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Extended Abstract 
Earthquakes for a long time have caused great damages in old masonry construction as buildings, monumental 
structures, bridges, etc. Recent earthquakes in the 21st century, such as Kashmir (Pakistan) 2005, L´Aquila (Italy) 
2008, Shichuan (China) 2008, Port-au-Prince (Haiti) 2009, Maule (Chile) 2010, Christchurch (New Zealand) 
2010 and Van (Turkey) 2011 have confirmed this trend. The 20th century is full of cases of great destruction to 
the masonry stock, causing a great number of casualties (hundred thousand), heavy injuries (many hundred 
thousand) and millions of homeless. Even in Portugal, earthquakes in the last century were responsible for the 
great damage caused in 1909 in the Continent and in 1926 (Faial), 1973 (Pico), 1980 (Terceira) and 1998 (Faial) 
(Azores). 
Of course not only old masonry structures (MC) have suffered from the strength of earthquake ground shaking. 
Reinforced concrete structures (RC), especially the structures built until the modern codes came into practice, 
i.e., mid 1980´s, suffered quite severely in many instances due essentially to either bad detailing of construction 
and under defined seismic action. Even nowadays, in more technological advanced countries, problems may 
arise due to lack of control in the implementation of new seismic codes. 
We can say that research in RC and steel construction have gone through great developments and if on the part 
of ground motion there are no “surprises”, the seismic performance of these typologies are very much under 
control and modern codes have been able to tackle well with these loads. The Japan March 11, 2011 is the best 
“experiment” to ascertain these statements. With so much damage caused by the tsunami, the behavior of the RC 
stock was quite good given the long and strong ground motion subjecting those structures. The same can be said 
about the Chilean and the New Zealand earthquakes, but not for Italian or Turkish earthquakes (and Lorca, Spain 
2011), where modern RC brick infill structures suffered quite severely.   
In respect to this topic it is now the right time to refer that definition of ground motion has been one of the most 
critical issues responsible for some of the past great disasters. In fact, in many instances, earthquakes have 
occurred in locations where responsible authorities for setting code provisions did not act in the best way, or by 
neglecting historical lessons (case of March 11 2011 Japan Tohoku earthquake and tsunami, Haiti, 2010), or by 
under predicting seismic action as the cases of blind faults nearby populated areas (Sichuan, Athens 1999, etc.).      
Each time a new event occurs there is always something new to learn or to confirm, theories to validate or reject, 
models to upgrade, ideas to renovate, policies to rethink. The most recent case of Japan earthquake is full of new 
information which will definitely change the way earth science, earthquake engineering, social-economical 
sciences and earthquake management are being taken by the world most advanced earthquake communities. 
Similarly to what has happen with the 1755 earthquake which caused a great revolution in all those fields 
including philosophical theories established up to the 18th century, the Japan earthquake of 11 March 2011 will 
be a mark on the World Society in the way those sciences deal with unexpected events of such great impact. 
Questions such as how to use urban spaces in danger of futures tsunamis that may occur with a very low 
probability, which level of ground motion to use in connection with retrofitting of structures, effects of very long 
duration of motions (only reported on historical eyewitnesses accounts and never looked nowadays) on steel or 
concrete, masonry and geotechnical structures, are among the important issues to be discussed in the future to 
correct present-day practices. 
 
The situation in the World (existing construction) 
Figure 1 presents the World-Wide damage distribution in the 20th century by geographic regions and by 
structural type. It is clear that the masonry buildings  
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Fig 1. Distribution of World-Wide damage in the 20th century by geographic regions and by structural type. (in 
M. Lopes Editor, 2008). 
 
Elements for characterizing the situation in Portugal 
The situation in Portugal with respect to construction is of great apprehension as far as earthquake safety is 
concern, as still there is nowadays a large percentage of the building stock constructed in earthquake zones 
without the minimum earthquake requirements (Table 1 and Figure 3). In the Azores the situation is similar, 
even though a great deal of rehabilitation has taken place in Terceira, Faial and Pico islands after the occurrences 
of 2 important events in 1980 and 1998. 
 
Table 1. Distribution of epochs of construction in Continental Portugal, including Lisbon and the Metropolitan 
Area of Lisbon (by number of dwellings) (Census 2001). 
 

 
 
The Municipality of Lisbon, even though has gone through a large renewal in the first decade of 21st century, 
there is a great number of old masonry buildings as can be observed in Figure 2.  
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Fig 2. Distribution of epochs of construction in the Municipality of Lisbon (Census 2001). 

 
 
 
 
 

 
 

Açores - Grupo 
Ocidental Açores - Grupo Central 

 

 
Zonas

2.1
2.2
2.3
2.4
2.5

 

Açores - Grupo Oriental 

 

 

Fig 3. Seismic zoning in Portugal according to the National Annex. (EN1998-AN, 2009). 

 
In fact, according to the Municipality in February 2012 from a total of 57 573 buildings 1438 were in very bad 
state of conservation and 6893 in bad situation. There are 2920 completely empty buildings and 2819 where only 
the commercial first floor is occupied. (Publico,14/4/2012). 
The Municipality of Lisbon wants to launch in 2012 an enquiry to better understand the level of earthquake 
safety on the buildings under the responsibility of the Municipality and then extend it to the entire City. This 
would describe in great detail the present structural situation with a much more profound analysis for assessing 
the seismic vulnerability of the stock of buildings with a proposal for retrofitting when necessary. 

Madeira 
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The main properties to be analyzed are summarized in Figure 4. 
 

 
Fig 4. Main properties to be analyzed in a masonry building. 

 
Among these points, one of crucial importance is the alterations of the structural system with the opening of 
spaces by demolishing interior walls. In many cases, the modern concept of wide areas has contributed to the 
need of getting larger spaces. The use of metallic beams does not solve the problem of lateral loads which were 
carried out by the existing walls. Much needs to be done in this area by a co-operation between architects-
engineers in order to be able to find solutions which should minimize the seismic vulnerability and at the same 
time maximize the expectations of the users (tenants and landlords). 
 
Rehabilitation Techniques 
Looking at the world practice in rehabilitation of old masonry structures there has been a great deal of studies 
and tentative to find new reliable techniques for rehabilitation. In conferences related to the topic the most 
common topics deal more with numerical modeling to reproduce experimental testing of components in 
laboratory or field tests on parts of demolished buildings. Also several studies have been carried out to estimate 
vulnerability and fragility curves of different old masonry structures, prior and post some kind of retrofitting. 
Very few new techniques either with new materials or with new engineering solutions have been tried. As an 
example, “pombaline structures” (cage) (Figure 5) have recently been studied in great detail with numerical 
models of the entire structure using data obtained in laboratory test of timber walls. No entire “pombaline” 
building has ever been tested in order to analyze the overall performed. Monitorization of a real building should 
be made in the near future to understand the nonlinear response under real moderate to strong shaking. 
 
 

 
Fig 5. Maqueta of a“Pombaline Gaiola”. 
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This is why there are no similar results among different authors, and no one can guess which is the best model to 
reproduce the real behaviour. Many variables are present in the various components and the summary of partial 
results may not converge to the solution. 
However, in relative terms, the modeling is a decisive tool to compare different alternatives of rehabilitation.  
The most common practiced techniques for rehabilitation of old masonry structures looks for two main 
objectives: (i) solidarization of the entire structure in order to take the structure as a whole; and (ii) avoid the 
disaggregation of parts of the structure (local brittle). This can be achieved with more or less heavy 
interventions, noting that the least we intervene in the structure the best both in terms of removing the 
intervention without causing important scars, and in terms of keeping the original layout, materials and 
patrimony. 
 

· wire mesh plaster covering the walls, anchored in foundations and top structure; 
· plastic mesh; 
· Fiber Reinforced Polyester (FRP) mesh; 
· cables; 
· concrete members; 
· steel columns and beams; 
· connectors at wall crossings and roof links; 
· thin wall paper made of glass fibers glued with a special adhesive 

(http://www.dw.de/dw/article/0,,15856326,00.htm). 
  

 
Other techniques of rehabilitation combine old traditional of adding new exterior systems such as arches, 
“contrafortes”, use exterior stairways, with strengthening horizontal diaphrams with ties, timber, diagonal 
frames, and reinforcing brick interior stairways or elevator shafts. 
Seismic rehabilitation should be done under strict control of quality in order that the “bad examples” observed in 
many places after the occurrence of earthquakes do not repeat. Cases as in Italy with Umbria-Marché (1997), and 
Moligno (2002) or in Faial (1973) where incomplete peripheral beam dintels were applied, are examples to 
illustrate how bad retrofit aggravated the seismic behavior. Also, the introduction of very heavy RC floors 
instead of conserving light timber floors reduces vulnerability up to a certain ground motion level and then 
suddenly can lead to collapse due to the acceleration of those heavy elements. 
Several tentative have been tried to persuade the authorities, constructors and the public in general, to the need of 
earthquake rehabilitation as part of the general rehabilitation scheme our stock of buildings, networks, critical 
structures etc. so much need.  
In the event of initiating a new process of regain confidence on these structures, it is of great importance the 
following guide-lines: 
 

· No intervention should reduce the strength of the existing structure. 
· New legislation accompanied by a Manual of intervention should be developed in a short period of time 

in order that this initiation already incorporates the seismic rehabilitation. 
· New techniques low-cost should be developed in order to render the campaign attractive and sustainable. 
· Rehabilitation should look to solutions that include the modern life-standards and the most economic long 

life standards, as well as integrate other standards as energy efficiency, acoustic and fire protection.    
 
 
Final Remarks 
Rehabilitation is gaining support all over the World. In Europe (Figure 6) the relative proportion of rehabilitation 
and maintenance in relation to the market of new construction as 2003 is already very important for many 
countries and should be a first option for investment in Portugal where this proportion was only 10%. This 
number may have got to the 20% just before the economic crises.  
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Fig 6. Relative proportion of reahabilitation and maintenance in relation to the market of new construction in the 

EU Countries (as 2003). (Euroconstruct, 2004).( courtesy J. Proença) 
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ANNEX 1 

 

Special Issue on “Old Masonry under Seismic Loads”, Guest Editors C.S. Oliveira and AG. Costa  (2012) 
Bulletin of Earthquake Engineering vol:10 (1). 

Guest Editorial: old masonry under seismic loading (p 1-5) 

Old masonry construction constitutes still nowadays a large portion of the stock of buildings throughout the 
world. In zones of moderate to strong seismicity, these constructions suffer quite significantly whenever 
important earthquake events occur. 

Due to the above facts, and considering that in many instances these structures are part of the human cultural 
heritage and require special preservation, a book to mark the 10th Anniversary of the July 9, 1998 Azores 
Earthquake, which caused a tremendous impact on the housing and religious stocks, was published in 2008. The 
book, written in Portuguese and entitled “Sismo 1998—Açores. Uma Década Depois” (SPRHI.sa/Governo dos 
Açores edition), contains a large number of chapters dealing with the various scientific and technical aspects of 
this earthquake as well as the reconstruction that followed. A PDF version of the book in English should be 
ready by mid 2012. On the same occasion, an International Seminar on Seismic Risk and Rehabilitation was 
organized in the City of Horta (Faial, Azores), in July 2008, to present the main findings described in the book 
and discuss with the international community the matter of rehabilitation of old masonry construction under 
seismic loads. 

A Special Issue of the Bulletin of Earthquake Engineering, just published in 2012 (BEE 2012), collects improved 
versions of some of the papers presented at the Seminar, complemented with two recent relevant study cases 
dealing with vulnerability and retrofit, in a total of 15 papers. The paper by Oliveira et al. describes the most 
important observations collected after the earthquake that struck the islands of Faial, Pico and São Jorge in July 
9, 1998, which constitutes a set of an unprecedented quantity of good quality data about damage in 
constructions, costs of repair and other variables. A general overview about the impacts of the earthquake on the 
population, the housing, the monumental structures and on the economy 10 years after the occurrence is also 
briefly reported and analyzed. This information, assembled in a GIS database, together with similar data 
obtained from other recent earthquakes, was the base to construct an overall earthquake impact indicator 
considering the systemic analysis of the urban area through the identification of a set of criteria and definition of 
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their corresponding descriptors leading to a disruption index (DI). After presenting the methodology leading to 
the DI, the paper discusses the data which provide a clearer picture about how the systems and their functionality 
disruption affect an urban area. 

The paper by Neves et al. makes (i) a detailed characterisation of the building stock assigning a five category 
classification; (ii) a detailed damage grade classification based on the different damage mechanisms observed; 
and, (iii) a seismic vulnerability assessment of the building stock. All the results were integrated into a GIS tool, 
allowing the spatial visualization of damage scenarios, which is potentially useful for managing seismic risk, 
from planning emergency response strategies to the definition of retrofitting priorities. 

The papers by Carocci and Lagomarsino are dedicated to analyse the effect of the 2009 L´Aquila earthquake on 
the historical heritage. The paper by Carocci is focused on the illustration of onsite works developed at historical 
centres struck by the L’Aquila earthquake starting from the first emergency phase. The large number of minor 
historical centres damaged and the highly differentiated level of damage that occurred implied the need for 
different procedures to study them. The common goal of these studies is to illustrate the variability of the seismic 
response of historical masonry buildings when trying to identify both the causes that increased the damage 
(vulnerabilities) and the factors that limited or prevented it (strengths). The preliminary results allow formulating 
a first evaluation in view of drawing up reconstruction plans. The paper by Lagomarsino showed the high 
vulnerability of cultural heritage, with particular reference to churches. Damage assessment in the emergency 
was carried out on more than 700 churches with a methodology developed after the earthquake in Umbria-
Marche (1997) aimed at recognizing the collapse mechanisms in the different architectonic elements of the 
church. Some examples are presented in this paper, representative of recurrent damage in the main elements of 
the church: the façade, the roof, the apse and the belfry. It emerges that, for a correct interpretation of damage 
and vulnerability, a deep knowledge of local construction techniques and of the historic transformation sequence 
is necessary. Moreover, the bad behaviour of churches strengthened by modern techniques, such as the 
substitution of original timber roofs with stiff and heavy r.c. slabs, was observed. 

Starting from the observation of some case studies, the paper achieves some important results, which may be 
useful for correctly driving future strengthening interventions. 

The two papers by Costa et al., one by Proença et al., another by and Pinho et al. are dedicated to experimental 
testing of either an entire structure or elements of it. The first paper by Costa et al. aims at describing an 
experimental testing campaign to characterize the out-of-plane behaviour of traditional rubble masonry 
constructions. Taking advantage of the existence of a two-storey building abandoned after the 1998 Azores 
earthquake, several in-situ tests were performed with the application of quasi-static cyclic loads at the top level 
of the building. In addition, the efficiency of retrofitting and/or strengthening techniques applied during the 1998 
Azores reconstruction process was also experimentally evaluated. Finally, an overall discussion of these 
techniques is presented, involving also the results of previous tests carried out by the same authors, in order to 
infer and suggest the size and the type of strengthening techniques to be used in future interventions on existing 
buildings. For this purpose, simple analytical mechanical approaches were adopted in order to provide numerical 
estimates of strength that were found to be in good agreement with the experimental results. 

The paper by Proença et al. reports the development of a low intrusion seismic strengthening methodology for 
traditional masonry structures, which consists in externally applying Glass Fibre Reinforced Polymer (GFRP) 
composite strips to one or both faces of walls. The connection between the GFRP composite strips and the 
masonry is defined by specifically detailed anchorages or confinement connectors. This technique was tested 
through an extensive series of experimental tests. This paper focuses on the results of 29 masonry specimens, 
with different spacing of anchorages, subjected to monotonic and cyclic loading. 

The results clearly show that the use of anchorages dramatically enhances bond behavior and that its number and 
spacing have a significant effect on the deformation capacity, and a less pronounced effect on strength. The 
paper also provides a calculation model and a ULS safety assessment procedure for out-of-plane strength of 
reinforced masonry walls, leading to interaction curves. 

The second paper by Costa et al. studies the in-plane behaviour of an existing double-leaf stone masonry pier by 
experimental testing. Additionally, a detailed 3Dfinite element numerical analysis based on micro-modelling of 
the original pier is presented aiming at simulating the experimental test results. This numerical strategy can be 
seen as an alternative way of analysing this type of constructions, particularly useful for laboratory studies, and 
suitable for the calibration of simplified numerical models. As part of a wider research activity, this work is 
further complemented with the presentation of an effective retrofit/strengthening technique (reinforced 
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connected plaster) to achieve a significant improvement of its in-plane cyclic response, which is experimentally 
verified in the results presented. 

The paper by Pinho et al. describes and analyses the performance of two structural strengthening solutions for 
rubble stone masonry walls. One of the solutions consists of sprayed steel reinforced micro-concrete layers on 
both lateral faces of the walls not in contact with the base of the loading systems, and with transversal steel ties 
through the thickness of the specimens. 

The other solution does not have transversal steel ties but has the micro-concrete in contact with the base of the 
loading systems. Both solutions were tested under axial compression but only the second one under 
compression-shear loading. Results are then presented and compared with unstrengthened (reference) specimens. 

The papers by Arede et al., Silva et al. and Neves et al. deal with the analytical modeling of masonry structures, 
the first two deal with churches and the third one with a block of 3-storey buildings. The paper by Arede et al. 
addresses the development of an integrated strategy for modelling, experimental calibration, numerical analysis 
and seismic strengthening carried out in the Bandeiras and Madalena churches located in the Pico Island, Azores. 

Following an initial description of the observed damages resulting from the 1998 earthquake, the modelling 
option for the churches’ structures is outlined. Ambient vibration tests were used for identification of frequencies 
and mode shapes which were then compared to the numerical ones for calibration purposes. Seismic analyses 
were carried out using the records of the 1998 earthquake and the obtained results were analysed in light of the 
real observed damages. Numerical findings were then used to support proposals for seismic strengthening of 
these churches. 

The paper by Silva et al. deals with the evaluating the capacity of a non linear continuum damage model, 
originally developed for concrete structures, to simulate the behavior of stone masonry structures. In particular, 
the seismic response of an old stone masonry construction, the Gondar church, is analysed considering different 
levels of geometrical and material complexity. The verification and calibration procedures make use of the 
experimental results from laboratory tests performed on stone masonry walls and from other tests reported in the 
literature. The results are compared, assessing the differences and the importance of using complex tools, such as 
the continuum damage model, to better simulate and understand the global behaviour of such constructions. The 
paper by Neves et al. addresses the study of the seismic response of an urban building block located in the City 
of Horta. The work fits within the framework of studying strengthening schemes suitable for the reconstruction 
process of a town damaged by an earthquake, and includes the numerical modelling of all the buildings in a 
block with calibration of material and structural parameters based on ambient vibration tests. The study aims to 
understand a number of issues that are likely to influence the global behaviour of the block and the local 
response of individual buildings, namely the effect of adjacent constructions, the in-plane stiffness of floors 
and/or roofs and the presence of possible localized strengthening interventions in selected parts of the block. 

The paper by Nakagawa et al. reports the dynamic collapse test of a 3m×3m×3m brick masonry house 
constructed with Pakistani bricks carried out on a one-direction horizontal large-scale shaking table. The authors 
applied a new numerical simulating method based on the Extended Distinct Element Method (EDEM) and 
conducted collapse simulations of the brick masonry house behaviour during the shaking table tests. In the 
numerical simulation model, bricks were assumed to be rigid bodies, and mortar was modelled using a mortar 
spring that consists of a normal spring and a shear spring. The parameters of each mortar spring were defined 
based on the results of material tests. Simulated results showed various collapsing processes, and the simulated 
aspects were found to be similar to the results of the shaking table tests. 

The papers by D´Ayala et al., Hancilar et al. and Pujades et al. refer to vulnerability studies of historical 
buildings in Istanbul (the first two) and of a typical district in Barcelona (the last). The paper by D´Ayala and 
Ansal deals with the objectives of the Istanbul Seismic Risk Mitigation and Emergency Preparedness Project to 
improve Istanbul’s preparedness for a potential earthquake. In this study, 170 historical buildings with global 
cultural heritage value were selected for vulnerability and risk assessment. Discussion of the choice of the most 
appropriate earthquake scenario, including the effects of local site conditions on the seismic performance, on the 
procedure to obtain the capacity curves to achieve the most appropriate level of ductility, and on the equivalent 
reduction coefficient are made. A procedure to evaluate performance points and to define safety factors based on 
lateral acceleration, drift or expected damage level, is presented. The process of arriving at a risk value and, 
therefore, at recommendations for strengthening or otherwise, is finally highlighted with respect to two 
comparable case studies. 
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The paper by Hancilar et al. describes the earthquake performance assessment of two historical buildings located 
in Istanbul exposed to a Mw = 7+ earthquake that is expected to hit the city and proposes solutions for their 
structural rehabilitation and/or strengthening. Both buildings are unreinforced clay brick masonry (URM) 
structures built in 1869 and 1885, respectively. The first building is a rectangular-shaped structure rising on four 
floors. 

The second one is L-shaped with one basement and three normal floors above ground. They survived the 1894 
Ms = 7.0 Istanbul Earthquake, during which widespread damage to URM buildings took place in the city. 
Earthquake scenarios are determined through probabilistic and deterministic seismic hazard assessment. Strength 
characteristics of the brick walls are assessed on the basis of Schmidt hammer test results and information 
reported in the literature. 

Dynamic properties of the buildings (fundamental vibration periods) are measured via ambient vibration tests. 
The buildings are modelled and analyzed as a three-dimensional assembly of finite elements. Following the 
preliminary assessment based on the equivalent earthquake loads method, the dynamic analysis procedure of 
FEMA 356 and ASCE 41-06 is followed to obtain the dynamic structural response of the buildings and to 
evaluate their earthquake performance. In order to improve earthquake resistance of the buildings, reinforced 
cement jacketing of the main load carrying walls and application of fiber reinforced polymer bands to the 
secondary walls are proposed. 

The paper by Pujades et al. describes the seismic performance of a block of buildings from the Eixample district 
of Barcelona. These unreinforced masonry buildings were constructed in the late nineteenth and early twentieth 
centuries, and they are currently still being used as dwellings. Although they were built individually, these 
buildings are connected to the adjacent buildings, forming blocks composed of aggregates. In order to analyze 
the seismic behaviour of isolated buildings and aggregates, two typical central buildings and one typical corner 
building have been chosen. Standard pushover analyses lead to evaluate their seismic performance by means of 
capacity spectra and fragility curves. Two earthquake scenarios including soil effects are considered. The first 
one is a deterministic historical earthquake scenario based on a real earthquake that occurred in 1824, 25 km 
away from the city, and the second one is a probabilistic scenario based on 475 years return period. 

The mean damage grade is 2.3 for the deterministic scenario and 2.7 for the probabilistic one. This means that 
moderate to severe damage is expected in both cases. Furthermore, in the case of the deterministic scenario, 
more than 10% of the buildings would suffer extensive-to-collapse damage and nearly 20% for the probabilistic 
scenario, which confirms the high vulnerability of such buildings. 
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ANNEX 2 

 

Cátia S. Dias (2007). Seismic Vulnerability of a “Gaioleiro” Building. MSc. Thesis, Instituto Superior Técnico, 
Lisbon. (extracts) 

Dias (2007) has presented a study on the assessment of the seismic vulnerability of a “gaioleiro” building. 

As we have experienced along History, humans’ losses, social and economical, during violent earthquakes 
are mainly due to extensive damages in the constructions and to the buildings collapse. Therefore, the buildings 
seismic resistance plays an important role as human live are concern. This safety can only be assured if besides 
practicing an adequate design on the new structures, the seismic vulnerability of old buildings, most of the times 
extremely high, is reduced.  

Nowadays, design and construction on seismic areas follow certain codes that provide an acceptable 
behaviour of structures when submitted to seismic action by which safety is guarantee when significant 
earthquakes occur. However, a considerable part of the existing buildings, for their age, are not provided with a 
proper design concerning seismic action thus they show a deficient behaviour lacking, most of the times, with 
the minimal resistance. The reduction of seismic vulnerability can be assured by the adoption of strengthening 
and repairing techniques on the old buildings special for those, which design, precede the current codes. 

The “Gaioleiros buildings” integrate this group of structures in risk; some besides their degraded state of 
maintenance do not assure the habitability required conditions; others, although apparently in good conditions, 
present severe jeopardy for their inhabitants. This type of buildings is distinct by their masonry and wood 
structure of poor quality, which represent a major concern from the seismic vulnerability point of view. Many of 
theses buildings are also constructed over soft soil, clay or sand-clay, few occur on rock. Therefore, areas with a 
high density of “gaioleiros buildings”, under these foundation conditions do not favour their survival. At last, 
there is the subject of the adulteration of the original structural concept by removal of some walls and sometimes 
their replacement by steel beams aggravating even more their seismic vulnerability.  

For all the mentioned reasons, the propose of this paper is to alert to the seismic vulnerability of old 
masonry constructions in apparent good state of conservation, in particular the vulnerability of the “gaioleiros” 
that can deceive their true weak structural resistance to the seismic actions. To analyse the vulnerability of these 
type of structures a building with a plan size of 16,5x15 m2 and it is 20 m height was selected (Figures 1 and 2). 
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Figure 1. Typical “gaioleiro” building and its mathematical model. 

It is a good example of the “gaioleiro” type of building, which is characterized by the presence of a masonry 
structure with wooden floors and roofs, a degeneration of the three-dimensional timber-masonry structure named 
“gaiola” (cage).  

 
 

 
Figure 2. Plan view of a typical “gaioleiro” building. 
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The original “gaiola” structure appeared in old masonry building from Lisbon Downtown built after the 
1755 Lisbon Earthquake, the “Pombalino” buildings. Although the “gaiola” system is known for its good 
seismic behaviour its adulteration by adding the number of floors, ignoring some of the timber resistant members 
and using low quality materials and construction techniques, a poor seismic performance of this type of 
buildings might be expected. Adding the age and consequent degradation of structural materials that leads to a 
decrease of local and global stiffness and strength, the weak connection between timber elements and masonry 
walls, the small thickness of structural elements and the adoption of a less correct allocation of these elements 
causing hard stiffness transitions are even more reasons to worrier.   

An elastic model of this building was made and the properties of the materials were taken from different 
authors as follows: Tables 1 and 2. 

 

 

Although the influence of the surrounding buildings is a relevant factor, the static and dynamic analysis 
carried out only considered the building isolated once the information analysis would became a much more 
complex process.      

The static analysis verified the safety of almost all the building components to the dead loads, according to 
the Portuguese Code. Only 15% percent of the elements had problems relatively to traction forces. 

For the dynamic analysis the seismic action type 1, as it is referred on the current Portuguese Code, was 
considered the critical one and, for that action, as it was expected, the building responded with a fragile 
behaviour and security problems were evident significant percentage of the elements, depending on the 
coefficient seismic factor adopted. The fact that the design of this type of buildings didn’t take the seismic action 
in to account this is a comprehensive result.    

An improvement of 48% and 28% can be achieved for traction and shear respectively considering the 
scenario of reinforcement of the exterior-lateral and central walls for a seismic coefficient of 1,5. The costs 
involved on the implementation of the suggested intervention with the application of reinforced plaster 
incorporating a steel mesh could also be estimated. 

The results obtained for the suggested solution of reinforcement are presented according to the different 
scenarios of intervention as well as the seismic coefficient adopted therefore, the scenario can be chosen to do 
one’s best. 

The knowledge we have accomplish nowadays in the field of structural engineering give us the skills and 
techniques to rehabilitate these buildings as seismic resistance is concern and, maintaining this safety risk is no 
more bearable.     
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ANNEX 3 

 
Normas a desenvolver (Extractos, Diálogo da Sociedade Portuguesa de Engenharia Sísmica, SPES, com a 
Assembleia da República, 2012) 
 
A legislação deveria estabelecer critérios com níveis mínimos de resistência sísmica a respeitar nas obras de 
reabilitação, que deveriam ser definidos considerando a carta de risco, ou seja, o zonamento sísmico, o tipo de 
terreno, e o tipo de utilização do edifício), que já estão todas explícitas na futura regulamentação europeia, em 
que a parte respeitante a edifícios novos se espera que entre em vigor em breve. Na reabilitação o nível de 
exigência poderá de ser mais baixo, sob pena de tornar a reabilitação inexequível. Por isso precisamos de definir 
esse nível de exigência e de recomendações técnicas de orientação para a elaboração dos projectos. Também 
precisamos de legislação a definir o âmbito de aplicação da obrigatoriedade do reforço, bem como de legislação 
a definir limites aos graus de intrusividade das obras a executar em função do nível de importância cultural do 
edifício/monumento, de forma a proteger a sua autenticidade. Para que a posterior aplicação destas novas leis 
seja bem sucedida, é preciso consultar os parceiros sociais, debate público, etc., ou seja, é um processo que 
demora o seu tempo.  

Em termos práticos e dentro dos condicionalismos actuais de contracção do mercado da construção, o 
desenvolvimento da legislação deveria passar por duas fases. Numa 1ª fase, devemos incluir no Regime Jurídico 
da Reabilitação Urbana a aprovar brevemente apenas aquilo que é exequível, ou seja, a proibição taxativa de 
obras que reduzam a resistência sísmica dos edifícios, que são frequentes. Esta questão deveria fazer parte não só 
da legislação em causa como também se deveria aplicar a todas as intervenções em edifícios existentes. Numa 2º 
fase, que deveria começar tão cedo quanto possível, deveria pôr-se em marcha o processo que conduza à 
elaboração da legislação tal como consta da Resolução nº102/2010 da AR. 
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ANNEX 4 – A few exemples of studies (Illustration) 

 

Aqueduto Águas Livres  C. S. Oliveira (1990) 
 

 
Torreão do Terreiro do Paço  Ana Mateus (2008) 
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The case study - the Cathedral (Sé de Lisboa) (Z. Fernandes (2009) 
 

The fall down of the south tower of the main front and the upper two levels of an original bell tower standing 
above the main dome. 

It was concluded that a linear dynamic analysis is not sufficient to evaluate the safety of the building in case of 
earthquake, since, for instance it does not take into account the nonlinear behavior of materials. However, this 
model provides valid information on the monument parts where the cracking probability will be greater in case 
of occurrence of an earthquake with the characteristics defined by present code. 
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Figure. Mathematical model of Sé de Lisboa as it stands now. 
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According to Fernandes (2009) it was possible to obtain a model of the structural behavior of the Sé de Lisboa 
for the present situation and matching approximately the building natural frequencies. 

Under dead-loads and variable imposed loads, the model shows that the safety of the cathedral is assured for the 
ultimate limit states. 

There is a discrepancy between the model and the recordings from 1755, which indicates that a linear dynamic 
analysis is not sufficient to evaluate the safety of the building in case of earthquake, since, for instance, it does 
not take into account the nonlinear behavior of materials nor the soil/structure interaction. However, this model 
provides valid information on the monument parts where the cracking probability will be greater in case of 
occurrence of an earthquake with the characteristics defined by RSA (1983). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


