
Mechanical Systems and Signal Processing 114 (2019) 146–164
Contents lists available at ScienceDirect

Mechanical Systems and Signal Processing

journal homepage: www.elsevier .com/locate /ymssp
Reliability of semi-active seismic isolation under near-fault
earthquakes
https://doi.org/10.1016/j.ymssp.2018.04.045
0888-3270/� 2018 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail addresses: seda.oncu@istanbul.edu.tr (S. Öncü-Davas), cenkalhan@istanbul.edu.tr (C. Alhan).
Seda Öncü-Davas, Cenk Alhan ⇑
Department of Civil Engineering, _Istanbul University, Avcılar Campus, 34320 Avcılar, _Istanbul, Turkey

a r t i c l e i n f o a b s t r a c t
Article history:
Received 1 August 2017
Received in revised form 26 March 2018
Accepted 29 April 2018

Keywords:
Monte-Carlo simulation
Semi-active control
Seismic base isolation
Structural reliability
Near-fault earthquakes
Structural control can be used for protecting buildings and its vibration-sensitive contents
from earthquakes. Seismic isolation is a passive control system that lowers effective
earthquake forces by utilizing flexible bearings. However, supplemental damping in the
isolation system may become necessary to reduce large isolator displacements under
near-fault earthquakes. Semi-active dampers are preferred over passive dampers because
of their capacity in minimizing possible amplifications in floor accelerations due to
increased damping. Semi-active dampers are also preferred over the active ones because
of their higher stability and lower power consumption. On the other hand, seismic perfor-
mance of semi-active isolation may vary due to variations in the mechanical properties of
semi-active devices and/or seismic isolators. Such uncertainties alongside the uncertainties
associated with ground motion parameters should be taken into consideration to develop a
realistic picture of the behavior of seismically isolated buildings equipped with semi-active
control devices. The objective of this study is to examine the effectiveness of semi-active
isolation in protecting vibration-sensitive equipment and integrity of a structure by consid-
ering the aforementioned uncertainties and present the reliability of semi-active seismic
isolation under near-fault earthquakes. For this purpose, this paper introduces a method
that uses synthetically generated near-fault earthquakes and Monte-Carlo Simulations.
This method is used to determine the reliability of a 3-story and a 9-story benchmark
buildings with semi-active isolation systems under near-fault earthquakes of various mag-
nitudes and varying fault distances. The results are presented in the forms of comparative
plots of probability of failure and reliability.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Structural control systems can be used in modern engineering practice to protect structures from destructive effects of
earthquakes. Structural control systems are mainly categorized as passive, active, semi-active, and hybrid systems. The basic
concept of passive control systems is to lower the effective earthquake forces by elongating the fundamental period of the
structure, thereby, lowering both the floor accelerations and the inter-story drift ratios to keep them within desired limits.
The main challenge that such systems face is the large displacement requirements of the isolation system in case of near-
fault earthquakes [1], which may exceed practical and economical limits [2]. Such large base displacements may even exceed
the seismic gap, thus, posing serious risks [3]. Providing high passive isolation damping may be of help but such a solution
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may cause increase in floor accelerations and inter-story drifts depending on the earthquake characteristics [4]. Various
other studies [1,5–7] also revealed that additional damping that is necessary for controlling base displacement may not guar-
antee good performance in structural response under the near-fault earthquakes, which would be a problem for mission-
critical buildings such as hospitals that house vibration-sensitive contents [2,8]. Thus, active or semi-active isolation systems
that can adapt to earthquake excitations of different frequency contents are necessary. Although active control systems are
effective, they require very high power to operate [9,10]. Moreover, adding mechanical energy actively to the building may
cause stability problems to the structure [11–13]. These drawbacks increase the interest in semi-active control systems,
which can provide the proper amount of damping without causing any stability problems. Also, they need much less power
to operate than the active control systems [12,13]. Symans et al. [14] showed that both isolation displacement and super-
structure response can be limited by such adaptive base isolation systems. Likewise, [15–17] confirmed that the safety per-
formance of a seismic isolation system that is equipped with semi-active dampers are quite high and it is effective in
simultaneously limiting both base displacement and superstructure responses.

On the other hand, it is known that the mechanical properties of isolators can vary due to the variation in temperature,
ageing, contamination, or scragging [18–20]. Likewise, the mechanical properties semi-active control devices can vary.
Researchers [18,19,21] have evaluated the effect of variability in passive isolation system parameters on the response of
superstructure. The results emphasized the significance of variability of these parameters on the response of isolated build-
ings. At this point, it can be said that probabilistic seismic risk analysis, which takes such uncertainties into account, is the
best method for determining the realistic seismic performance of seismically isolated buildings equipped with semi-active
control systems. Due to the difficulty of describing the probabilistic characteristic of the whole problem analytically, the
Monte-Carlo Simulation technique can be used as a convenient alternative. It is an accurate method for conducting safety
and reliability analysis [22] that is based on mathematical modeling and recursive computer analysis in which the uncer-
tainty is taken into account by defining random variables to follow certain probabilistic distributions.

The recent seismic risk studies on passive isolation systems and/or passive dampers [23] presented the seismic fragility of
a high-rise reinforced concrete building retrofitted by means of viscous dampers with various effective damping ratios under
synthetically developed ground motions. In order to evaluate the effectiveness of the external dissipation system, the seismic
reliability analysis of a spherical storage tank with external metallic dampers was conducted by Curadelli [24]. Colombo and
Almazán [25] assessed the seismic reliability of liquid storage tanks with external energy dissipation devices. The reliability
analysis of the structure showed that the external energy dissipation system has the capability to reduce the probability of
reaching the limit state by 81%. In another study conducted by Chakraborty and Debberma [26], the uncertainties in tuned
liquid dampers were taken into consideration for the optimum design of these systems. Alhan and Gavin [8] presented the
reliability of passive floor isolation systems for protecting vibration-sensitive equipment under synthetically developed
earthquakes and concluded that for a reliable solution, semi-active isolation rather than passive one may be considered
in case the structure is located in the close proximity of the fault line [27] evaluated the effect of the uncertainties in the
properties of passive seismic isolators on the response of seismically isolated buildings by using Monte-Carlo Simulations.
Although probabilistic seismic risk analysis relating to passive isolation systems and/or passive dampers has attracted great
interest in recent years, there exist very few probabilistic research studies on seismically isolated buildings equipped with
semi-active control systems in the literature. Among these, Chase et al. [28] compared the impact of a type of semi-active
control strategy on the structural responses and evaluated the results in terms of statistical distributions. In order to deter-
mine the efficacy of smart damping technology, an energy-based probabilistic approach was presented by Aly and Christen-
son [29].

The objective of this study is to examine the effectiveness of semi-active isolation in protecting vibration-sensitive equip-
ment and structural integrity by taking the uncertainties in the earthquake loading and the mechanical parameters of semi-
active isolation systems into consideration and to present/evaluate the reliability of semi-active seismic isolation under
near-fault earthquakes. For this purpose, the Monte-Carlo Simulations of benchmark buildings with semi-active isolation
systems under synthetic near-fault earthquakes, which are generated for different magnitudes at various distances to the
fault, are carried out and the results are presented in the form of comparative probability of failure and reliability plots.
The mechanical parameters of semi-active isolation system including isolator stiffness, isolator damping, stiffness of
semi-active control device and semi-active control device damping and the parameters of synthetic near-fault earthquakes
including pulse period, pulse velocity, and decaying sinusoid damping factor are considered as random variables. 3-story and
9-story buildings are examined in order to take the influence of superstructure flexibility into account. Nonlinear time his-
tory analyses are conducted using the modified version of 3D-BASIS [30] that is capable of analyzing three-dimensional seis-
mically isolated buildings equipped with semi-active control devices [31]. This modified version is further modified by [32]
in order to add the capability for carrying out recursive Monte-Carlo analyses. The random values for uncertain parameters
following specific probabilistic distributions are obtained via MATLAB [33] for use in 3D-BASIS.

The organization of the text is as follows: First the structural modeling concept that combines the superstructure,
isolation system and semi-active devices are given, then the synthetic earthquake pulse model is summarized. In the third
section, a short description of the application of Monte-Carlo Simulation is given, which is followed by the descriptions of
random variables and probability distributions used in this study. Finally, results are presented in the forms of comparative
plots of probability of failure and reliability along with performance tests that reveal the success of semi-active isolation in
near-fault regions considering practical and economical limits.
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2. Structural model

3-story and 9-story benchmark building models are used in this study. Each model consists of two main parts: 3-
dimensional shear building superstructure and semi-active base isolation system that consists of rubber bearings and
semi-active control devices (Fig. 1). The superstructure plan is symmetric and floor masses are assumed to be the same
and lumped at the center of the gravity of each floor level. The story stiffness values are assumed to be the same and adjusted
Fig. 1. Benchmark 3-story and 9-story buildings: (a) plan view, (b) sectional view.
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to provide fundamental fixed-base periods of 0.34 s and 0.91 s for the 3-story and 9-story model, respectively. The super-
structure modal damping ratio is considered as 5% of critical for all modes in each of these models.

Isolation system consists of 25 rubber bearings located under each column and 8 semi-active control devices that are
placed at each corner of the isolation system in both orthogonal directions (Fig. 1). Rubber bearings are modeled to represent
smooth bilinear hysteretic behavior [30]. It adopts Park et al. [34] which is essentially the extended version of Bouc-Wen
model [35,36] and takes biaxial interaction into account. In this model, the forces developed in the bearings in two orthog-
onal directions depend on the yield force, yield displacement, post-yield to pre-yield stiffness ratio. The mathematical details
can be found elsewhere [30].

The isolation periods of the benchmark buildings are obtained based on the total weights of the buildings (W) and the
total post-yield stiffness (K2t) of the isolation systems as given in Eq. (1).
T0 ¼ 2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W=ðgK2tÞ

p
ð1Þ
where g is the gravitational acceleration. The total weights (W) of the benchmark models are 12,557 kN and 31,392 kN,
respectively. The nominal total post-yield stiffness (K2t) can be calculated for each model to provide an isolation period that
is assumed as 4 s for both buildings. The nominal total pre-yield stiffness (K1t) is obtained afterwards by the following equa-
tion in which Qt is the nominal total characteristic force and Dy is the nominal yield displacement which is assumed as 20
mm in this study.
K1t ¼ Qt=Dy þ K2t ð2Þ

To determine the nominal total characteristic force of Qt, the nominal total yield strength ratio (Qt/W) is taken as 10%.

Several studies (e.g. [37–40]) show that the characteristic strength ratio typically varies between 5% and 15%. Therefore, a
value of 10% is chosen as it represents a typical average value. Once the nominal total post-yield stiffness and the nominal
total pre-yield stiffness values are calculated, the nominal total yield strength (Fyt) and the nominal post-yield to pre-yield
stiffness ratio (a) can be obtained by Eqs. (3) and (4), respectively.
Fyt ¼ K1tDy ð3Þ

a ¼ K2t=K1t ð4Þ

Then, by dividing K1t, K2t and Fyt by the total number of isolators, 25, the nominal pre-yield stiffness K1, the nominal post-

yield stiffness K2, and the nominal yield strength Fy are obtained for each individual rubber bearings. The nominal post-yield
to pre-yield stiffness ratio (a) and the nominal yield displacement (Dy) would be the same for both the isolation systems and
each individual isolator for the nominal case.

The other main part of the isolation system is the semi-active control device which is basically a controllable Maxwell
element. As detailed in Fig. 2, the element consists of a spring that is connected in series with a controllable damper.

The modeling details of a semi-active device which is essentially a controllable Maxwell element is provided in [31] com-
prehensively and will be summarized here. The semi-active control device is modeled to follow the bang-bang pseudo-
skyhook control rule [42]:
u ¼ Hðf d � VaÞ ð5Þ

where u is the control signal, H(.) is the Heaviside step function, fd is the control force, and Va is the absolute device velocity.
The control rule provides the most suitable damping by turning the damper on or off. The control rule decides to minimize
Fig. 2. Maxwell element (adapted from Vu et al. [41]).
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the damping of semi-active device (u = 0) in case fd.Va � 0. Otherwise, u is set to 1 and damping is maximized. As seen in Eq.
(6), the controllable device damping (cd(u)) depends on the control signal (u) and changes according to the control signal
value.
Table 1
Nomina

r (km

3

cdðuÞ ¼ cminð1� uÞ þ cmaxu ð6Þ

in which, cmin and cmax are minimum and maximum damping, respectively. The control force of the device is calculated by
Eq. (7), which is dependent on the controllable device damping (cd(u)), the stiffness of device (kd), and the relative velocity of
the device (_rd) where an over-dot stands for time derivative d/dt.
_f d ¼ � kd
cdðuÞ f d þ kd _rd ð7Þ
3. Synthetic earthquake pulse model

In recent years, there has been an increased interest in studies on seismically isolated buildings under near-fault earth-
quake pulses, which are commonly observed in ground motion records obtained in distances within 10.0 km from the fault
[43]. Since the number and variety (in terms of magnitude and fault-distance) of historical near-fault earthquake records are
not enough for use in numeric simulations, various researchers [44–51] developed different analytical pulse models that rep-
resent pulse-like near-fault ground motions. In this study, Agrawal and He [47] pulse model is used since it both has the
capability of representing typical near-fault ground motions and is formed of a simple mathematical expression. Agrawal
and He [47] pulse model is a special case of He and Agrawal [50] model. Since near-fault earthquakes involve decaying sinu-
soids and combinations thereof, the velocity time history is defined as a decaying sinusoid function which is generated by
the following closed-form approximation:
vðtÞ ¼ se�fpxpt sinxp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� f2pÞ

q
t ð8Þ
By differentiating Eq. (8), the ground acceleration is obtained as:
aðtÞ ¼ se�fpxpt �fpxp sinxp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� f2pÞ

q
t þxp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� f2pÞ

q
cosxp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� f2pÞ

q
t

� �
ð9Þ
where fp is the damping factor of the decaying sinusoid. In order to generate near fault earthquakes with a peak ground
velocity (tp), a pulse period (Tp), and a decaying factor (fp) to emulate the corresponding pulse model, the initial amplitude
of the pulse (s) and the frequency of the sinusoid (xp) can be calculated by the following equations as suggested by Dicleli
and Buddaram [37]:
xp ¼ 2p Tp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� f2pÞ

q� ��
ð10Þ

s ¼ tp e�fpxptp sinxp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� f2pÞ

q
tp

� ��
ð11Þ
Here, tp is the time at which the peak velocity occurs and is calculated by equating Eq. (9) to zero and solving for t.
In order to generate earthquake pulse time histories at specific closest fault distances (r) for earthquakes of specific

moment magnitudes (Mw) [37], the peak ground velocity (tp) and the pulse period (Tp) are calculated via Eqs. (12) and
(13) proposed by [52].
log10ðtpÞ ¼ �1:0þ 0:5Mw � 0:5log10ðrÞ ð12Þ

log10ðTpÞ ¼ �2:5þ 0:425Mw ð13Þ

In this study, the earthquake pulse models are simulated for the closest fault distances of r = 3 km, 6 km and 9 km and the

earthquake magnitudes of Mw = 6.5, 6.75, 7.0, and 7.25 and combinations thereof. The nominal values of the pulse velocity
(tp) and the pulse period (Tp) are calculated using Eq. (12) and (13) according to the aforementioned r and Mw parameters
and are listed for each combination in Table 1. The nominal value of the other parameter, i.e. decaying sinusoid damping
l values of the parameters of near-fault ground motions for different moment magnitudes and fault distances.

) Mw Tp (s) tp (cm/s) fp (%) r (km) Mw Tp (s) tp (cm/s) fp (%) r (km) Mw Tp (s) tp (cm/s) fp (%)

6.5 1.83 102.67 20 6 6.5 1.83 75.6 20 9 6.5 1.83 59.28 20
6.75 2.33 136.91 20 6.75 2.33 96.81 20 6.75 2.33 79.05 20
7.0 2.99 182.57 20 7.0 2.99 129.1 20 7.0 2.99 105.41 20
7.25 3.81 243.47 20 7.25 3.81 172.16 20 7.25 3.81 140.57 20
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factor (fp) required to produce the synthetic near-fault earthquake pulses is considered as 20% since most (50%) of the
recorded near-fault earthquakes contain forward and backward velocity pulses that correspond to the decaying sinusoid
damping factor of 20% [53].
4. Application of Monte-Carlo simulation

Monte-Carlo simulation is a convenient method for determining the reliability of engineering systems (see [54] for a com-
plete discussion) in which the parameters with uncertainties are defined as random variables. Each random parameter is
generated to follow a certain probability distribution that is compatible with its nature. To do so, first uniformly distributed
random numbers, which vary between 0 and 1, are produced. Then, by using the inverse cumulative distribution function
(CDF) method, the numbers are transformed into random numbers with a characteristic of the desired distribution. First,
uniformly distributed random numbers (ui) are generated for uniformly distributed random variables (U). Then, CDF of each
random variable value (xi), which corresponds to random variable X, is equated to ui and the equation is solved to obtain xi. A
probability distribution specifies the probability (or the probability density in the case of continuous random variables) of
the random variable X taking the value xi. There are various distribution functions including but not limited to normal, log-
normal, uniform, Weibull, or exponential. Normal and Weibull distributions, which are frequently used in applied engineer-
ing problems, are used here as they are suitable for the random parameters defined in this study.

The normal distribution is specified by its cumulative density function, Fx, that is indicated in Eq. (14). CDF provides the
knowledge of probability that a continuous or discontinuous random variable is equal to or less than a certain value (xi). The
shape of the normal distribution depends on two parameters that reveal the mean of the random variable (lx) and standard
deviation of it (rx). A standardized measure of dispersion with respect to the mean value is defined as the coefficient of vari-
ation (c.o.v.x) and is calculated by c.o.v.x = rx/lx. It also provides an information about the skewness of the dispersion. If it
takes a small value, a small/low uncertainty is associated with that variable [55].
FxðxÞ ¼
Z x

�1

1
rx

ffiffiffiffiffiffiffi
2p

p e
�ðx�lx Þ2

2r2x dx ð14Þ
The CDF function of the continuous random variable (X) with a Weibull distribution is given in Eq. (15).
FxðxÞ ¼ 1� e � x
cxð Þkx ð15Þ
Here, kx is the shape parameter that alters the variation of the random variable and cx is the shape (scale) parameter that
changes the form of the probability distribution function (PDF) of the random variable.

After the values of the random variables are generated – as much as the required number of simulations (nmcs) – to follow
their specific probability distributions, the problem is evaluated deterministically for each set of realization of all random
variables. This phase is also known as numerical experimentation. Finally, probabilistic information is extracted from the
results of these numerical experiments [55]. A comprehensive example that depicts the application of all steps of a Monte
Carlo Simulation can be found in [56].
5. Random variables and probability distribution functions

If a problem has the character of randomness in its constituent parameters, it has more than one possible outcome. Quan-
tifying the uncertainties in the problem is the first stage in which the effect of potential variability is taken into account. In
this context, this study considers the uncertainties in the parameters of the semi-active isolation system and synthetic earth-
quake parameters. Accordingly, synthetic earthquake parameters of fp, Tp, and tp are considered as random variables. In
order to describe the distributions of the pulse period (Tp) and the maximum pulse velocity (tp), the Weibull distribution
is considered/deemed suitable. As mentioned in Section 3, the near-fault ground motion pulses are produced by considering
various deterministic values of the moment magnitude of the earthquake (Mw) and the closest distance to the fault (r) in
order to examine how the probabilities of failure and probabilistic seismic performance vary with respect to these variables.
As shown in Table 1, the nominal values of fp, Tp, and tp corresponding to deterministic values of Mw and r are calculated via
Eqs. (12) and (13). A normal distribution with a mean value of 0.2 and covariance of 15% is applied for the decaying sinusoid
damping factor (fp). Fig. 3(j) should be referred to see how the covariance values of 10, 15, and 20% yields different values of
fp and how 15% is more suitable than others in order to attain physically realistic values.

The characteristic mechanical properties of the rubber isolators a, Fy, and Dy are also considered as random variables.
Likewise, the characteristic properties of semi-active control device, i.e. kd, cmax, and cmin are modeled as random variables.
All of the isolation system parameters are assumed to follow a normal distribution with a coefficient of variation (c.o.v.x) of
10%, which is typical for most engineering system parameters. The nominal (mean) values of the parameters for the 3-story
and 9-story buildings are given in Table 2.

The probability distribution of a random variable can be defined by its probability density function (PDF). The probability
distributions of the considered semi-active isolation system random variables, which belong to 3-story and 9-story build-
ings, can be defined by their probability density function (PDF). The PDFs of the considered semi-active isolation system ran-
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Fig. 3. The PDFs of random variables: (a)–(c) and (f)–(h) for the semi-active isolation system parameters, and (d), (e), (i), (j) for the synthetic earthquake
parameters.

Table 2
Nominal values of the mechanical parameters of the rubber bearings and the semi-active device properties.

Model a Fy (kN) Dy (m) kd (kN/m) cmax (kNs/m) cmin (kNs/m)

3-story 0.048 52.754 0.02 1250 150 30
9-story 0.048 131.89 0.02 2500 300 50
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dom variables are obtained via MATLAB and are depicted in Fig. 3(a)–(c) and (f)–(h). Once the random variables of the a, Fy,
and Dy for the rubber isolators are generated, the other variables K1, K2, and Q that are inter-related to these variables are
obtained by Eqs. (2)–(4). The PDFs of the decaying sinusoid factor (fp), the pulse period (Tp), and the maximum pulse velocity
(tp) are shown in Fig. 3(d), (e), (i), and (j).
6. Results

Since this study is a numerical-intensive study, selecting the optimum number of simulations to be performed is impor-
tant. For this reason, a preliminary study has been carried out to determine the optimum number of Monte-Carlo simulations
(nmcs). It was determined that variation in Pf values obtained for different cases ceased for approximately nmcs � 3000.
Monte-Carlo simulations have been performed with nmcs = 3000 samples for each case which required a total of 72,000 bidi-
rectional nonlinear time history analyses of the benchmark 3-story and 9-story seismically isolated buildings equipped with
semi-active control systems under random synthetic ground motions of different characteristics. It is important to mention
that nmcs, here, stands for the number of Monte-Carlo simulations. Fig. 4 depicts sample velocity time histories of the random
synthetic earthquakes for different magnitudes and closest fault distances that are used in the Monte-Carlo simulations. Each
figure consists of plots corresponding to nominal case where Tp, tp, and fp attain nominal values (see Table 2) and deviated
cases where each parameter deviates by ±10%.

6.1. Cumulative distribution function plots

First, cumulative distribution function (CDF) plots of peak story drift ratios (psdr), peak floor accelerations, and peak base
displacements are constructed for different earthquake magnitudes at various fault distances. The CDF plots can be used to
conveniently determine any reliability level as they conveniently provide the probability of exceedance corresponding to any
chosen limit state value. The probabilities of failure obtained by making use of these plots are discussed in detail in the pro-
ceeding subsection. Due to the limited space, here CDF plots of peak top floor accelerations (ptfa) and peak base displace-
ments (pbd) corresponding to the lowest and highest earthquake magnitude cases (Mw = 6.5 and 7.25) at different closest
fault distances are given only in Figs. 5 and 6 for both the 3-story and 9-story buildings, respectively. It is impressive to
see how the CDF curves differ and the probabilities of failure increase as the earthquake magnitude increases, the closest
fault distance decreases and the number of stories increases.

As seen from Fig. 5(a) and (b), peak top floor accelerations depending on the closest fault distances (r) can change from
0.92 m/s2 to 3.38 m/s2 for Mw = 6.5 earthquake, while they attain values between 1.02 m/s2 and 9.08 m/s2 in case of the
Mw = 7.25 earthquake for the rigid low-rise (3-story) building. As seen from Fig. 5(c) and (d), peak base displacements
depending on the closest fault distances (r) can change from 0.021 m to 0.63 m for the Mw = 6.5 earthquake and from
0.032 m to 2.78 m for theMw = 7.25 earthquake for the 3-story building. For the building with a more flexible superstructure
(9-story), the upper limit values of ptfa increase up to 7 m/s2 and 9.4 m/s2 for the Mw = 6.5 and Mw = 7.25 earthquakes,
respectively while they do not change significantly in terms of peak base displacement.

6.2. Probabilities of failure

Limit state functions, i.e. the performance limits for the seismically isolated benchmark buildings equipped with semi-
active control devices have to be defined first to determine the probabilities of failure. In this study, three seismic response
parameters are considered: peak floor accelerations which can be directly related to the safety of vibration-sensitive equip-
ment [57], peak story-drift ratios which can be directly related to the safety of both structural and non-structural elements
such as partition walls, and windows [58], and peak base displacement which can directly be related to the safety of the iso-
lation system and hence, the integrity and safety of the superstructure [59]. A comprehensive discussion of the practical lim-
its of peak floor accelerations and peak base displacement for different performance objectives are provided by Alhan and
Öncü-Davas [2] and similar performance limits are considered in this study corresponding to the most stringent, the mod-
erate, and the least stringent cases: La1 = 3 m/s2, La2 = 5 m/s2, and La3 = 10 m/s2 are the three considered levels of peak floor
acceleration limits, which may account for different tolerable limits of various vibration-sensitive equipment for operating or
non-operating conditions. Ld1 = 40 cm, Ld2 = 70 cm, and Ld3 = 100 cm are the three considered levels of peak base displace-
ment performance limits with Ld1 corresponding to a very economical design capacity in case of near-fault earthquakes and
Ld3 corresponding to the typical rubber-based isolator capacity.

Since peak inter-story drift ratio is an indicative response parameter regarding the safety of structural and non-structural
elements, there exist clear code limitations to this seismic response parameter. ASCE 7–10 [60] specifies that the peak story
inter-drift ratio of a seismically isolated building shall not exceed 0.02. But, when the secondary effects of the isolation sys-
tem are ignored, this limit is decreased to 0.01 by the code, which is the typically preferred limit in practice. According to
[61], 0.01 represents the limit where accidental yielding can occur and 0.005 represents the limit corresponding to the elastic
behavior of the superstructure. For avoiding damage to brittle non-structural members, 0.0025 can be considered as
the most stringent limit. Consequently, the inter-story drift ratio performance limits considered in this study are
Ldr1 = 0.0025, Ldr2 = 0.005, and Ldr3 = 0.01.



Fig. 4. Sample velocity time histories of the random synthetic earthquakes for different magnitudes and closest fault distances corresponding to nominal Tp,
tp, and fp values and 10% deviated cases.

Fig. 5. Cumulative distribution function plots of peak top floor acceleration.
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Once the performance limits are set as described above, the limit state functions (g(X)) can be specified. For instance, for
the ith floor, the performance limit state function corresponding to the peak floor acceleration limit of La1 = 3 m/s2 can be
defined as
gðXÞ ¼ 3� peak ith floor acceleration ð16Þ



Fig. 6. Cumulative distribution function plots of peak base displacement.

S. Öncü-Davas, C. Alhan /Mechanical Systems and Signal Processing 114 (2019) 146–164 155
and the conditions where the limit state function is equal to or less than 0 indicate the failure state (g(X) � 0). Then, the prob-
ability of failure (Pf) is calculated by dividing the number of simulations where g(X) � 0 exceeding the determined limit state
(n[g(X)�0]) by the total number of simulations nmcs.
Pf ¼
n½gðXÞ60�
nmcs

ð17Þ
The probability of failure (Pf) profiles in terms of the peak floor accelerations and the peak story-drift ratios of the 3-story
and 9-story semi-actively isolated buildings at different fault distances and for different earthquake magnitudes are obtained
for the most stringent and the moderate performance limits along the height of the building (0 represents the base floor) and
given in Figs. 7–10. Since all probabilities of failure in terms of the peak floor accelerations and the peak story-drift ratios are
obtained as 0% for the least stringent performance limits, the probability of failure plots for these performance limits are not
presented. Finally, Fig. 11 depicts the probabilities of failure in terms of peak base displacement for all performance limits.

As a general trend, the probabilities of failure (Pf) significantly increase as the moment magnitude increases and the fault
distance decreases. The probabilities of failure in terms of peak floor accelerations and peak story-drift ratios are observed to
be much larger for the more flexible superstructure, i.e. 9-story building, while they do not differ significantly between the 3-
story and 9-story buildings in terms of peak base displacements. In addition, it is observed that the probabilities of failure in
terms of peak floor accelerations and the peak story-drift ratios vary along the height of the building in case of flexible super-
structure (i.e. 9-story building) whereas they do not change much from floor to floor in case of rigid superstructure (i.e. 3-
story building). Figs. 7–11 provide a wide spectrum of probabilities of failure, which can be used to determine the reliability
levels for any required case.

For the moderate acceleration performance limit (La2 = 5 m/s2) the probabilities of failure in all floors of the 3-story build-
ing are practically zero for earthquakes with Mw � 7.0 at all closest fault distances (Fig. 7(a)–(c)). Only for Mw = 7.25 and
r = 3 km Pf increases to about 38% (Fig. 7(d)). Although higher probabilities of failure are observed the for 9-story building,
they are still in a tolerable range with Pf less than about 25% for earthquakes with Mw � 7.0 (Fig. 7(e)–(g)). The highest Pf is
observed for Mw = 7.25 and r = 3 km where it slightly exceeds 60% at the top floor (Fig. 7(h)). For the most stringent accel-
eration performance limit (La1 = 3 m/s2) the probabilities of failure increase to an unacceptable level for the 3-story building
in the worst case scenario of Mw = 7.25 and r = 3 km where Pf increases up to about 90% for all floors (Fig. 8(d)). More signif-
icant increases in Pf are observed at the upper-most and lower-most floors of the 9-story building where it goes up to 90%
(Fig. 8(e)–(h)) while it is almost zero for mid-floors at all closest fault distances for earthquakes with Mw � 6.75 (Fig. 8(e)–
(f)), except for Mw = 6.75, r = 3 km. For the least stringent acceleration performance limit (La3 = 10 m/s2), the probabilities of



Fig. 7. Probability of failure profiles in terms of peak floor acceleration for the moderate limit of La2 = 5 m/s2.
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Fig. 8. Probability of failure profiles in terms of peak floor acceleration for the most stringent limit of La1 = 3 m/s2.
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Fig. 9. Probability of failure plots in terms of story-drift ratio for the moderate limit of Ldr2 = 0.005.
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Fig. 10. Probability of failure plots in terms of story-drift for the most stringent limit of Ldr1 = 0.0025.
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Fig. 11. Probability of failure plots in terms of peak base displacement for all performance limits (Ld1 = 0.4 m, Ld2 = 0.7 m and Ld3 = 1.0 m): 3-story (a) and
9-story building (b).
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failures for both 3-story and 9-story buildings are practically 0% for all earthquake magnitudes at all closest fault distances.
Therefore, corresponding probability of failure plots are not presented here.

For the moderate peak story-drift ratio performance limit (Ldr2 = 0.005), probabilities of failure for all earthquake
moment magnitudes and all closest fault distances are about zero for the 3-story building (Fig. 9(a)–(d)). A very close per-
formance is observed for the most stringent peak story-drift ratio performance limit (Ldr1 = 0.0025) with Pf being about zero
for all cases (Fig. 10(a)–(d)), except for the bottom story in case of Mw = 7.0 and r = 3 km where it is observed to be 18%
(Fig. 10(c)) and Mw = 7.25 and r = 3 km where it is observed to be 60% (Fig. 10(d)). But for the 9-story building, the
probabilities of failure increase as the earthquake magnitude increases and closest fault distance decreases (Figs. 9(e)–(h)
and 10(e)–(h)). In particular, the probabilities of failure of the lower-most floors are observed to be higher which can go
up to 90% in case of Mw = 7.25 and r = 3 km with Ldr2 = 0.005 (Fig. 9(h)) and 90% to 100% in case of Mw = 7.25 and all closest
fault distances with Ldr1 = 0.0025 (Fig. 10(h)). For the least stringent limit (Ldr3 = 0.01), Pf for all buildings are practically 0%
for all Mw, r and thus corresponding plots are not presented here.

In order to make a visual comparison between the rigid 3-story and the flexible 9-story building in terms of probabilities
of failure considering peak base displacements, comparative plots are given in Fig. 11 for all moment magnitudes and all
closest fault distances subject to the three peak base displacement performance limits. This figure shows that the probabil-
ities of failure for each building are similar. The probabilities of failure are practically zero even in the close vicinity of the
fault (r = 3 km) for the Mw = 6.5 earthquake, except for the most stringent limit Ld1 = 0.4 m where Pf is only about 10%.
Increasing the earthquake magnitude to Mw = 6.75 results in slightly higher probabilities of failure where Pf is about 20%
for r = 3 km with the moderate limit of Ld2 = 0.7 m and for r = 6 km with the most stringent limit of Ld1 = 0.4 m. For
r = 3 km with Ld1 = 0.4 m, it jumps to 80%. The probabilities of failure significantly increase when the earthquake magnitude
is increased to Mw = 7.0 and particularly to 7.25. For Mw = 7.0, at distances r � 3 km, the moderate (Ld2 = 0.7 m) and least
stringent limit (Ld3 = 1.0 m) can successfully be met. But, particularly in the close vicinity of the fault (r = 3 km), the
probabilities of failure are rather high with Pf reaching up to 90% for Ld1 = 0.4 m and 30% for Ld3 = 1.0 m. For Mw = 7.25, it
can be said that the probabilities of failure are at acceptable levels for r = 9 km and for the least stringent limit only, where
Pf does not exceed 5%. But for all other cases, the probabilities of failure are unacceptably high reaching up to 100% at
r = 3 km and for the most stringent limit.
6.3. Performance tests

The discussion of the results in the previous section presents that the probabilities of failure show different sensitivity to
the superstructure flexibility, earthquake magnitude, and the closest distance to the fault depending on the seismic response
type, i.e. peak floor acceleration, peak base displacement, or peak drift ratio. Moreover, there exist three different perfor-
mance limits defined for each seismic response parameter and the combinations of different performance limits may be
Table 3
The performance limits defined for the performance tests.

Group 1 Group 2 Group 3

Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9

La (m/s2) �3 �3 �3 �5 �5 �5 �10 �10 �10
Ld (cm) �40 �70 �100 �40 �70 �100 �40 �70 �100
Ldr (–) �0.0025 �0.05 �0.01 �0.0025 �0.005 �0.01 �0.0025 �0.005 �0.01
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required for different situations. In order for the semi-active seismic isolation system to be reliable, it has to protect the
structural integrity, structural/non-structural elements and the vibration-sensitive contents, which requires that all perfor-
mance limits defined for all seismic response parameters be met simultaneously.

Table 3 lists nine different performance tests incorporating combinations of different performance limits on peak top floor
accelerations (La1, La2, and La3), peak inter-story drift ratios (Ldr1, Ldr2, and Ldr3), and peak base displacements (Ld1, Ld2, and
Ld3). Tests are grouped in three: Peak acceleration limit in Group 1 (Tests 1, 2, and 3) is the most stringent (3 m/s2), in Group
2 (Tests 4, 5, and 6) is moderate (5 m/s2) and in Group 3 (Tests 7, 8, and 9) is the least stringent. Tests in each group are then
sorted in the order of decreasing stringency in terms of peak base displacement performance limits (40, 70 and 100 cm) and
peak inter-story drift ratio performance limits (0.0025, 0.005 and 0.01). Thus, the most stringent, the moderate, and the least
stringent tests are Test 1, Test 5, and Test 9.

In order to lay out a wide spectrum of reliability levels considering different performance criteria for typical benchmark
buildings of different number of stories with semi-active isolation systems, Fig. 12 presents performance test results in terms
of the reliability of the 3-story (rigid superstructure) and 9-story (flexible superstructure) semi-actively isolated buildings for
varying closest fault distances and different earthquake moment magnitudes, where the reliability (R) is defined as
R ¼ 1� Pf ð18Þ
Fig. 12. Reliabilities of the semi-actively isolated buildings: the 3-story (left column) and 9-story (right column).
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Although different levels of reliability (95%, 90%, etc.) may be required for different seismic isolation projects, a reliability
level of 80% can be viewed as a nominally acceptable level and Fig. 12 will be assessed based on this assumption.

Group 1: This most stringent group represents the performance goals set for buildings with contents very sensitive to
vibrations, such as microchip production facilities, and data centers where floor accelerations are required not to exceed
3 m/s2. Among this group, Test 1 is the most stringent one which is included in this study to determine whether it is theo-
retically possible to meet such criteria. Otherwise, Test 2 and 3 include more practical expectations in terms of peak inter-
story drift and peak base displacement performance limits. At first glance, it is seen Fig. 12(d) that all reliability levels are
below 80%, which shows that regardless of the other criteria, 9-story building cannot meet an acceleration performance limit
of 3 m/s2. But 3-story building (Fig. 12(a)) shows success at all closest fault distances under moderate earthquakes (Mw = 6.5
and 6.75) in Tests 2 and 3 where reliability levels are above 80%. For large magnitude earthquakes (Mw = 7.0 and 7.25), reli-
ability levels are still above 80% at fault distance of 9 km but drop below this level for closer fault distances and particularly
for the Mw = 7.25 earthquake. It is also very interesting to see that 3-story building meets even the criteria of the most strin-
gent test, Test 1, at all fault distances under moderate earthquakes (Mw = 6.5 and 6.75) except forMw = 6.75, r = 3 km. But for
larger earthquakes (Mw = 7.0 and 7.25), reliability levels under Test 1 drops below 80% at all fault distances even for the
3-story building.

Group 2: This median group represents the performance goals set for special-purpose buildings such as laboratories, hos-
pitals, etc. which may house typical vibration-sensitive contents and thus the floor accelerations are required not to exceed
5 m/s2. And in Test 5, which is the median of this group, the peak inter-story drift ratios are limited to the 0.005 typically set
for special-purpose seismically isolated buildings so that the structural system remains essentially elastic. The base displace-
ment is limited to 70 cm which both limits the P-delta effect on the isolators and the seismic gap to be left around the build-
ing. It is seen from Fig. 12(b) and (e)-Test 5 that both 3-story and 9-story buildings still show quite high performance for
moderate earthquakes (Mw = 6.5 and 6.75) at all fault distances as the reliabilities are all above 80%. But for larger earthquake
magnitudes (Mw = 7.0 and 7.25) and fault distances closer than 6 km, reliabilities drop below 80%. For the largest earthquake
and the closest fault distance (Mw = 7.25, r = 3 km) the reliability is on the order of 10%. Reliabilities obtained in a less strin-
gent test, Test 6, are close to but slightly higher than those obtained in Test 5. But for a more stringent test, Test 4, reliabilities
are much lower than those obtained in Test 5: For the 3-story building, they are all below 80% for large magnitude earth-
quakes (Mw = 7.0 and 7.25) at all fault distances and for the moderate earthquakeMw = 6.75 at r = 3 km. For the 9-story build-
ing, all reliability levels for all earthquake magnitudes and at all fault distances are below 80% and all are much lower than
those obtained for 3-story building, which shows that the peak inter-story drift ratio performance limit of 0.0025 is too strin-
gent to meet for the 9-story building (flexible superstructure).

Group 3: This least stringent group represents the performance goals set for a residential building which does not house
any vibration-sensitive content so that the floor accelerations up to 10 m/s2 can be accepted. And in Test 9, the peak
inter-story drift ratios are limited to the typical code limit of 0.01 set for seismically isolated buildings and the peak base
displacement is limited to 100 cm which is a physically attainable value for rubber isolators. It is seen from Fig. 12(c) and
(f)-Test 9 that both 3-story and 9-story buildings show a very high performance in these tests, reaching the reliability of
100% for moderate earthquakes (Mw = 6.5 and 6.75) for all fault distances. Although for larger earthquake magnitudes at
short fault distances reliabilities drop, they are still close to 80%, except for the largest earthquake and closest fault distance
(Mw = 7.25, r = 3 km) where the reliability is on the order of 20%. As the peak base displacement and peak inter-story drift
ratio performance limits are tightened (Test 7 and 8), the reliability of the semi-active isolation system drops below 80%,
in particular for large magnitude earthquakes (Mw = 7.0 and 7.25) and for distances closer than 6 km except for Mw = 7.0,
r = 6 km. Also, the reliability levels of 9-story building are close to those of 3-story building for Tests 8 and 9 but significantly
lower for Test 7, which means the peak inter-story drift ratio performance limit of 0.0025 is too stringent to meet for the
9-story (flexible superstructure) building whereas it can be met by the 3-story (rigid superstructure) building unless large
magnitude earthquakes (Mw = 7.0 and 7.25) at very close fault distances (r � 6 km) are considered.
7. Conclusions

Semi-active seismic isolation systems reduce large isolation system displacements that may occur in the case of near-
fault earthquakes without significantly increasing the floor accelerations that may become a concern if passive dampers
are used to provide supplemental damping. Furthermore, they do not require large external power or cause instability prob-
lems, which may be a concern if active control used. In this study, the effectiveness of semi-active isolation in protecting
vibration-sensitive equipment and structural integrity considering potential variations in the mechanical properties of
semi-active devices and/or seismic isolators as well as those in the earthquake parameters is examined. A methodology that
employs the generation of synthetic near-fault earthquakes and Monte-Carlo Simulations is introduced, which is used to
determine the reliability of 3-story (rigid superstructure) and 9-story (flexible superstructure) benchmark buildings with
semi-active isolation systems under near-fault earthquakes of various magnitudes and closest fault distances. Reliability
plots that present a wide spectrum of reliability levels considering different practical performance criteria for the benchmark
structures representing typical buildings with semi-active isolation systems of different superstructure flexibilities for vary-
ing fault distances and earthquake magnitudes are expected to provide useful information for practicing engineers. Other
main outcomes of this study can be summarized as follows:
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(1) Cumulative distribution function plots have shown that the seismic responses of semi-actively isolated buildings can
vary significantly due to the uncertainties in the mechanical parameters of semi-active isolation system elements and
the uncertainties in the earthquake parameters.

(2) As a general trend, it is seen that the probabilities of failure significantly increase as the moment magnitude increases
and the fault distance decreases.

(3) The probabilities of failure in terms of peak floor accelerations and peak inter-story drift ratios are much higher for
semi-actively isolated buildings with flexible superstructures compared to those with rigid superstructures, while
the probability of failure in terms of peak base displacements is similar for both.

(4) The probability of failure profiles along the height of the semi-actively isolated buildings in terms of peak floor accel-
erations revealed that the probabilities of failure are much lower at mid-floors compared to the lower-most and the
upper-most floors of buildings with flexible superstructures whereas they are pretty much the same at all floors of
buildings with rigid superstructures.

(5) The inter-story drift ratio is an indicative response parameter regarding the safety of structural and non-structural ele-
ments. Although ASCE 7–10 limit of 0.01, for which accidental yielding may occur, can easily be met by semi-actively
isolated buildings both with rigid and flexible superstructures, 0.005 limit corresponding to the elastic behavior of the
superstructure is exceeded for the flexible superstructure when Mw � 7.0 and r � 6 km. This suggests that semi-
actively isolated buildings with flexible superstructures should be analyzed for nonlinear effects in the superstructure
when subjected to near-fault earthquakes. 0.0025 limit which may be set for avoiding even minor damages to brittle
non-structural members (e.g., plaster cracks, window damages, etc.) can be met by rigid superstructures for Mw � 7.0
but cannot be met by flexible superstructures even for a moderate earthquake Mw = 6.5 within the near-fault region
(r � 9 km).

(6) For semi-actively isolated buildings with contents very sensitive to vibrations where floor accelerations are required not
to exceed 3 m/s2, such as microchip production facilities, data centers, etc. it is observed that those with flexible super-
structures cannot meet such an acceleration performance limit in the near-fault region (r � 9 km) either for moderate
or high earthquake magnitudes as reliabilities turned out to be below 80%. But for those with rigid superstructures are
shown to be reliable in the near-fault region (r � 9 km) in case of moderate (Mw = 6.5 and 6.75) earthquakes as long as
the inter-story drift and base displacement performance limits are set as sensible, i.e. 0.005 and 70 cm, respectively.
For larger earthquake magnitudes (Mw = 7.0, 7.25), reliability levels are still above 80% at the fault distance of 9 km but
drop below this level for closer fault distances.

(7) For semi-actively isolated special-purpose buildings such as laboratories, hospitals, etc. with typical vibration-sensitive
contentswhere the floor accelerations are required not to exceed 5 m/s2, it is observed that in case the inter-story drift
and base displacement performance limits are set as 0.005 and 70 cm, respectively, which are typically expected per-
formances, those with both rigid and flexible superstructures have proven to be reliable for moderate earthquakes
(Mw = 6.5 and 6.75) for all fault distances considered in this study. But for larger earthquake magnitudes (Mw = 7.0
and 7.25) and fault distances closer than 6 km, reliabilities are below 80%.

(8) For semi-actively isolated residential buildings without any vibration-sensitive contents where floor accelerations up to
10 m/s2 can be accepted, it is observed that in case the peak inter-story drift ratio and peak base displacement per-
formance limits are set as 0.01 and 100 cm, which are the typical code limit and physically attainable limit of rubber
isolators, respectively, those with both rigid and flexible superstructures have proven to be reliable for all earthquake
magnitudes (Mw < 7.25) at all near-fault distances (r � 9 km) considered in this study except for the largest earthquake
and closest fault distance (Mw = 7.25, r = 3 km) where the reliability is about 20%.
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