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ABSTRACT 

The application of seismic isolation for new buildings is quite easy and almost always possible. It is also economically convenient, at least in medium and high seismicity areas both for reinforced concrete buildings and masonry buildings. Actually, the real challenge of seismic isolation is protection of existing buildings, especially in countries where maintenance of old structures is an important issue. It is worth reminding that, when using base isolation, the period of vibration can be chosen so as to allow input of low spectral amplitude, while the superstructure remains substantially in the elastic range. This possibility also allows for limiting or even avoiding the conventional retrofit intervention in the superstructure. In this paper the design issues for the application of base isolation in the retrofit of existing buildings are first discussed for the two cases of reinforced concrete and masonry buildings. These refer to the positioning of the isolation devices in plan and elevation and the transferring of the vertical actions during the building phases. Then the most relevant applications in Italy for existing reinforced concrete and masonry buildings are also shown. Finally, an isolation system is presented, which was set up for cultural heritage structures but is very suitable also for industrial plants. 
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1. INTRODUCTION 

With seismic isolation we increase the fundamental period of vibration of a building so that accelerations in the superstructure are reduced significantly. On the contrary, the displacements increase with the vibration period, but these are concentrated at the base of the building, while the superstructure behaves almost like a rigid body (Skinner et al 1993, Naeim & Kelly 1999). In this way, we can reach a very high level of safety, which cannot be obtained with conventional techniques and the design of Zero Earthquake-Damage Buildings is possible (Clemente et al 2018). 
The number of structures protected by seismic isolation is increasing all over the world and after the recent seismic events also in Italy (Clemente & Martelli 2019, Clemente & Martelli 2017). The very good performance of base isolated buildings has been demonstrated during strong earthquakes (Celebi 1996, Saito 2015, Zhou et al 2015, Matsuda et al 2012, Nagarajaiah & Sun 2000, Nagarajaiah & Sun 2001), while recent studies pointed out the features under low energy seismic events of isolation system composed by rubber bearing (Clemente et al 2019) and those of curved surface sliders (Saitta et al 2018). Anyway, the use of structural health monitoring systems is advisable, in order to improve our knowledge on the effective behaviour of isolation systems during earthquakes (Clemente 2017, Clemente et al 2017, Clemente et al 2016, Bongiovanni et al 2015, Martelli & Clemente 2015). 
Actually, the application of seismic isolation for new buildings is quite easy and almost always possible. It is also economically convenient, at least in medium and high seismicity areas both for reinforced concrete buildings (Clemente & Buffarini 2010) and masonry buildings (Clemente, Bontempi & Boccamazzo 2016). The real challenge of seismic isolation is protection of existing buildings, especially in countries where maintenance of old structures is an important issue. It is worth reminding that, when using base isolation, the period of vibration can be chosen so as to allow input of low spectral amplitude, while the superstructure remains in the elastic range. This possibility also allows for limiting or even avoiding the conventional retrofit intervention in the superstructure. 
In this paper the design issues for the application of base isolation in the retrofit of existing buildings are first discussed for the two cases of reinforced concrete and masonry buildings. These refer to the positioning of the isolation devices in plan and elevation and the transferring of the vertical actions. The most relevant applications in Italy for existing reinforced concrete and masonry buildings are also shown. Finally, an isolation system is presented, which was set up for cultural heritage structures but is very suitable also for industrial plants. 


2. APPLICATION OF SEISMIC ISOLATION TO EXISTING BUILDINGS  

The first issue to be addressed in the design of a seismically isolated building is the choice of placement of isolation devices in plan and elevation. For a new building, the most common solution is to arrange the isolators at the top of the first level, which is the basement, if present, or the ground floor (Figure 1). In the case of reinforced concrete buildings, it is obvious to provide an isolator under each column, in order to easily transfer the gravitational loads in service conditions. For masonry buildings, instead, an appropriate structure must be created, which should be able to transfer the distributed actions of the walls to the foundations through a system of discrete supports. This structure consists, usually, of a rigid deck above the seismic isolation system, able to support the superstructure, and a reinforced concrete framed structure, which supports the devices and transmits the loads to the foundations (Clemente et al 2019). 
It should be clarified that it is not necessary for the isolation devices to be all on the same horizontal plane; the fundamental requirements are that each of them is placed horizontally and that there is a continuous surface, the so called isolation interface, which passes through all the isolators without intersecting neither the superstructure nor the substructure. 
The choice of the isolator positioning must also take into account that they should be inspectable and replaceable. Moreover, the gap necessary between the superstructure and the ground and the nearby structures must be guaranteed. 
The problems mentioned above are, in general, easily addressed and solved for new buildings. It is not the same for existing buildings, designed with a fixed basis, for which also the following issues are to be considered: 
the intended use of the floor, which houses the interface; also for existing buildings, the interface tends to position as low as possible; 
the type and laying of foundations; 
the positioning and structural characteristics of the stairwell and elevator shaft; 
the proximity of other buildings or other constraints adjacent to the building. 
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Figure 1. Isolation system (a) at the top and (b) at the base of the underground level.  


As in new buildings, it is advisable to place the isolation devices at the top of the columns or walls of the chosen floor, so as not to interfere with the functionality of the floor itself. An enlargement of the vertical structures could be necessary to contain the devices themselves and to ensure the required stiffness of the structural elements below the devices. This positioning also offers the advantage of exploiting the existing overlying floor as rigid diaphragm above the isolation interface. 
The horizontal joint resulting from this arrangement does not generally create problems with the main vertical structures but can interfere with the stair and elevator structures, for which particular measures must be adopted. Finally, with the isolators at the top of the vertical structures, the inspection and maintenance operations are simpler. 
The isolation devices could also be positioned at the base of the vertical structural elements at the chosen level. In this case, the rigid floor below the devices is guaranteed by the existing floor or foundations, while it could be necessary to provide a floor immediately above them or to stiffen the vertical elements above the isolation interface, alternatively. Furthermore, for the inspection it could be necessary to arrange trap doors close to the devices. 
One of the issues that characterise the intervention on existing buildings is the transfer of the load from the existing situation to the final one. This must take place through the use of temporary elements, to which the load can be transferred temporarily. The interruption of the vertical load transfer can happen: 
inside a single element, as in the case of cutting a pillar or a wall, 
between one element and another, as in the case of cutting between vertical elements and foundations, 
between the existing foundations and the ground, creating a new sub-foundation, or even between two new sub surfaces, the upper one connected to the superstructure, the other one below the ground. 
In all cases, the load is temporarily transferred from the structural element immediately above to the one immediately below the portion to be cut, through a suitable number of hydraulic jacks, put into loading in order to discharge totally the structural element to be interrupted or only its part to be cut. 
In the usual case of cutting the columns on the first level above the foundations, the jacks can be placed between the beams of the first deck and the foundations (Figure 2). Alternatively, in the case of isolators at the top of the structural elements of the chosen plane, the hydraulic jacks may find contrast above the superstructure and below on a suitable metal structure with a tie or shelf connected to the structural element itself, removable and reusable. If the isolators are at the foot of the columns of the first level, the jacks will be contrasted inferiorly on the foundation and on appropriate metal structures fixed to the column, which could also act as a support to the floor that could be built above the isolation interface. 
The loading of the isolation devices is usually done by means of flat jacks. The flat jack, which has the shape of a thin inflatable cushion, is usually inserted underneath the isolator and is injected with resin until the device is loaded. This solution avoids vertical sagging during the loading phase and also differential yielding between the various devices. 
Before analysing in details the interventions on the existing buildings, it is important to clarify that the concept of seismic retrofit is strictly connected to the definition of the seismic input according to the local technical code (Clemente et al. 2015). 
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Figure 2. Different deployments of the isolators and jacks.




3. RETROFIT OF REINFORCED CONCRETE BUILDINGS 

With reference to reinforced concrete buildings, there are mainly two types of interventions for placing the seismic isolation system. 
The first consists in the insertion of the devices between the existing foundations and new sub-foundations, which must be custom built. If the existing foundation is not structurally reliable, two new foundations should be built. This technique was used, for the first time in Western Europe, to a residential building in Latini Street at Fabriano (Figure 3), which suffered damage to non-structural elements during the 1997-98 Marche-Umbria seismic sequence. New plinths were built under the existing ones (each of them was supported by two piles) and the seismic isolation devices were inserted between the new and the existing plinths. The isolators were loaded using flat jacks injected with epoxy resin and finally the existing piles were cut, thus separating the old and the new plinths. This building, which is located in the area affected by the 2016-2017 seismic sequence in Central Italy, did not suffer any damage at all, contrary to other conventional buildings in the same area, which were also reconstructed after the 1997-98 Umbria and Marche seismic sequence (Clemente & Martelli 2019). 
Another possibility is to cut and eliminate a portion of the columns (and the walls, if any), and successively to insert the isolators. As in the case of new buildings, the best solution, when possible, is to insert the devices at the top of the columns of the lowest floor (the underground floor, if any). In this way, the floor above the isolators guarantees the horizontal stiffness required and the portions of the columns under the isolation devices can be enlarged to obtain the stiffness needed or just to support the isolators. This technique is more suitable and was used in several cases (Clemente & Martelli 2019). Among the first applications, we mention the Multifunctional Center at Rione Traiano in Naples, which has an asymmetric shape. It had been built before the 1980 Campano-Lucano earthquake, when the area was not classified as seismic, but it remained incomplete. The building was retrofitted in accordance with the new Italian seismic classification and technical code and completed in 2005, by inserting 630 HDRBs in the columns and in the outer walls, above the foundation level. A steel frame above the isolation interface was also inserted (Figure 4). 
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Figure 3. Vertical section of the reinforced concrete building in Latini Street in Fabriano before and after the insertion of base isolation (courtesy of G. Mancinelli). 
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Figure 4. Insertion of the isolator in a column of the Poly-functional Center at Rione Traiano, Naples (courtesy of ALGA).

The same technique was used also for the retrofit of two four-story reinforced concrete residential buildings in Solarino, Sicily (Oliveto et al 2004). Seismic action was not considered in the original design. Then, the building site was abandoned after the concrete skeleton and the perimeter and partition infilling walls had been completed. The short columns of the underground floor were used to insert the isolation devices. The new period of vibration is 2.35 s, and the maximum displacement is 141 mm. The intervention was completed in 2003 and the structure was subject to a release test with initial displacement similar to the design one. 
Seismic isolation has been largely used after L’Aquila earthquake also for retrofits. One of the most interesting interventions was that of the "Leonardo complex” in L'Aquila (Figure 5). The structure consists of three structurally independent buildings, resulting in an approximately "L-shaped" building, each with four stories above the ground and a basement. The two main lateral buildings are connected to the central one, which houses the elevator shaft. The supporting structure is made of reinforced concrete frames, with reinforced concrete and hollow tiles mixed floors. The foundations are made of concrete beams (70·70 cm). During the 2009 L’Aquila earthquake the structure exhibited widespread damage to the masonry infill walls, especially at the ground floor, with cracking at the joints due to hammering and limited capillary cracks at the joints of the reinforced concrete frame. A vulnerability analysis was first carried out, and then a retrofit intervention scheme based on the insertion of double concave, curved surface sliding isolators at the top of the basement columns was chosen. This technique limited the intervention to the lower floors, where large-scale repairs to the damaged infill walls were necessary anyway. The fundamental period of the structure was brought up to 2.75 s. The installation of the isolators required the following steps for each column (Castellano 2015): 
enlargement of the column at the basement and simultaneous preparation of ferrules to be used for the anchoring of the lower lifting steel brackets, and arrangement of recesses to be used for the lower anchorage of the isolator with dowels, 
core drilling of the upper part of the column and provision of the ferrules for the anchorage of the upper lifting brackets, 
installation of metal brackets and placement of hydraulic jacks to unload the part of the column to be removed, 
diamond wire cutting, removal of the segment of the column, and levelling of the lower surface, 
insertion of the metal brackets for the anchorage of the upper part of the isolator, 
insertion and screwing of the isolator and subsequent grouting of the anchors and the collar with anti-shrinkage cement mortar, 
removal of jacks and loading of the isolator. 
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Figure 5. Leonardo complex in L’Aquila. Insertion of an isolation device (courtesy of FIP Industriale). 

Among the other relevant applications, the following are worth mentioning: 
the residential building in Tigli Street at Pianola, L’Aquila (Figure 6), which had been severely damaged by the 2009 L’Aquila earthquake. The structure was composed of three blocks, which were first studied by means of experimental vibration analysis (Mancinelli et al 2011), in order to identify their dynamic characteristics. Then, the three blocks were joined at the first floor and 42 HDRBs and 62 SDs were inserted at the top of the columns just below the first floor and below the stairs (Buffarini et al 2011). An inspection carried out after the Central Italy earthquake of August 24th, 2016, (Mw = 6.0) showed that the building behaved very well; 
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Figure 6. The reinforced concrete buildings in Tigli Street at Pianola, L’Aquila (courtesy of FIP Industriale).

the Quasimodo School at Riposto, Catania, which was seismically isolated in 2009 by means of 33 HDRBs and 16 SDs. It was the first Italian application of seismic isolation in existing schools, with a retrofit cost of only 45 €/m3 (Figure 7); 
the IACP building at Calatabiano, Catania, built at the beginning of 1980s with a rectangular shape in plan (size 35.5m x 11.25m), three floors above the ground plus an underground floor. The carrying structure was composed of reinforced concrete frames and brick-concrete floors, and the foundation was a plate stiffened by a grid of beams. The structural elements were in very bad conditions, due to the carbonation of concrete and the steel corrosion. The retrofit was done by means of seismic isolators at the top of the columns at the underground floor. The columns of the underground floor were first enlarged, both to improve their strength and to allow the insertion of the devices, and additional beams were built just above the isolators. Next, thirty-three CSSs were used, the fundamental period is now 2.71 s, the maximum design displacement is 220 mm. 
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Figure 7. The school of Riposto, Catania (courtesy of FIP Industriale) 


4. RETROFIT OF MASONRY BUILDINGS 

Seismic isolation has been largely used after the L’Aquila earthquake for the retrofit of masonry buildings. The most interesting applications concern historic buildings, some of which are listed below. 
The Palazzo Ciuffini-Cricchi-Volpi is a masonry building located in the historical centre of L'Aquila, which was badly damaged by the 2009 earthquake, and then retrofitted with seismic isolation; specifically, 28 HDRBs (diameter = 550 mm, total rubber thickness = 105 mm) and 25 SDs were used. The choice of the isolation period was governed by the displacement, which had to be limited because of the presence of an adjacent building (Figure 8). The isolated period was 2.02 s and the maximum displacement 146 mm. The isolators were placed between two new sub-foundations made of reinforced concrete beams. 
The historical masonry building called “La Silvestrella” in L’Aquila was also seriously damaged by the 2009 L’Aquila earthquake. The structure had been built in the early years of the twentieth century and was kept in its original configuration, without changes or superfetation. Therefore, it represents an uncommon example of eclectic, fantastic, grotesque architecture. A traditional strengthening intervention, which respected its historical value and guaranteed a suitable safety level, was not possible in practice, so it was decided to use seismic isolation. The executive phases were the following. The superstructure was first consolidated and protected. Then, two sub-foundations were built, one above the other and the devices were places in between (Figure 9). The upper one consisted in continuous concrete beams, while the lower one was composed by plinths, which were successively connected by means of a reinforced concrete plate. The isolators were first connected to the upper sub-foundation, where suitable steel elements had been previously positioned. Then jacks were positioned under them, which allowed loading the isolators, by means of injection of epoxy resin. A steel floor above the isolation interface guaranteed the rigid connection, but also formed a new floor. Finally, 25 HDRBs (diameter = 450 mm, total rubber thickness = 126 mm, damping ratio = 13%) and 23 SDs were used, yielding a fundamental period of 2.35 s and a maximum displacement of 300 mm (Mezzi et al 2015); 
The so-called “Emiciclo building” in L’Aquila, which is the main branch of the Abruzzo Region Council (Figure 10); the building was seismically isolated by means of 61 HDRBs and 47 SDs, which allow a maximum displacement if 300 mm. 
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Figure 8. View of Palazzo Ciuffini-Cricchi-Volpi, L’Aquila, and a HDRB (courtesy of FIP Industriale and R. Vetturini).
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Figure 9. View of “La Silvestrella”, L’Aquila, and a HDRB (courtesy of FIP Industriale and R. Vetturini). 
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Figure 10. Emiciclo building at l’Aquila (courtesy of Somma and R. Vetturini). 

Two very interesting intervention regarded the Le Torri building in Mirandola and Palazzo Fagnoni at Florence. In both cases the existing building has been displaced from its previous position.
Le Torri building was built in 1971 at Mirandola, Northern Italy. It is irregular both in plan and elevation (Figure 11). The carrying structure is in reinforced concrete, with columns and beams. The building suffered low damage to the structural elements during the 2012 Emilia earthquake. Therefore, it was retrofitted by inserting a seismic isolation system. Before doing that it was uplifted according to the Soles Tech technique (Clemente et al 2012a, Clemente et al 2012b).  The technique is based on the construction of two reinforced concrete plates (Figure 12): 
a lower one resting on the foundation soil, or on piles if the ground does not have adequate mechanical characteristics or if the existing foundation is on piles, 
an upper plate connected to the beams or plinths of existing foundation. 
In the upper plate, some devices are placed and subsequently jacks are anchored to them. By contrasting the lower plate, these jacks allow the lifting of the upper plate and of the entire structure. Finally, the seismic isolation devices are placed between the two plates. Lifting takes place at a very low speed so as not to generate dynamic actions, in conditions of safety and with all the necessary checks. Special wells in the plates allow the inspection and the substitutability of the devices. The isolation system is composed by 27 HDRB with D = 500 mm and te = 114 mm, and 25 HDRB with D = 650 mm and te = 120 mm. In both cases, G = 0.45 MPa and  = 15%. Furthermore, 31 SD were used. 
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Figure 11. Le Torri building, Mirandola (courtesy of Soles Tech).  
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Figure 12. Construction of the lower and upper reinforced concrete plates (top) and uplifting of the building (bottom). 

Palazzo Fagnoni is composed of three blocks (Figure 13), two main blocks and another central one. They were structurally independent. Among several solutions, the seismic isolation with the devices placed at the base of the columns of the ground floor was chosen. In this way the operability of the building was guaranteed during the works as well as the preservation of the architectural characteristics. 
In order to realise the needed seismic joints between the blocks, an original solution was adopted for the first time in the world (designed by R. Marnetto). The isolators of the two main blocks were placed in a deformed configuration. The initial displacement was equal to the design seismic displacement (100 mm) and was guaranteed by means of particular metallic elements (Figure 14). These were eliminated and the new position of the two blocks reached. The isolation system is composed of 26 sliders and 22 HDRB with  = 16%. 
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Figure 13. Palazzo Fagnoni: plan view (courtesy of Somma). 
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Figure 14. Palazzo Fagnoni: insertion of the deformed isolators (courtesy of Somma). 

Among other applications which were not reconstructions after earthquakes, it is worth mentioning the civic tower in Rieti. The old covering was first demolished and substituted by a new concrete slab, not connected to the perimeter walls, but supported by a steel structure with elastomeric isolators at its base. Therefore, the seismically isolated covering was used as TMD at the top of the tower (Figure 15). 
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Figure 15. TMD at the top of the Civic Tower in Rieti (courtesy of Somma). 


5. CULTURAL HERITAGE BUILDINGS 

Seismic rehabilitation of historical constructions is an important issue, especially in countries like Italy where these are highly vulnerable even against moderate seismic events, but also because of the daily presence of numerous tourists. Traditional techniques are not suitable and an adequate rehabilitation should guarantee the preservation of the original monument characteristics, identity and historical value. Therefore, the use of new technologies, such as seismic isolation, is advisable. Actually, this technique has already been used for retrofitting historical buildings in countries like the USA, Japan and New Zealand. 
For seismic isolation of entire ancient buildings, a new system was developed, called “Seismic Isolation Structure for Existing Buildings” (Clemente et al 2011). It consists of an isolated platform to insert under the foundations of the building, without touching the building (Figure 16). A discontinuity between the foundations and the soil is created by inserting horizontal pipes and positioning the isolation devices at their horizontal diametric plane. In order to facilitate successive placement operations, the pieces of pipe have a particular shape and are composed by two portions, the lower and the upper cylindrical sectors, respectively, which are connected by means of removable elements. Then, the building is separated from the surrounding soil, in order to allow horizontal displacements during an earthquake. So the structure is seismically isolated, but not by means of interventions that could modify its architectural characteristics. Even the underground levels are not modified, but can be part of the seismically protected structure. 
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Figure 16. Seismic Isolation Structure for Existing Buildings. 

The construction phases are the following (Clemente & De Stefano 2011): 
a trench is first excavated of at one side of the building and pipes are inserted by means of pipe jacking; the diameter of pipes should be ≥ 2 m, in order to allow the inspection and, if necessary, the replacement of the isolators. 
the connection elements placed at the positions of the isolators are removed, each pipe is joined to the adjacent ones and the isolators are positioned. 
the remaining connection elements are removed, so that the lower and upper cylindrical sectors are definitely separated. 
finally, the vertical walls are built along the four sides of the building and the gap between them necessary for the seismic displacements. 
Stiffening of the soil should also be done, preferably before the isolation operation. As mentioned, the sizes of the pipes must guarantee the accessibility and the possibility of replacing the devices. It is worthwhile reminding that the solution presents the advantage that the building and its architectural aspects are not altered, and neither are the underground levels (Clemente et al 2012b). This is a very important requirement for historical and monumental structures. Two problems may arise during the micro-tunneling operations: soil settlement and vibrations induced at the surface level (De Stefano et al 2015). The literature on the vibrations induced by pipe jacking is not very large and often not pertinent. Some indications come from analogous experiences supplied by large tunneling works or from vertical boreholes. These suggest that minor threats should be expected from induced vibrations; however, further theoretical and experimental studies are needed. More serious problems may arise due to settlements. A specific analysis was carried out with reference to a case study for which the mechanical properties of the ground were known with sufficient accuracy. A two-dimensional finite-element model was set up and then utilized in Diana 2 environment. This technique is certainly useful for historic constructions, but also for complex and industrial buildings (Clemente et al 2012a). 


6. CONCLUSIONS 

Seismic isolation is a mature technique for the protection of structures against earthquake also for the retrofit of existing buildings. The design issues for the application of base isolation in existing buildings have been discussed in this paper, with particular reference to the positioning of the isolation devices in plan and elevation and the transferring of the vertical actions during the building phases. Then the most relevant applications in Italy have been shown, for reinforced concrete and masonry buildings. Finally, an isolation system has been presented, which was set up for cultural heritage structures but is very suitable also for industrial plants. 
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Welcome

On behalf of the Anti-Seismic Systems International Society (ASSISi) and the Russian
Assodiation for earthquake engineering and protection from natural and manmade

hazards (RAEE) we warmly invite you to join us in St. Petersburg, Russia, on 1-6 July 2019 for

the 16th World Conference on Seismic Isolation, Energy Dissipation and Active Vibration
Control of Structures.

We believe this conference presents a unique opportunity for sharing the
latest international earthquake engineering knowledge and we encourage you to start
planning your contributions and attendance at the conference.

Please note the key dates for abstractand paper submission. As the conference date
draws closer the website wil be updated with details of the keynote
speakers, programme and other conference activities.

At the same dates in the parallel session the Xill Russian National Conference on
Earthquake Engineering and Seismic Zoning will be held

We look forward to welcoming you allin St. Petersburg!

Important Dates

Abstract Submission Deadline - 01 december 2018
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