage level was found to vary significantly in the 33 churches of the sample. To 
quantify the damage level distribution, a damage grade was associated to each church. Taking as 



a reference the European Macroseismic scale (EMS-98) for masonry buildings subjected to 
seismic actions (Grünthal 1998), five levels of increasing damage were considered: (i) negligi-
ble to slight damage (grade 1), (ii) moderate damage (grade 2), (iii) substantial to heavy damage 
(grade 3), (iv) very heavy damage (grade 4), and (v) destruction (grade 5). The large majority of 
the churches (72.8% of the total) presented either slight or moderate damage, while 27.3% of 
the total suffered substantial to very heavy damage. Some of the buildings suffering very heavy 
damage were even closed to public by order of local authorities due to safety reasons. It is im-
portant to note that the damage levels were assigned according to the damage surveyed during 
on-site inspections. Therefore, they might not reflect the damage experienced by the churches 
throughout their entire history. As described in Ferrero et al. (2021a), structural interventions 
and/or architectural restorations were performed in about half of the buildings of the sample, 
with the result that part of the past damage could have been repaired or simply hidden. 

Second, the large majority of the churches presented damage patterns congruent with the 
landslide direction, indicating that slow-moving landslides may induce significant damage to 
historic masonry churches. The congruence between damage and estimated landslide direction 
was evaluated by comparing the landslide direction with an approximate damage direction, 
which was defined based on engineering judgment considering the crack pattern in plan as well 
as global rigid rotations (see Figure 8). The damage was considered congruent with the land-
slide direction if the approximate damage direction was within the range between -45° and 45° 
compared to the landslide direction.  

Figure 8 shows two representative examples of crack patterns congruent with the landslide 
direction. It can be easily observed that the cracks affecting both floors and vaults are character-
ized by a consistent orientation throughout the building. Furthermore, the cracks of the walls 
occur in planes oriented parallel to the direction of the cracks observed in floors and vaults. This 
allowed a clear damage direction to be identified, which was found to be inclined by no more 
than ± 45° with respect to the landslide direction.  

Congruence between damage pattern and landslide direction was also observed in the church-
es exhibiting a global rigid rotation. In these cases, the longitudinal walls, which were oriented 
almost perpendicular to the landslide, leaned in the direction of the landside, as expected.  

 

 
 
Figure 8. a-b) Damage patterns congruent with the estimated landslide direction. 
 

Third, four recurrent types of damage were identified in the churches inspected: (i) damage of 
floors, (ii) damage of walls, (iii) damage of arches and vaults, and (iv) rigid rotation. Figure 9 
shows the occurrence of these types of damage, classified by damage grade, in the selected 



sample of churches. Note that the damage was classified according to the 5-level damage scale 
already adopted to estimate the global damage level. Damage of walls as well as damage of 
arches and vaults proved to be the most frequent types of damage. Damage of walls occurred in 
almost all the churches inspected (94% of the sample). Approximately 73% of the churches ex-
hibited slight or moderate damage (grade 1 and 2), while 21.2% of them also presented heavy or 
very heavy damage (grade 3 and 4). Damage of arches and vaults was observed in the large ma-
jority of the churches (81.8% of the total). Damage of grade 1 or 2 occurred in 63.6% of the 
buildings, while damage of grade 3 or 4 was found in 18.2% of the sample. Damage of floors 
was also present in about half of the 33 churches inspected, whereas rigid rotations were ob-
served only in few cases of single-nave churches of small size. 

 

 
 
Figure 9. Recurrent types of damage classified by damage level. 

Fourth, the damage induced to historic masonry churches by slow-moving landslides proved 
to be easily recognizable. Besides the identification of four recurrent types of damage, damage 
was not localized but widespread in the church. Cracks generally exhibited a consistent orienta-
tion throughout the building. The cracks patterns in the floors reflected the ones in the vaults. 
Furthermore, the cracks affecting the walls occurred in planes parallel to the orientation of the 
cracks observed in the floors and vaults.  

Last, churches were found to respond to slow-moving landslides with a global behaviour 
where the different structural components (i.e., walls, arches, vaults, etc.) contribute jointly to 
accommodate soil displacements. This behaviour is significantly different from the response by 
independent macroelements exhibited by churches under seismic actions. In particular, the fol-
lowing four global damage mechanisms were identified (Figure 10):  

a. Hogging. This damage mechanism can be attributed to a concave-upward bending (hog-
ging) of the structure produced by an incremental vertical ground movement in the direction of 
the longitudinal axis of the church (Figure 10a). The building exhibits vertical cracks in longitu-
dinal walls, repeated in each bay. These cracks progress over the entire height of the wall, in-
creasing in width with height, and continue up into arches and vaults, cutting them transversally. 
No significant cracks or gaps are observed in the floor.  

b. Shear deformation. This damage mechanism can be attributed to a shear deformation of 
the structure produced by vertical ground movements along the longitudinal axis of the church 
(Figure 10b). Severe diagonal cracks propagating from the level of the ground are observed in 
longitudinal walls. A crack/gap in the floor can propagate between the cracks occurring in the 
opposite longitudinal walls. 

c. Global rigid rotation. This mechanism is attributed to an incremental vertical ground 
movement along the transversal axis of the church (Figure 10c). Along this direction, the church 
is quite stiff and tends to rotate as a rigid body. Although cracks may occur, the most relevant 
effects are (i) the out-of-plumb of longitudinal walls, (ii) the distortion of transverse arches, and 
(iii) the inclination of horizontal elements such as tie-rods, balustrades, steps and floors. 



d. Extension. This mechanism is related to the horizontal component of landslide movement 
(Figure 10d). The structure exhibits multiple parallel diagonal cracks in vaults and floors, all 
oriented in the same direction. In addition, severe vertical cracks occur in walls in planes per-
pendicular to the landslide direction. These cracks propagate from the level of the ground and 
cut the structure over its entire height from floor to vaults, indicating that the church suffered 
extension in the landslide direction. 

It should be noted that, since no quantitative information about the magnitude of the horizon-
tal and vertical components of the landslide movements was generally available, the correlation 
between damage and soil displacements patterns was found through a critical interpretation of 
the surveyed crack patterns and deformation, which were used as indicators of ground move-
ments (for further details, see Ferrero et al. 2021b). This allowed the authors to determine if the 
dominant component of the landslide movements was vertical or horizontal. However, it should 
be recalled that landslides involve a combination of downward and lateral ground movements 
(Cooper 2008) and, therefore, different mechanisms can occur together. Furthermore, the occur-
rence of a certain damage mechanism compared to the others may depend not only on the preva-
lent component of ground movement, but also on the direction of the landslide movement with 
respect to the church axes as well as on the church geometry and structural configuration.  

 

 
 
Figure 10. Global damage mechanism: a) Hogging, b) Shear deformation, c) Global rigid rotation, d) Ex-
tension. 

6 CONCLUSIONS 

This work presents the results of a damage survey performed on 33 historic masonry churches 
located in the Liguria region (Italy) in areas affected by slow-moving landslides. The sample of 
buildings to investigate was chosen by superimposing the landslide maps of the Liguria region 
with the regional maps of listed architectural assets. 

The damage survey proved that historic masonry churches are sensitive to slow-moving land-
slides. Indeed, most of the churches exhibited damage patterns congruent with the landslide di-
rection. Furthermore, several buildings presented extensive and severe damage and some of 
them were even closed to public due to safety reasons.  

The systematic observation of the damage allowed the authors to identify some recurrent 
types of damage as well as four global damage mechanisms. In this respect, it is important to 
highlight that the churches inspected responded to slow-moving landslides with a global behav-
iour, which is significantly different from the response by macroelements exhibited by this type 
of buildings under seismic actions. 

In conclusion, this work represents an important contribution for the damage assessment of 
historic masonry churches exposed to slow-moving landslides. Future works will include the in-
spection of a larger set of case studies as well as the structural analysis of specific case studies. 
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