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ABSTRACT 
The Portuguese seismicity, as well as the seismic loading code provisions, is briefly described.

Also made is an overview of the use of the systems for seismic protection in Portugal, which have been used almost solely in bridges and viaducts.

An assessment of the main R&D activities related to the use of Seismic Isolation and Energy Dissipation Systems in Portugal is made.

Based on a survey answered by some of the main structural designers, an overview of the use of the protection systems is carried out. This survey intends to perform:

The analysis of the most significant and emblematic cases of structures using such systems; the characterization of the protected structures; the characterization of the utilized systems; the analysis of the temporal evolution of the number of structures utilising seismic protection; an analysis of the typologies of the used devices as related to the protected structural systems.
The results of the analysis of the survey data show the range of applicability of seismic protection systems and the main tendencies in the utilization of the protection systems.
Finally, a brief description of the use of base isolation for a hospital in Lisbon is made.

1. THE PORTUGUESE SEISMICITY AND SEISMIC REGULATIONS

1.1. The Portuguese Seismicity

The continental part of the Portuguese territory is a zone of medium to high seismicity that has been acted by strong earthquakes in the past.

  The territory is subjected to two different types of earthquakes generated in two different zones.

  The first corresponds to the boundary between the African and the Euro-Asiatic plates (interplate seismicity) and is capable of generating large magnitude (M(8.5) earthquakes. These seismic sources are located offshore, south and southwest of Algarve and exhibit a large seismic activity. The epicentral distances to the shoreline vary between one hundred and three hundred kilometres. 

  This zone has generated very large earthquakes, as is the case of the 1755 Great Lisbon Earthquake that caused the destruction of Lisbon, many towns in the southern part of Portugal, north Morocco and caused serious damage in southern Spain.

  The second zone corresponds to seismic sources located inland (intraplate seismicity), capable of generating smaller, but still significant magnitudes (M(7.0). The most important inland seismic sources are also located in the southern part of the territory, as is the case of the lower Tagus valley, near the town of Lisbon. In this zone there are also reports of important historical earthquakes, as one in 1531, that also affected the town of Lisbon and the last one in 1909, in Benavente, with the epicentre around 40 km from Lisbon.

  Figure 1 shows the catalogue of seismic events in the western zone of the Iberian Peninsula that include historical earthquakes and instrumentally registered earthquakes since around 1900.

[image: image20.jpg]


 
Figure 1 Catalogue of historical and instrumentally registered earthquakes in continental Portugal (Martins and Mendes Víctor, 2001) 
1.2. Portuguese Regulations for Seismic Design

The first Portuguese rules for seismic design of structures go back to the reconstruction period following the 1755 Lisbon earthquake, when some new concepts of structural resistance to earthquake loading were tested and implemented.

  But it was in 1958 that the first explicit regulation for seismic design was introduced in Portugal. A new code was implemented in 1961 and, in 1984, the current Portuguese code for Safety and Actions for Building and Bridge Structures (RSA) was published. Today, like other European countries, Portugal is in a transition period from the existing national code (RSA) to the Eurocode 8 provisions. A national annex for the application of Eurocode already exists for a previous EC8 version and is currently under revision to be soon available. In what regards special provisions for the use of protective systems for seismic actions, Portugal does not have specific regulations.

  With the introduction of EC8 and given the need to produce a national annex of EC8 it was deemed to conduct a revision of the seismic loading.

  Reflecting the two types of seismic sources (interplate and intraplate), two different zonings will be included in the Portuguese annex of EC8, as shown in Fig. 2. This zoning reflects the proposals made by the Portuguese Group in charge of producing the EC8 annex, based on work conducted at LNEC, Lisbon.

[image: image2.wmf] 

3

 

Zonas

 

2

 

1

 

4

 

5

 

 [image: image3.emf] 

Zonas

1

2

3


Figure 2 Seismic zones of the continental Portuguese territory

(Left - Interplate earthquakes; Right - Intraplate earthquakes)
Figure 3 displays the spectra for both seismic actions (interplate and intraplate) according to the two regulations (EC8 and RSA). For the sake of comparison the RSA spectral ordinates are already multiplied by a factor of 1.5 given that for the combination involving the seismic loading RSA imposes a magnification factor equal to 1.5 for the seismic load effects.

  Comparing, for the most severe seismic zone, the seismic action defined in the previous code (RSA) and the one foreseen for EC8, it can be noticed that there will be a significant increase for the intermediate period spectral range (0.5 to 2.0 sec.). Also, for softer soils, this increase will be more significant.

  Given this increase for the typical values of the natural frequencies of bridges and viaducts and the greater probability of being built in soft soil conditions, it can be anticipated that, at least in what regards this type of structures, there will be additional advantages in the use of protective systems for seismic actions, as compared with today’s situation.
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Figure 3 Response Spectra according to the Portuguese regulations

EC8 and RSA; Seismic action 1 – Interplate and seismic action 2 - Intraplate
2. THE USE OF PROTECTIVE SYSTEMS IN PORTUGAL

There are, in Portugal, two completely different realities regarding the use of protective systems for seismic loading. 

  In what regards buildings, only very recently was designed and built the first building having an isolation system. This building, a hospital in Lisbon, is still the only building in Portugal that uses a protective system for earthquake loading. Other building has been designed but waits construction.

  On the contrary, in what regards bridges and viaducts, it can be said that, in our days, there are few designed in the southern part of Portugal that do not use some kind of seismic protection.

  There are many possible reasons for that fact. The main ones are probably the easiness of application of such devices in bridges and viaducts, the willingness of the infrastructures’ owners and designers to use the systems, some obtained cost reduction and the relative reduced number and overall greater expertise of the bridge designers as compared to building designers, which also was capable of generating a good practice attitude in the class.

  The use of devices that were later conceived as seismic protection systems in bridges and viaducts started in the late sixties and consisted on the introduction of rubber bearings, substituting the former use of rollers and lead bearings. The rubber bearings were initially utilized to introduce flexible connections to the abutments and were often utilized in conjunction with Teflon bearings installed in some zones of the structure. Although not specifically conceived as seismic protective devices, there was already some seismic reasoning behind some of the adopted solutions.

  In the early seventies a new concept was introduced, where isolation systems were utilized together with fuse type devices connecting the superstructure to the abutments, aiming at freeing the structure whenever the internal forces generated by an earthquake exceeded a certain preset value.

  In other cases, the opposite was envisaged, inserting purely viscous systems, typically shock absorbers, allowing the structure to be free for thermal actions and locking the structure for seismic loading, adopting a traditional approach for the resistance to seismic loading.

  In the early eighties rubber bearings were utilized aiming at diminishing the structure’s natural frequency of vibration, still without adopting the today’s comprehensive concept of base isolation that was latter implemented when the high damping rubber bearing solutions became available. Also in this period there were some applications of rubber blocks that worked as shock absorbers for longitudinal response. Ingenious solutions were conceived to allow the rubber blocks to always work on compression for both directions of the seismic motion.

  Still during the eighties, and in conformity with the need to have larger spans, there was an increasing tendency to extensively use pot bearings, not as seismic protection devices but associated with seismic protection solutions. The first solutions involving elasto-plastic devices were implemented. 

  In the last decade of the 20th century there was a fast growth in the use of protective devices and together with an extensive use of HDRBs, viscous and hysteretic solutions were spread utilized for the first time.

  Also for the first time, purely base isolated solutions, with the deck supported only in rubber bearings, were conceived and implemented.

  The last years of the 20th century corresponded to a boom in the construction of bridges and viaducts and important transportation infrastructures were built, as is the case of the Vasco da Gama Bridge and viaducts at the crossing of the Tagus River, in Lisbon.

  In our days, most of the bridges and viaducts built in the most active seismic zones use some kind of seismic protection, mainly using dissipative devices, with the viscous dampers being the most widely used systems.

  Apart from the general tendencies already described, there is not a specific trend in the use of protective systems.

  It is clear that the evolution in the adopted systems followed their availability in the market, as well as the evolution of their costs.

  Some designers conceived their own systems, according to the objectives of their design (either force or displacement control), but most of them adopted commercial solutions presented by a limited number of producers.
3. R&D ON SEISMIC PROTECTION SYSTEMS

ICIST-IST has had a pioneer and leading role in the R&D activities in the field of seismic protection systems in Portugal.

  This activity started approximately twenty years ago by the efforts of the first two authors of this communication and has since then been fully embraced by the second author, who submitted the first Ph. D. dissertation in this field in the Portuguese Universities.

  The research efforts started with applications of base isolation systems focused on the numerical simulation of the isolated structural systems behaviour, with a special emphasis on the assessment of their nonlinear behaviour. With time, the research objectives also included the analysis of other protective systems, namely viscous and hysteretic dampers. More recently, applications of semi-active systems to buildings and bridges were also part of the research efforts (Guerreiro and Oliveira, 2004).

  The group has participated in several national and international research projects, namely the following EU projects:

· REEDS –analysing the use of viscous and hysteretic systems to bridge structures;

· ISTECH – performing the numerical modelling of applications of Shape Memory Alloy devices to monumental structures (Azevedo et. al., 2000);

· ECOEST 2 – participating in shaking table tests and developing a numerical simulation of the behaviour of rolling-ball systems (Guerreiro, et. al., 2007);

· LESSLOSS – applying the “Displacement Base Design” methodology to the analysis of buildings retrofitted by means of base isolation;

· COVICOCEPAD – developing control algorithms for semi-active systems in a project financed by the European Science Foundation Collaborative Research.

  In this field, some ongoing research projects leading to Ph. D. dissertations include: enhancement of the dynamic behaviour of bridge structures through the use of passive and semi-active protective systems; assessment of the use of energy dissipation systems on building and; use of partial seismic isolation systems in the design of bridge structures.

  Other topics that have been studied in research projects are: dynamic analysis of bridge structures with viscous dampers (Guerreiro et. al., 2000) (Guerreiro and Jerónimo, 2002); seismic protection of bridges with semi-active systems and; seismic isolation of masonry structures.

  The results of the research activity have been published in papers in some scientific journals on earthquake engineering as well as on the World and European Conferences on Earthquake Engineering, the Post-Smirt Seminars and Conferences on Structural Control.
  The research carried out by other Portuguese institutions in this field of seismic protection systems has been limited. LNEC has conducted some shaking table tests of building structures with energy dissipation devices and FEUP has done some work on the passive and active control of vibrations in pedestrian bridges.

4. APPLICATIONS ON BRIDGES AND VIADUCTS

It was one of the goals of this paper to make a profile of the use of seismic protection systems in Portugal. For that purpose twenty-four Portuguese design offices were contacted asking for information regarding the design of seismically protected structures. Given the fact that only six of the design offices provided useful information, it was difficult to pursue the initial objectives. Nevertheless some practical information could be obtained and some trends in the use of protective systems could be inferred.

  The enquiry that was given to the designers asked for the geometric characteristics (length, spans, peers’ heights, deck mass) and the relevant dynamic characteristics of the structures. It also asked for their location (seismic zone) and local soil conditions. Finally it asked for information regarding the type of seismic protection system used (if any) and the characteristics of the system (base isolation, viscous damper, hysteretic damper and others) for both directions of the structure (longitudinal and transversal).

  The data base that became available by means of this enquiry is very limited and not at all representative of the number of existing protected structures, but still can give some insight about general tendencies. The data base has information (often quite incomplete) about ### bridges and viaducts and correspond to designs made between 1995 and 2004.

  As general observations it can be said that the majority of the cases corresponds to structures located in seismic zones 1 and 2, thus the most severe ones, that in those zones there are few structures designed without protection systems, and it shows that, at least for large structures, it is almost inevitable to use protection devices. Also, some of the contacted design offices that do most or the totality of their design in the northern part of Portugal (zones 3 and 4) referred that for that reason they do not use seismic protection systems. There are anyway, several cases of bridges using such systems even in those seismic zones.

  Another general observation is that, at the beginning of the reporting period (in 1995), the designers that incorporated protection devices mostly used HDRBs and that there are no reports of structures having full base isolation solutions, although the authors are aware that a few cases exist, at least previously to 1995. In our days, the tendency seems to be the use of viscous and hysteretic dampers.

  The observation of the data base allowed #####

###

  Some examples of bridges and viaducts incorporating seismic protection devices is presented.

  One of the most well known bridges in Portugal is the Vasco da Gama Bridge in Lisbon. It is a cable-stayed bridge with a central span about 420m prolonged on both sides by three additional spans for a total length of about 830m. The north viaduct with about 1.2 km and the central and south viaducts with around 10.4 km, make an almost 13 km long crossing over the Tagus River.

  In terms of seismic protection, in the bridge, hysteretic dampers were installed connecting the deck to the peers, as can be seen in figure 4 (Branco, et. al., 2000).

[image: image7.jpg]


 [image: image8.jpg]



Figure 4 Vasco da Gama Bridge 

(Hysteretic dampers connecting the deck to the piers; Close view of the dampers)
Another cable-stayed bridge near Santarém (Figure 5), designed in 1995, adopted a solution with 44 longitudinal and 48 transversal HDRBs located at the piers.
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Figure 5 Salgueiro Maia Bridge in Santarém (HDRBs)
The Loureiro Viaduct (Figure 6), a 2001 design, incorporated viscous dampers (=0.15) in the abutment’s connections.
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Figure 6 Loureiro Viaduct (Viscous Dampers)
The Real Viaduct design, from 2003, adopted a shock absorbers solution with the devices connected to the sliding bearings and to the peers in the central zone.
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Figure 7 Real Viaduct (Shock absorbers)
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Figure 8 Viaduct over Ribeira da Laje and Rio Grande da Pipa (Viscous dampers)
5. HOSPITAL APPLICATION

Hospitals are one of the types of building that should remain operational after a strong earthquake in order to guarantee the emergency support. As a consequence, in the design of hospitals, or other emergency buildings, the main objective must be the preservation of the building itself as well as its content in order to avoid the disruption of the emergency services. 

  With these objectives in mind, a new healthcare facility was created in Lisbon, incorporating, for the first time in Portugal, a base isolation system in a building structure (Guerreiro et. al, 2005).  

  The building complex is composed by two independent structures, one being the hospital and the other a senior’s residence (Figure 9).

  The Hospital and Residence complex is promoted by the Espírito Santo Group. The author of the architecture design project is the “Risco” office and the structure and foundation were designed by “STA – Consultores”. ICIST-IST was the consultant for the isolating system design.
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Figure 9 “Hospital da Luz” (on right) and Senior’s Residence.
The Hospital building is composed by an almost square base, with plan dimensions of 110 x 110 m2, and six stories height (from level -3 to level 2) with two rectangular blocks of three stories disposed along two edges of the square base.

  The square base has an intermediate level, below level -1, where the base isolation devices are located. With this solution only the part of the building situated over level -1 is isolated. The structure of level -3 and -2 moves together with the foundation soil. This solution allows the use of the lower level slabs for the support of the peripheral retaining walls (Figure 10).
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Figure 10 Longitudinal section of the Hospital building.
The isolation system is placed, in general, below the level -1, with some local exceptions. One of the exceptions is associated with the base of the elevators. In these cases the isolation system is placed in the -3 level. Cylindrical High Damping Rubber Bearings (HDRB) produced by FIP Industriale composes the isolation system. The isolators have diameters between 400 and 900 mm, and are made with two different rubber compounds, one with shear modulus G=0.8 MPa and the other with shear modulus G=1.4 MPa.

  The Residence building is composed by a rectangular base, with plan dimensions of 55 x 110 m2, and four stories height (from level -1 to level 2) with two rectangular blocks of three stories disposed along the smaller edges of the rectangle.

  At the lower levels the slabs are covering all the area except in a small area at the centre, which is to be used by a garden. All the building is base isolated except the garden area. In this building there are no retaining walls, so the isolating system is placed at the base of the structure.

  As mentioned before the isolation system is placed below the level -1, and is composed by cylindrical HDRB with diameters between 400 and 900 mm, and are made with a rubber compound with G=1.4 MPa.
6. CONCLUSIONS
Conclusions should state concisely the most important propositions of the paper, as well as the author’s views of the practical applications of the results.
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