
National Commission for Culture and the Arts 

National Museum, Philippines 

Bakas Pilipinas 

ICOMOS Philippines 

University of Santo Tomas - Center for Conservation of 

Cultural Property and Environment in the Tropics 

 

JANUARY 13 – 14, 2016 

University of Padova 

Department of Civil, Architectural and Environmental Engineering 

Padova, Italy 

First Session: CONTEXT 

 

Global Seismic Responses of Unreinforced Heritage 

Masonry Construction 

 

prof. eng. Claudio Modena 



INTERNATIONAL SYMPOSIUM - JANUARY 13 – 14, 2016 

SEISMIC RETROFIT OF UNREINFORCED MASONRY HERITAGE CHURCHES IN THE PHILIPPINES 

Advanced Masters in Structural Analysis of Monuments 

and Historical Constructions 

Claudio Modena 

Global Seismic Responses of Unreinforced Heritage Masonry Construction 

• Masonry typologies and masonry quality 

• Damages and failure mechanisms: in-plane and out-of-plane behavior 

• Building typologies: 

- churches  

- towers 

• Damages connected to unappropriated retrofitting strategies/technologies 

CONTENTS 



INTERNATIONAL SYMPOSIUM - JANUARY 13 – 14, 2016 

SEISMIC RETROFIT OF UNREINFORCED MASONRY HERITAGE CHURCHES IN THE PHILIPPINES 

Advanced Masters in Structural Analysis of Monuments 

and Historical Constructions 

Claudio Modena 

Global Seismic Responses of Unreinforced Heritage Masonry Construction 

• Masonry typologies and masonry quality 

• Damages and failure mechanisms: in-plane and out-of-plane behavior 

• Building typologies: 

- churches  

- towers 

• Damages connected to unappropriated retrofitting strategies/technologies 

CONTENTS 



INTERNATIONAL SYMPOSIUM - JANUARY 13 – 14, 2016 

SEISMIC RETROFIT OF UNREINFORCED MASONRY HERITAGE CHURCHES IN THE PHILIPPINES 

Advanced Masters in Structural Analysis of Monuments 

and Historical Constructions 

Claudio Modena 

Global Seismic Responses of Unreinforced Heritage Masonry Construction 

• Mortar 
(binder + aggregate + water + ev. additives) 

Hydraulic lime 

Pozzolana 

Clinker (cement) 

• Natural/artificial “units” 

   

What is masonry? 

Brick elements 

Calcareous stone 



INTERNATIONAL SYMPOSIUM - JANUARY 13 – 14, 2016 

SEISMIC RETROFIT OF UNREINFORCED MASONRY HERITAGE CHURCHES IN THE PHILIPPINES 

Advanced Masters in Structural Analysis of Monuments 

and Historical Constructions 

Claudio Modena 

Global Seismic Responses of Unreinforced Heritage Masonry Construction 

Masonry abacus – Università di Genova  

BRICKS LAYER 

STONE MASONRY BRICK MASONRY 

Masonry typologies 
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Masonry typologies 
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• Stone walls with mortar between stones: 

walls are characterized by selected pieces of 

stone, which are spaced out by mortar. 

Bondstones are fundamental in order to 

improve the wall behavior 

Partially regular texture 

Irregular texture 

Regular texture 

Stone masonry 
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MORPHOLOGY : TWO LEAVES WALL 
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MORPHOLOGY : THREE LEAVES WALL 
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• Heterogeneous material • Irregular sections 

• Different types of stones 

• Bricks 

• Different types of mortar 

• Sand 

• Clay, soil 

• Presence of voids 

• Irregular texture 

These elements influence: 

- structural behavior  

- intervention choice 

Stone masonry 
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It Is possible to refer to abaci for the evaluation of the 

quality and bearing capacity of masonry typologies 

Survey 

forms: 

frequent 

local 

masonry 

typologies 

Heterogeneous masonry built up with 

poor materials, presence of voids, 

irregularities, multi-leaf sections, 

absence of connections 

Out-of-plane brittle collapses 

Stone masonry 

http://www.regione.emilia-romagna.it/wcm/geologia/canali/sismica/il_quadro_regionale/la_nuova_classificazione.htm
http://www.regione.emilia-romagna.it/wcm/geologia/canali/sismica/il_quadro_regionale/la_nuova_classificazione.htm
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Bricks can be used as an alternative to stone. Stone is less workable. 

Benefits: fire resistance; humidity resistance; workability  and manageability, 

geometrical modularity, reuse. 

Brick masonry 
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Texture 
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A method for masonry quality evaluation  

(ReLUIS Project 2005-2008) 

 

 

Identification of the “good constructive practice” of masonry buildings 

(simple criteria to define if the local constructive rule is respected or not) 
 

The study takes into consideration an isolated and homogeneous wall. 

It is subjected to different actions: 
 

• Vertical loads 

• Actions that are  parallel to the wall plane 

• Actions that are perpendicular to the wall plane 

 

Good constructive practice parameters influence wall response according to 

actions applied on it. 

Masonry quality 
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The good constructive practice is the set of constructive solutions that are applied 

during walls construction and that allow walls monolithical behaviour. During the last 

centuries, local technicians observed static and seismic behaviour of masonry walls in 

order to choose the best constructive solutions. 

 

Problems: 

• some parameters can be only defined through wall investigations (investigation 

methods on masonry buildings). 

 

Good constructive practice parameters:                 Assessment: 

MQ. = mortar quality;  

P.T. = presence of transversal connecting elements;       R. = respected; 

EL.S. = elements shape;                                                P.R. = partially respected; 

D.EL. = elements dimension;                                 N.R. = non-respected. 

S.J. = stagger of vertical joints; 

HOR. = horizontality of the courses; 

RE.EL. = elements strength. 

Masonry quality 
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Mortar 
Mortar regularizes the contact between stones, distributes actions equally and, if it 

has a good quality, ensures masonry cohesive strength. The strength of mortar can 

be considered a fundamental parameter if the monolithic behavior of the wall can not 

be guaranteed by other local constructive rule parameters 

        respected partially respected      non-respected 

Masonry quality 
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Presence of transversal connecting elements (bondstones) 

Masonry quality 

 respected                                                              non-respected 
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Squared resistant elements 

Square blocks 

Rough blocks 

Rubble masonry 

Masonry quality 
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Resistant elements having significant sizes compared to wall thickness 

Masonry quality 

 respected      partially respected     non-respected 
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Squared resistant elements EL.S. 

Elements dimension D.EL.  

Masonry quality 
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Stagger of vertical joints 

 respected      partially respected     non-respected 

Masonry quality 
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Horizontality of the courses 

Masonry quality 

 respected      partially respected     non-respected 
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HOR. 

Masonry quality 
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L’AQUILA, chief town of the Abruzzo 

THE ABRUZZO 

EARTHQUAKE - 2009 
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GOVERNMENT’S PALACE 

SPANISH FORTRESS L’AQUILA 
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ANIME 

SANTE 

SANTA 

MARIA 

PAGANICA  

L’AQUILA 
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MINOR CENTRES: PAGANICA 
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MINOR CENTRES: VILLA SANT’ANGELO 
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20 Maggio 2012, Mirandola 

Horizontal 

Vertical 

EMILIA EARTHQUAKE - 2012 
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Cavezzo 

EMILIA EARTHQUAKE - 2012 
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2009 
San Michele, Villa Sant’Angelo 

San Prospero, 

Cavezzo 

San Prospero 

2012 

Collegiata Santa Maria      Maggiore, Mirandola 

THE PROBLEM OF MASONRY QUALITY 



INTERNATIONAL SYMPOSIUM - JANUARY 13 – 14, 2016 

SEISMIC RETROFIT OF UNREINFORCED MASONRY HERITAGE CHURCHES IN THE PHILIPPINES 

Advanced Masters in Structural Analysis of Monuments 

and Historical Constructions 

Claudio Modena 

Global Seismic Responses of Unreinforced Heritage Masonry Construction 

SAN MICHELE 

ARCANGELO, 

CELANO 
GOVERNMENT PALACE, 

L’AQUILA 

THE PROBLEM OF MASONRY QUALITY 
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SAN GIOVANNI, SAN 

DEMERIO NEI VESTINI 

SAN MICHELE, VILLA 

SANT’ANGELO 

THE PROBLEM OF MASONRY QUALITY 
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Collegiata Santa Maria Maggiore, Mirandola 

2012  Emilia 

Novi, SS Rovereto 

San Martino, Buonacompra 

THE PROBLEM OF MASONRY QUALITY 
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SEISMIC BEHAVIOR OF MASONRY BUILDINGS 

Brick masonry building models after shaking table tests 

(ZAG Slovenia, M. Tomazevic) 

Rigid floor r.c. Flexible floor and tie-

rods 

No tie-rods 
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 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 

Examples of out of plane mechanisms of external walls 

 
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).  

 
 

 

 

 

• Damage: 

Collapse of the corner 

• Mechanism: 

Out of plane rotation of the masonry corner 

•  Structural causes: 

Scarce connection between orthogonal walls 

and between floors and walls 

Presence of openings close by the corner 
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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.  

 
 

 

 

Mechanisms generated by the roof structures  

• 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 

Examples of out of plane mechanisms of external walls 

Other out of plane mechanisms of external walls 
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PALACE IN VIA ROMA, L’AQUILA 

DAMAGES ON BULDINGS 
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DAMAGES ON BULDINGS 
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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.  

 

 

 
 

 
 

 

 

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 

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. 

 

 

 

 

• 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 

Examples of in plane mechanisms for external walls 

Shear cracking in the masonry piers 
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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. 

 

 

 

 

In plane 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 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.  
 

 

 

 
 

 

Buildings interaction: detachment of adjacent buildings 

 

• 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  

Examples of other mechanisms 
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TWO PALACES IN VILLA 

SANT’ANGELO, AQ 

DAMAGES ON BULDINGS 
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2009  

Santa Gemma, 

Goriano Sicoli (AQ)  

San Filippo, 

Cento  

San Martino, 

Buonacompra 

2012  
DAMAGES ON CHURCHES 
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2009  

2012  
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The German government immediately signaled desire to help the local community, it especially 

financed the rebuilding of the church, dedicated to St. Pietro Apostolo, also severely 

damaged by the seismic action. 

The 4th June 2010 an agreement for the 

reconstruction of the church has been signed 

between the Italian Ministry of Cultural Heritage 

and the Federal Ministry of Transportation, 

Building and Urban Development of the 

Federal Republic of Germany.  

St. Pietro Apostolo – Onna, L’Aquila 

DAMAGES ON CHURCHES 
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The church and annexed buildings survey began with the 

GEOMETRIC SURVEY of the structure and the decoratives. 

St. Pietro Apostolo – Onna, L’Aquila 

DAMAGES ON CHURCHES 
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The church is included in an AGGREGATE, that include some buildings with different history and 

structural typology. 

CHURCH 

BELL TOWER 

“CONGREGA” 

SACRISTY 

PARSONAGE 

DAMAGES ON CHURCHES 
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The damage survey was performed to 

define the structural faults that, among 

the structural features, caused the 

collapses and the severe damages. 

SCHEMATIZATION OF THE MAIN COLLAPSES  

St. Pietro Apostolo – Onna, L’Aquila 

DAMAGES ON CHURCHES 
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The façade showed a double damage mechanism: 

-the global overturning; 

-the overturning of the upper part (that collapsed). 

St. Pietro Apostolo – Onna, L’Aquila: FAÇADE  
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The most severe damages are concentrated into the apse and bell tower, both 

totally callapsed; only a portion of about 1,5 m height survived. 

BELL TOWER 

APSE 

Damages were amplified 

by the resence of the r.c. 

beam located between 

the church and the 

“congrega”. 

St. Pietro Apostolo – Onna, L’Aquila: APSE AND BELL TOWER 

DAMAGES ON CHURCHES 
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LONGITUDINAL WALLS 

The longitudinal walls show the damages due to 

their in plane behaviour. The presence of several 

niches and openings worsen the wall property. 

LEFT LONGITUDINAL WALL – PRESENCE OF OPENINGS AND NICHES 

St. Pietro Apostolo – Onna, L’Aquila 

DAMAGES ON CHURCHES 
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M essa in sicurezza e restauro del campanile della Chiesa Parrocchiale di S.Anna 
sita nella frazione di Reno Centese nel Comune di Cento e nella Provincia di Ferrara

Il progettista  

                                                                                                                                                           Arch. Carlo Tura
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Church and bell tower in Mirabello: isolated bell tower 
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Rovereto 
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DAMAGE DUE TO PAST INTERVENTIONS: ABSENCE OF TIES 
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