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ABSTRACT 

This paper addresses the issue of seismic vulnerability of old masonry buildings, with a specific study 

case: a “Gaioleiro” building in Lisbon. A linear behaviour was simulated by a three-dimensional 

model allowing to assess the response of the building under seismic action for different seismic 

factors. In addition, a specific reinforcement solution was modelled using the referred method. 

 

1. INTRODUCTION 

Nowadays, it is certain that historical city buildings are an integral part of the built heritage and 

therefore they must be preserved.  

In the city of Lisbon, old masonry buildings represent a significant percentage of the existent 

constructions, approximately 70%. Most of these buildings maintain their main functions and for that 

reason, their structural safety should be a concern.  

 

2. “GAIOLEIROS” BUILDINGS 

2.1. HISTORICAL SURVEY 

The “Gaioleiros” buildings, also known as “prédios de rendimento” (“houses for renting”), are 

structures of low quality construction which appeared at the end of the 1870 decade as a 

response to the urgent urban expansion of the city of Lisbon. Nowadays, these buildings 

represent a large part of the masonry constructions of the stock of buildings in the city and 

therefore they are a part of the human heritage that should be preserved. 

Seismic vulnerability is a concerning issue due to the potential danger that these buildings 

represent in face of seismic actions once their design didn’t take these actions into account. 

Some of the “Gaioleiros” are not well conserved; others, that appear to be well conserved, either 

maintain their weak structure either present a weaker one due to inadequate rehabilitation 

interventions in the past. To the common eye, the aesthetics component can be deceived and 

therefore small conservation interventions can be mistaken with a structural rehabilitation. For 

residents in these buildings this should be a concerning matter if they were aware of the high risk 

that they represent. 
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2.2. DESCRIPTION OF THE STUDY CASE: THE “GAIOLEIRO” BUILDING  

The building chosen for the present study case was a 

well-preserved “Gaioleiro”, as shown in Fig. 1, located at 

the Almirante Reis Avenue. The selected building has a 

plan size of 16,5x15 m2 and it is 20 meters height.  

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 structure named “gaiola”.  

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.   

 

3. NUMERICAL MODEL AND METHODOLOGY OF ANALYSIS 

A 3-D model structure was made using the most modern commercial technologies to simulate the 

linear dynamic behaviour [SAP2000®]. The building components were considered as frame elements 

with geometrical characteristics taken from the design and mechanical properties from consulted 

bibliography, see table 1 and 2. The masses were estimated from material weights and existing live 

loads. Exterior-lateral walls were modelled by frame elements, as referred, though some rigid 

secondary elements had to be used in order to guaranty the “real” behaviour of these walls. Since 

the wooden floors don’t behave as rigid diaphragms all its elements were modelled element by 

element. Having no means to acquire the soil elastic properties, fixed points were used to represent 

the building foundations. At last, the roof, balconies and emergency stairs were accounted for 

indirectly by means of their loads. 

MATERIAL 
YOUNG’S MODULUS    

E (MPA) 
POISSON COEFFICIENT     

ν 
REFERENCES 

AVERAGE QUALITY 600 [CARDOSO, 2002] 
MASONRY 

HIGH QUALITY 4000 [CARDOSO, 2002] 

BRICK 3200 [TABELAS TÉCNICAS, 2006] 

TIMBER 8000 

0,2 

[CARDOSO, 2002] 

Table 1 – Material Properties. 
 

 

Fig. 1 – Study case: Building nº197  
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MATERIAL 
comp
rupσ (MPA) 

traction
rupσ (MPA) ττττ rup (MPA) REFERENCES 

AVERAGE QUALITY 0,9 -0,1 0,10 [PROENÇA, 2007] 
MASONRY 

HIGH QUALITY 8 -0,2 0,40 [PROENÇA, 2007] 

BRICK 5 -0,1 0,20 [PROENÇA, 2007] 

Table 2 – Material Mechanical Properties. 
 

The model was then calibrated considering the first natural frequency 

of the building in each orthogonal direction using a technique of in-situ 

measurement at the top floor. Subsequently, static and dynamic 

analyses where made according to the standard Portuguese Code, 

[RSA, 1985], concerning the dead loads and the seismic action. The 

seismic action was based on the response acceleration spectrum also 

defined in the mentioned code, acting along the two horizontal 

directions. 

The dynamic analysis was performed using an iterative process in order to obtain results for different 

seismic coefficients values providing a more detailed study.  

After the referred analysis and according to the adopted reinforcement solution, described in the 

following chapters, a new numerical model was assembled and run for the different scenarios. The 

aim was to assess the efficiency of each strengthening scenario by comparing the results obtained 

before and after reinforcement. 

 
4. STRUCTURAL REINFORCEMENT   

With the purpose of reinforce and adapt these type of buildings to the requirements of current codes 

some seismic strengthening solutions were analysed. The preservation of the original and distinct 

appearance was the main criteria in choosing the solution that consists in the application of 

reinforced plaster incorporating a steel mesh.  

The first step was to represent this specific strengthening technique on the three-dimensional model 

for different possible scenarios where each one represents a different group of reinforced elements. 

Afterwards, a dynamic analysis is made for each scenario and the result is again obtained for the 

different values of the seismic coefficient. Based on the results, a comparison is made in order to 

determine which solution offers the best performance for a certain value of the seismic coefficient. 

The following pictures of the reinforcement of a house in Faial Island damaged by the 1998 Azores 

earthquake illustrate the application of the proposed solution, see figures 3, 4 and 5. 

                         

Fig. 3, 4 and 5 – Application of reinforced plaster incorporating a steel mesh. 

The next chapter contemplates the results achieved for the reinforcement solution suggested. 

 

Fig. 2 – View of the 3D model. 
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5. RESULTS 

In the current chapter a summary of the results referring to the different analysis made along the 

assignment is shown. 

 
5.1. NATURAL PERIODS AND FREQUENCIES  

From the 3-D model structure frequencies and natural periods were obtained; first, for the 

building isolated; afterwards, for the building with two similar buildings in each adjacent side to 

simulate the surrounding conditions; and at last for the isolated building after reinforcement, see 

tables 3, 4 and 5. 

� ISOLATED BUILDING 

PERIOD FREQUENCY, F FREQUENCY, P EIGENVALUE 
MODE 

(seconds) (Hz) (rad/sec) (rad2/sec2) 

1 0,352 2,839 17,84 318,2 

2 0,266 3,757 23,60 557,1 

3 0,220 4,548 28,58 816,6 

4 0,119 8,427 52,95 2803,5 

5 0,110 9,071 57,00 3248,6 

6 0,097 10,265 64,50 4159,7 

7 0,081 12,271 77,10 5944,9 

8 0,078 12,886 80,97 6555,7 

9 0,076 13,131 82,51 6807,4 

10 0,075 13,320 83,69 7004,6 

11 0,074 13,438 84,43 7128,6 

12 0,073 13,670 85,89 7377,5 

Table 3 – Natural periods and frequencies computed with the numerical model – Isolated Building. 

� BUILDING WITH SURROUNDINGS’ – 3 BUILDINGS 

PERIOD FREQUENCY, F FREQUENCY, P EIGENVALUE 
MODE 

(seconds) (Hz) (rad/sec) (rad2/sec2) 

1 0,327 3,061 19,23 369,9 

2 0,282 3,551 22,31 497,9 

3 0,257 3,895 24,48 599,1 

4 0,180 5,566 34,97 1223,0 

5 0,150 6,669 41,90 1755,7 

6 0,126 7,930 49,83 2482,6 

7 0,104 9,612 60,39 3647,4 

8 0,100 10,029 63,02 3970,9 

9 0,097 10,331 64,91 4213,4 

10 0,093 10,730 67,42 4545,2 

11 0,090 11,124 69,90 4885,3 

12 0,087 11,552 72,58 5268,3 

Table 4 – Natural periods and frequencies computed with the numerical model – 3 Buildings. 
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� REINFORCED ISOLATED BUILDING  

  FREQUENCIES MODAL PARTICIPATING MASS RATIOS 

REINFORCEMENT 
SCENARIO 

MODE f (Hz) Ux (%) Uy (%) 

1º MODE 2,84 64,6 0,0 
2º MODE 3,76 0,0 67,5 NO REINFORCEMENT 

3º MODE 4,55 0,0 0,0 
1º MODE 2,84 64,8 0,0 
2º MODE 4,86 0,0 68,8 

LATERAL-EXTERIOR 
WALLS 

3º MODE 5,52 0,0 0,0 
1º MODE 3,14 64,8 0,0 
2º MODE 4,06 0,0 66,8 CENTRAL WALLS 

3º MODE 4,61 0,1 0,0 
1º MODE 3,15 64,9 0,0 
2º MODE 5,13 0,0 68,0 

LATERAL-EXTERIOR 
AND  

CENTRAL WALLS 3º MODE 5,56 0,0 0,0 

Table 5 − Comparison of the frequencies and modal participating mass ratios obtained for the different 
scenarios – Isolated Building. 

 
5.2. STATIC ANALYSIS 

According to table 6 it can be said that, in a general way, the building verifies the safety as the 

dead loads are concerned, only 15% of the elements have traction problems. 

PERCENTAGE OF ELEMENTS WHICH DO NOT  
VERIFY THE SAFETY TO THE DEAD LOADS

1
 

σ Compression  σ Traction  ζ  Shear  

0% 15% 0% 

Table 6 − Percentage of elements, which do not verify the safety to the dead loads according to the current 
Portuguese Code – Isolated Building. 

 
5.3. DYNAMIC ANALYSIS 

In relation to the dynamic response, the results confirm the doubts before mentioned, see table 

7; the building does not verify the safety regarding the seismic actions, according to the current 

Portuguese Code. In addition, if adopted a seismic coefficient of 1,5 as the Code recommends, 

almost all elements fail the safety criteria.     

 
PERCENTAGE OF ELEMENTS WHICH DO NOT  

VERIFY THE SAFETY TO THE SEISMIC ACTION – TYPE 1
1 

SEISMIC COEFFICIENT σ Compression  σ Traction  ζ Shear  

0,25 1% 38% 0% 
0,50 2% 54% 3% 
0,75 5% 71% 10% 

1,00 6% 82% 22% 

1,50 8% 94% 28% 

Table 7 − Percentage of elements, which do not verify the safety to the seismic action – type 1, according to the 
Portuguese Code, for the different values of the seismic coefficient – Isolated Building.  

 

                                                 
1 According to the Portuguese Code, [RSA, 1985]. 
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5.3.1. REINFORCED BUILDING  

  
PERCENTAGE OF ELEMENTS WHICH 
DON’T VERIFY THE SAFETY TO THE 

SEISMIC ACTION – TYPE 1
1
 

PERCENTAGE OF IMPROVEMENT 
AFTER REINFORCEMENT 

REINFORCEMENT 
SCENARIO 

SEISMIC 
COEFFICIENT 

σcomp. σ traction  ζ Shear      σcomp. σ traction  ζ Shear     

0,25 1 38 0 - - - 
0,50 2 54 3 - - - 
0,75 5 71 10 - - - 
1,00 6 82 22 - - - 

NO REINFORCEMENT 

1,50 8 94 28 - - - 
0,25 1 35 0 0 2 0 
0,50 2 48 0 0 6 3 
0,75 4 56 0 2 15 10 
1,00 5 61 0 2 21 22 

LATERAL-EXTERIOR 
WALLS 

1,50 7 65 0 1 30 28 
0,25 2 17 0 -1 20 0 
0,50 5 31 2 -3 23 2 
0,75 7 47 9 -1 24 1 
1,00 8 62 16 -2 20 6 

CENTRAL WALLS 

1,50 10 75 26 -3 19 3 
0,25 1 16 0 0 22 0 
0,50 4 28 0 -1 25 3 
0,75 5 35 0 0 36 10 
1,00 7 40 0 0 42 22 

LATERAL-EXTERIOR 
AND  

CENTRAL WALLS 

1,50 8 46 0 0 48 28 

Table 8 − Comparison of the results obtained for the different reinforcement scenarios and for the variation of 
the seismic coefficient – Isolated Building. 

According to the previous table, see table 8, 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.    

To establish an idea of the costs involved on the implementation of the suggested intervention a 

budget was also elaborated, see table 9.  

REINFORCEMENT BUDGET  

DESCRIPTION UNIT (UN) PRICE (€/UN) 

ELIMINATION OF CURRENT PLASTER m2 3,5 

APPLICATION OF STEEL SUPPORTS un 17,0 

APPLICATION OF STEEL MESH m2 2,0 

PROJECTION OF REINFORCED PLASTER m2 8,0 / 14,0 

PAINTING m2 3,5 

 TOTAL 34 / 40 
Table 9 − Budget for the Reinforcement: application of reinforced plaster incorporating a steel mesh.  

Considering the area of intervention and the values of the previous budget, the total price for the 

different scenarios of reinforcement is, see table 10:  

DESCRIPTION TOTAL PRICE (€) PRICE PER APARTMENT (€) 

REINFORCEMENT OF THE EXTERIOR-LATERAL WALLS 14 892  /  17 520 1 489,2  /  1 752,0 

REINFORCEMENT OF THE CENTRAL WALLS 61 166  /  71 960 6 116,6  /  7 196,0 

REINFORCEMENT OF THE EXTERIOR-LATERAL AND WALLS 76 058  /  89 480 7 605,8  /  8 948,0 
Table 10 − Final Budget for the Reinforcement: application of reinforced plaster incorporating a steel mesh for 

the different scenarios. 
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6. DISCUSSION 

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, as it is referred on the current Portuguese Code, the seismic action type 1 

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 on a significant percentage of the elements, 

depending on the coefficient seismic factor adopted. This is a comprehensive result once the design 

of this type of buildings didn’t take the seismic action in to account.  

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. 

 

7. CONCLUSIONS 

As we have experienced along History, during violent earthquakes, humans’ losses, social and 

economical, 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 

performance 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” integrate this group of structures in risk. Some, besides their degraded state do not 

assure the inability conditions required; 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 grounded 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 susceptibility. 
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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.   

The knowledge we have accomplished 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.     

 

8.  RECOMMENDATIONS FOR FUTURE DEVELOPMENTS 

For future developments, it is imperative to emphasise the importance of a more precise 

characterization of the structural materials by means of inspection techniques and in-situ testing that 

allow a description in terms of their geometry, strength and stiffness parameters.   

Although some bibliography is available on this matter as material properties are concerned they 

might not correspond exactly with the materials of the “gaioleiros” buildings once it’s known that their 

quality is rather low but not in a countable way. 

The foundation elements in the three-dimensional numerical model were simulated as fixed points, 

as mentioned before. For a more accurate modelling, elastic supports should be used and therefore 

the elastic parameters must be estimated.  

It would be also interesting to complement the present assignment with a non-linear analysis for a 

deeper knowledge of the “gaioleiros” buildings. 

For more detailed solutions of strengthening and repairing damage structures is recommended to 

look up in Regras Gerais de Reabilitação e Reconstrução de Edifícios Corrente Afectados pela Crise 

Sísmica do Faial, Pico e S. Jorge iniciado pelo Sismo de 9 de Julho de 1998 from the Regional 

Laboratory of Civil Engineering. [LREC, 1998]  
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