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• Preservation of ancient masonry constructions:  a) to guarantee  
the capacity of lasting over time against decay, soil settlements, 
accidental events and natural hazards, without loosing the authenticity; 
b) to ensure the safety of occupants and the building use 

• Damage observation after the last earthquakes in Central Italy: 
Umbria and Marche (1997), L’Aquila (2009) and Amatrice/Norcia (2016) 
have all proved the high vulnerability of ancient masonry buildings, both 
ordinary in the historical centres and in monumental ones.   

• Qualitative Vs. Quantitative assessment: the knowledge of traditional 
constructive techniques and the qualitative approach are the bases for 
the assessment but the safety and conservation should be based also 
on quantitative models, seismic analyses and verifications.    

• International standards (Eurocode 8 - Part 3, ASCE/SEI 41-13) adopt 
for existing buildings the Displacement-Based Assessment (check of 
specific performance LSs with specific earthquake hazard levels)         
 use of nonlinear models (verification of the displacement capacity) 

• For the assessment of cultural heritage assets, guidelines have been 
developed in the European FP7 research project PERPETUATE 

Seismic preservation of masonry buildings 



Examples from L’Aquila 2009 earthquake  

Interesting aspects:  
• historical transformations  
• wide dimensions 
• modern retrofitting 

Santa Maria Paganica Church 
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Santa Maria Paganica Church 



Examples from L’Aquila 2009 earthquake  
Santa Maria Paganica Church 

The subsequent transformations and the poor quality of 
connections increased the vulnerability of lateral walls. 



Examples from L’Aquila 2009 earthquake  

r.c. ring beam The roof was rebuilt in the Sixties with r.c. trusses 
and steel ties. 

precast trusses and steel tie-rods 

heavy concrete slab 

Santa Maria Paganica Church 



Examples from Central Italy 2016 earthquake  
Amatrice 

Accumuli 
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Examples from Central Italy 2016 earthquake  
Amatrice 

Norcia 



 from the historical macroseismic database 

1859 earthquake: 101 deaths over a population of 4500-5000 people and damage in 749 
buildings. The government of the Papal State sent a scientific mission led by the Jesuit 
and geodetic engineer Angelo Secchi, together with architect Luigi Poletti. 
Main directions of the guidelines: 
 maximum height limited to two storeys and 8.5 m at the eaves (only few undamaged 

three-storey buildings were preserved) 
 masonry walls are enlarged at the base, in order to act as a buttress 
 the girders of roofs and floors had to rest on the whole cross section of the walls, to 

which they had to be connected by metal anchors 
 tie rods were compulsory in the case of vaults at ground storey; at the upper storey 

vaults were forbidden; minimum thickness of vaults was 250 mm or 1/18 of the radius, 
whichever the largest; solid masonry had to connect wall and vault up to 1/3 of rise.  

Examples from Central Italy 2016 earthquake  

Presenter
Presentation Notes
Codice di pratica Norcia dopo terremoto 1859 The surveyors noted damage concentration in buildings having more than two storeys above ground, thin and rubble masonry walls, heavy vaults without tie rods, hyp roofs without tie beams, whereas a tuff soil foundation improved the seismic response. Based on this inspection an innovative building code was released, with several provisions meant to improve the earthquake performance of the buildings (Reale et al. 2004). Construction on sloping ground is discouraged and foundation should be laid on a “solid and firm” soil below the superficial layer. Great attention is devoted to masonry construction. Mortar shall be manufactured with hydrated lime and sand washed with fresh water. Round stones are outlawed, and semi-dressed limestone units shall be used. In vaults clay bricks are recommended as well. Walls shall be at least 0.6 m thick and have an additional tapered buttress having a 1/20 thickness-at-the-base/height ratio (Fig. 3a). Particular care shall be given to interlocking at wall intersections, openings shall be not too close wall ends and shall be aligned vertically from one floor to the other. Constructions should not exceed two storeys and 8.5 m at the eaves. These limitations apply also to damaged buildings to be repaired, so only undamaged or very lightly damaged third floors can be preserved. As a matter of fact Norcia presents rather short buildings (Fig. 3a-b) compared to other Italian historical centres and to the other municipalities most damaged by the 2016-2107 seismic sequence (Table 2). The girders of roofs and floors shall rest and the whole cross section of the walls, to which they shall be connected by means of metal anchors (Fig. 3a-b). Tie rods are compulsory when existing vaults are preserved at ground floors. At the upper floor vaults are always forbidden and in the case of substantial repair works or new constructions they are permitted only in the basement. The thickness of vaults shall be at least 250 mm or 1/18 of the radius, whichever the largest. Solid masonry shall connect wall and vault up to 1/3 of the rise. The recommendations in the building code were clearly inspired by the survey led by father Secchi, to which participated also architect Luigi Poletti, who performed several structural repair works after major earthquakes (Sorrentino et al. 2008). 



 from the historical macroseismic database 

2016 earthquake: very good performance of masonry buildings; however, it is worth 
noting that strengthening interventions were made after the Valnerina earthquake in 
1979, mainly by r.c. jacketing of walls. 
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Modern interventions: also in this earthquake the bad performance of rigid and heavy 
r.c. slabs, in particular at the roof level, was observed 

Examples from Central Italy 2016 earthquake  

Accumuli, dopo il 30 Ottobre 2016 
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• Masonry material and elements are weak: a) limited tensile strength; 
b) loss of equilibrium due to out-of-plane actions; c) transformations and 
deterioration along the time; d) lack of connections between elements; 
e) wrong interventions (rigid and heavy horizontal diaphragms) 

• Masonry structures can be strong: a) traditional details, developed in 
regions with high seismic hazard, in particular after big earthquakes;    
b) maintenance; c) improvement of connections between walls and with 
horizontal diaphragms (that should be stiff, not fully flexible nor rigid) 

• Dynamic effects: a) interactions between the building natural periods 
and the dominant frequencies of the seismic input (soil conditions, 
epicentral distance, magnitude); b) duration of the motion 

• Need of models for a reliable assessment: the qualitative approach 
(historical analysis, investigation on materials and survey of structural 
details) is not enough, but the interpretation of seismic behavior is the 
base for the development of the model 

• Critical issues: a) numerical modeling, because historical buildings  
are non-engineered structures; b) as-built information, due to spatial 
variability of materials and the need of avoiding invasive investigations 

Strengths and weaknesses of ancient masonry 



1.  Pushover analysis  capacity curve (equivalent 1 d.o.f. system) 

 

Seismic Performance of existing buildings by 
Displacement-Based Assessment approaches 
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1.  Pushover analysis  capacity curve (equivalent 1 d.o.f. system) 

2.  Performance Levels  thresholds of the structural response (EDP) 

3.  Evaluation of the displacement demand for a given earthquake (CSM) 

Seismic Performance of existing buildings by 
Displacement-Based Assessment approaches 



Review of Eurocode 8 - Chairman of SC8: Philippe Bisch) 
Part 1: General rules, seismic actions and rules for buildings 
Project Team 1:  
Pierre Labbé (leader), Amadeo Benavent, Matjaz.Dolsek, Roberto Paolucci, 
Jochen Schwarz, Thomas Wenk 

Part 3: Assessment and retrofitting of buildings 
Project Team 3:  
Andreas Kappos (leader), Paolo Franchin (knowledge and safety), Tatjana 
Isakovic (analysis and verification), Sergio Lagomarsino (masonry), 
Christis Chrisostomou (r.c.), Telemakos Panagiotakos (bridges)  

Eurocode 8: Design of structures for earthquake resistance  

Displacement-Based approach provides a reliable seismic assessment in 
the case of regular engineered structures: 
• existing reinforced concrete building 
• modern masonry building, with rigid horizontal diaphragms, usually 

isolated and low to mid-rise 



Existing Masonry Buildings in Eurocode 8, Part 3 

BUILDING TYPES 

UNREINFORCED MASONRY 
masonry not containing sufficient 

reinforcement or systematic 
confining elements  

CONFINED MASONRY 
masonry provided with reinforced 
concrete confining elements in the 

vertical and horizontal direction 

REINFORCED MASONRY 
masonry in which bars or mesh are 
embedded in concrete so that they 
act together in resisting to actions 

MASONRY 
MATERIAL 

PRE-MODERN MASONRY 
masonry units not conformed with 

types in EN 1996-1-1:2003 3.1.1 

MODERN MASONRY 
made by the following types of units: 

clay, calcium silicate, aggregate 
concrete, autoclaved aerated 

concrete, manufactured stone, 
dimensioned natural stone 



Existing Masonry Buildings in Eurocode 8, Part 3 

MODELLING ANALYSIS VERIFICATIONS 

Equivalent Frame Model: 
PIERS and SPANDRELS 

(useful also for mixed blds) 

Continuum FEM allowed 
(with elements ex-post) 

Classification of horizontal 
diaphragms as:             

RIGID, STIFF and FLEXIBLE 

LOCAL MECHANISMS     
(out-of-plane response)  
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Piers 
Spandrels 
Rigid connections 



Existing Masonry Buildings in Eurocode 8, Part 3 

MODELLING ANALYSIS VERIFICATIONS 

Equivalent Frame Model: 
PIERS and SPANDRELS 

(useful also for mixed blds) 

Continuum FEM allowed 
(with elements ex-post) 

Classification of horizontal 
diaphragms as:             

RIGID, STIFF and FLEXIBLE 

LOCAL MECHANISMS     
(out-of-plane response)  

 

Idealized vertical stress 
distribution at the base 

 

       

 
 

 
 

 

 
 

      
    

 

     
     
     

        
       

       
 

 
 

   
    

    
 

   
       
   

      
     

 
  

  
   

   
    

   
 

  
    

    
   

 
 

    
     

   
    

    
 
 
 
 
 
 
 

  
  

   
   

 
 
 

  
    

 
 
 

 
      

     
 



Existing Masonry Buildings in Eurocode 8, Part 3 

MODELLING ANALYSIS VERIFICATIONS 

Equivalent Frame Model: 
PIERS and SPANDRELS 

(useful also for mixed blds) 

Continuum FEM allowed 
(with elements ex-post) 

Classification of horizontal 
diaphragms as:             

RIGID, STIFF and FLEXIBLE 

LOCAL MECHANISMS     
(out-of-plane response)  

T1 = 0.34s, My =72%  
T1 = 0.36s, My = 54%   



Existing Masonry Buildings in Eurocode 8, Part 3 

MODELLING ANALYSIS VERIFICATIONS 

Equivalent Frame Model: 
PIERS and SPANDRELS 

(useful also for mixed blds) 

Continuum FEM allowed 
(with elements ex-post) 

Classification of horizontal 
diaphragms as:             

RIGID, STIFF and FLEXIBLE 

LOCAL MECHANISMS     
(out-of-plane response)  



Existing Masonry Buildings in Eurocode 8, Part 3 

MODELLING ANALYSIS VERIFICATIONS 

Equivalent Frame Model: 
PIERS and SPANDRELS 

(useful also for mixed blds) 

Continuum FEM allowed 
(with elements ex-post) 

Classification of horizontal 
diaphragms as:             

RIGID, STIFF and FLEXIBLE 

LOCAL MECHANISMS     
(out-of-plane response)  

All methods can be used 

Nonlinear static analysis is 
suggested because E.F.M. is 
less accurate in the elastic 

field due to rigid nodes   

Distinctive features for the 
analysis of masonry 

buildings are indicated in 
Chapter 4 

All procedures can be used: 
• q-factor (SD limit state) 
• Linear elastic 
• Nonlinear static (local 

member-level terms) 
• Nonlinear static (global 

structural-system terms) 
• Nonlinear dynamic 

Accuracy of assessment 
increases but definition of 

Limit States is coherent 
among all methods 



IRREGULAR MASONRY 
(pre-modern buildings) 

made by masonry units not 
conformed with types in 

EN 1996-1-1:2003 

→ specific failure criteria 
are provided in EC8, Part3 

Force-deformation relationships, failure criteria & drift limits 
• Shear force resistance considers: 
flexure, shear sliding & diagonal cracking 

 

• Different failure criteria VR and drift 
limits θu for piers and spandrels, 
depending on masonry, classified as 
regular and irregular 

• Specific failure criteria for spandrels, 
depending also on lintels and coupled 
elements (tie-beams or tie-rods) 

REGULAR MASONRY  
→ failure criteria in EN 1996-1-1:2003 are used for: 
• modern buildings 
• pre-modern buildings 

(in this case diagonal stair-stepped craking is 
considered due to the weakness of mortar) 

R 



9.3  Structural modelling of nonlinear behaviour 
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Bi/Tri-linear elastoplastic model 
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Bi/Tri-linear elastoplastic model + 
softening after ultimate drift 
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• Guidelines for the performance-based assessment (PBA) of historical 
masonry buildings through a displacement-based approach. 

• A comprehensive procedure was developed, which is based on nonlinear 
analyses and considers different architectural and artistic assets. 

www.perpetuate.eu 

    PARTNERS: 
- 6 Universities (Genoa, Ljubljana, 
Thessaloniki, Athens, Bath, Algiers)  
- 2 Public/Research Institutions 
(ENEA, Italy; BRGM, France) 
- 3 SMEs from Slovenia (ZRMK) 
and Italy (CENACOLO, PHASE). 

PERformance-based aPproach to Earthquake 
proTection of cUlturAl heriTage in European 

and mediterranean countries 



Application of PBA to case studies 

Hassan Bey’s Mansion 

Great Mosque 

different conditions, 
aims and models 



PERPETUATE Special Issue has19 papers and a general introduction. 
The main topics are:  
• theoretical issues (7) 

• Perpetuate Guidelines (available in few weeks) 
• Seismic Hazard Intensity Measures, Soil-foundation-structure 

interaction, Fault rupture interaction with historic buildings 
• Seismic assessment of rocking, Sensitivity analysis and CF  
• Logic Trees for the identification of seismic damage  

• experimental results (6) 
• In-situ and laboratory testing procedures, Ambient vibration testing 

for hazard and structural identification, Shear tests on panels with 
plaster, Skaking table tests on an arch-piers system, Shaking table 
tests on classical temple columns, FRP strengthening 

• application to case studies (6) 
• Casbah of Algiers, Great Mosque of Algiers, Hassan Bey’s Mansion 

and Neo-classical School in Rhodes, Kolizej Palace in Ljubljana, 
Historical centre building aggregates in Slovenia 

Special Issue of Bulletin of Earthquake Engineering 
2015, No. 13(1) - S. Lagomarsino & D. D’Ayala Eds.  



PERPETUATE guidelines: basic steps 



Safety and conservation requirements 

Performance Levels & corresponding Target Seismic Demand Levels 

γn - IMPORTANCE FACTORS related to Function, Architectural and Artistic value 



Classification of cultural heritage assets 

A 

B C 

D E F 

ARCHITECTURAL ASSET CLASSES 
 



Classification of cultural heritage assets 

ARTISTIC ASSET CLASSES  
 

 
 

CLASS P 

CLASS Q 

CLASS R 

 
 

 
 



Classification and modelling 

ARCHITECTONIC AND DAMAGE CLASSIFICATION 

MODELLING CLASSIFICATION 



Some types of assets can be studied by a global 3D model, while in other cases it is 
necessary to develop more than one model, even of different types. Moreover, the 
assessment requires taking into account the possible activation of local mechanisms.  

Modelling and verification procedures 



Tools for numerical modeling of masonry 

GLOBAL SCALE   LOCAL MECHANISMS 

3D NONLINEAR STATIC AND 
DYNAMIC ANALYSIS BY 

EQUIVALENT FRAME MODEL 

by Lagomarsino S., Penna A., Galasco A., Cattari S. 
 

 ask to: tremuri@gmail.com 

TREMURI 

MACRO-BLOCK NONLINEAR 
KINEMATIC ANALYSIS 

by Lagomarsino S. and Ottonelli D. 
 

download: www.perpetuate.eu/MB 

MB – PERPETUATE 
(freeware MatLab code) 



GREAT MOSQUE OF ALGIERS - Integration of 
models for as-built and after strengthening 



FINAL REMARKS 
• Seismic assessment of existing masonry buildings should be based both 

on qualitative and quantitative approaches.  
• Historical data, archaeological interpretations, investigations on 

constructive details and materials are essential to build a model for the 
seismic analysis, which is not conventional but has to be as close as 
possible to actual behaviour. 

• Mechanical models are now available, even at practice-engineering level, 
both for the global seismic behaviour and the vulnerability to local 
mechanisms. 

• Eurocode 8 (Part 3 – Assessment of existing structures) is under review 
and will probably push towards an integration between qualitative and 
quantitative methods, which requires well-educated engineers/architects 
that are able to interact with experts of other disciplines.  

• Even cultural heritage structures should be analysed without pre-defined 
models (case-by-case) but within a common framework. PERPETUATE 
guidelines propose a general but flexible seismic performance-based 
assessment procedure. 
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