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1. Introduction 
 

When serious dynamic effects of earthquakes on 

structures are of concern, ensuring the safety of the people, 

prevention of structural and non-structural damage, and the 

protection of vibration-sensitive equipment housed in the 

special-purpose structures are crucial priorities. Therefore, 

the use of seismic isolation systems that employ semi-active 

structural control, which offers high seismic performance, is 

gaining preference especially in the design of special-

purpose structures. Structural control systems are dynamic 

systems in which properties such as stiffness or damping 

can be adjusted online so that the dynamic response 

parameters of the structure (acceleration, displacement, etc.) 

do not exceed acceptable levels (Cheng et al. 2008). On the 

other hand, passive systems can be used effectively to 

protect the buildings from a specific dynamic load, but their 

effectiveness may be low for other dynamic load types 

(Saaed et al. 2015). Passive seismic isolation systems are 

being questioned for more than two decades because of the 

high damping needs to reduce large base displacements 

which may occur under near-fault earthquakes involving 

long period and high amplitude velocity pulses as they can 

be less successful under moderate far-fault earthquakes 

when they are designed with high passive damping for such  
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severe near-fault earthquakes (Johnson et al. 1998). High 

damping may lead to amplifications both in the floor 

accelerations and inter-story drift ratios. While 

amplifications in floor accelerations may be critical for 

vibration-sensitive equipment (Alhan and Şahin 2011, 

Alhan and Ö ncü-Davas 2016, Providakis 2009), 

amplifications in inter-story drift ratios may threaten the 

integrity and thus the safety of the whole structural system 

as well as non-structural elements such as partitions, walls, 

etc. (Gavin and Alhan 2004, Providakis 2008). Gavin and 

Alhan (2004) showed that increasing damping may lead to 

increase in inter-story drifts. Providakis (2008) pointed out 

that the isolated buildings with high (additional) damping 

are susceptible to damage if the inter-story drifts are not 

carefully controlled. Due to these shortcomings, the 

research and development on semi-active isolation systems, 

which may offer a solution for such problems, have 

received remarkable attention in recent years.  

Semi-active control systems are control systems that use 

devices whose mechanical properties such as damping and 

rigidity can be modified online. The semi-active control 

systems provide the adaptability of the active control 

systems and the reliability of the passive control systems 

(Saaed et al. 2015). Furthermore, unlike active control 

systems, these systems consume as little energy as a battery 

power and do not cause stability problems. Deterministic 

studies on semi-active isolation systems (Symans et al. 

2000, Madden et al. 2003, Alhan et al. 2006) showed that 

these systems are effective in limiting base displacement 

without significantly increasing floor accelerations. Having 

said that, a realistic evaluation of the seismic performance 
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Abstract.  Seismic isolation systems employ structural control that protect both buildings and vibration-sensitive contents from 

destructive effects of earthquakes. Structural control is divided into three main groups: passive, active, and semi-active. Among 

them, semi-active isolation systems, which can reduce floor displacements and accelerations concurrently, has gained 

importance in recent years since they don’t require large power or pose stability problems like active ones. However, their 

seismic performance may vary depending on the variations that may be observed in the mechanical properties of semi-active 

devices and/or seismic isolators. Uncertainties relating to isolators can arise from variations in geometry, boundary conditions, 

material behavior, or temperature, or aging whereas those relating to semi-active control devices can be due to thermal changes, 

inefficiencies in calibrations, manufacturing errors, etc. For a more realistic evaluation of the seismic behavior of semi-active 

isolated buildings, such uncertainties must be taken into account. Here, the probabilistic behavior of semi-active isolated 

buildings under historical pulse-like near-fault earthquakes is evaluated in terms of their performance in preserving structural 

integrity and protecting vibration-sensitive contents considering aforementioned uncertainties via Monte-Carlo simulations of 3-

story and 9-story semi-active isolated benchmark buildings. The results are presented in the form of fragility curves and 

probability of failure profiles. 
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of semi-active isolation systems can only be possible by 

using a realistic mathematical model that takes uncertainties 

inherent in the isolation systems into account appropriately.  

The uncertainties in the mechanical parameters of 

isolators can occur due to variations in the geometry, the 

boundary conditions, the constitutive behavior of materials 

(Chaudhuri and Chakraborty 2006), temperature changes 

and aging, (Shenton III and Holloway, 2000), and relative 

humidity and localized damage (Aly 2014). Similarly, 

uncertainties in semi-active control devices are related to 

their non-linear nature, thermal variations, poor calibration, 

or their malfunctioning (YeganehFallah and Taghikhany 

2014). Roy et al. (2014) stressed that the uncertainties with 

regard to the system parameters and the stochastic nature of 

earthquake may lead to deviations in the structural response 

parameters from their deterministic values. Furthermore, 

these uncertainties can affect the structural reliability 

(Chaudhuri and Chakraborty 2006). Such uncertainties can 

be taken into account by probabilistic seismic risk and 

reliability analyses. And Monte-Carlo Simulation Technique 

is a suitable method for performing such analyses of 

complex engineering systems (Haldar and Mahadevan 

2000) which was used in earlier studies related to the 

probabilistic analyses of seismically isolated buildings 

(Shenton III and Holloway 2000, Alhan and Gavin 2005, 

Perotti et al. 2013, Bakhshi and Mostafavi 2014). Other 

recent seismic risk studies related to different types of 

passive isolation systems in the literature include those 

conducted by (Alhan and Gavin 2005, Colombo and 

Almazan 2015, Chakraborty and Debbarma 2016, Saha et 

al. 2016, Castaldo et al. 2017, Tajammolian et al. 2018).  

Although considerable probabilistic studies are 

conducted on passive seismic isolation systems as partly 

listed above, there exist only a few probabilistic studies on 

semi-active isolated buildings despite the increasing interest 

on the semi-active control systems in recent years. Chase et 

al. (2004) compared the impact of a type of semi-active 

control strategy on the structural responses and evaluated 

the results in terms of statistical distributions. Gavin and 

Zaicenco (2007) evaluated the reliability of passive and 

semi-active equipment isolation under historical 

earthquakes considering the uncertainties in the isolation 

system. Aly and Christenson (2008) proposed an energy-

based probabilistic approach for evaluating the efficacy of 

smart damping technology. (Fallah and Taghikhany 2014) 

assessed the performance of robust semi-active control via 

numerical simulations. Three-story benchmark structure 

equipped with a single magneto-rheological damper is used 

in the simulations by taking into account the uncertainties 

of the structural model and the damper force. 

YeganehFallah and Attari (2017) proposed a robust 

controller for mitigating undesired uncertainty effects on 

the structural response of a cable-stayed bridge equipped 

with magneto-rheological dampers under historical 

earthquakes. Ö ncü-Davas and Alhan (2019) assessed the 

reliabilities of benchmark semi-active isolated buildings 

under synthetically developed near-fault pulses with no 

high-frequency content.  

In the scope of this study, the probabilistic behavior of 

semi-active isolated buildings under historical pulse-like 

earthquakes are evaluated in terms of both protecting the 

vibration-sensitive equipment and preserving the structural 

integrity by taking into account the uncertainties in the 

mechanical parameters of the semi-active isolation system 

elements including the post-yield to pre-yield stiffness ratio, 

the yield displacement, and the yield force of the isolators 

and stiffness and damping of the semi-active control 

devices. A large number of historical pulse-like earthquake 

records is selected and divided into two groups according to 

the closest distances to the fault line (0-6 km and 6-10 km). 

3 and 9-story benchmark semi-active isolated buildings are 

used in order to also take the influence of the superstructure 

flexibility on the reliability results into account. Examining 

structures with different number of floors is necessary since 

both the floor accelerations and the inter-story drift ratios 

can reach higher levels in the upper floors. Monte-Carlo 

simulations are conducted by performing non-linear time-

history analyses for the determined number of simulations 

for each historical earthquake record via 3DBASIS-SA-MC 

which is a further modified version of 3DBASIS-SA (Gavin 

et al. 2003) which itself is a previously modified version of 

3DBASIS program (Nagarajaiah et al. 1991). 

3DBASIS-SA-MC (Ö ncü-Davas 2018) has the capability of 

carrying out recursive non-linear time history analyses of 

semi-actively isolated buildings which serves as a 

convenient tool for a Monte Carlo study. The results of this 

investigation are presented in the form of fragility curves 

and the probability of failure profiles along the height of the 

buildings. 

 

 

2. Probabilistic analysis of semi-active buildings 
 

If there is a possibility that there is more than one result 

of a problem, then the existence of uncertainties in that 

problem can be mentioned. Probabilistic analysis is 

performed for solving problems with uncertainties. In order 

to determine the reliability or the probability of failure, 

various probabilistic analysis methods such as first-order 

reliability methods (FORM), second-order reliability 

methods (SORM), or Monte-Carlo Simulation (MC) can be 

used (Haldar and Mahadevan 2000). Although results 

obtained by FORM method may be relatively accurate in 

non-complex practical design problems, it can lead to 

inaccurate results for high-order nonlinear problems and 

thus unreliable designs. It may be more appropriate to use 

the Monte-Carlo simulation method in highly nonlinear 

problems (Padmanabhan et al. 2006) as it gives more 

accurate results than SORM and FORM methods in solving 

such problems (Der Kiureghian 2000). For this reason, the 

Monte-Carlo simulation is preferred in this study for 

performing the probabilistic analyses of the buildings with 

semi-active isolation systems. 

 

2.1 Monte-Carlo simulation technique 
 

Monte-Carlo (MC) simulation technique is an accurate, 

robust and simple method for performing reliability analysis 

(Pradlwarter et al. 1998, Papaioannou et al. 2013). The 

stages to be performed for the MC simulation are as follows 
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(Haldar and Mahadevan 2000, Ayyub and Klir 2006): 

i. Definition of random variables (i.e. parameters 

with uncertainties); 

ii. Determination of probability distributions of 

random variables that are compatible with their nature; 

iii. Generation of random numbers and calculation of 

random variables; 

iv. Obtaining deterministic solution of the problem 

for each of the total number of simulations (nmc); 

v. Statistical evaluation of the results; 

vi. Investigation of the accuracy and the efficiency of 

the simulations so that the optimum number of simulations 

(nmc) is determined. 

Fig. 1 schematically illustrates the Monte-Carlo 

Simulation (Sinha et al. 2013). Herein, firstly, random 

variables are determined (X1, X2 and Xn). Then, the random 

variables are distributed around the nominal values by 

generating random numbers equal to the total number of 

simulations (nmc) with probability distribution functions 

such as normal, lognormal, uniform, Weibull, or 

exponential, etc. that are compatible with their nature. Note 

that, the probability density function (PDF) and the 

cumulative distribution function (CDF) are used to 

mathematically express the distributions. Finally, 

deterministic analyses are performed as many as the total 

number of simulations (nmc). Then, the results (R1 and R2) 

are processed and presented in a probabilistic manner. 

 

2.2 Semi-active isolation system modeling 
 

Semi-active control systems employ devices with 

mechanical components that operate with small energies 

such as a valve or a bolt friction connection. Semi-active 

control systems can be used in the superstructure or as an 

additional damping element in passive seismic isolation 

systems. In this study, a semi-active isolation system has 

been formed by using semi-active control devices in parallel 

with an isolation system that consists of rubber isolators. 

The force-displacement behavior of these isolators can be 

modeled as smooth bi-linear hysteretic (Nagarajaiah et al. 

1991). Main relationships between the main mechanical 

parameters of the rubber isolators are tabulated in Table 1. 

The nominal isolation periods (rigid-body periods) of 

the benchmark buildings used in this study are obtained via 

Eq. (1) depending on the total weight of the buildings (W) 

and the nominal total post-yield stiffness (K2t) of the 

isolation system. Here, g is the gravitational acceleration 

and the post-yield stiffness per isolator can be obtained by 

dividing K2t to the total number of isolators in the isolation 

systems. The pre-yield stiffness, K1, the yield force, Fy, and 

the post-yield to pre-yield stiffness ratio, α, then can be can 

be obtained through the relationships given in Eqs. (2)-(4), 

respectively. 

The other main component of a semi-active isolation 

system is the semi-active control device, which is basically 

a Maxwell visco-elastic element with a controllable 

damping coefficient (Gavin et al. 2003). Here, the semi-

active Maxwell element is modeled as a spring element 

connected in series with a controllable damper element.  

 

Table 1 Relationships between the main mechanical 

parameters of the rubber isolators 

Equation Mechanical parameter Formulation 

(1) Nominal isolation period 0 2tT 2 W / gK   

(2) Characteristic force 1 2 yQ (K -K )D  

(3) Yield force y 1 yF K D  

(4) 
Post-yield stiffness to pre- 

yield stiffness ratio 2 1K / K   

 

 

Table 2 Relationships between the main mechanical 

parameters of the semi-active devices 

Equation Mechanical parameter Formulation 

(5) Control force 
d

d d d d
d

k
f f k z

c (u)
    

(6) 
Controllable device  

damping d min maxc (u) c (1 u) c u    

(7) Control rule d au H(f V )   

 

 

Relationships between the main mechanical parameters 

of the semi-active devices are listed in Table 2. The control 

force (fd) of the Maxwell element can be calculated via Eq. 

(5) depending on the controllable damping (cd(u)), the 

stiffness of the device (kd), and the relative velocity across 

the device (żd). As shown in Eq. (6), the controllable 

damping (cd(u)) depends on the control signal u, where, cmax 

and cmin are the maximum and the minimum damping, 

respectively. The optimum value of the controllable 

damping can be obtained according to the change of the 

control signal that is dependent on the control rule. In this 

study, the semi-active control device is modeled using the 

bang-bang pseudo-skyhook control rule (Karnopp et al. 

1974) given in Eq. (7), where H(.) and Va are the Heaviside 

step function and the absolute velocity, respectively. The 

control rule ensures optimal damping by turning the valve 

on and off. If fd.Va≤0, the damping is minimized by turning 

the damper off (u=0). Conversely, the control signal u 

decides to turn the damper on (u=1) if fd.Va>0 and thus the 

damping is maximized. 

The actual values of the mechanical parameters of the 

semi-active isolation elements may be different from the 

design values due to the variations in the material 

properties, element dimensions, production method, errors 

in assembly, etc. In addition, it has been emphasized by 

(Cheng et al. 2008) that the characteristic parameters of the 

isolation system components may also change due to the 

effects such as contamination, aging and temperature. The 

mechanical parameters of the semi-active isolation system 

listed in Tables 1 and 2 are to be considered as random 

variables to take such potential uncertainties into account in 

the context of a probabilistic analyses. 

 

2.3 DBASIS-SA -MC 
 
3DBASIS (Nagarajaiah et al. 1991) is a software widely 

used in the academic field for performing linear and 

nonlinear time-history analysis of three dimensional base  
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isolated structures. 3DBASIS program was previously 

modified by (Gavin et al. 2003) to obtain 3DBASIS-

SA,which is capable of carrying out bi-directional seismic 

analyses of three dimensional semi-active isolated 

buildings. 

3DBASIS-SA program is further modified by (Ö ncü-Davas 

2018) for conducting recursive analyses (3DBASIS-SA-

MC) in order to perform Monte-Carlo Simulations of the 

semi-active isolated buildings. General flow chart of 

3DBASIS-SA-MC program is given in Fig. 2. Firstly, three 

input files are opened and read in the program: (i) the input 

file used for modeling of the semi-active isolated building, 

(ii) the input file containing random variables of the semi-

active isolation system, (iii) the input file containing 

historical earthquake records or random variables used in 

modeling synthetic near-fault earthquakes -if required-. The 

modified program is capable of performing the analyses 

both under historical earthquakes and under synthetic 

earthquakes. For conducting Monte-Carlo Simulations 

under historical earthquakes, the program reads the 

acceleration and velocity records of the ground motions and 

conducts nonlinear time history analyses as much as the 

number of MC. Please note that the velocity record of the 

ground motion is necessary for performing the analyses of 

semi-active isolated buildings. 

 

 

 

 

3. Benchmark buildings 
 

3-story and 9-story seismically isolated benchmark 

buildings equipped with semi-active devices used in this 

study are composed of two main parts as seen in Fig. 3: (1) 

superstructure which is modeled as 3-dimensional shear 

building and (2) semi-active isolation system which consists 

of rubber bearings and semi-active control devices. 

 

3.1 Superstructure 
 
The superstructure plan is symmetric and the floor stiffness 

is chosen to be the same. The floor masses are assumed to be 

equal and lumped each floor level. The floor masses and floor 

stories are adjusted to provide first-mode fixed-base periods of 

0.34 s and 0.91 s for the 3-story and 9 story model, 

respectively. The superstructure modal damping ratios have 

been set at 5% for all modes in each mode. 

 

3.2 Semi-active isolation system 
 
The semi-active isolation system consists of a total of 25 

lead rubber bearings under each column and 8 semi-active 

control devices placed perpendicularly at each corner of the 

isolation system (Fig. 3). The detail of a typical corner of 

the semi-active isolation system is given in Fig. 4. 

 

Fig. 1 Schematic illustration of Monte-Carlo Simulation procedure (adapted from Sinha et al. 2013). 

 

Fig. 2 General flow chart of 3DBASIS-SA-MC program 
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Fig. 3 Schematic representation of the semi-active isolated 

building model (n=3 for 3-story and n=9 for 9-story model) 

 

 

 

Fig. 4 The detail of a typical corner of the semi-active 

isolation system 

 

 

3.2.1. Semi-active maxwell element 
For a more realistic investigation considering the 

probable uncertainties in the characteristic mechanical 

parameters of the semi-active control device, the device 

stiffness (kd), the maximum damping (cmax), and the 

minimum damping (cmin) are considered as random 

variables following normal distribution. Once the random 

variables for the semi-active devices (i.e., kd, cmax, and cmin) 

are generated, other variables dependent on these ones are 

calculated via Eqs. (5)-(7).  

In this study, the nominal the stiffness of the device (kd) 

of the 3 and 9-story buildings are taken as 1250 kN/m and 

2500 kN/m, respectively. The nominal value of the 

maximum damping (cmax) is 150 kNs/m and 300 kNs/m for 

the 3-story and 9-story buildings, respectively. Likely, the 

nominal value of the minimum damping (cmin) are 30 kNs/m 

and 50 kNs/m for both of them, respectively. The mean 

values of the random variables are equal to the nominal 

values and the coefficient of variation (c.o.v.) for the 

random variables of the semi-active devices is taken as 

10%, which is a typical value for most engineering system 

parameters. 

3.2.2 Lead rubber bearings 

Here, the post-yield to pre-yield stiffness ratio (α), the 

yield displacement (Dy), and the yield force (Fy) are 

considered as random variables, which are among the 

mechanical properties of the rubber isolators (see Table 1). 

Then, other variables dependent on these ones (i.e., K1, K2, 

and Q) are calculated via Eqs. (2)-(4). The total weight (W) 

of 3-story and 9-story benchmark buildings are 12557 kN 

and 31392 kN, respectively. The nominal values of the 

isolation period (T0), the total yield strength ratio (Q/W) 

and the yield displacement (Dy), which are the main 

parameters of the isolation system, are considered as 4s, 

10% and 20 mm for both buildings, respectively as 

representative values for a typical practical application. 

Then, the nominal total post-yield stiffness (K2t) for both 

buildings are obtained for the assumed nominal isolation 

period.  To obtain the nominal post-yield stiffness for each 

individual isolators (K2), the nominal total post-yield 

stiffness (K2t) is divided by the total number of isolators, i.e. 

25. Considering that the total characteristic strength to be 

equal to 0.10W, the nominal pre-yield stiffness (K1) is 

calculated by Eq. (2). Then, the nominal yield strength (Fy) 

and the nominal post-yield to pre-yield stiffness ratio (α) 

can be obtained through the relationships given in Eqs. (3) 

and (4), respectively.  Accordingly, the nominal value of 

the yield force, Fy of the 3 and 9-story buildings are 

obtained as 52.8 kN and 131.9 kN, respectively. Also, the 

nominal value of α is calculated as 0.048 for each building. 

The random variables relating the rubber bearings are 

assumed to follow a normal distribution with the mean 

values being equal to the aforementioned nominal values 

and a 10% coefficient of variation (c.o.v.). 

 

 

4. Historical pulse-like near-fault earthquakes 
 

Near-fault pulse-like earthquakes attract intense interest 

from seismologists and engineers as they can cause major 

structural damage in regions that are close to the seismic 

source. Near-fault earthquakes are recognized by velocity 

records containing long-period and large-amplitude velocity 

pulses (Masaeli et al. 2014). Cox and Ashford (2002) 

explained that the near-fault ground motions are typically 

observed in distances within 10.0 km from the fault. 

(Dicleli and Buddaram 2007) used in their study 

earthquakes recorded within 12.7 km distance to the fault 

with moment magnitudes greater than 6.7 and maximum 

pulse velocities greater than 39.1 cm/s as representative 

near-fault earthquake records. And the Uniform Building 

Code (UBC, 1997) has specified near-source amplification 

factors that scale up design spectrum for the seismically 

isolated buildings located at the close vicinity of the fault 

line (<10 km). In addition, larger amplification factors have 

been proposed for the seismically isolated buildings located 

at the immediate vicinity of the fault line (<10 km). Thus, in 

this study, a total of 30 pulse-like historical near-fault 

earthquake records recorded within 10 km of the fault are 

used which are retrieved from PEER Strong Motion 

Database (2017) and they are divided into two groups 

depending on their proximity to the fault (r = 0-6 km and r  
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= 6-10 km) in order to evaluate the seismic performance of 

semi-active isolated buildings systematically considering 

their location with respect to the fault line. The moment 

magnitudes of earthquakes (Mw) which are selected to be 

greater than 6.5, the pulse periods (Tp), and the closest fault 

distances (r) are listed in Table 3. Other details such as peak 

ground acceleration (PGA), peak ground velocity (PGV) 

and peak ground displacement (PGD) are presented in Table 

4. 

 

 

5. Results  
 

In order to evaluate the probabilistic behavior of the 

3-story and 9-story benchmark semi-active isolated 

buildings, Monte-Carlo Simulations have been conducted 

under 30 historical pulse-like earthquakes. The number of 

Monte-Carlo Simulations for each earthquake is nmc=3,000, 

which required a total of 180,000 bi-directional non-linear 

time-history analyses to be carried out. The results are 

presented in the form of cumulative distribution function 

(CDF) and probability of failure (Pf) plots for each response 

parameter, i.e., peak floor accelerations, peak base 

displacement and peak inter-story drift ratios and they are 

assessed comparatively with respect to different 

performance limit thresholds. 

 

5.1 Tolerable limits 
 
The probability of failure (Pf) associated with a 

particular structural response parameter can be obtained 

with limit state functions that depend on limit state 

thresholds. The probability of failure (Pf) can be described 

as 

 

 

 

 

Pf =
nf

nmc
  (8) 

Here, nmc is the total number of Monte Carlo simulations 

and nf is the number of simulations where the limit state 

functions g(X) is equal to or less than 0 (g(X)≤0) which 

indicates failure. In this study, the limit state functions are 

formed as 

g(X) = Limit State Value–Peak Response (9) 

Therefore, the limit state values that correspond to the 

desired performance limits for the semi-active isolated 

buildings need to be identified first. In this study, three 

seismic response parameters are evaluated: (i) Peak floor 

acceleration which may be directly related to the safety of 

the vibration-sensitive equipment housed in the building 

(Ferritto 1984, Alhan and Sahin 2011). Peak floor 

accelerations can cause more than 80% of non-structural 

damages (FEMA-NIBS, 2003), (ii) Peak inter-story drift 

ratio which is directly related to the safety of structural and 

non-structural elements such as partition walls and windows 

(Karavasilis and Seo 2011).  According to FEMA-NIBS 

(2003), excessive inter-story drifts lead to the most 

structural losses; (iii) Peak base displacement which is 

directly related to the safety of the isolation system (Jangid 

2007) and thus the overall safety of the building. Tolerable 

limit values of peak floor accelerations and peak base 

displacements for different performance targets have been 

previously defined in a study by Alhan and Oncu-Davas 

(2016). Also, in a study evaluating the seismic fragility of a 

seismically isolated building (Tajammolian et al. 2018), 

four different damage states (slight, moderate, extensive, 

collapse) in terms of peak floor accelerations and peak 

inter-story drifts are considered according to the HAZUS-

2003 (FEMA-NIBS, 2003). Here, similar performance 

limits (i.e., limit state values) are adopted as elaborated next  

Table 3 Historical pulse-like near-fault earthquakes 

r=0 ile r=6 km r=6 km ile r=10 km 

Abbrevation Earthquake Date Mw r (km) Tp (s) Abbrevation Earthquake Date Mw r (km) Tp (s) 

TCU065 Chi-Chi Taiwan 1999 7.6 0.6 5.7 CHY024 Chi-Chi Taiwan 1999 7.6 9.6 6.7 

TCU068 Chi-Chi Taiwan 1999 7.6 0.3 12.3 SPV Northridge 1994 6.7 8.4 0.9 

YPT Kocaeli 1999 7.5 4.8 4.9 NWH Northridge 1994 6.7 5.9 1.4 

BPTS Superstition Hills-02 1987 6.5 1 2.4 LDM Northridge 1994 6.7 5.9 1.6 

HE05 Imperial Valley 1979 6.5 4 4.1 HECC Imperial Valley 1979 6.5 7.3 4.4 

TAZ Kobe 1995 6.9 0.3 1.8 HE04 Imperial Valley 1979 6.5 7.1 4.8 

HE06 Imperial Valley 1979 6.5 1.4 3.7 HE10 Imperial Valley 1979 6.5 8.6 4.5 

HE07 Imperial Valley 1979 6.5 0.6 4.4 PUL Northridge 1994 6.7 7 0.8 

LCN Landers 1992 7.3 2.2 5.1 WVC Loma Prieta 1989 6.9 9.3 5.6 

TAB Tabas 1978 7.4 2.1 6.2 HHVP Imperial Valley 1979 6.5 7.5 4.8 

WPI Northridge 1994 6.7 5.5 3 PET Cape Mendocino 1992 7 8.2 3 

JEN Northridge 1994 6.7 5.4 3.2 LINC Darfield 2010 7 7.1 7.4 

SCE Northridge 1994 6.7 5.2 3.5 HORC Darfield 2010 7 7.3 9.9 

SYL Northridge 1994 6.7 5.3 2.4 GRO Montenegro 1979 7.1 7 1.4 

SFERN San Fernando 1971 6.6 1.8 1.6 TCU063 Chi-Chi Taiwan 1999 7.6 9.8 6.6 
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and the results obtained from probabilistic analyses are 

comparatively evaluated under these limits: It is stated by 

Pan et al. (2005) that the peak displacements of the rubber 

isolators can range from 40 cm to 100 cm. Therefore, three 

levels of performance limits for  the peak base 

displacements are selected as Ld1=40 cm, Ld2=70 cm and 

Ld3=100 cm. The vibration-sensitive equipment housed 

inside the buildings can be protected and may even be 

operated during an earthquake if the equipment exposed to 

the horizontal accelerations does not exceed 10 m/s
2
 and 2.5 

m/s
2
, respectively according to (Worksafe 2011). Thus, 

three levels of the limit state thresholds for the peak floor 

accelerations are set as La1=3 m/s
2
, La2=5 m/s

2
 and La3=10 

m/s
2
. While the exceedance of the inter-story drift ratio 

limit of 0.01 may represent the plastic behavior of the 

superstructure, the limit of 0.005 corresponds to the elastic 

behavior. Furthermore, when it is desired that non-structural 

brittle elements are not damaged, the limit of 0.0025 can be  

 

 

taken into account. As a result, the inter-story drift ratio 

thresholds for three different levels in this study are selected 

as Ldr1=0.0025, Ldr2=0.005 and Ldr3=0.01. The 

aforementioned performance limits represent targets 

varying from the most challenging to the least challenging. 

 

5.2 Fragility curves 
 

The fragility curve or the cumulative density function 

(CDF) plots are developed for the aforementioned structural 

responses via Monte-Carlo Simulations. These plots can be 

used to determine any reliability level, since they give 

comprehensive information about the probability of 

exceedance corresponding to any selected limit state value 

(i.e., performance limit). The curves for peak top floor 

acceleration (ptfa), peak base displacement (pbd), and peak 

interstory drift ratios (pdr) corresponding to the historical 

pulse-like ground motions that are recorded at the  

Table 4 Additional information on the historical near-fault pulse-like earthquakes 

 

Abbrevation Earthquake Station Component PGA (g) PGV (cm/s) PGD (cm) 

r=
 0

-6
 k

m
 

TCU065 Chi-Chi Taiwan TCU065 TCU065-E 0.8 92.1 108.7 

TCU068 Chi-Chi Taiwan TCU068 TCU068-E 0.5 249.5 297 

YPT Kocaeli Yarımca YPT150 0.3 71.9 47.3 

BPTS Superstition Hills-02 Parachute Test Site B-PTS225 0.4 134.2 46.1 

HE05 Imperial Valley El Centro Array #05 H-E05230 0.4 96.9 75.2 

TAZ Kobe Takarazuka TAZ000 0.7 68.4 26.7 

HE06 Imperial Valley El Centro Array #06 H-E06230 0.4 113.5 72.9 

HE07 Imperial Valley El Centro Array #07 H-E07230 0.5 113.1 46.9 

LCN Landers Lucerne LCN260 0.7 133.3 113.9 

TAB Tabas Tabas TAB-T1 0.9 123.3 93.6 

WPI Northridge Newhall - W. Pico Canyon Rd. WPI046 0.4 118.1 42.5 

JEN Northridge Jensen Filter Plant JEN022 0.4 111.4 44.6 

SCE Northridge Sylmar - Converter Sta East SCE011 0.9 120.9 34 

SYL Northridge Sylmar - Olive View Med FF SYL360 0.8 129.3 32.1 

SFERN San Fernando Pacoima Dam (upper left abut) PUL194 1.2 114.4 39 

r=
 6

-1
0

 k
m

 

CHY024 Chi-Chi Taiwan CHY024 CHY024-E 0.28 51.1 53.7 

SPV Northridge LA-Sepulveda VA Hospital SPV270 0.75 77.6 11.8 

NWH Northridge Newhall - Fire Sta NWH360 0.59 96.54 34.32 

LDM Northridge LA Dam LDM064 0.43 74.8 19.1 

HECC Imperial Valley  EC County Center FF H-ECC092 0.24 73.35 47.98 

HE04 Imperial Valley El Centro Array #4 H-E04230 0.37 80.37 74.23 

HE10 Imperial Valley El Centro Array #10 H-E10320 0.17 50.66 35.38 

PUL Northridge Pacoima Dam (upper left) PUL194 1.29 103.3 22.2 

WVC Loma Prieta Saratoga - W Valley Coll. WVC000 0.33 64.9 37.8 

HHVP Imperial Valley Holtville Post Office H-HVP315 0.22 51.43 35.81 

PET Cape Mendocino  Petrolia PET090 0.66 88.47 33.2 

LINC Darfield, New Zeland LINC LINCN23E 0.46 108.7 66.6 

HORC Darfield, New Zeland HORC HORCN18E 0.45 105.9 52.9 

GRO Montenegro, Yugoslavia GRO BSO090 0.37 52.8 16.0 

TCU063 Chi-Chi Taiwan TCU063 TCU063-N 0.13 82.8 52.7 
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immediate vicinity of the fault line (r= 0-6 km) and at the 

close vicinity of the fault line (r= 6-10 km) are depicted in 

Figs. 5-7. The curves that correspond to mean values are 

also presented on these CDF plots. The probable minimum 

and maximum values among all earthquakes and the mean 

values at the 50% reliability level are also extracted from 

these plots and summarized in Table 5. 

The fragility curves in terms of ptfa values are given in 

Fig. 5 for earthquakes recorded at r= 0-6 km and r= 6 km10 

km, separately for 3 and 9-story buildings. As shown in 

these plots and as presented in Table 5, ptfa values of the 

buildings with rigid superstructure (3-story) vary from 1.53 

m/s
2
 to 3.19 m/s

2
 under earthquakes within r= 0-6 km, while 

they attain lower values from 1.14 m/s
2
 to 2.52 m/s

2
, in case 

of earthquakes within r=6-10 km. Furthermore, the fragility 

curves are shifted on the horizontal axis to the right 

considerably with the increase of the superstructure 

flexibility (9-story building, Figs. 5(b) and 5(d)). In case of 

earthquakes at the immediate vicinity of the fault line 

(r= 0-6 km), the ptfa values of semi-active isolated 

buildings with flexible superstructures (9-story) attain the 

largest values which vary from 2.45 m/s
2
 to 7.48 m/s

2
, much 

higher compared to the rigid superstructure (3-story) case. 

The mean values at 50% reliability level also significantly 

increase from 2.18 m/s
2
 to 4.31 m/s

2
 (r= 0-6 km) and from 

1.76 m/s
2
 to 3.31 m/s

2
 (r= 6-10 km) as the superstructure 

flexibility increase (from 3-story to 9-story). Another 

observation is that the steepness of the fragility (CDF) 

curves obtained for each earthquake is different. It should 

be noted at this point that the steepness of the fragility 

curves indicates how important the effect of the 

uncertainties in the semi-active isolation system is on the 

structural response variation. For example, the ptfa fragility 

curve under TAZ earthquake is steeper than the curve 

obtained for TAB earthquake (Fig. 5(b)). This shows that 

the effect of the uncertainties in the semi-active isolation 

system on ptfa values in case of TAZ earthquake is more 

limited than TAB earthquake case. Please note that, the 

maximum value of 5.20 m/s
2
 is 10% greater than the 

minimum value of 4.74 m/s
2
 under TAZ earthquake while 

the maximum ptfa value of 6.33 m/s
2
 is 18% greater than 

minimum ptfa value of 5.37 m/s
2
 under TAB earthquake, 

showing that a higher response variability is observed for 

TAB earthquake that arise from uncertainties in the 

isolation system mechanical properties. When the mean  

 

 

CDF curves are examined, it is observed that they are 

almost straight lines (very small variation) showing that, the 

influence of semi-active isolation system uncertainty is 

small when mean values are considered. On the other hand, 

considering that the CDF curves with the smallest and 

largest values (i.e., CDF curves for YPT and TCU068 

earthquakes) are apart from each other, it can be said that 

the uncertainties in earthquake loading is more influential 

on the variation of structural response than the uncertainties 

in the semi-active isolation system. 

Fig. 6 depicts the fragility curves in terms of peak inter-

story drift ratios (pdr) for buildings with both rigid and 

flexible superstructures (i.e., 3-story and 9-story) 

considering earthquakes recorded both at r= 0-6 km and r=6 

km-10 km. As seen from these plots and in Table 5, the pdr 

values of the 3-story buildings vary from 0.8x10
-3

 to 

1.8x10
-3 

under earthquakes within r=0-6 km (Fig. 6(a)), 

while they attain lower values, i.e., between 0.66x10
-3

 and 

1.3x10
-3

, in case of earthquakes within r=6-10 km (Fig. 6 

(c)). Similar to the general trends of the ptfa, significant 

increases in the pdr values are observed for the earthquakes 

at all distances due to the increase of the superstructure 

flexibility (9-story building, Figs. 6(b) and 6(d)). The pdr 

values for 9-story building vary between 2.3x10
-3

 and 

3.5x10-3 for the earthquakes recorded at the immediate 

vicinity of the fault line (r= 0-6 km) which are much larger 

than those for 3-story building. As seen from Table 5, the 

mean pdr values also increase from 1.2x10
-3 

to 5.7x10
-3 

for 

r= 0-6 km and from 0.9x10
-3

 to 2.6x10
-3

 for r= 6-10 km as 

the superstructure flexibility increases (from 3-story to 9-

story). 

The fragility curves of the peak base displacements 

(pbd) for both semi-active isolated buildings (3-story and 9-

story) are shown in Figs.7 (a)-7(d) for the earthquakes that 

are recorded at r= 0-6 km and r= 6-10 km, respectively. 

Considering the steepness and the scattering (different 

CDFs for different earthquake records) of the pbd fragility 

curves, in general it can be stated that the effect of the 

uncertainties in the semi-active isolation system is less 

influential on the response variability compared to the 

variation in earthquake records. Previous deterministic 

studies in the literature (Kulkarni and Jangid 2003, Alhan 

and Sahin 2011) have indicated that the influence of the 

superstructure flexibility on peak base displacements are 

limited (about 10-15%). However, it is shown in this  

Tablo 5 Statistical results* 

  
r=0-6 km earthquakes r=6-10 km earthquakes 

    
min 

 

max 

 

mean 

(at 50% realibility level) 

min 

 

max 

 

mean 

(at 50% realibility level) 

3
-s

to
ry

  ptfa (m/s2) 1.53 3.19 2.18 1.14 2.52 1.76 

pdr (-) 0.8x10-3 1.8x10-3 1.2x10-3 0.66x10-3 1.3x10-3 0.9x10-3 

pbd (cm) 16.6 80.5 39.6 8.7 36.9 20.6 

9
-s

to
ry

  ptfa (m/s2) 2.45 7.48 4.31 1.72 5.67 3.31 

pdr (-) 2.3x10-3 3.5x10-3 5.7x10-3 2x10-3 4x10-3 2.6x10-3 

pbd (m) 18.9 111 42.7 11 37.6 20.9 

*See Figs. 5-7 for visual descriptions of min, max and mean at 50% reliability level 
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probabilistic study, that the peak base displacement may be 

considerably affected by the superstructure flexibility when 

the uncertainties in the isolation system is also taken into 

account. As an example, for the case of TCU068 

earthquake, Figs. 7(a) and 7(b) show that the pbd values of  

 

 

 

the 3-story building vary between 0.68 m and 0.8 m, 

whereas the pbd values of the 9-story building for the same 

record are about 40% higher as they range from 0.95 m to 

1.1 m. Another observation is that the peak base 

displacement values clearly decrease with increasing  

 

Fig. 5 Fragility curves of the peak top floor accelerations (a)-(b): r=0-6 km, (c)-(d): r=6-10 km 
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distance to the fault (Figs. 7 (c) and 7(d)). For example, the 

maximum pbd value of the building with r igid 

superstructure (3-story) is 0.81 m for r=0-6 km earthquakes, 

while it is merely 0.37 m in case of earthquakes within 

r=6-10 km (see Table 5). Besides, considering the mean 

CDF curves for each building (3-story and 9-story, Fig. 7),  

 

 

 

 

it is seen that the values are approximately equal to 0.4 m 

for earthquakes at the immediate vicinity of the fault line 

(r=0-6 km), while it is reduced by half (to 0.2 m) for 

earthquakes at the close vicinity of the fault line (r=6-10 

km). 

 

 

 

Fig. 6 Fragility curves of the peak inter-story drift ratios (a)-(b): r=0-6 km, (c)-(d): r=6-10 km 
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5.3 Probability of failure plots 
 

The probabilities of failure (see Section 5.1 for 

definition of Pf) in terms of peak floor accelerations, peak 

inter-story drift ratios, and peak base displacement are 

calculated considering 3 different limit states for each  

 

 

 

response parameter (i.e., for performance limits of La1, La2, 
La3, Ldr1, Ldr2, Ldr3, Ld1, Ld2, Ld3) under each earthquake 

record given in Tables 3 and 4 for each building (i.e., 3 and 

9-story). The results are grouped for the fault distances of 

r=0-6 km and r=6-10 km and the mean Pf values are 

obtained for each of these groups for comparison purposes.  

 

Fig. 7 Fragility curves of the peak base displacements (a)-(b): r=0-6 km, (c)-(d): r=6-10 km 
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Due to the limited space, the probabilities of failure profiles 

of 9-story building in terms of peak floor accelerations and 

peak inter-story drift ratios along the height of the building 

(0 represents base floor) and in terms of peak base 

displacements are depicted in Fig. 8 under the most 

challenging limits (La1, Ldr1, Ld1) for the earthquakes 

within r=0-6 km as representative detailed plots. The mean 

values of the probabilities of failure are then calculated  

 

 

which are also depicted in these figures. A similar procedure 

is followed to obtain the mean values of the probabilities of 

failure for each earthquake group, each building, and each 

performance limit which are then presented in a 

comparative manner in Fig. 9.  

The mean probabilities of failure in terms of the peak 

floor accelerations and the peak inter-story drift ratios for 

all cases are presented in Figs. 9(a), 9(d) and 9(b), 9(c)  

 
(a) 

 
(b) 

 
(c) 

Fig. 8 Sample probability of failure plots: 9-story buildings at the closest distances to the fault (r=0-6 km) in terms of: (a) 

peak floor accelerations (0 represents base floor), (b) peak inter-story drift ratios and (c) peak base displacements for the 

most challenging limits (La1=3 m/s
2
, Ldr1=0.0025, Ld1=0.4 m) 
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under the most challenging and the moderate performance 

limit thresholds along the height of the buildings (0 

represents base floor) whereas those relating to the peak 

base displacements are presented in Figs. 9(c) and 9(f). 

Since the mean probability of failure values under the least 

stringent limits (La3= 10 m/s
2
, Ldr3= 0.01, and Ld3= 100 

cm) is practically P f=0%, no plots are presented 

corresponding to these performance limits.  Thus, 

considering that the peak base displacement performance 

limit of 100 cm is a physically achievable rubber isolator 

limit and the peak inter-story drift ratio performance limit 

of 0.01 is a typical seismic code limit, semi-active isolated  

 

 

buildings with both rigid and flexible superstructures 

without any vibration-sensitive contents (e.g., residential 

buildings) where peak floor accelerations up to 10 m/s
2
 are 

acceptable can be considered as reliable in the near-fault 

region (r < 10 km). 

Under the most challenging acceleration performance 

limit (La1=3 m/s
2
, Fig. 9(a)), for 3-story rigid superstructure 

building, it is seen that Pf=5% only at the top floor for r = 0-

6 km, and in other cases Pf is equal to or very close to 0%. 

On the other hand, the mean Pf values for the flexible 

superstructure (9-story) are much higher i.e. between 13% 

and 92% for r=0-6 km earthquakes and 3% to 61% for r=6-

  

  

  

Fig. 9 The mean probability of failures in terms of: (a),(d) peak floor accelerations, (b), (e) peak inter-story drift ratios, (c), 

(f) peak base displacements under the most challenging and moderate limit thresholds 
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10 km earthquakes. It is also observed that the highest Pf 

values are obtained at the upper-most floors and the lowest 

Pf values are obtained at the mid floors. Thus, it would be 

more preferable to place vibration sensitive equipment at 

the mid-floors where Pf is lower than the other floors. The 

mean Pf values are much lower for the moderate 

acceleration performance limit, La2=5m/s
2
 as seen in Figure 

9 (d): Pf=0% for all floors even at the closest distances to 

the fault (r=0-6 km) for the rigid superstructure (3-story). 

For flexible superstructure (9-story), Pf=22% even in case 

of earthquakes at the immediate vicinity of the fault line 

(r=0-6 km) at the top floor with the values dropping down 

to Pf=7% in case of earthquakes at the close vicinity of the 

fault line (r=6-10 km). 

The mean probabilities of failure in terms of inter-story 

drift ratios for 3-story superstructure even under the most 

challenging performance limit (Ldr1=0.0025) are equal to 

Pf=0% at all fault distances (Fig. 8(b)) indicating that brittle 

non-structural elements in semi-active isolated buildings 

with rigid superstructures can be effectively protected even 

at immediate vicinity of the fault line. When Pf profiles are 

evaluated for 9-story superstructure, Pf=97% is obtained at 

the lower-most floor which is unacceptably high for 

Ldr1=0.0025 in case of r=0-6 km even though it steadily 

decreases towards upper floors. With the increase in the 

fault distance (r=6-10 km), the mean Pf values drop 

significantly where the highest value, Pf =55%, is observed 

at the lower-most floor. Thus, preservation of brittle non-

structural elements of the buildings with flexible 

superstructures can’t be ensured by semi-active isolation 

particularly at the immediate vicinity of the fault line 

(r=0-6 km).  

As seen in Fig. 9(e), Pf=0% for the rigid superstructure 

(3-story) semi-active isolated building at all fault distances 

when the moderate inter-story performance limit 

(Ldr2=0.005) is considered. Even for the flexible 

superstructure (9-story) case, Pf attains a very small value 

(Pf=5%) in case of earthquakes recorded at immediate 

vicinity of the fault line (r=0-6 km). And in case of 

earthquakes recorded at close vicinity of the fault line 

(r=6-10 km), Pf values for 9-story building drop down to 

0%. This indicates that Ldr2=0.005 can effectively be met 

and thus semi-active isolated buildings even with flexible 

superstructures can remain elastic at all fault distances. 

When the mean probability of failure values regarding 

peak base displacements are examined (Figs. 9(c) and 9(f)), 

it is seen that Pf are almost the same for buildings with both 

3-story and 9-story superstructures which shows that the 

superstructure flexibility does not significantly affect the 

isolation system reliability of semi-active isolated buildings. 

For the most challenging base displacement performance 

limit (Ld1=40 cm, Fig. 9(c)), it is observed that Pf=40% for 

both buildings (3-story and 9-story) at immediate vicinity of 

the fault line (r=0-6 km) which drops down to 0% at the 

close vicinity of the fault line (r=6-10 km). Considering 

Ld1=40 cm corresponding to an economical design, it can 

be said that this can be fully achieved at the close vicinity of 

the fault line (r=6-10 km) regardless of the superstructure 

flexibility while the reliability drops down to 60% at close 

vicinity of the fault line (r=0-6 km). For the moderate base 

displacement performance limit (Ld2=70 cm, Fig. 9(e)) Pf is 

much smaller (7%) for both superstructures at r=0-6 km, 

dropping down to 0% at r=6-10 km. As seen, when a 

moderate base displacement performance limit is 

considered (by somewhat relaxing economical design 

requirement), it is possible to ensure a reliable semi-active 

isolation system. 

 

 

6. Conclusions 
 

Use of high passive damping may cause amplifications 

in the floor accelerations and/or inter-story drifts in case of 

far-fault high-frequency ground excitations. As an 

alternative for passive systems, semi-active isolation 

systems can be used to reduce extensive base displacements  

that can occur in case of near-fault earthquakes without 

significantly amplifying the floor accelerations and/or inter-

story drifts in case of far-fault earthquakes. In this study, the 

probabilistic behaviour and reliability of semi-active 

isolated buildings under historical pulse-like earthquakes 

considering the uncertainties in the semi-active isolation 

system is investigated in terms of protection of the 

structural integrity which is governed by base displacement 

and inter-story drift ratios and the vibration-sensitive 

equipment which is governed by floor accelerations. Monte-

Carlo simulations of both 3-story and 9-story semi-active 

isolated buildings are performed in order to also assess the 

influence of the superstructure flexibility on the reliability 

levels. The results are presented in the form of fragility 

curves and probability of failure (Pf) profiles. The main 

outcomes are: 

(1) Fragility curves depict that the seismic responses of 

semi-active isolated buildings notably vary due to the 

uncertainties in the mechanical parameters of the semi-

active isolation system elements and the characteristics of 

the earthquake excitation. However, the effects of the 

uncertainties in earthquakes (i.e., record-to-record 

variability) are much more influential than the uncertainties 

in the isolation system.  

(2) The probabilities of failure of semi-active isolated 

buildings with flexible superstructures are much higher in 

terms of floor accelerations and inter-story drift ratios 

compared to those with rigid superstructures. However, the 

probability of failures in terms of base displacements is 

similar for both. 

(3) Probabilities of failure in terms of floor accelerations is 

much lower for semi-active isolated buildings with rigid 

superstructures compared to those with flexible 

superstructures. While Pf along the height of rigid 

superstructures is nearly constant, it varies significantly 

from floor-to-floor for those with flexible superstructures 

where they are much lower in mid-floors compared to the 

lowermost and uppermost floors. These findings indicate 

that low-rise semi-active isolated buildings would offer 

more reliable environment for vibration-sensitive 

equipment and it is advised that the vibration-sensitive 

equipment be placed on mid-floors of those with flexible 

superstructures.  

(4) Although all ground motion records used in this study 
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are classified as near-fault earthquakes with fault distances 

smaller than r=10 km, the probabilities of failure of semi-

active isolated buildings located at immediate vicinity of the 

fault line (r=0-6 km) are significantly higher than those 

located at close vicinity of the fault line (r=6-10 km).  

(5) For immediate vicinity of the fault line (r=0-6 km): 

i. Ensuring the reliability of highly vibration-

sensitive contents (performance limit 3 m/s
2
) housed in 

semi-active isolated buildings with flexible superstructures 

can’t be possible especially at the upper and lower-most 

stories. On the other hand, this can be achieved for those 

with rigid superstructures.  

ii. Ensuring the reliability of typical vibration 

sensitive contents (performance limit 5 m/s
2
) housed in 

semi-active isolated buildings with both rigid and flexible 

superstructures can be provided. 

iii. The inter-story drift performance limit of 0.0025 

which represents prevention of damage to brittle non-

structural elements (gypsum cracks, window damages, etc.) 

could be met by the semi-active isolated buildings with 

rigid superstructures located in near-fault region (r < 10 km) 

since Pf were obtained as 0% whereas it mostly could not be 

met by the those with flexible superstructures as Pf were 

significantly high.  

iv. The limit of 0.005, which represents the elastic 

state of the superstructure, was comfortably met even by 

those with flexible superstructures as Pf were almost 0%.  

v. Peak base displacement limit of 40 cm, 

representing an economical design, can’t be achieved as the 

reliability level is obtained to be relatively low (60%). 

(6) For close vicinity of the fault line (r=6-10 km): 

i. Despite increased fault distances, semi-active 

isolated buildings with flexible superstructures would still 

have difficulty in providing the reliability for protecting 

highly vibration-sensitive contents (performance limit 3 

m/s
2
) particularly at the uppermost and the lowermost floors 

since average Pf are as high as 60%.  

ii. Despite increased fault distances, semi-active 

isolated buildings with flexible superstructures would still 

have difficulty in providing the reliability for protecting 

non-structural brittle elements (performance limit 0.0025 

since average Pf are as high as 55%. 

iii. Considering 40 cm displacement performance 

limit corresponding to an economic isolation system design, 

it can be said that this can be achieved regardless of the 

superstructure flexibility.  

iv. Ensuring the reliability of typical vibration 

sensitive contents (acceleration performance limit 5 m/s
2
) 

housed in semi-active isolated buildings, prevention of 

damage to brittle non-structural elements (inter-story drift 

performance limit 0.0025), and somewhat economic 

isolation system design (displacement performance limit 70 

cm) for both rigid and flexible superstructures can be 

provided. 

(7) Considering 100 cm as a physically achievable isolator 

limit and 0.01 as a typical seismic code limit for peak inter-

story drift ratios, semi-active isolated buildings with both 

rigid and flexible superstructures without any vibration-

sensitive contents, where peak floor accelerations up to 10 

m/s
2
 are acceptable, can be considered as reliable in the 

near-fault region (i.e., r < 10 km). 
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