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Abstract 

One of the prevention methods that can reduce the losses and associated costs of 

seismic activity is the application of seismic protection systems that offer structures a better ability 

to resist seismic actions. One of those systems is base isolation, made of rubber blocks that can 

be inserted at the base of structures. As in every investment, there are initial costs, and there are 

benefits during or even in the final phases of the project. The application of this seismic protection 

system has acquisition and installation costs that lead to the belief that it’s a bad investment when 

purchasing these systems. The purpose of this thesis is to determinate a method to foresee the 

long-term benefits associated with base isolation use in a building structure. An analysis of the 

cost-benefit obtained by the use of these systems on two case studies. 

Keywords: Seismic; Base Isolation; Cost; Benefit. 

 

1 Introduction 

Earthquakes are a natural disaster that produces, every year, many deadly victims 

worldwide, as well as great economic losses not only linked to the destruction of housing stock, 

but also to the consequences of that destruction. It’s an unpredictable phenomenon, and, 

therefore, it is impossible to take anticipated measures. It is however possible to adopt 

precautions and safety actions. 

In 2009 Campos Costa (Campos Costa et al., 2009), concluded that, if a high magnitude 

earthquake was to happen in Lisbon metropolitan area, it would take 14% of the Portuguese 
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Gross Domestic Product only to repair the damages. Therefore, the purpose of the investigation 

is to evaluate the economic advantages of prevention measures, more specifically by introducing 

seismic protection systems in buildings. The methodology will be applied in buildings in Portugal 

mainland, and in the Azores (Santos, 2017). 

The aim is to determinate several benefits associated with the installation of seismic 

protection systems, such as the added value in insurance premiums that cover seismic risks in 

structures, as well as the difference between associated costs in repairing damages in structures 

with and without the seismic protection system. 

Base isolation was defined as the seismic protection system to be analysed. The aim is 

to determine a method to estimate the repair costs to structures submitted to a seismic action in 

each case. Besides the results for each case, the aim is to make it possible to apply the developed 

method to other case studies in a relatively simple and quick way. 

 A complete analysis to all the costs involved in this system’s installation will be 

undertaken. Moreover, a cost-benefit analysis to each case study will be made. This final analyses 

is performed as any other analysis on a possible investment that is, adding all of the costs values 

to all of the benefits values in order to attain a result. It is intended that all the obtained values will 

lead to a conclusion about the reason behind the analysis of each case study, in other words, to 

verify and justify possible investment in base isolation (Santos, 2017). 

1.1 Base isolation 

Introducing base isolation to a structure vulnerable to seismic activity is a constructive 

solution to resist this action. This system becomes part of the structure in order to reduce the 

effects of the seismic activity in the building. Therefore, the energy coming from horizontal 

acceleration of the ground is reduced to new accelerations imposed to the structure through the 

systems implanted in the structure. This reduction is made possible by a surface of discontinuity 

between the soil and the structure located in the structure’s base of the building (Santos, 2008). 

The idea is to reduce seismic effect in the structure instead of resisting it. 

Currently, there are more than ten thousand buildings in more than thirty countries with 

base isolation as seismic protection systems. Japan is the country that uses it the most, since 

more than 50% of the buildings with this particular system is located there (Giovannardi & 

Guisasola, 2016). The results are displayed in figure 1. 

Base isolation can be done through several types of sustaining equipment, nowadays, 

the most commons are elastomeric and pendular supports with friction surface. The system 

considered in the case studies analysis is the High Damping Rubber Bearings (HDRB). These 

are elastomeric blocks constituted by a high damping rubber, made from the combination of 

certain additives with the rubber properties (Guerreiro L., 2004). The difference between the 

rubber and the mixture is enough to increase the damping value in 10% to 20% (ξ). The equipment 

is reinforced with several steel plates interspersed by high damping rubber layers. This offers 
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greater vertical stiffness and prevents a greater vertical deformation, and, this way, the expansion 

is lateral. 

 

In Portugal, only two buildings were designed and built with base isolation system: the 

Hospital da Luz complex in Lisbon, and the Laboratório Regional de Veterinário dos Açores 

(LRVA) in Angra do Heroísmo. However, in these two Portuguese examples, the main reason for 

installing base isolation systems wasn’t investment or seismic protection. In Hospital da Luz, the 

main reason was to reduce the vibration from the exterior (the subway passes through nearby, 

and in the surrounding roads). In LRVA the reason was the existence of a high protection level to 

a risk of particles contamination in a certain space that didn’t allow cracks with very low value in 

the structured elements of the buildings. Being a country with a great historical seismic activity, 

the biggest example was the earthquake of 1755 that had many economic losses and damage to 

the structures, the low use of means and technological resources of seismic protection is 

incomprehensible. 

2 Methods 

The calculation of the reparation value to the damages to which a structure is subjected 

in case of an earthquake, can be taken into account in numerous solutions of reinforcement and 

protection, for this is the value that determinates the seismic risk of a structure. 

The LESSLOSS project, financed by the European Union, has allowed to develop and 

helped the ongoing LNEC projects with the subproject SP10 that has to do with scenarios of urban 

losses. This has allowed the development of a numerical algorithm that generates losses 

scenarios varying by many geographic factors (Campos Costa et al., 2009). The computing tool 

created in this subproject was called LNECloss, and it was an important instrument to the statistic 

determination of several scenarios of damages and reparation costs in urban areas.  

It was determined (LNEC, 2002) that the calculation of the damage’s reparation value 

had to do with the definition of several questions and important answers about the buildings, such 
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Figure 1 Number of buildings with base isolation in 2016 (adapted from Santos, 2017) 
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as: the group to which a building belongs to by its structural features, the building’s year, and the 

number of floors, overall, more than 49 typologies. After this, the building’s resistant capacity was 

quantified, that is, the point of cession and collapse. Then, there was a comparison between 

building’s capacity curves and the response capacity that defines the building’s maximum seismic 

answer capacity. Consequently, the damage’s state to a building’s response was qualified for 

each of the typologies. Then, the probability of exceedance of damage limits according to the 

building’s typology and the maximum response point of this building was determined. With these 

probabilities, it is possible to define the buildings’ representative fragility curves. Lastly, the 

damage reparation value was calculated according to the probability found. 

2.1 Seismic risk curves 

In order to estimate the damages found for each edification typology, it is necessary to 

determine the dynamic behaviour of a building under the effect of a seismic action, defined by 

capacity curves, in figure 2 an example of a structure’s capacity curves is represented. 

One of the parameters that define the yield points and last, that, in turn, define the 

capacity curves, are γ and λ. In other words, the over-resistance factor that relates the real yield 

capacity with the calculation capacity, and the over-resistance factor that relates the last capacity 

and the yielding capacity. 

 

The determination of structure damages, for each constructive typology, is produced from 

a probability distribution where the reaching or exceeding a certain level of damages probability 

and the seismic activity intensity are evaluated. (LNEC, 2002). At the damage level, the structural 

and non-structural damages that a structure may suffer is considered. According to Fema & Nibs 

(1999)’s methodology, in which the report 280/02 - G3ES do Laboratório Nacional de Engenharia 

Civil, (2002) was based, the distribution of several levels of damages is defined by: few damages 

or light damages, moderate damages, extensive damages or severe damages, and total 

damages. The damage state of a building is defined by the two damage limits it has suffered, that 

is, a building that is in a moderate damage level, is between the moderate and extensive damage. 

Figure 2 – Building capacity curve (adapted from Campos Costa et al., 2009) 
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It was necessary to include an extra category due to buildings that had no damages that are under 

the light damages limit. In figure 3, is an example of fragility curves for each typology of a building 

and its damage state. 

The determination of fragility curves is found with the probability of exceeding the 

behaviour of a structure according to the acceleration imposed at the soil level. These curves will 

allow to calculate the damage reparation value, for this, it was necessary to recreate the curves 

determined in the 280/02 - G3ES report. The functions of fragility curves probability were provided 

by Guerreiro (Santos, 2017). These functions allowed the recreation of several curves for each 

typology with only two values: the median and variation coefficient of each curve. In figure 3 are 

the fragility curves and damage state to a building’s typology. 

 

The calculation of seismic activity is determined by the probability of reference 

exceedance and by the reference period (Tr). The values in the displacement elastic (Sd) response 

spectrum were set according to the return period and the two locations mentioned. This data, 

registered in table 1 will be applied to the fragility curves to determine the reference probability 

values. The greater the return period, the greater value of the displacement elastic (Sd) response 

spectrum to both locations. 

Table 1 - Displacement elastic response spectrum (adapted from Santos, 2017) 

 Sd (T=1) (cm) 
Tr (anos) Lisbon Ponta Delgada 

285 11,45 16,67 
475 13,65 18,60 
950 17,12 21,36 

2000 21,32 24,35 
5000 27,60 30,44 

 

It is necessary to associate the values of damage states probabilities with real costs. To 

transform the values of damage states probabilities to economic losses indicators it is necessary 

to use damage ratio variables, RDd, that define percentage cost of damages and losses according 

Figure 3 – Fragility curves from the damage reparation value to a typology (Santos, 2017) 
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to the damage state (Campos Costa et al., 2009). The sum of several indexes in each fragility 

curve to each Sd, allows to determinate an index lost value to each Tr. 

The seismic risk curves are defined by the value of several loss indexes multiplied by the 

cost value of the structure’s construction for each existing typology. In figure 4 seven seismic risk 

curves are represented without considering the costing value of construction. 

. 

 

2.2 Base Isolation 

To determinate new seismic risk curves with base isolation it is necessary to calculate 

new spectrum values of displacement elastic response. These were determined according to a 

new parameter, n. This variable is the quotient between structure’s displacements of fixed base 

and base isolation, this allows to qualify the relation among a building’s own vibration frequencies 

with and without base isolation. This relation allows to identify the relation of the new structural 

spectrum displacement of base isolation starting from Sd. In table 2 are the new values of Sd to 

each of the n values, being that n can vary between 1 and 7. These values can determine new 

seismic risk curves to each typology and to each Tr. With that, it’s possible to estimate the repair 

cost value and damage in structures with base isolation. 

Table 2 - Values of Sd to Ponta Delgada according to the n parameter (Santos, 2017). 

 Sd (T=1) 
Tr n = 2 n = 3 n = 4 n = 5 

285 9,20 6,33 4,82 3,89 
475 10,46 7,23 5,52 4,46 
950 12,38 8,63 6,61 5,36 

2000 14,74 10,40 8,01 6,51 
5000 18,06 12,99 10,10 8,25 

 

The variation between the repair cost value obtained previously with the value obtained 

now for the structures with a base isolation system is determined the same way that the benefit 

in repair cost value and damage due to the use of this system. 

Figure 4 - Seismic risk curves modified and concerning Lisbon (Santos, 2017) 
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3 Cost-benefit analysis to case studies 

In 2017 (Santos, 2017) an analysis was performed in four buildings in Ponta Delgada and 

two buildings in Lisbon. The locations were chosen because Ponta Delgada is a region of high 

seismicity activity and with vast historical financial losses in infrastructures and in the housing 

stock. Lisbon was chosen because it’s the largest Portuguese housing stock and has a high 

concentration of high dimension building of great social and economic importance. Moreover, 

Lisbon has a relatively active seismic area.  

In this paper there will only be an analysis of two case studies, one in each location: the 

Health Centre in Ponta Delgada, and the Office Park Expo in Lisbon. In each case study an effort 

was made to determine the structural dimensions, such as, the number of pillars, areas, 

perimeters, the building height; the cost value of construction, and structural features, such as the 

behaviour coefficient and the estimated period. In this effort, the number of base supports 

necessary to implement a structure was considered.  A base support for each pillar, tree supports 

for each staircase core and one support for each tree meters of structural wall extension was 

always considered. 

The identified and determined benefits in the analysis are: the benefit with the repair and 

damage cost variation, and the potential reduction of the value paid to the insurance companies 

due to the structures being less vulnerable to seismic activity. The costs considered in the analysis 

are the value of the appliances’ acquisition, the costs associated c by introducing the joints that 

separate all the contact points between the isolated building and the exterior, and the associated 

costs to the project’s fee. 

3.1 Health Centre of Ponta Delgada 

The Health Centre of Ponta Delgada had a construction cost of 18,3 million euros 

(including medical equipment). The building is divided in 5 blocks, but for the purpose of this 

analysis only 3 blocks (A, B, and C) were considered due to its overall budget and because they 

have 3 floors. Table 3 shows the values of damage repairs in each block calculated through the 

previously mentioned method. In table 4 is the cost benefit analyses’ summary. 

 

Table 3 - Damage repair values for each block (Santos, 2017) 

Block Cost to damage repairs 
A 298.278,65 € 
B 237.637,79 € 
C 362.823,73 € 
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Table 4 - Cost benefit analysis of Heath Centre in Ponta Delgada (Santos, 2017) 
  

€ % Building cost 

Cost 

Acquisition of blocks 121 000,00 € 1,0% 

Maintenance 12 100,00 € 0,1% 
Joints 138 736,00 € 1,2% 
Fees 15 716,87 € 0,1% 

Total 287 552,87 € 2,4% 

Benefits 
Damage Repair 898 740,16 € 7,5% 

Insurance Premiums 94 301,23 € 0,8% 
Total 993 041,39 € 8,3% 

Cost-benefit analysis 705 488,52 € 5,9% 
 

Part of the positive values obtained in these analyses in table 4 are due to the high 

dimension of the construction cost of the tree blocks. The total cost with the installation of the 

base isolation system in tree of the five blocks is 2,4% of the overall construction value, which is 

relatively low. The benefit derived from the damage repair value is significant and amounts to 

three times the total cost. Note that the most relevant value in table 4 concerns the total value of 

the building with insurance premiums that round 100 thousand euros throughout the structure’s 

expected lifetime, in other words, only a third of the value of the total cost with the system’s 

implantation. 

The Health Centre has two features very relevant to these cost-benefit analyses. On top 

of the positive outcome of more than 700 thousand euros, it is necessary to consider the value 

that is implied with medical equipment inside the building. The other relevant feature is associated 

with the fact that this building is classified as very important. If a natural catastrophe occurs, it is 

highly important to keep a building of this nature in full function, specially in a region that is 

isolated. The value of that feature is probably higher than to the values obtained by this analysis. 

3.2 Office Park Expo – Campus de Justiça de Lisboa 

The Office Park Expo is the biggest office park in Portugal, located north of Expo, it 

consists in eight buildings and a tower (H) with eighteen floors, housing Campus de Justiça de 

Lisboa. For this case study, only tower H and G (with nine floors) were taken into consideration 

because they are the highest and with the most important economic value to the complex. Both 

towers had a construction cost around 2,5 and 3,1 million euros, calculated through the previously 

mentioned method. In table 6 is the cost-benefit analysis. 

Table 5 – Damage repair values for each tower (Santos, 2017) 

Tower Cost to damage repairs 
G 298.278,65 € 
H 237.637,79 € 
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Table 6 – Cost-benefit analysis of Office Park Expo (Santos, 2017) 
  

€ % Building cost 

Cost 

Acquisition of blocks 192 500,00 € 0,8% 
Maintenance 19 250,00 € 0,1% 
Joints 91 379,00 € 0,4% 
Fees 115 000,00 € 0,5% 

Total 418 129,00 € 1,8% 

Benefits 

Damage Repair 446 784,87 € 1,9% 
Insurance Premiums 169 588,44 € 0,8% 

Total 616 373,31 € 2,8% 
Cost-benefit analysis 198 244,31 € 1,0% 

 

The installation system has high installation costs, around 400 thousand euros, with not 

very high installation values when compared to the gained benefits. The benefits from the 

insurance premiums accomplishes almost 50% of the total cost of the system’s installation. 

Although the analysed value is low, 1% of the tower’s value, is necessary to consider the 

associated value of the material goods and equipment, not reflected in this analyse needs to be 

considered. 

From the different results between the two locations, it is possible to conclude that, in 

Lisbon, the buildings that are associated to high construction costs are already designed and built 

to prevent casualties. Non-the-less, it is still possible to reduce that risk and have real benefit from 

it. 

4 Final considerations 

For the Azores case study, it is possible to observe very high positive values for the cost 

benefit analysis. It should be noted that these buildings are in an area exposed to a high seismic 

risk, and that the building is constantly occupied by hundreds of people, where the human losses 

weren’t calculated. Although Lisbon may not be an area with the same seismic risk as Ponta 

Delgada, this risk still exists and is considerable. In Lisbon, the registered percentage value is 

low, but the real value in euros from the return is substantial. There are buildings in Lisbon that 

have lower structural construction costs, compared with the total amount  that include several 

people working daily, material goods, technology, and buildings that are classified as very 

important, such as hospitals, schools, command centres, etc. It would be interesting to perform 

an analysis to the cost benefit of installing a base isolation system in Hospital de Santa Maria in 

Lisbon. 

For the Lisbon case study, the structures had a high resistance capacity, with own 

vibration frequency values relatively close to the global values of base isolation systems. 

Therefore, the n value considered was low, close to 1, and justifies the not so expressive results. 

Even considering this conditioning, there was a good benefit for base isolation investment to be 

introduced to these structures. 
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