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EFFECTS OF EARTHQUAKES ON CULTURAL HERITAGE 

L’Aquila earthquake – 2009 

Historical buildings are particularly  
threatened by earthquake events 

Specific approaches are needed to 
evaluate and reduce  their vulnerability 

while safeguarding their artistic and 
historical values 

 
 Knowledge is the first step 

 



ISO 13822  (bases for design of structures – assessment of existing structures - 2001) 

Assessment of safety: Structures designed and based on earlier codes, or designed 
and constructed in accordance with good construction practice when no codes 
applies, may be considered safe to resist actions others than accidental actions 

(including earthquake) provided that: 

SAFETY STANDARDS FOR HISTORICAL STRUCTURES 

- Careful inspection does not reveal any evidence of significant damage, distress or 
deterioration 

- The structural system is reviewed, including investigation of critical details and 
checking them for stress transfer 

- The structure has demonstrated satisfactory performance for a sufficiently long period 
of time for extreme actions due to use and environmental effects to have occurred 

- Predicted deterioration taking into account the present condition and planned 
maintenance ensures sufficient durability 

- There have been no changes for a sufficiently long period of time that could 
significantly increase the actions on the structure or affect its durability, and no such 

changes are anticipated 



The experience of earthquake that struck Italy (Umbria-Marche 1997, Abruzzo 2009, Emilia 
2012) showed that existing masonry buildings fail due to mechanisms related to low masonry 
quality or lack of connections among structural components. 
 rigid-body mechanisms (mainly out-of-plane) causing the loss of equilibrium of walls, portions 

or assemblages 
 

Some strengthening techniques which became very popular and even compulsory according the 
previous seismic code (injections, jacketing, replacement of flexible floors with stiff floors) 
showed their limits. 
 low performances or the structural behaviour of existing masonry buildings even worsened 

EARTHQUAKES EXPERIENCE (ITALY) 



Since the experience of the Umbria-Marche earthquake, the damage observation, together 
with experimental and theoretical studies, also underlined that the seismic response is 
influenced by the interaction with close buildings 
 

 local effects occurring earlier than a global behaviour can be developed 

EARTHQUAKES EXPERIENCE (ITALY) 



 

Effect of connections (wall-to-wall; wall-to floor/roof) 
Effect of type of floors 

Wall damage for in-plane actions 

Flexible floor and walls 
without connections 

Flexible floor and 
connected walls 

Rigid floor and 
connected walls 

(Tomazevic, 1999) 

Building deformation and typical damage 
of the bearing masonry structural 
elements under seismic action 

MASONRY BUILDING BEHAVIOUR UNDER SEISM 



Rigid floor Flexible floor plus ties Without ties 

(ZAG Slovenia, Tomazevic ) 

EARLY EXPERIMENTAL STUDY ON SHAKING TABLE 



  

BOX-LIKE BEHAVIOR 

Horizontal forces absorbed by the walls in their plane 

• Floors/roof with “sufficient”  in-plane stiffness 

• Adequate connection between walls 

• Adequate wall-to-floor and wall-to-roof connections 

 

a) isolated wall (non connected) 
b) high-stiffness floor  
c) no connections among elements 
d) wall-to-wall and wall-to-floor 
connection by ring-beam 

RESPONSE TO EARTHQUAKE: STRUCTURAL CONFIGURATION 

(Touliatos, 1996) 



Flexure 

Shear 

IN-PLANE FAILURE MECHANISMS 



Shear in a squat wall 
Flexure (and shear) in a 
slender wall 

IN-PLANE FAILURE MECHANISMS 



OUT-OF-PLANE COLLAPSE MECHANISMS 
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• Brittle mechanism 

• Occur early respect to 
in-plane failures 



 
  

ROLE OF FLOORS 

Rigid floor behaviour  

Flexible floor behaviour   

Rigid floors allow an iperstatic 
redistribution of horizontal forces 
among shear walls 

Flexible floors allow an isostatic 
redistribution of horizontal forces 
among shear walls 

(Ceravolo et Demarie 2004) 



 
  

Shear 
distribution 

Rigid floor 

Lateral 
deflections 

Flexible floor 

ROLE OF FLOORS 



GEOMETRIC UNIFORMITY 

(Tomazevic 1999) 



Neftegorsk, 1995 (Tomazevic) 

GEOMETRIC UNIFORMITY 



OTHER VULNERABILITY ASPECTS: OPENINGS AND FLOORS ALIGNMENT, VAULTS THRUST 



RESPONSE TO EARTHQUAKEOF EXISTING BUILDINGS 

Local behaviour 
 

OUT-OF-PLANE MECHANISMS 
 

Out-of-plane brittle collapse of walls or their 
portions or assemblages even for low 
seismic actions 

Overall behaviour 
 

IN-PLANE MECHANISMS 
 

In-plane failure, no out-of-plane collapses 
for seismic action higher than for the 
previous case 

An extensive work of classification was developed for several case studies (buildings and 
centers), and an “abacus” of mechanisms of collapse was defined.  
It includes the various “local” modes of loose of equilibrium of portions (macro-elements) 
which develop instead of a “overall” response.  
 



INTERAZIONE 
TERRENO-EDIFICIO 
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CLASSIFICAZIONE DEI MECCANISMI DI DANNO 
IN-PLANE OUT OF PLANE 

Perimetral walls 

Discontinuity 

Horizontal structures 

Terraces and 
chimneys 

Irregularities in plan 
and elevation 

Buildings 
interaction 

Internal walls 

Building-soil 
interaction 

CLASSIFICATION OF DAMAGE MECHANISMS FOR BUILDINGS 



PERIMETRAL WALLS: OUT OF PLANE MECHANISMS 

 

 Danno:  
 crollo totale della facciata. 
 
Meccanismo:  
 rotazione fuori piano della facciata con 

formazione di una cerniera cilindrica, ad 
asse orizzontale, in corrispondenza dello 
spiccato delle fondazioni.  

 
Cause strutturali: 
 scarso collegamento delle pareti 

ortogonali;  
 mancanza di catene o cordoli che 

consentano il comportamento scatolare 
della struttura muraria.  

 
 

 

 

• Damage: 

Total façade collapse 

• Mechanism: 

Out of plane rotation of the façade with 
formation of a cylindrical horizontal hinge at 
the base of the wall 

•  Structural causes: 

Scarce connection between orthogonal walls 

Absence of ties and tie beams 



 
Danno:  
 crollo dell’angolata 
 
Meccanismo:  
 rotazione fuori piano dell’angolo per 

interazione di forze agenti sulle pareti 
ortogonali.  

 
Cause strutturali: 
 inefficiente collegamento tra i muri 

d’ambito;  
 insufficiente ammorsamento dei solai 

alle murature perimetrali;  
 presenza di aperture in vicinanza 

degli spigoli (la linea di frattura spesso 
segue la distribuzione delle aperture 
in facciata).  

 
 

 

 

 

PERIMETRAL WALLS: OUT OF PLANE MECHANISMS 

• Damage: 

Collapse of the corner 

• Mechanism: 

Out of plane rotation of the masonry 
corner 

•  Structural causes: 

Scarce connection between 
orthogonal walls 

Scarce connection between floors 
and walls 

Presence of openings close by the 
corner 



• Stiffening of horizontal diaphragms 
with non adequate strengthening of 
masonry walls 

Expulsion of the façade Rigid sliding of roof 

PERIMETRAL WALLS: DAMAGE DUE TO FLOORS AND ROOFS SUBSTITUTION 



 
Danno:  
 crolli locali nella sommità dei muri di 

timpano;  
 crolli isolati del cornicione.  
 
Meccanismo:  
 rotazione fuori piano di parte della 

facciata, dovuta al martellamento 
della trave di colmo, su cui si 
concentra l’azione sismica.  

 
 
 
Cause strutturali: 
 copertura non efficacemente collegata 

alla muratura.  
 
 

 

 

PERIMETRAL WALLS: MECHANISMS INFLUENCED BY THE ROOF 

• Damage: 

Local collapse of the tympanum 

Local collapse of the  cornice 

• Mechanism: 

Out of plane rotation of portion of the 
façade due to the pounding of the top 
roof beam 

•  Structural causes: 

Scarce connection between roof and 
orthogonal walls 



 
 

 

PERIMETRAL WALLS: LOW QUALITY OF MASONRY 

• Damage: 

Detachment of masonry leaves 

Local collapse and material expulsion 

• Mechanism: 

Out of plane rotation of portion of the 
external masonry leaf 

•  Structural causes: 

Scarce quality of masonry walls 

Deterioration of masonry walls 



 
Danno:  
 lesioni incrociate o diffuse nelle zone 

al di sopra degli architravi delle 
aperture.  

  
Meccanismo:  
 rottura a taglio delle fasce di piano, 

per sollecitazioni di flessione nel 
piano della parete.  

(Le fasce di piano ripartiscono la forza 
sismica tra i maschi murari, finché si 
arriva alla crisi del sistema “fascia di 
piano-maschio murario”. La parete 
reagisce allora come un insieme di 
mensole indipendenti, incastrate alle 
base). 

 
Cause strutturali: 
 presenza di architravi deboli;  
 fascia di muratura tra le aperture 

ridotta in altezza e nello spessore.  
 

 

 
 

 
 

 

PERIMETRAL WALLS, IN PLANE MECHANISMS: SHEAR CRACKING IN THE LINTELS 

• Damage: 

Crossed or diffused diagonal cracks 
above the lintels 

 

 

• Mechanism: 

Shear cracking of the spandrel walls 
due to in-plane flexural behaviour 

 

 

•  Structural causes: 

Presence of weak lintels?? 
architravi? 

Masonry piers between openings 
with small height and thickness 

 



 
Danno:  
 lesioni nei maschi tozzi (inclinate nei 

pannelli d’estremità, ed ev. incrociate 
nei pannelli centrali).  

 
Meccanismo:  
 rottura a taglio nella parete sollecitata 

nel proprio piano.  
 
Cause strutturali: 
 presenza di molte aperture;  
 muratura scadente o in presenza di 

discontinuità.  
 
Nota: nel caso di aperture troppo vicine, 
le lesioni possono assumere andamento 
orizzontale per scorrimento in 
corrispondenza di maschi murari snelli. 
 

 

 

 

PERIMETRAL WALLS, IN PLANE M.:SHEAR CRACKING IN THE MASONRY PIERS 

• Damage: 

Crossed (in the central masonry 
piers) or inclined diagonal cracks in 
the squat masonry piers 

• Mechanism: 

Shear cracking of the wall under in-
plane actions 

•  Structural causes: 

Presence of many openings 

Scarce quality of the masonry or 
presence of discontinuities 



 
Danno:  
 lesioni pressoché orizzontali anche di 

notevole ampiezza (lembi tesi), 
localizzate soprattutto nei maschi alla 
base dell’edificio; 

 eventuale schiacciamento dello 
spigolo (lembo compresso) per 
raggiungimento del valore di rottura 
della muratura.  

 
Meccanismo:  
 ribaltamento dei maschi murari per 

rotazione nel loro piano.  
 
Cause strutturali: 
 eccessiva snellezza dei maschi 

murari, dovuta alla presenza di 
aperture troppo numerose o di 
dimensioni eccessive. 

 

 

 

PERIMETRAL WALLS, IN PLANE M.: OVERTURNING OF THE MASONRY PIERS 

• Damage: 

Horizontal cracks (tensioned corner) 
localized mainly at the base of the 
building 

Eventual crushing of the compressed 
toe, due to attainment of maximum 
compressive strength 

• Mechanism: 

Overturning of the masonry piers 
due to in-plane rotation 

•  Structural causes: 

Excessive slenderness of the 
masonry piers due to the presence 
of many openings or large openings 

 



 
Danno:  
 lesioni a taglio concentrate sulle pareti 

di un’ala dell’edificio. 
 
Meccanismo:  
 rotazione dell’edificio nel suo 

complesso, o relativa tra le sue parti. 
 
Cause strutturali: 
 mancanza di regolarità di forma in 

pianta (diverso assorbimento delle 
forze sismiche per il disassamento del 
centro delle masse con il centro della 
rigidezze).  

  

 

 

IRREGULARITIES (SHAPE/PLAN/VOLUME) 

• Damage: 

Shear cracking  

• Mechanism: 

Rotation of portions of the building 

•  Structural causes: 

Irregular shape (plan) and 
consequent irregular distribution of 
horizontal forces 



BUILDINGS INTERACTION: HAMMERING OF ADJACENT BUILDINGS 

 
Danno:  
 lesioni verticali in corrispondenza 

dell’attacco tra diversi edifici.  
 
Meccanismo:  
 risposte differenziate all’azione sismica 

degli edifici adiacenti; nei punti di 
collegamento, caratterizzati da 
modesta efficacia meccanica, si 
presenta una concentrazione di sforzi 
di trazione che porta alla rottura del 
collegamento stesso.  

 
Cause strutturali: 
 scadente collegamento tra i corpi a 

contatto;  
 differente rigidezza dei corpi.  
 

 

 

 
 

 

 

• Damage: 

Vertical cracking at the joint between 
adjacent buildings 

 

• Mechanism: 

Different seismic response of 
adjacent buildings characterized by 
the presence of ineffective joint 

 

•  Structural causes: 

Scarce connection between the 
buildings 

Different stiffness of connecting 
structural bodies  



 
Danno:  
 lesioni generalizzate (verticali o 

inclinate), anche di notevole 
ampiezza;  

 scorrimenti; crolli.  
 
Meccanismo:  
 rotazioni fuori piano e/o scorrimenti di 

parti o dell’intero edificio.  
 
Cause strutturali: 
 disomogeneità nella portanza del 

terreno; 
 eccessiva pendenza del terreno. 
 

  

 

 

BUILDING-SOIL INTERACTION 

• Damage: 

Large cracking (vertical ad sub-
vertical) 

• Mechanism: 

Out-of-plane rotation and/or sliding 
of portions or the whole building 

•  Structural causes: 

Uneven load capacity of the soil 

Excessive soil sloping 



DAMAGE CATALOGUE FOR SPECIFIC TIPOLOGIES: CHURCHES 



DAMAGE CATALOGUE FOR SPECIFIC TIPOLOGIES: CHURCHES 



Overturning of façade 

In-plane mechanisms on façade 

Overturning of upper part of façade 

DAMAGE OF CHURCHES: BEHAVIOR OF MACRO-ELEMENTS 



Transversal mechanism of nave Kinematic mechanism of triumphal arch 

Vaults of central nave 

DAMAGE OF CHURCHES: BEHAVIOR OF MACRO-ELEMENTS 



Bell tower and belfry 

Overturning of apse Dome 

DAMAGE OF CHURCHES: BEHAVIOR OF MACRO-ELEMENTS 



Overturning of side chapels 

Interaction due to plan-
elevation irregularities 

Overturning of transept 

Mechanisms in roof elements 

DAMAGE OF CHURCHES: BEHAVIOR OF MACRO-ELEMENTS 



Santa Gemma, Goriano Sicoli (AQ)  

San Biagio D’Amiterno, L’Aquila 

DAMAGE OF CHURCHES: OVERTURNING 



Santa Margherita (dei 
Gesuiti), L’Aquila 

Santa Gemma, Goriano 
Sicoli (AQ)  

DAMAGE OF CHURCHES: LONG AND TRANSV RESPONSE 



Beata Antonia, L’Aquila 

San Marciano e Nicandro, L’Aquila 

DAMAGE OF CHURCHES: NAVES AND TRIUMPHAL ARCH 



San Domenico, L’Aquila 

DAMAGE OF CHURCHES: TRANSEPT 



Anime Sante, L’Aquila 

Sant’Agostino, L’Aquila 

DAMAGE OF CHURCHES: DOME 



Chiesa di San Michele & Chiesa 
Parrocchiale, Villa Sant’Angelo (AQ) 

DAMAGE OF CHURCHES: ROOF 



Chiesa di San Michele & Chiesa Parrocchiale, Villa Sant’Angelo (AQ) 

DAMAGE OF CHURCHES: PROJECTIONS, PINNACLES, BELL TOWER 



Santa Margherita (dei Gesuiti), L’Aquila 

DAMAGE OF CHURCHES: SIDE CHAPELS AND VAULTS  



DAMAGE CATALOGUE FOR SPECIFIC TIPOLOGIES: PALACES 



DAMAGE CATALOGUE FOR SPECIFIC TIPOLOGIES: PALACES 



DAMAGE OF PALACES: OUT-OF-PLANE COLLAPSE 

via Roma, L’Aquila 



Villa Sant’Angelo, AQ 

DAMAGE OF PALACES: SHEAR FAILURE 



Ex Monastero di Santa Teresa, L’Aquila Palazzo in Piazza San Pietro, L’Aquila 

DAMAGE OF PALACES: FLEXURE OF WALLS 



Via Roma e Piazza San Domenico, L’Aquila 

Ex Monastero di Santa Teresa, L’Aquila 

DAMAGE OF PALACES: CORNER EXPULSION AND SHEAR DAMAGE 



Ex Monastero di Santa Teresa, L’Aquila 

Via Duca degli Abruzzi, L’Aquila 

DAMAGE OF PALACES: PARTIAL OVERTUNING, IRREGULARITY 



Via Roma, L’Aquila 

Ex Monastero Santa Teresa, 
L’Aquila 

DAMAGE OF PALACES: VAULTS AND ROOFS 



San Michele Arcangelo, Celano Prefettura, L’Aquila 

DAMAGE CATALOGUE: POOR QUALITY MASONRY 



Collegiata Santa Maria Maggiore, Mirandola 

Emilia, 2012 
• Thick walls made with solid clay brick 

• Multi-layer walls with scarce interconnection 

Novi, SS Rovereto 

San Martino, Buonacompra 

DAMAGE CATALOGUE: POOR QUALITY MASONRY 



Abruzzo, 2009 

• Unstable masonry, disaggregation 

San Prospero 

San Michele, Villa Sant’Angelo 

Emilia, 2012 

• Cracking and mortar joint sliding 

San Prospero, 
Cavezzo 

Collegiata Santa Maria      Maggiore, Mirandola 

DAMAGE CATALOGUE: POOR QUALITY MASONRY 



ABSENCE OF TIES 

USE OF REINFORCED CONCRETE 

EFFECT OF INTERVENTIONS 



EFFECT OF INTERVENTIONS: ABSENCE OF TIES 

2009 



Forte  Spagnolo, L'Aquila 

EFFECT OF INTERVENTIONS: ABSENCE OF TIES 

2009 



EFFECT OF INTERVENTIONS: ABSENCE/LACK OF TIES 

2009 



EFFECT OF INTERVENTIONS: PRESENCE OF TIES 

2009 



Palazzo in via Buccio di Ranallo: wood elements for ties and fixing 

EFFECT OF INTERVENTIONS: PRESENCE OF TIES 

2009 



Santa Maria del Soccorso: 
wood elements for ties 
and fixing 

EFFECT OF INTERVENTIONS: PRESENCE OF TIES 

2009 



2012 Collegiata Santa Maria Maggiore, Mirandola 

• Presence of ties but not 
adequately evaluated 
• Damage of fixing elements 

EFFECT OF INTERVENTIONS: PRESENCE OF TIES 



SAN BERNARDINO, L’AQUILA 

The façade is supported by a R.C. frame 
executed on 1960 

EFFECT OF INTERVENTIONS: USE OF REINFORCED CONCRETE 



FORTE SPAGNOLO, L’AQUILA 

EFFECT OF INTERVENTIONS: USE OF REINFORCED CONCRETE 



DUOMO, L’AQUILA 

EFFECT OF INTERVENTIONS: USE OF REINFORCED CONCRETE 



SAN MARCO, L’AQUILA 

EFFECT OF INTERVENTIONS: USE OF REINFORCED CONCRETE 



San Domenico, L’Aquila 

EFFECT OF INTERVENTIONS: USE OF REINFORCED CONCRETE 

San Biagio d’Amiterno, 
L’Aquila 



Asilo via Antonelli, L’Aquila 

EFFECT OF INTERVENTIONS: USE OF REINFORCED CONCRETE 



Teatro Comunale, 
L’Aquila 

Palazzo via Roma , L’Aquila 

EFFECT OF INTERVENTIONS: USE OF REINFORCED CONCRETE 



EFFECT OF INTERVENTIONS: USE OF REINFORCED CONCRETE 



Onna (L’Aquila) 

• obtrusive 
• low effective connections 
• problem of bond between masonry and rebars 

 

EFFECT OF INTERVENTIONS: STITCHING OF MASONRY 



Onna (L’Aquila) 

• obtrusive 
• low effective connections 
• problem of bond between masonry and rebars 

 

EFFECT OF INTERVENTIONS: STITCHING OF MASONRY 
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