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Türkiye is located in a region of high seismic hazard due to the dense distribution of 

active fault lines. Major earthquakes that have occurred in the country, particularly 

the 1999 Kocaeli and 2023 Kahramanmaraş events, have demonstrated not only the 

devastating potential for loss of life but also the critical importance of maintaining 

the functional performance of buildings after seismic events. In this context, seismic 

isolation systems, which extend the building period to reduce earthquake forces and 

dissipate energy at the isolation level, have gained increasing attention and 

application in recent years. However, the design parameters of such systems vary 

depending on the local soil class, seismic intensity level, and geographical 

coordinates. In this study, a preliminary design of lead rubber bearings (LRBs) was 

conducted for a typical five-story reinforced concrete building using the data 

provided by the Turkish Earthquake Hazard Map (TDTH). For each soil class (ZA, 

ZB, ZC, and ZD), preliminary design results were obtained across all geographical 

coordinates in the TDTH and subsequently transferred to a GIS-based QGIS 

environment. The spatial distributions of isolator diameter and base displacement 

demands were mapped, and these parameters, together with the effective period, 

characteristic strength ratio, and effective damping ratio, were statistically evaluated 

to identify regional trends under different soil conditions. Accordingly, this study 

provides engineers and practitioners with an order-of-magnitude assessment of how 

soil class influences the preliminary design parameters of seismic isolation systems 

across Türkiye, based on a representative five-story building equipped with lead 

rubber bearings, through both statistical and geospatial analyses. 
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1. Introduction 

Türkiye is located in an active seismic zone characterized by a dense network of fault lines, which has always 

made the seismic safety of buildings one of the most critical engineering challenges. The 1999 Kocaeli 

earthquake, with a moment magnitude of 7.6 (Mw 7.6), caused approximately 17,000 casualties, severe 

economic losses, and extensive damage to the existing building stock. Similarly, the 2011 Van earthquake 

(Mw 7.1) resulted in significant destruction and loss of life. Most recently, the Mw 7.8 Pazarcık and Mw 7.5 

Elbistan earthquakes that struck Kahramanmaraş on February 6, 2023, led to the deaths of more than 50,000 

people and rendered hundreds of thousands of buildings uninhabitable. These major earthquakes have once 

again revealed the seismic hazard reality of Türkiye and the urgent need for advanced engineering solutions 
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to ensure building safety. The Pazarcık and Elbistan earthquakes have clearly demonstrated that ensuring life 

safety alone is not sufficient; the uninterrupted functionality of hospitals, public buildings, and industrial 

facilities is also of vital importance for the resilience of cities [1]. In this context, seismic isolation technology 

stands out as one of the most effective solutions, enabling the protection of both buildings and their contents 

[2, 3]. These systems, which reduce earthquake forces by lengthening the building period and dissipating 

energy at the isolation level, have been increasingly implemented both worldwide and in Türkiye [4, 5]. 

Thanks to seismic isolation, the superstructure moves almost as a rigid box, leading to a significant 

simultaneous reduction in interstory drifts and floor accelerations. In this way, both structural and 

nonstructural components are protected, and the building contents are effectively safeguarded from the 

damaging effects of earthquakes [6, 7]. In Türkiye, in accordance with the directive of the Ministry of Health, 

many city hospitals have been constructed with seismic isolation systems over the past decade. Among these 

are some of the largest base-isolated healthcare facilities in the world, such as the Istanbul Çam and Sakura 

City Hospital (2068 isolators), the Adana City Hospital (1552 isolators), and the Isparta City Hospital (903 

isolators) [4, 8, 9]. In addition, other major structures, including the approach viaducts of the 1915 Çanakkale 

Bridge, several airport terminals in Istanbul, and the historic Göztepe Train Station, have also been designed 

or retrofitted using seismic isolation technology [10]. These examples demonstrate that seismic isolation has 

become a successfully implemented engineering solution for various building types in Türkiye. In this 

context, with the growing awareness of its effectiveness, the demand for seismic isolation technology has 

also increased in residential buildings, and its applications have been gradually expanding in this field. 

 The Turkish Building Earthquake Code (TBEC-2018) [11] introduced, for the first time, detailed 

provisions for the design of seismic isolation systems in Chapter 14, enabling the reliable, standardized, and 

controllable design of base-isolated buildings. The code provides comprehensive explanations regarding the 

preliminary design, analysis methods, and performance objectives of isolation systems. However, in the 

analysis procedures specified in TBEC-2018 for defining the effects of earthquake ground motions on 

buildings, it is observed that the spectral values obtained from the national earthquake hazard map are 

primarily used. The Turkish Earthquake Hazard Map was developed based on ground motion prediction 

models that consider the seismic potential of active faults, magnitude recurrence relationships, horizontal 

distance from the surface projection of fault ruptures, and source mechanisms. Within this framework, the 

spectral parameters provided by the Turkish Earthquake Hazard Map are defined based on soil class, seismic 

intensity level, and geographical coordinates. Therefore, spectral parameters that depend on soil class emerge 

as a key factor directly influencing the performance of seismically isolated systems. This relationship has 

also been confirmed by several studies in the literature investigating the critical role of soil conditions in 

isolation effectiveness. Castaldo and Ripani [12] reported that isolation systems perform more effectively 

and predictably on stiff and medium-stiff soils, while soft soils, due to their low-frequency motion 

characteristics, tend to cause resonance effects that reduce isolation performance. Similarly, Hassan and Pal 

[13] found that stiff and medium-stiff soils provide the most favorable conditions for base isolation, whereas 

on soft soils, spectral acceleration, displacement, and interstory drift demands increase significantly, leading 

to reduced isolation efficiency. Studies that also consider near-fault and far-fault effects have shown that 

isolation systems experience higher acceleration, displacement, and base shear demands on soft soils, 

resulting in more pronounced performance degradation under these conditions [14, 15]. In terms of soil-

structure interaction, Yanik and Ulus [16] demonstrated that the effectiveness of seismic isolation systems 

decreases particularly in soft soils. Moreover, Ghosh and Das [17], through analyses conducted under both 

near-fault and far-fault ground motions for different soil conditions, showed that soil-structure interaction in 

soft soils limits the acceleration reduction capacity of seismic isolation and increases base displacements, 

especially under near-fault effects. 
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 However, most of the existing studies have mainly focused on analyses that consider soil classes for 

specific scenario earthquakes or a limited number of geographical coordinates. It is still important to conduct 

comprehensive studies that systematically present preliminary design parameters of seismic isolation 

systems for different soil classes based on the data of the Turkish Earthquake Hazard Map. In this study, the 

preliminary design of a seismic isolation system composed of lead rubber bearings (LRBs) for a typical five-

story reinforced concrete building was carried out by considering different soil classes for all coordinates 

available in the Turkish Earthquake Hazard Map (TDTH) platform of AFAD [18]. The main objective is to 

provide engineers and practitioners with map-based preliminary information and an order-of-magnitude 

evaluation regarding isolation system design parameters. Spectral parameters obtained from the TDTH 

database, namely the spectral accelerations for short periods (SS) and for a period of 1.0 s (S1), were used for 

the DD-1 earthquake level, which represents the design level adopted for the isolation system and the 

substructure of seismically isolated buildings in accordance with the Turkish Building Earthquake Code 

(TBEC-2018). These data were integrated into a preliminary design code developed in MATLAB [19], and 

the results were generated for each coordinate. The preliminary design outcomes obtained separately for each 

coordinate and soil class on the Turkish Earthquake Hazard Map were then transferred to a GIS-based QGIS 

environment [20], where the spatial distributions of isolator diameter and base displacement demands were 

mapped. In addition, key design parameters such as base displacement (𝐷𝑚), isolator diameter (𝐵), effective 

period (𝑇𝑒𝑓𝑓), characteristic strength ratio (𝐹𝑄/𝑊) and effective damping ratio (𝛽𝑒𝑓𝑓) were statistically 

evaluated to reveal regional and statistical trends of the isolation system performance under different soil 

conditions.  

 The present study was conducted within the scope of preliminary design and is therefore limited to a 

representative five-story reinforced concrete building equipped with lead rubber bearings (LRBs). To focus 

on developing a generalizable preliminary design framework rather than assessing detailed structural 

responses, nonlinear time-history and modal response spectrum analyses, as well as near-fault ground motion 

effects, were deliberately excluded from the scope. 

 

2. Methodology for preliminary isolator design 

In this study, the preliminary design calculations of a building’s isolation system were performed using a 

code developed in the MATLAB [19] environment. The steps of the calculation process are as follows: 

 Step 1. Definition of building properties. The number of stories, the number of spans in both directions, 

the soil class, the seismic hazard level, and the design limits of the isolation system were defined as user 

inputs. In this study, a five-story building model (excluding the isolation level) with five spans in both the X 

and Y directions and a span length of 5 m was considered as a representative example. The dead load was 

assumed as G = 1.2 t/m² and the live load as Q = 0.2 t/m². Using these values, the floor area, total dead and 

live loads, and the seismic weight of the building (W = G + nQ) were calculated. The total building weight 

was distributed among the isolators according to the column layout to obtain the axial load per isolator. This 

value was then multiplied by a factor of 1.1 to represent the higher axial load level in the central columns, 

and the maximum axial load (Pmax) was determined accordingly. 

 Step 2. Determination of earthquake parameters. Coordinate-based spectral acceleration coefficients 

(SS, S1) obtained from the Turkish Earthquake Hazard Map (TDTH) platform of AFAD [18] were integrated 

into the code. For the user-defined earthquake hazard level and soil class, the design spectral acceleration 

coefficients (SDS, SD1) were calculated using the local site coefficients (FS, F1) specified in TBEC-2018. 

 Step 3. Preliminary design of the isolation system. In TBEC-2018, the analysis methods that can be used 

in the earthquake design of the superstructure and substructure of seismically isolated buildings are defined. 

Within this scope, the Equivalent Lateral Force Method, the modal combination method, and the linear time 

history analysis method can be applied depending on the conditions specified in the code. In this study, the 
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Equivalent Lateral Force Method was adopted for the preliminary design of the lead-core rubber bearing 

isolation system.  

 The parameters of lead rubber bearings (LRBs) defined in the catalog of the manufacturer [21] were 

considered. During the isolator selection process, the isolator diameter (𝐵) was first chosen according to the 

maximum axial load (Pmax) acting on the isolator. Then, it was ensured that the base displacement demand 

(𝐷𝑚) obtained from the iterations did not exceed the displacement capacity (Dmax) specified in the catalog. 

If the displacement demand exceeded the capacity, a larger isolator diameter was selected. The lead core 

placed at the center of the lead rubber bearing provides energy dissipation and contributes to reducing the 

horizontal displacements of the seismic isolation system. The lead core diameter is typically between one-

sixth and one-third of the total isolator diameter [22]. To achieve a higher damping capacity, the lead core 

diameter was defined as one-sixth of the outer diameter (𝐵𝐿 = 𝐵/6). The core area was calculated based on 

the core diameter using the expression 𝐴𝑃 = 𝜋𝐵𝐿
2/4, and the characteristic strength (𝐹𝑄) was determined 

according to Eq. (1), depending on this area. The yield shear stress of the lead material was taken as 𝜏𝑝𝑏= 10 

MPa. The post-yield stiffness of the isolator (𝑘2) was calculated according to Eq. (2), considering the rubber 

area around the lead core (𝐴𝑟 = 𝜋(𝐵−𝐵𝐿
2)/4), the shear modulus of rubber (Gv = 0.4 MPa), and the total 

rubber thickness (𝑇𝑟). The total rubber thickness was initially assumed as 𝑇𝑟 = 300 mm. However, in cases 

where the shear strain limit is defined in TBEC-2018 (𝐷𝑚/𝑇𝑟 ≤2) was not satisfied, the 𝑇𝑟 value was increased 

by 10 mm at each iteration until the condition was met. The shape factor (S) was calculated using Eq. (3), 

assuming a single rubber layer thickness of t = 9 mm. The elastic modulus of the rubber material was taken 

as E0 = 4Gv. The compression modulus (𝐸𝑐), vertical stiffness modulus (𝐸𝑣), and vertical stiffness (𝑘𝑣) of the 

isolation unit was then computed using Eq. (4)-(6), respectively. The bulk modulus of the rubber material 

was taken as K = 2000 MPa, and the rubber hardness coefficient as 𝑘 =0.6. The hysteretic behavior of the 

lead rubber bearing was represented by a bilinear model. In this model, the pre-yield stiffness was calculated 

as 𝑘1 =  𝑘2/α, where α = 0.1 is the ratio of post-yield to pre-yield stiffness. The yield displacement (𝐷𝑦) and 

equivalent stiffness (𝑘𝑒) of each isolator was calculated using Eq. (7) and (8). The effective period of the 

isolation system ( 𝑇𝑒𝑓𝑓) was determined from the total effective stiffness (𝐾𝑒) using Eq. (9), while the 

effective damping ratio (𝛽𝑒𝑓𝑓) and the damping modification factor (𝜂) were computed using Eq. (10) and 

(11). The seismic hazard level used in the preliminary design phase could be selected by the user. In this 

phase, the characteristic strength (𝐹𝑄) and post-yield stiffness (𝑘2) values were updated by multiplying by 

the lower and upper limit (𝜆𝐹𝑞,𝑙𝑜𝑤𝑒𝑟 = 0.595, 𝜆𝐹𝑞,𝑢𝑝𝑝𝑒𝑟 = 1.607, 𝜆𝑘2,𝑙𝑜𝑤𝑒𝑟 = 0.765, 𝜆𝑘2,𝑢𝑝𝑝𝑒𝑟 =1.832). 

Thus, all preliminary design parameters varied depending on these limits. Since this study aims to present 

the base displacement and related parameters calculated within the scope of the Equivalent Lateral Force 

Method defined in TBEC-2018, the calculations were performed for the DD-1 earthquake level using the 

lower limit assumptions. For the DD-1 level, which corresponds to the most severe earthquake hazard, the 

base displacement was calculated according to Eq. (12), considering the spectral acceleration value 

corresponding to the effective period of the isolation system (𝑆𝑎𝑒(𝑇𝑒𝑓𝑓)) and the damping modification factor 

(𝜂). To account for torsional effects, the base displacement demand was increased by 10%. Mathematical 

definitions of the mechanical parameters of the LRB system are given in Table 1. Fig. 1 presents the flowchart 

of the preliminary design procedure developed in MATLAB for selecting the LRB parameters according to 

the Equivalent Lateral Force Method defined in TBEC-2018. 

 Step 4. Evaluation of results. The isolator diameter and base displacement demands obtained from the 

preliminary design results, which were performed separately for each coordinate and soil class on the Turkish 

Earthquake Hazard Map [18], were transferred to GIS-based analyses and mapped using the QGIS program 

[20]. In addition, other parameters such as base displacement, effective period, characteristic strength ratio, 
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and effective damping ratio were statistically presented for each soil class. In this way, both the regional and 

statistical distributions of the isolator design parameters under different soil conditions were revealed. 

 

Table 1. Mechanical parameters for the LRB base-isolation system 

Parameter Mathematical definition  

Characteristic strength 𝐹𝑄 = 𝐴𝑝𝜏𝑝𝑏  (1) 

Post-yield stiffness 𝑘2 = 𝐺𝑣 (
𝐴𝑟

𝑇𝑟
) (2) 

Shape factor 𝑆 = (𝐵2 − 𝐵𝐿
2)/4𝐵𝑡 (3) 

Compression modulus of the isolation unit 𝐸𝑐 = 𝐸0(1 + 2𝑘𝑆2) (4) 

Vertical stiffness modulus 
𝐸𝑣 =

1

1
𝐸𝑐

+
1
𝐾

 
(5) 

Vertical stiffness 𝑘𝑣 =
𝐸𝑣𝐴𝑟

𝑇𝑟
 (6) 

Yield displacement 𝐷𝑦 =
𝐹𝑄

(𝑘2 − 𝑘1)
 (7) 

Effective stiffness 𝑘𝑒 = 𝑘2 +
𝐹𝑄

𝐷
 (8) 

Effective isolation period 𝑇𝑒𝑓𝑓 = 2𝜋√
𝑊

𝐾𝑒𝑔
 (9) 

Effective damping ratio 𝛽𝑒𝑓𝑓 =
2𝑄(𝐷 − 𝐷𝑦)

𝜋𝐾𝑒𝐷2  (10) 

Damping reduction factor 𝜂 = √
10

5 + 𝛽𝑒𝑓𝑓
 (11) 

Base displacement 𝐷𝑚 = 1.3 (
𝑔

4𝜋2
) 𝑇𝑒𝑓𝑓

2 𝜂𝑆𝑎𝑒(𝑇𝑒𝑓𝑓) (12) 

 

 
Fig. 1. Flowchart of the preliminary design procedure of the LRB isolation system according to the TBEC-2018 

Equivalent Lateral Force Method 
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Fig. 2. Distribution of base displacement (𝐷𝑚) demands by soil class for a five-story reinforced concrete building 

equipped with lead rubber bearings: a) ZA, b) ZB, c) ZC, d) ZD 
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Fig. 3. Distribution of isolator diameters (𝐵) by soil class for a five-story reinforced concrete building equipped with 

lead rubber bearings: a) ZA, b) ZB, c) ZC, d) ZD 

 

 Fig. 2 presents the distribution of base displacement demands obtained for different soil classes (ZA, ZB, 

ZC, and ZD) across Türkiye, based on the preliminary design calculations for a five-story reinforced concrete 

building equipped with lead rubber bearings. According to TBEC-2018, the local site coefficient for a period 

of 1.0 s (F1) and the spectral acceleration coefficient (S1) are equal for soil classes ZA and ZB. Therefore, 

the design spectral acceleration coefficient (SD1) is also identical for these two soil classes. Since the effective 

period (𝑇𝑒𝑓𝑓) used in the calculation of base displacement demands lies in the long-period range, the 

(a) 

(b) 

(c) 

(d) 
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computations are performed using the long-period coefficient (SD1). Consequently, both the base 

displacement demands and all related design parameters are the same for ZA and ZB soil classes. When the 

maps are examined, it is observed that the base displacement demands are relatively low in stiff and very 

stiff soils (ZC and ZD) and in rock-type soils such as ZA and ZB. However, higher base displacement 

demands are concentrated along the North Anatolian and East Anatolian fault zones. As soil stiffness 

decreases (from ZC to ZD), both the displacement demands increase, and these effects spread over a wider 

geographical area. Particularly for the ZD class, base displacement demands exceeding 1.0 m appear in 

certain fault zone regions. Such displacement levels are difficult to accommodate within the physical capacity 

limits of the isolators. Moreover, the need for significantly larger isolator sizes and wider structural seismic 

gaps introduces serious engineering challenges in practical applications. Fig. 3 illustrates the distribution of 

isolator diameters for a five-story reinforced concrete building equipped with lead rubber bearings across 

Türkiye, depending on soil class. For soil classes ZA and ZB, the isolator diameters range between 570 mm 

and 1360 mm, while for ZC they vary between 570 mm and 1550 mm, and for ZD between 700 mm and 

1550 mm. This indicates that even in rock-type soils, large isolator diameters may be required at certain 

locations, particularly near active fault zones. As soil stiffness decreases, the required isolator diameter 

increases both in magnitude and in spatial extent, making the design process more challenging. 

 Based on the TDTH parameter values, the distribution of maximum base displacement (𝐷𝑚) obtained for 

all coordinates across Türkiye is presented in Fig. 4(a) as box plots for each soil class. In rock-type soils (ZA 

and ZB), the minimum and maximum base displacement demands range from 124 mm to 809 mm, with 

median values around 400 mm. Since the interquartile range (IQR), which represents the spread of the middle 

50% of the data, is relatively small, it indicates that base displacement demands in firm soils are not only 

relatively low but also occur within a narrow range. Although the outliers, representing exceptional base 

displacement cases, are concentrated around the upper limit of approximately 800 mm, these points do not 

reflect the typical characteristics of the distribution. In stiff soils (ZC), the median base displacement demand 

increases to 566 mm, with minimum and maximum values of 288 mm and 910 mm, respectively. The 

increase in the IQR also indicates that both the average displacement demand and its variability have 

increased. For soft soils (ZD), the highest base displacement demands are observed. The median value is 670 

mm, while the minimum and maximum values are 373 mm and 1509 mm, respectively. The upper adjacent 

value is 1059 mm, and 559 of the total 8116 coordinate points are identified as finite outliers, ranging 

between 1059 mm and 1510 mm. These results show that seismically isolated buildings located in ZD soil 

zones are subjected to excessive base displacement demands, and the extreme values observed around fault 

zones pose significant challenges for engineering design. 

 In Fig. 4(b), the statistical distributions of isolator diameter (𝐵) values for different soil classes are 

presented in boxplot format. For soil classes ZA and ZB, the median isolator diameter is 700 mm, with 

relatively narrow distribution ranges and upper adjacent values around 1050 mm. In these classes, the 

minimum and maximum isolator diameters are 570 mm and 1360 mm, respectively. It was observed that the 

isolator diameter requirements exceeded the upper adjacent values for 373 of the 8116 coordinates, identified 

as finite outliers. This indicates that isolator sizes are generally smaller in rock-type soils, although 

significantly larger diameters may be required in areas of high seismic hazard near active fault zones. In stiff 

soils (ZC), the median diameter increases to 950 mm, the box height becomes wider, and the upper adjacent 

value reaches 1550 mm. This increase shows that higher displacement capacities must be accounted for in 

isolator design for the ZC soil class. For soft soils (ZD), the isolator diameter demands reach the highest 

median value of 1160 mm, with upper and lower bounds of approximately 1550 mm and 700 mm, 

respectively, representing the widest distribution among all soil classes. This clearly demonstrates that 

isolation systems in softer soils require significantly larger isolator diameters to meet the higher base 

displacement demands associated with lower soil stiffness. 
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Fig. 4. Statistical distributions for soil classes ZA, ZB, ZC, and ZD: a) maximum base displacement, b) isolator 

diameter, c) effective period, d) characteristic strength ratio 

 

 In Fig. 4(c), the statistical distributions of the effective period (𝑇𝑒𝑓𝑓) values for different soil classes (ZA, 

ZB, ZC, ZD) are presented in boxplot format. For soil classes ZA and ZB, the median value is 3.1 s. The 

distribution range is relatively wide, with the lower quartile (Q1) around 2.7 s and the upper quartile (Q3) 

around 3.3 s. The upper and lower adjacent values are 3.7 s and 1.9 s, respectively. A few outliers are 

observed below the lower adjacent value (around 1.8-1.9 s). These low period values may result from stiffer 

isolation systems or design strategies aiming for smaller displacement demands. For the ZC soil class, the 

distribution range is considerably wider, with lower and upper adjacent values between 1.7 s and 3.7 s, and 

a median value of 2.4 s. Compared with the ZA and ZB soil classes, it exhibits significantly shorter periods. 

This reduction indicates that in stiff soils (ZC), the isolation system tends to be designed with shorter 

effective periods, or the relationship between displacement capacity and isolator diameter differs. For the 

ZD soil class, the median value is 2.17 s, representing the shortest effective period among all soil classes. 

The box height is relatively small, showing that the data are more uniformly distributed. The upper quartile 

value is 2.3 s, while a few outliers above the upper adjacent value (around 2.9 s) range between 3.07 s and 

3.14 s. These upper outliers indicate that even in softer soils with lower stiffness, isolators may provide 

longer effective periods in regions with lower seismic hazard. 

 The statistical variation of the characteristic strength ratio (𝐹𝑄/𝑊) for each soil class is illustrated in Fig. 

4(d). For soil classes ZA and ZB, the median values are approximately 0.05, and the distribution ranges are 

relatively narrow. The upper quartile value is 0.06, while outliers above the upper adjacent value of 0.11 

appear in the range of 0.13-0.18. These outliers indicate that even in stiff soil conditions, higher characteristic 

strength capacities may be required at locations near fault zones. For the ZC soil class, the median value 

increases to 0.09, the distribution becomes wider, and the upper quartile value reaches 0.13. The absence of 

outliers suggests that in stiff soils (ZC), the characteristic strength ratios (𝐹𝑄/𝑊) are more uniformly 

distributed and do not exceed the statistical upper limits, even in areas close to fault lines. For the ZD soil 

class, the median value reaches the highest level at 0.13. The upper quartile value is 0.18, and the upper 

adjacent limit is around 0.24. The lack of outliers indicates that higher 𝐹𝑄/𝑊 values are common design 

outcomes in soft soil conditions (ZD), reflecting a general trend rather than exceptional cases.  

 Fig. 5 presents the relationship between the effective period (𝑇𝑒𝑓𝑓) and base displacement demand (𝐷𝑚) 

for the considered soil types. For the rock soil classes (ZA and ZB), as shown in Figures 5(a) and 5(b), the 

𝑇𝑒𝑓𝑓  -𝐷𝑚  distribution indicates that in the short-period range (1.80-2.25 s), the Dm values vary between 560 

(a) (c) (d) (b) 
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mm and 810 mm. In the medium-period range (2.25-2.90 s), the displacement demands range from 420 mm 

to 650 mm. In the upper-medium period range (3.00-3.30 s), the 𝐷𝑚 values vary between 305 mm and 460 

mm. Moreover, in the period interval of approximately 2.90-3.80 s, a smooth characteristic trend is observed, 

showing that 𝐷𝑚 increases proportionally with Teff depending on the isolator design parameters. In this 

range, the displacement demands vary between 120 mm and 360 mm. For the ZC soil class (Figure 5(c)), the 

base displacement demand varies between 650 mm and 910 mm within the short-period range (1.70-2.25 s). 

In the medium-period range (2.25-2.80 s), the demands decrease to approximately 430-650 mm, while in the 

upper-medium range (3.00-3.30 s), they remain between 305 mm and 460 mm. Additionally, for longer 

effective periods (3.60-3.70 s), the displacement demand slightly increases again, ranging from 287 mm to 

360 mm. The ZD soil class exhibits base displacement demands of 610-820 mm in the short-period range 

(1.70-2.25 s). In another dataset within the same range, 𝐷𝑚 increases from 820 mm to 1450 mm. This 

indicates that under relatively low-stiffness soil conditions, certain isolator configurations can lead to very 

high displacement demands at the initial periods. In the medium-period range (2.25-2.80 s), displacement 

demands vary between 425 mm and 710 mm, while in the upper-medium period range (2.80-3.20 s), 𝐷𝑚 

values are between 400 mm and 510 mm. 

 Fig. 6 presents the relationships between the characteristic strength ratio (𝐹𝑄/𝑊) and the maximum base 

displacement (𝐷𝑚) for different soil classes, taking into account the effective period (𝑇𝑒𝑓𝑓) values. In rock-

type soils (ZA and ZB), the 𝐹𝑄/𝑊 ratio ranges between 0.03 and 0.18, while the 𝑇𝑒𝑓𝑓  values vary from 1.7 

s to 3.7 s. In this range, 𝐷𝑚 values remain limited between 125 mm and 810 mm. For stiff soils (ZC), the 

𝐹𝑄/𝑊 ratio increases up to 0.23, and 𝑇𝑒𝑓𝑓   values show a wide distribution between 1.7 s and 3.7 s, resulting 

in 𝐷𝑚values reaching up to 910 mm. In softer soils (ZD), the 𝐹𝑄/𝑊 ratio varies between 0.05 and 0.23, while 

𝑇𝑒𝑓𝑓   values are distributed between 1.7 s and 3.1 s, and the corresponding 𝐷𝑚 demands increase significantly, 

ranging from 390 mm to 1510 mm. These results indicate that the interaction between 𝐹𝑄/𝑊 and 𝑇𝑒𝑓𝑓  directly 

influences displacement demands, and high displacement levels become critical under relatively low-

stiffness soil conditions. 

 

 
Fig. 5. Relationship between effective period and base displacement demand for soil classes 
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Fig. 6. Correlations between the characteristic strength ratio and the maximum base displacement for different soil 

classes. The color scale indicates the variation of the effective period (𝑇𝑒𝑓𝑓) 

 

 In rock-type soils (ZA and ZB), the 𝐹𝑄/𝑊 ratio varies between 0.02 and 0.18, while the effective period 

(𝑇𝑒𝑓𝑓) ranges from 2.0 s to 3.2 s. Under these conditions, the effective damping ratio (𝛽𝑒𝑓𝑓) is concentrated 

between 0.14 and 0.30, and an increase in the 𝐹𝑄/𝑊 ratio corresponds to a noticeable decreasing trend in 

𝛽𝑒𝑓𝑓  (Figure 7). This indicates that in rock-type soils, effective damping remains relatively high with limited 

variation. In stiff soils (ZC), the 𝐹𝑄/𝑊 ratio increases up to 0.23, while 𝑇𝑒𝑓𝑓  values are widely distributed 

between 1.8 s and 3.6 s. In this case, βeff values remain within a narrow range of 0.14-0.23, showing a 

reduction in effective damping with increasing 𝐹𝑄/𝑊 ratio. In the ZC class, 𝛽𝑒𝑓𝑓  values tend to cluster at 

higher levels for longer periods (3.0 s and above). This finding suggests that isolator configurations with 

longer periods and lower characteristic strength have an enhanced energy dissipation capacity. For soft soils 

(ZD), the 𝐹𝑄/𝑊 ratio varies between 0.05 and 0.25, and 𝑇𝑒𝑓𝑓  values range from 1.8 s to 3.7 s. Under these 

conditions, 𝛽𝑒𝑓𝑓  values are concentrated within a narrow band of 0.15-0.19, showing a rapid and distinct 

decrease in damping ratio as the 𝐹𝑄/𝑊 ratio increases.  

 As shown in Fig. 8, the maximum effective damping ratio (𝛽𝑒𝑓𝑓) in rock-type soils (ZA and ZB) is about 

0.24, while in stiff (ZC) and soft (ZD) soils, 𝛽𝑒𝑓𝑓  decreases from approximately 0.23 to 0.19. In all soil types, 

when the base displacement exceeds around 600 mm, 𝛽𝑒𝑓𝑓  reaches its lowest values, whereas it increases 

noticeably when the displacement falls below 600 mm. At the same time, the increase in the effective period 

(𝑇𝑒𝑓𝑓) occurs concurrently with higher damping capacity, contributing to a more efficient performance of 

the isolation system. 

ZA ZB 

ZC ZD 
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Fig. 7. Relationships between characteristic strength ratio and effective damping ratio for different soil classes. The 

color scale indicates the variation of the effective period (𝑇𝑒𝑓𝑓) 

 

 

 
Fig. 8. Relationships between maximum base displacement and effective damping ratio for different soil classes. The 

color scale indicates the variation of the effective period (𝑇𝑒𝑓𝑓) 
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3. Conclusions 

This study presents a preliminary design-based evaluation of a seismic isolation system for a typical five-

story reinforced concrete building equipped with lead rubber bearings (LRBs), considering all geographical 

coordinates in the Turkish Earthquake Hazard Map. Within this framework, key design parameters such as 

base displacement, isolator diameter, effective period, characteristic strength ratio, and effective damping 

ratio were statistically analyzed for soil classes ZA, ZB, ZC, and ZD. The main findings are summarized 

below to provide an order-of-magnitude reference for engineering design and applications. 

• The median base displacement increases from about 400 mm in rock-type soils (ZA, ZB) to 566 

mm in ZC and 670 mm in ZD. Maximum displacement demands reach 910 mm for ZC and up to 

1500 mm for ZD. In particular, extreme displacements exceeding 1.0 m in ZD soils near fault zones 

cannot be mitigated only by increasing isolator size, and such conditions also make the design of 

seismic gaps physically difficult. 

• The median isolator diameter increases from 700 mm in ZA-ZB to 950 mm in ZC and 1160 mm in 

ZD, with a maximum of about 1550 mm. These larger diameters occur locally in ZC soils but are 

more widespread in ZD soils, making the design process more demanding and costly. 

• Isolation systems in ZA-ZB soils exhibit longer effective periods, with a median of 3.1 s, while ZC 

and ZD soils show shorter periods of 2.4 s and 2.17 s, respectively. This trend indicates that as soil 

stiffness decreases, isolation systems are designed for shorter periods. However, even with this 

design approach, extreme base displacements of up to 1.5 m can still occur near fault zones. 

• The characteristic strength ratio (𝐹𝑄/𝑊) generally increases from 0.05 in ZA-ZB soils to 0.09 in 

ZC and 0.13 in ZD. The highest values (0.23-0.24) are observed in ZC and ZD soils, confirming the 

need for higher strength capacities to meet increased displacement demands, particularly in soft 

soils. 

• The effective damping ratio (𝛽𝑒𝑓𝑓) varies between 0.14 and 0.30 in ZA-ZB soils, remaining 

relatively high but showing a decreasing trend as 𝐹𝑄/𝑊 increases. In ZC soils, 𝛽𝑒𝑓𝑓  ranges between 

0.14 and 0.23 and increases when the effective period exceeds 3.0 s, indicating greater energy 

dissipation for long-period, low-strength isolators. In ZD soils, 𝛽𝑒𝑓𝑓   is limited to a narrow band of 

0.15-0.19 and decreases rapidly with higher 𝐹𝑄/𝑊 ratios, showing that damping capacity becomes 

restricted in lower-strength soils. 

• The overall damping capacity remains around 20% in stiff (ZC) and soft (ZD) soils. Therefore, 

integrating additional damping devices could help reduce excessive displacement demands in ZC 

soils and prevent base displacements in ZD soils from exceeding physical limits, particularly near 

fault zones. 

• In all soil classes, effective damping decreases when base displacements exceed 600 mm and 

increases when they fall below this level, revealing the close interaction between displacement and 

damping. Moreover, longer effective periods are associated with higher damping capacity, 

contributing to improved isolation performance. 

• Although extending the effective period enhances energy dissipation and isolation efficiency, this 

goal is limited by physical constraints. The effective period depends on the characteristic strength 

(related to lead core area and yield shear stress) and on post-yield stiffness parameters such as the 

shear modulus, total rubber thickness, and rubber area. Consequently, geometric and material 

limitations make period extension and isolation system design a challenging engineering process. 

 Future research will aim to extend the proposed methodology to buildings with varying numbers of stories 

and different structural systems. Comparative investigations incorporating alternative isolation technologies 

(e.g., friction pendulum system and high-damping rubber bearing), near-fault effects, and nonlinear time-
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history analyses are also planned within the context of final design to provide a more comprehensive 

evaluation of seismic performance. 
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