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The aim of the study consists in evaluating the life-cycle costs of a r.c. 3D system isolated by single-
concave FPS bearings with different isolated periods in order to evaluate the potential benefits provided
by increasing values of the isolation degree. In particular, assuming the elastic response pseudo-
acceleration related to each isolated period and the coefficient of friction as random variables relevant
to the problem characterized by appropriate probability density functions, the Latin Hypercube
Sampling method has been adopted as random sampling technique in order to define the input data
and perform 3D non-linear dynamic analyses. Thus, bivariate structural performance curves for each
story of the superstructure and for the substructure as well as seismic reliability-based design (SRBD)
abacuses for the isolation level have been defined for the different values of the isolation degree.
Finally, the life-cycle cost analysis of the isolated system with different curvature radius of the FP bear-
ings has been accomplished taking into account both the initial costs and the expected loss costs, due to
future earthquakes, of the overall system during its design life (50 years) in order to evaluate the influ-
ence of the isolation degree on both the seismic performance and the total costs.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Seismic isolation through friction pendulum system (FPS)
devices represents a widely used and effective technique for the
seismic protection of buildings, bridges and industrial structures
[1,2]. Many advantages can be achieved by employing such kind
of frictional isolators respect to elastomeric bearings as discussed
in [3–5]. Over the years, several research works have been focused
on probabilistic analyses, structural reliability methods and
reliability-based analysis [6,7] by evaluating the stochastic
responses of base-isolated structures under random earthquake
excitations. Reliability evaluation of base-isolated systems has
been presented by Chen et al. [7] as well as Monte Carlo simula-
tions have been performed by Fan and Ahmadi [8] and Su and
Ahmadi [9] to analyze the stochastic response of sliding isolation
systems under random earthquake excitations. Many studies have
also dealt with reliability analysis and reliability-based optimiza-
tion of base-isolated systems including uncertainties such as isola-
tion device properties and ground motion characteristics [10–13].

The influence of the friction pendulum system (FPS) isolator
properties on the seismic performance of base-isolated building
frames by employing a two-degree-of-freedom model accounting
for the superstructure flexibility with a velocity-dependent model
for the FPS isolator behaviour has been analyzed in [14]. The vari-
ation of the statistics of the response parameters relevant to the
seismic performance has been investigated through the nondimen-
sionalization of the motion equation considering different isolator
and system properties and the results can be used for deriving
approximate fragility curves and for simplified seismic risk
analyses.

Seismic reliability analyses of a r.c. 3D system isolated by FPS
bearings with a design life of 50 years and located near L’Aquila
site (Italy) have been carried out in Palazzo et al. [15,16] and Cas-
taldo et al. [17] by accounting for the randomness of both the iso-
lator properties and earthquake main characteristics. Monovarite
and bivariate structural performance (SP) curves for the isolator
and the superstructure have been estimated and compared to the
results obtained following the PEER-like modular approach [18],
usually employed in seismic risk and reliability analyses, confirm-
ing the effectiveness of the derived structural reliability curves.
This way, a reliability criterion has been defined to assist the
design of the isolator dimensions in plan by considering the effects
of the uncertainties relevant to the problem and demonstrating the
importance of considering the bivariate exceeding probabilities
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Nomenclature

a sliding velocity transition rate parameter of the FPS
CIN initial construction cost
CLS limit states dependent cost in the design-life time
CiLS,s ith structure limit state dependent cost in the design-

life time
CLS,d FPS limit state dependent cost in the service life of the

isolator
F FPS restoring force
fmax sliding coefficients of friction at large velocity of the FPS
fmin sliding coefficients of friction nearly zero velocity of the

FPS
g gravity acceleration
Id isolation degree
Keff FPS isolator effective stiffness at the displacement de-

sign
K1 FPS elastic stiffness
K2 FPS post elastic stiffness
M mass on the bearing
Mx bending moment around the x axis
My bending moment around the y axis
M magnitude
N number of limit state dependent cost
q reduction factor
P axial force
Pi exceedance probability of the ith damage state given an

earthquake occurrence
Pf exceeding probability in 50 years
P(D > Di) lifetime exceedance probability of the ith limit state Di

Pt=1(D > Di) annual exceeding probability of the ith limit state Di

Qd FPS characteristic strength
r radius in plan of the FPS
R radius of curvature of the FPS
R epicentral distance
Sa elastic pseudo-acceleration

sgn signum function of the sliding velocity
Teff effective period of vibration of the base-isolated system

at the displacement design
Tfb first natural period of the fixed-base structure
Tis fundamental period of vibration of the base-isolated

system
ud design displacement of the FPS
_u sliding velocity of the FPS
u absolute maximum bivariate horizontal relative dis-

placement of the FPS
ux absolute maximum horizontal relative displacement

along x direction of the FPS
uy absolute maximum horizontal relative displacement

along y direction of the FPS
W weight on the bearing
Ws total weight of superstructure and isolation level
a mass proportional coefficient related to Rayleigh damp-

ing
b reliability index
b stiffness proportional coefficient related to Rayleigh

damping
d absolute maximum bivariate interstory drift
dx absolute maximum interstory drift along x direction
dy absolute maximum interstory drift along y direction
H rotational degree of freedom of the 3D building around

vertical axis
k annual monetary discount rate
l sliding coefficient of friction of the FPS
m annual occurrence rate of significant earthquake
neff FPS isolator effective damping at the displacement de-

sign
nis dimensionless damping coefficient of the base-isolated

building
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due to the three-dimensional effects and correlations between the
plane response parameters.

With reference to the management of new and existing civil
structures in earthquake engineering, a widely recognized assess-
ment tool for the system performance estimation, capable to take
also into account the potential damages due to future earthquakes,
is based on the cost-effectiveness criterion as discussed by Ang and
Lee [19]. This way, regarding a structure under seismic risk, an
optimization of the design variables may be achieved through a
tradeoff between the costs of protection systems versus potential
future losses caused by earthquakes [20,21–23]. Thus, the cost-
effectiveness criterion also represents a purpose in order to define
the optimal integrated seismic design solutions of control systems
and structures [24–26].

Within the cost-effectiveness based design, this work aims to
further advance the study of Castaldo et al. [17] by evaluating
the life-cycle costs of a r.c. 3D system isolated by single-concave
FPS bearings with different isolated periods in order to evaluate
the potential benefits provided for increasing values of the isola-
tion degree [27,28]. In particular, assuming the elastic response
pseudo-acceleration related to each isolated period and the coeffi-
cient of friction as the random variables relevant to the problem,
characterized by appropriate probability density functions (PDFs)
according to [29,30–32], respectively, the Latin Hypercube Sam-
pling method (LHS) [33–36] has been adopted as random sampling
technique in order to define the input data and perform 3D non-
linear dynamic analyses. For each dynamic analysis, the three
dimensional components of each seismic event and the nonlinear
behaviour of the superstructure, designed in full compliance with
NTC08 [29], have been considered. Thus, bivariate structural per-
formance (SP) curves for each story of the superstructure and for
the substructure as well as seismic reliability-based design (SRBD)
abacuses for the isolation level have been defined for the different
values of the isolation degree. Finally, the life-cycle cost analysis
(LCCA) [37–39] for the different configurations of the isolated sys-
tem with various curvature radius of the FP bearings has been
accomplished taking into account both the initial costs and the
expected loss costs, due to future earthquakes, of the overall sys-
tem during its design life (50 years) in order to evaluate the influ-
ence of the isolation degree on both the seismic performance and
the total costs.
2. Life-cycle cost analysis (LCCA) of base-isolated systems

Within the life-cycle cost analysis (LCCA) of a base-isolated (BI)
structure, the cost-effectiveness criterion is based on the computa-
tion of the costs related to both the protection system (including
substructure, superstructure and isolation devices) and potential
losses caused by future earthquakes during its design life and, as
suggested by [20–23], may be useful to achieve an optimization
of the design variables.

The total expected life-cycle cost [19,37] of a BI structure is
assumed to be the sum between the initial construction cost CIN



Table 1
Limit state dependent cost calculation formula [38].

Cost Category Calculation formula Basic cost

C1 - Damage Replacement cost � floor area �mean damage index 1500 MU/m2

C2 - Loss of content Unit contents cost � floor area �mean damage index 500 MU/m2

C3 - Rental Rental rate � gross leasable area � loss of function 10 MU/month/m2

C4 - Income Rental rate � gross leasable area � down time 2000 MU/year/m2

C5 - Minor Injury Minor injury cost per person � floor area � occupancy rate � expected minor injury rate 2000 MU/person
C6 - Serious Injury Serious injury cost per person � floor area � occupancy rate � expected serious injury rate 2.00E+04 MU/person
C7 - Human death Human fatality cost per person � floor area � occupancy rate � expected death rate 2.80E+06 MU/person

Occupancy rate 2 person/100 m2.
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and the present value of the lifetime limit states dependent cost CLS
as expressed in Eq. (1):

CTOT ¼ CINðsÞ þ CLSðt; sÞ ð1Þ

where t is the design-life time period of the structure, s is the design
vector composed of the structural parameters influencing the per-
formance of the structural system (i.e., isolation degree Id), CINðsÞ
is the initial construction cost and CLSðt; sÞ represents the limit
states dependent cost, also defined as the cumulative damage cost
in present value, including direct damage cost and indirect loss
under all earthquakes that could occur over the life of the structure.

The initial construction cost CINðsÞ takes into account for (i) ini-
tial and regular maintenance cost of the isolation devices and (ii)
initial system (superstructure and substructure) construction cost.
The initial cost of the isolation devices is defined on the basis of the
radius in plan r of the concave surface of the FPS bearings required
to respect the target reliability level (or the target exceeding prob-
ability related to the collapse state, i.e., equal to Pf ¼ 1:5 � 10�3 for a
design life of 50 years) as obtained from the SPisolator curves derived
within the seismic reliability analysis. The regular maintenance
replacement cost of the isolation devices is the cost of their
replacement after 10 years service life, required as minimum value
in the preventive hypothesis that the devices are not able to
respect the recommendations provided from the maintenance
plans according to [29]. The initial system (superstructure and sub-
structure) construction cost is assumed to be proportional to the
initial FP bearings cost being the influence of the isolation system
cost on the construction cost of an ordinary building equal to about
5–10% [40].

The limit states dependent cost CLSðt; sÞ takes into account (i)
special maintenance cost of isolation devices CLS;d and (ii) limit
states cost of the structure (superstructure and substructure)

depending on each limit state cost, Ci
LS;s, where i represents the

ith limit state. The special maintenance cost of isolation devices
is the present value of the cost required to replace the devices if
the maximum allowable isolator displacement (radius in plan r)
will be reached or exceeded due to the occurrence of the significant
earthquakes considered. The limit state cost for the ith limit state
on the superstructure and substructure is given by potential direct
damage cost and indirect loss under the significant earthquake
events that can occur during the design life of the system.

As for the limit states, the performance based-design frame-
work, defined in SEAOC [41], focused the attention on four struc-
tural performance levels related to four damage levels on a
structure, or limit states ‘‘LS1”, ‘‘LS2”, ‘‘LS3”, ‘‘LS4”, corresponding
respectively to ‘‘fully operational”, ‘‘operational”, ‘‘life safety” and
‘‘collapse prevention”. As recommended by FEMA-350 [42] and
Ghobarah [43], the interstory drift is one of the most suitable per-
formance criterion for r.c. frame structures. Therefore, the Inter-
story Drift Index, IDI, is considered in this study as the response
measurable parameter to identify the performance of a r.c. struc-
ture within the code limit states. In Table 1, the cost categories
with the corresponding calculation formulas and the basic costs,
described in [38], are reported. Each one of these cost items is
based on a damage index or expected rate data according to
FEMA-227 [44] and ATC-13 [45].

In Table 2, regarding the abovementioned four limit states, the
calculation indices and rates useful to define the limit states
dependent cost of Table 1, defined according to FEMA-227 and
ATC-13 provisions, are reported.

Therefore, the limit state cost for the ith limit state on the struc-
ture (superstructure and substructure) CiLS,s can be expressed as
follows:

Ci
LS;s ¼ Ci

1 þ Ci
2 þ Ci

3 þ Ci
4 þ Ci

5 þ Ci
6 þ Ci

7 ð2Þ

where the value of each term on the right side is calculated as the
product between the corresponding value reported in Table 1 and
the relative indices and rates given in Table 2. The limit state depen-
dent cost function of the overall system, considering (i) N limit
states and assuming that (ii) the earthquake occurrence assessment
is based on a Poisson process model and (iii) the building is imme-
diately fully restored to its original condition after each damage, can
be written as [37,38]:

CLSðt; sÞ ¼ m
k
ð1� e�ktÞ

XN
i¼1

Ci
LS;SumPi ð3Þ

where

Pi ¼ PðD > DiÞ � PðD > Diþ1Þ ð4Þ

and

PðD > DiÞ ¼ � 1
mt

ln 1� Pt¼1ðD > DiÞ½ � ð5Þ

where N = 4 (‘‘LS1”, ‘‘LS2”, ‘‘LS3”, ‘‘LS4”), m is the annual occurrence
rate of the significant earthquake [38], modelled by a Poisson pro-
cess, t is the design-life time period of the structure, ð1� e�ktÞ=k
gives the present value of the cumulative damage cost, k is the
annual monetary discount rate, considered equal to 5% [38,39], Pi
is the probability of the ith damage state being violated given the
earthquake occurrence, Di and Diþ1 are the lower and upper bounds
of the ith limit state, PðD > DiÞ and Pt¼1ðD > DiÞ are the lifetime and
annual exceeding probability of the ith limit state expressed in
terms of the bivariate maximum interstory drift Di ¼ di, as defined
in the following sections.

The limit state special maintenance cost of isolation devices,
CLS;d, is the cost necessary to keep the original capability of the
devices and can be expressed through Eq. (3) considering the only
limit state, i = 1, for which the displacement demand results to be
equal to the design displacement of the FPS isolators, D ¼ u ¼ r,
within the preventive hypothesis of considering the FPS service-

life t = 10 years [29]. It follows that the term Ci
LS;Sum of Eq. (3) is

the cost of new devices.



Table 2
Limit states, interstory drift index, damage index, minor injury, serious injury and death rate, average loss of function and down time [17,44,45].

Limit
state

BI structure interstory drift index (%)
(FEMA 274) (NTC08)

FEMA 227 ATC 13

Mean damage
index (%)

Expected minor
injury rate

Expected serious
injury rate

Expected
death rate

Loss of
function (%)

Down
time (%)

LS1 0 < IDI < 0.1 5 0.0003 0.00004 0.00001 3.33 3.33
0 < IDI < 0.2

LS2 0.1 < IDI < 0.2 20 0.003 0.0004 0.0001 12.4 12.4
0.2 < IDI < 0.4

LS3 0.2 < IDI < 0.5 45 0.03 0.004 0.001 34.8 34.8
0.4 < IDI < 1.0

LS4 IDI > 0.7 100 0.4 0.4 0.2 100 100
IDI > 1.3

Fig. 1. Exceeding probability (in 50 years) corresponding to the performance limit
states in the ‘‘performance space”.
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3. Structural models and uncertainties for the seismic reliability
analysis

The evaluation of the limit state dependent cost for a BI building
structure under random seismic loads requires the definition of its
seismic reliability by computing the SP curves expressed in terms
of the probabilities exceeding the maximum values of the engi-
neering demand parameters (EDPs), expressed in terms of bivariate
interstory drift d for both substructure and superstructure and
bivariate relative displacement u for the isolation level.

Within the seismic reliability, many code provisions [46,47] and
guideline documents [41] are aimed at improving the seismic per-
formances as well as to reduce damage costs under a certain level
of earthquake risk without any compromise to the fundamental
life-safety objective. As also discussed in [17], the four structural
performance objective (PO) levels according to [41,48–51], are cou-
pled with appropriate reliability indices b, or exceeding probability
of the limit states, during the design life of the structure [46]. The
considered limit states with the reliability indices as well as the
maximum interstory drift limits related to a fixed-base (FB) struc-
ture and the maximum interstory drift limits, reduced according to
both American [47] and Italian seismic code [29] provisions, for
base-isolated (BI) systems are reported in Table 3. Fig. 1 illustrates
the performance objective (PO) curves for fixed-base and base-
isolated systems [17].

The assessment of the seismic reliability of a base-isolated
structure is carried out by comparing the structural capacity of
the building, structural performance (SP) curves, to the PO curves.
3.1. Structural models

Four different models of a r.c. 3D base-isolated building with a
design life of 50 years have been considered in order to evaluate
the influence of the isolation degree Id = (Tis/Tfb), defined as the
ratio between the isolated period Tis and fixed-base period Tfb
[27,28], on both the seismic reliability and life-cycle costs of the
overall system.

The four-story symmetric reinforced concrete 3D frame build-
ing, analyzed in similar studies [17,52], has been adopted in this
work as benchmark building model. The superstructure and sub-
structure, disconnected by the isolation level, are, respectively,
composed of three (4th, 3rd, 2nd stories) and one (1st story) levels.
Table 3
Limit states, reliability indices in 50 years, maximum fixed-base and base-isolated Interst

Limit state Damage FB IDI (%) Reliability index b Pf

LS1 Slight 0 < IDI < 0.3 0 5.0 �
LS2 Moderate 0.3 < IDI < 0.6 1 1.6
LS3 Heavy 0.6 < IDI < 1.5 2 2.2
LS4 Collapsed IDI > 2 3 1.5
The beams rectangular cross sections are the same in all stories and
all frames, as well as all the superstructure and substructure col-
umns have the same square cross section, respectively. The plan
dimensions of the structure are 8.0 � 16.0 m with slabs having a
depth of 0.40 m; the interstory height of the superstructure is
3.5 m; superstructure column section dimensions are
0.70 � 0.70 m, respectively; beam section dimensions are
0.40 � 0.70 m for each floor level. Story masses is amounted to
100 tons for each story, leading to a total seismic weight of the
structure Ws = 512.0 tons. The substructure is composed of six col-
umns having 0.80 � 0.80 m section dimension with a height equal
to 3.0 m.

The four different base-isolated structural models (SM) have
been designed by employing friction pendulum isolators with dif-
ferent radius of curvature R and considering a common low value
of the sliding coefficient of friction l = 3%: SM1 (R = 1.5 m), SM2
(R = 2.0 m), SM3 (R = 3.0 m), SM4 (R = 4.0 m).

The different structural models have been designed according
to the Italian earthquake design requirements for base-isolated
structures [29]. In fact, for each one of the four base-isolated mod-
els, considered to be located near L’Aquila site (geographic coordi-
ory Drift Indices [17,49,51].

BI structure (NTC 08) IDI (%) BI structure (FEMA-274) IDI (%)

10�1 0 < IDI < 0.2 0 < IDI < 0.1
� 10�1 0.2 < IDI < 0.4 0.1 < IDI < 0.2
� 10�2 0.4 < IDI < 1.0 0.2 < IDI < 0.5
� 10�3 IDI > 1.3 IDI > 0.7
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nates 41�5802500N, 13�2400000E, Italy) on soil type B, the reinforce-
ment bars of the structural members have been designed through
the response spectrum analysis by employing the NTC08 response
spectrum for an earthquake event with 475 years return period
(corresponding to life safety limit state) and a reduction factor
q = 1.5 [29]. Moreover, the non-linear behaviour of the single-
concave isolation level has been taken into account, considering
an equivalent linear behaviour [28,53] of the friction isolators esti-
mating the effective stiffness Keff, the corresponding effective per-
iod Teff and effective damping neff as:

Keff ¼ W � 1
R
þ l
ud

� �
ð6Þ
Fig. 2. Four-story base-isolated benchmark model: front and plan v
Teff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

g 1
R þ l

ud

� �
vuut ð7Þ

neff ¼
2
p
� 1
ud
l�R þ 1

ð8Þ

where W ¼ M � g is the weight on the bearing with mass M, g is the
gravity acceleration, l is the friction coefficient selected equal to
0.03 and ud is the horizontal design displacement of the FPS bearing.
The superstructure results to be characterized by a post-yield stiff-
ness ratio higher than 3% in both directions. Provided the seismic
hazard related to L’Aquila (Italy) is assumed, the life safety design
iews; beams reinforcement bars; columns reinforcement bars.
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is in compliance also with all the design and construction recom-
mendations reported in [41,47] for the sliding coefficient of friction
l = 3%. Moreover, as for ‘‘LS1”, ‘‘LS2” limit states, the stiffness of the
frames is also adequate to respect the more restrictive plane and
spatial requirements for base-isolated systems according to both
[29,47] (Table 3 and Fig. 1) at each story.

A FEM model, Fig. 2, has been defined in SAP2000 [54] with the
aim to perform 3D non-linear dynamic analyses considering the
non-linear behaviour of the overall system (superstructure, sub-
structure and isolation level). Each floor has been modelled as dia-
phragm and assumed to be rigid in its own plane, so that at each
level three degrees of freedom resulted: two lateral degrees of free-
dom in the x and y directions, and a rotational degree of freedom
(H) around the vertical axis.

As for the mechanical behaviour of the single-concave FPS iso-
lation level, the force relative to a displaced position is defined
by Eq. (9) [28]:

F ¼ lWsgnð _uÞ þW
R
u ð9Þ

in which, sgn denotes the signum function of the sliding velocity _u.
In SAP2000 [54], the force–deformation behaviour of the FP isolator
has been modelled through a non-linear hysteretic rule such as a
bilinear model [17,28]. Three parameters, the characteristic
strength Qd given by Qd = lW, the post-elastic stiffness determined
as K2 =W/R and the elastic stiffness K1, characterize the bi-linear
hysteresis loop of the non-linear force deformation behaviour of
the FP bearing. The characteristic strength, Qd = lW, is related to
the coefficient of friction and the weight on the bearing. The post-
elastic stiffness of the isolation system, K2 =W/R, is generally
designed in such a way to provide the specific value of the isolation
period Tis ¼ 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffi
M=K2

p
. The elastic stiffness K1 should be at least 51

times larger than the post-elastic stiffness K2, as defined in Naeim
and Kelly [28]. The dependence of the friction l on sliding velocity
of the FPS isolators, as described in [14,17,55–57], has also been
modelled as [30–32]:

l ¼ fmax � ðfmax � fminÞexpð�a _uÞ ð10Þ

where fmax and fmin are the sliding coefficients of friction at large
velocity and nearly zero sliding velocity respectively. The rate
parameter ‘‘a” equal to 50 s/m and a ratio between fmax and fmin

equal to 3 have been selected according to the experimental data
[30].

The elastic dynamic characteristics from the eigenvalue analysis
of the different configurations are listed in Table 4. The first natural
period of the fixed-base structure results being Tfb = 0.58 s, the per-
iod of the base-isolated model Tis ranges from 2.58 s to 4.01 s lead-
ing to values of the isolation degree Id higher than 3 for all the
configurations, as recommended in the Italian seismic code provi-
sions [29] and in [58]. A Rayleigh damping model has been
assumed and, setting a low value of the damping coefficient of
the first two modes of the 3D base-isolated structure equal to
nis = 2% as suggested by [10,15–17,52], mass proportional a and
stiffness proportional b coefficients result being equal to 0.0244
and 0.0041, respectively.
Table 4
Fixed-base and base-isolated structural models characteristics.

Structural model Tis (s) R (m) Id = Tis/Tfb

SM1 2.58 1.5 4.5
SM2 2.84 2.0 5.3
SM3 3.47 3.0 6.4
SM4 4.01 4.0 7.4

Fixed-base structural model period Tfb = 0.58 s.
As for the non-linear mechanical behaviour of the r.c. structural
members implemented in SAP2000 [54], beam and column ele-
ments are modelled as non-linear frame elements with lumped
plasticity defined according to [59]. Constitutive laws for the
non-linear behaviour of the r.c. sections, suggested by the codes
[59], are adopted without considering more complex approaches
useful in specific cases [60,61]. For the column hinges the interac-
tion between the axial force and the bending moments (P-My-Mx)
has been taken into account, while the bending moments (My-Mx)
interaction has been considered for the beams hinges.
3.2. Random variables

With the scope to perform the inelastic dynamic time-history
analyses aimed at evaluating the seismic reliability of the 3D
base-isolated structure, it is necessary to (i) define the source of
uncertainties (random variables) relevant to the problem with
the corresponding probability density functions (PDFs), (ii) choose
an appropriate sampling method (Latin Hypercube Sampling
method, LHS), (iii) generate the input data sets.

According to [15–17], the isolator sliding coefficient of friction
and the ground motion intensity (i.e., elastic response accelera-
tions at the isolated structural periods with a damping coefficient
equal to 2%), are the two variables relevant to the system response
to be considered as independent random variables. In fact, for reg-
ular systems, the superstructure characteristics, in terms of stiff-
ness, mass and material properties, have not been included as
random variables since they do not produce great effects on the
statistical values of the response parameters of isolated systems,
especially in the case of high values of the isolation degree, as dis-
cussed in Kulkarni and Jangid [62].

As for the uncertainty on the sliding friction coefficient, the
experimental data developed by [30–32] on sheet type Teflon bear-
ings, have pointed out that friction is a complex phenomenon, not
complying with the Coulomb friction law (friction constant during
sliding) and several mechanisms, such as (i) sliding velocity, (ii)
normal load, (iii) temperature effects, (iv) number of cycles, con-
tribute to its variability and can modify its statistical values under
dynamic conditions showing a very high uncertainty within the
range considered. Taking into account the above studies, a uniform
probability density function in the range 0.03–0.15 is assumed to
model the coefficient of friction fmax as random variable.

The uncertainty of ground motions has been taken into account,
according to the probabilistic seismic hazard analysis (PSHA)
Fig. 3. Elastic pseudo-acceleration response spectra (in 50 years) (nis = 2%, coordi-
nates 41�5802500N, 13�2400000E, Italy) [29].



Fig. 4. PDFs of the seismic intensity measure lnSa[g] (nis = 2%) related to the BI
structure periods.
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[63,64], assuming the intensity measure (IM), lnSa(Tis)[g], as a ran-
dom variable characterized by a Gaussian probability density func-
Table 5
Selected ground motion records characteristics [67].

Earthquake Date M Fault mecha

GM1 Bingol 05/01/2003 6.3 Strike-slip
GM2 Christchurch 06/13/2011 6 Reverse
GM3 Darfield 09/03/2010 7.1 Strike-slip
GM4 E Off Izu Peninsula 05/03/1998 5.5 Reverse
GM5 EMILIA_Pianura_Padana 05/29/2012 6 Reverse
GM6 Friuli 4th shock 09/15/1976 5.9 Reverse
GM7 Hector mine 10/16/1999 7.1 Strike-slip
GM8 Honshu 08/10/1996 5.9 Reverse
GM9 Hyogo - Ken Nanbu 01/16/1995 6.9 Strike-slip
GM10 Landers 06/28/1992 7.3 Strike-slip
GM11 L’Aquila mainshock 04/06/2009 6.3 Normal
GM12 Loma Prieta 10/18/1989 6.9 Oblique
GM13 Mid Niigata prefecture 10/23/2004 6.6 Reverse
GM14 MT FUJI REGION 03/15/2011 5.9 Strike-slip
GM15 N Miyagi prefecture 07/25/2003 6.1 Reverse
GM16 Northridge 01/17/1994 6.7 Reverse
GM17 Off Noto Peninsula 03/25/2007 6.7 Reverse
GM18 Olfus 05/29/2008 6.3 Strike-slip
GM19 Rumoi 12/14/2004 5.7 Reverse
GM20 South Iceland 06/17/2000 6.5 Strike-slip
GM21 Southern Iwate prefecture 06/13/2008 6.9 Reverse
GM22 W Tottori prefecture 10/06/2000 6.6 Strike-slip

Fig. 5. Pseudo-acceleration spectra (nis = 2%) of the selected re
tion (PDF). The choice of an adequate IM should be driven by
criteria of efficiency, sufficiency, and hazard computability
[63,64]. As proposed in [17], the elastic response pseudo-
accelerations at the isolated periods of the system, Sa(Tis) [g], are
assumed as intensity measure according to [65,66]. For each Italian
site and design life, the values of the abovementioned seismic
intensity measure, related to the four limit states (LS1, LS2, LS3,
LS4) with 50 years exceeding probabilities equal to 81%, 63%, 10%
and 5% respectively, are provided by NTC08 [29]. Indeed, with ref-
erence to the location (geographic coordinates: 41�5802500N,
13�2400000E) near L’Aquila site (Italy), design life of 50 years and
dimensionless damping coefficient equal to nis = 2%, Fig. 3 shows
the elastic acceleration response spectra with exceeding probabil-
ities equal to 81%, 63%, 10% and 5% provided by Italian seismic code
highlighting the values of Sa[g] related to the fundamental periods
of the four base-isolated structural models. As proposed and dis-
cussed by [17], with the aim to consider the abovementioned
uncertainty within the design life, four Gaussian PDFs of the lnSa[-
g] random variable, represented in Fig. 4, corresponding to the fun-
damental periods of the four base-isolated structural models have
been assumed and the corresponding mean (E[lnSa(Tis)[g]]) and
coefficient of variation (COV) values have been defined by fitting
the above-discussed exceeding probabilities related to the 4 limit
states provided by NTC08 [29] for each isolated period.
nism R (km) EC8 site class Waveform ID Earthquake ID

11.79 B 209 38
5.1 A 386 149
13.31 C 330 137
9.5 B 153 59
4.73 C 313 133
16.83 B 429 75
28.61 B 412 35
13.89 B 56 21
16.6 C 306 34
13.08 B 457 98
5.65 B 167 64
27.59 B 456 94
16.42 C 41 16
12.8 B 285 125
9.93 C 34 15
20.19 C 459 99
6.64 B 136 50
8.25 A 218 101
8.08 B 47 18
5.25 A 113 41
23.08 B 139 51
11.78 B 20 12

al ground motion records: x direction (a); y direction (b).



Fig. 6. Contour lines of the lognormal bivariate (joint) probability density function
(substructure level, Id = 4.5, R = 1.5 m).

Fig. 7. Contour lines of the lognormal bivariate (joint) probability density function
(substructure level, Id = 5.3, R = 2.0 m).

Fig. 8. Contour lines of the lognormal bivariate (joint) probability density function
(substructure level, Id = 6.4, R = 3.0 m).

Fig. 9. Contour lines of the lognormal bivariate (joint) probability density function
(substructure level, Id = 7.4, R = 4.0 m).
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Starting from the probability density functions of the two ran-
dom variables, the Latin Hypercube sampling (LHS) method, devel-
oped by McKey et al. [33], widely employed in many literature
works [34–36], has been used to generate the input data samples
of the structural models by sampling 22 values from each PDF
and perform the non-linear dynamic analyses. More details about
the definition of the input data samples may be found in [17].

Unscaled real records with the three components have been
selected from the European Strong-Motion Database [67] by
matching the 22 spectral accelerations Sa of the ground motions,
regarding each Tis, with the values sampled from each PDF of the
Sa random variable. The characteristics of the selected ground
motion records are listed in Table 5.
Fig. 5(a) and (b) shows the acceleration spectra (nis = 2%) of the
selected unscaled real earthquake excitations for x and y direc-
tions, respectively.
4. Seismic reliability evaluation

With the aim to evaluate the seismic safety of the superstruc-
ture and substructure and to define SRBD abacuses and equations
useful to design the FP system, inelastic response-history analyses
have been carried out in SAP2000 [54] on the statistical samples of
each structural model. A total number of 484 building samples has



Fig. 10. Contour lines of the lognormal bivariate (joint) probability density function
(isolation level, Id = 4.5, R = 1.5 m).

Fig. 11. Contour lines of the lognormal bivariate (joint) probability density function
(isolation level, Id = 5.3, R = 2.0 m).

Fig. 12. Contour lines of the lognormal bivariate (joint) probability density function
(isolation level, Id = 6.4, R = 3.0 m).

Fig. 13. Contour lines of the lognormal bivariate (joint) probability density function
(isolation level, Id = 7.4, R = 4.0 m).
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been generated for each of the four different configurations of the
base-isolated building model (Tis = 2.58 s, Tis = 2.85 s, Tis = 3.47 s,
Tis = 4.01 s) for a total number of 1936 non-linear dynamic
analyses.

As regards an angle column, the absolute maximum interstory
drifts, dx and dy, at each level of the superstructure and substruc-
ture as well as the absolute maximum isolator relative displace-
ments, ux and uy, have been evaluated for each simulation in
both directions. The abovementioned response parameters are
assumed as engineering demand parameters (EDPs) according to
the performance-based seismic design and to follow a lognormal
distribution. This probabilistic model is widely employed in Prob-
abilistic Based Earthquake Engineering (PBEE) [68] and in many
studies concerning the performance of structural systems similar
to that considered in this work [14,17].

On the above-described results and using the maximum likeli-
hood estimation method, the mean and standard deviation of both
the absolute maximum interstory drift and the absolute maximum
horizontal relative isolator displacement along each direction (x
and y directions) have been estimated. As discussed in [17], the
three-dimensional effects and correlations between the plane
response parameters are not negligible with the consequence that
the seismic reliability estimation has to be based on the bivariate
exceeding probabilities. It follows that considering the displace-
ments in both directions as dependent and correlated variables
and estimating the matrix of correlation coefficients, lognormal
bivariate (joint) probability density functions (JPDFs) have been



Fig. 14. Contour lines of the lognormal bivariate (joint) probability density function
(superstructure 1st level, Id = 4.5, R = 1.5 m).

Fig. 15. Contour lines of the lognormal bivariate (joint) probability density function
(superstructure 1st level, Id = 5.3, R = 2.0 m).

Fig. 16. Contour lines of the lognormal bivariate (joint) probability density function
(superstructure 1st level, Id = 6.4, R = 3.0 m).

Fig. 17. Contour lines of the lognormal bivariate (joint) probability density function
(superstructure 1st level, Id = 7.4, R = 4.0 m).
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evaluated. The corresponding JPDFs related to the substructure,
isolation level and the first story of the superstructure are respec-
tively shown in Figs. 6–17 as contour lines for each value of the iso-
lation degree Id.

The mean and dispersion values of the JPDFs related to the sub-
structure and superstructure 1st level generally decrease for
increasing the isolation degree, whereas the statistical parameters
of the JPDFs related to the isolation level increase for higher iso-
lated periods.

Considering different limit state domains defined on the
bi-directional displacements, the seismic reliability of the overall
system has been evaluated. In particular, the different limit state
functions (performance objectives PO) have been defined in terms
of interstory drift (IDI: Interstory Drift Index) [51], reduced
according both to FEMA-274 and NTC08 provisions, and isolation
relative displacement in order to estimate the exceeding bivariate
probabilities Pf. The volumes delimited by the joint probability
density functions and limit state domains assumed, consisting
of cylindrical functions representative of the limit IDIs for super-
structure and substructure and of the relative displacements for
isolation level in both directions, have been numerically evaluated
to estimate the no-exceeding bivariate probabilities. Then,
the exceeding bivariate probabilities, defined as the bivariate
complementary cumulative distribution functions (CCDFs), have
been evaluated by calculating the complementary values of the
no-exceeding bivariate probabilities. A generic lognormal joint
probability density function with generic limit state domains is
illustrated in Fig. 18. Figs. 19–22 show the comparison between
the (bivariate) SP curves, plotted in logarithmic scale, of the 4th,



Fig. 18. Generic lognormal bivariate (joint) probability density function with generic cylindrical limit state domains.

Fig. 19. Exceeding bivariate probabilities at 4th story (SP curves) compared to PO
curves, for the four different values of the isolation degree Id.

Fig. 20. Exceeding bivariate probabilities at 3rd story (SP curves) compared to PO
curves, for the four different values of the isolation degree Id.
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3rd and 2nd levels (superstructure) and 1st level (substructure),
obtained for the different Id values, against the PO curves defined
as described in section 3. Seismic reliability for each level of the
superstructure and substructure increases (lower exceeding prob-
abilities) with increasing of the isolation degree, as shown in
Figs. 19–22, but some limit states are violated due to both the
uncertainty characterizing the friction coefficient and the vertical
components of the seismic excitations.

Fig. 19 presents the (bivariate) SP curves of the top level of the
superstructure. Referring to the more restrictive PO curve defined
according to FEMA-274 provisions, the LS1 is violated for any value
of the isolation degree Id varying in the range of interest. It follows
that even with an isolation degree Id = 7.4, (radius of curvature
R = 4.0 m), concrete cracks (corresponding to slight damage state,
LS1) at the roof level elements probably occur. Adopting an isola-
tion degree Id P 6.4 (RP 3.0 m) the damage on secondary ele-
ments (corresponding to moderate damage state, LS2) may be
prevented. Referring to the PO curve defined according to NTC08
provisions, no damage should be expected even for the lowest iso-
lation degree Id considered.

In Figs. 20 and 21, the (bivariate) SP curves of the first two levels
of the superstructure are represented. Referring to the PO curve
defined according to FEMA-274 provisions, the SP curves related
to lower values of the isolation degree Id = 4.5 and Id = 5.3,



Fig. 21. Exceeding bivariate probabilities at 2nd story (SP curves) compared to PO
curves, for the four different values of the isolation degree Id.

Fig. 22. Exceeding bivariate probabilities at 1st story (SP curves) compared to PO
curves, for the different values of the isolation degree Id.

Fig. 23. Exponential regression curves related to the exceeding bivariate probabil-
ities at the isolation level for different values of the isolation degree Id.

Table 6
Structure limit state dependent cost calculations.

Limit
state

C1 C2 C3 C4 C5 C6 C7 CiLS,s,
Sum

LS1 3.8E
+04

1.3E
+04

2.0E
+03

3.4E
+04

6.1E
+00

8.2E
+00

2.9E
+02

8.8E
+04

LS2 1.5E
+05

5.1E
+04

7.6E
+03

1.3E
+05

6.1E
+01

8.2E
+01

2.9E
+03

3.4E
+05

LS3 3.5E
+05

1.2E
+05

2.1E
+04

3.6E
+05

6.1E
+02

8.2E
+02

2.9E
+04

8.7E
+05

LS4 7.7E
+05

2.6E
+05

6.1E
+04

1.0E
+06

8.2E
+03

8.2E
+04

5.7E
+06

7.9E
+06
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(R = 1.5 m and R = 2.0 m respectively), plenty exceed the first two
limit state LS1 and LS2. Neither adopting Id = 7.4 (R = 4.0 m), dam-
age on the secondary elements can be prevented. With reference
to the PO curve defined according to NTC08 provisions, the LS1 is
reached for the lowest isolation degree Id = 4.5 (R = 1.5 m).

The results related to the isolation degree Id = 4.5 (R = 1.5 m) are
consistent with the results obtained in [17], in which the behaviour
of the superstructure is considered linear, due to the value of the
post-yield stiffness ratio.

The plan dimension of the single-concave isolators (i.e. radius in
plan r of the concave surface) can be designed from the (bivariate)
structural performance curves of the isolation level, (SPisolator)
depicted in Fig. 23, as also proposed in [17], with the aim to respect
an expected reliability level. The exponential regression curves of
the isolation system related to the exceeding bivariate probabili-
ties for different displacement domains are plotted in Fig. 23 for
the different isolation degrees Id of interest. The regression equa-
tions are evaluated in the probability range of interest between
1.0E�01 and 1.0E�03 for displacements varying from 0.10 m to
0.60 m. The R-square values are higher than 0.99 for all the pro-
posed seismic reliability-based design (SRBD) equations. The
regression curves show that for a given (bivariate) exceeding prob-
ability Pf, a higher value of the radius in plan r is required as the
isolation degree Id increases. Therefore, an exceeding probability
of Pf ¼ 1:5 � 10�3 (related to the collapse limit state, reliability
index b = 3 in 50 years) is achievable, for Id = 4.5 (R = 1.5 m), with
a radius in plan r = 0.30 m; whereas in the case of Id = 7.4
(R = 4.0 m), the same reliability level is achieved with a higher
value of r equal to about 0.40 m. The equations of the exponential
regression bivariate structural performance curves of the FP sys-
tem for increasing values of the isolation degree Id apply
respectively:

Pf ¼ 0:825expð�21:10rÞ ð11Þ

Pf ¼ 1:289expð�19:47rÞ ð12Þ

Pf ¼ 1:839expð�19:52rÞ ð13Þ

Pf ¼ 2:343expð�19:73rÞ ð14Þ
where Pf is the exceeding probability and r (meter) is the radius in
plan of the FP isolator.

The SRBD abacus and derived equations are useful to design FP
bearing devices, having a radius of curvature ranging from
R = 1.5 m to R = 4.0 m, for symmetrical buildings in an area with
a seismic hazard similar to that considered.

5. Life-cycle cost assessment

In this section, the results obtained from the life-cycle cost anal-
ysis (LCCA) applied to the four different models of the base-
isolated system and referred to both FEMA-274 and NTC08 perfor-



Table 7
Limit states dependent costs and initial cost.

Limit state CiLS, Sum Pi

FEMA-274 NTC08

Id = 4.5 Id = 5.3 Id = 6.4 Id = 7.4 Id = 4.5 Id = 5.3 Id = 6.4 Id = 7.4

Superstructure LS1 1.68E+04 1.48E+04 1.18E+04 1.13E+04 2.67E+03 2.29E+03 1.39E+03 1.03E+03
LS2 1.06E+04 9.13E+03 5.50E+03 4.06E+03 2.47E+02 1.96E+02 7.65E+01 3.58E+01
LS3 9.33E+01 7.11E+01 2.27E+01 8.55E+00 1.05E�02 6.39E�03 6.72E�04 7.78E�05
LS4 5.03E+01 3.56E+01 8.00E+00 2.06E+00 2.22E�04 1.17E�04 5.81E�06 3.10E�07P

CiLS Pi 2.76E+04 2.40E+04 1.74E+04 1.54E+04 2.92E+03 2.49E+03 1.47E+03 1.07E+03
m
k ð1� e�ktÞ 18.36

CLS 5.07E+05 4.41E+05 3.19E+05 2.82E+05 5.35E+04 4.57E+04 2.69E+04 1.96E+04

Substructure LS1 2.140E+01 6.211E+00 2.886E+00 1.773E+00 7.802E�03 6.289E�04 1.355E�04 5.031E�05
LS2 3.048E�02 2.457E�03 5.295E�04 1.966E�04 4.068E�09 3.801E�11 0.000E+00 0.000E+00
LS3 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
LS4 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00P

CiLS Pi 2.143E+01 6.213E+00 2.886E+00 1.773E+00 7.802E�03 6.289E�04 1.355E�04 5.031E�05
m
k ð1� e�ktÞ 18.36

CLS 3.93E+02 1.14E+02 5.30E+01 3.26E+01 1.43E�01 1.15E�02 2.49E�03 9.24E�04

CIN 3.3E+05 3.4E+05 3.5E+05 3.5E+05 3.3E+05 3.4E+05 3.5E+05 3.5E+05
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mance objectives are presented and compared. The purpose is to
evaluate the influence of the isolation degree Id on both the initial
costs and the economic losses due to future earthquakes for the
considered structure and location.

The LCCA has been applied considering the PO curves defined
according to both FEMA-274 and NTC08 provisions. Table 6 sum-
marizes the four limit state dependent cost values based on the
calculation formulas of Table 1.

In order to obtain the present value of the limit states depen-
dent cost CLSðt; sÞ of Eq. (1), the annual exceedance probabilities
of the interstory drifts related to each limit state are required.
According to [38], the values of the annual exceeding probability
Pt¼1ðD > DiÞ in Eq. (6), for each level of the superstructure, sub-
structure and isolation level and for each isolation degree
(Id = 4.5, Id = 5.3, Id = 6.4, Id = 7.4) are obtained starting from the
bivariate SP curves, illustrated in Figs. 19–23, and transforming
the design-life (50 years) exceeding probabilities into annual
exceeding probabilities according to Poisson’s model, Eq. (15):

Pt¼1 ¼ � 1
50

lnð1� Pf Þ ð15Þ
and, then, substituting Pt¼1 in Eqs. (4)–(3) to calculate the limit
states dependent cost for the superstructure and substructure. In
Table 7, the limit states dependent costs calculated through
Fig. 24. Total life-cycle cost of the BI system for different values of the isola
Eq. (3) are reported. The difference between the values obtained
regarding FEMA-274 and NTC08 is high for the superstructure due
to the lower values of the limit state thresholds provided by
FEMA274, and increases for the substructure level because of the
very low values of the exceeding probabilities.

The limit states dependent cost associated with the isolation
devices, special maintenance cost CLS;d, has been estimated, for
each structural models (SM) configuration, using Eqs. (2), (3),
where t is the service life of the devices, i = 1 is the number of limit
states considered, D ¼ r is the limit state threshold, taking into
account that r is the maximum displacement capability of the
devices, designed selecting the radius in plan of the concave
surface for an exceeding probability Pf ¼ 1:5 � 10�3 in 50 years
(SPisolator curves of Fig. 23).

The results obtained from the LCCA for the different isolation
degrees and for the both seismic code provisions are shown in
Fig. 24(a) and (b). In particular, the initial costs CIN , the expected
limit states dependent costs CLSðt; sÞ and the total life-cycle costs
CTOT of the four base-isolated models are illustrated.

From these results, it is possible to observe that the major dif-
ference in terms of the total life-cycle cost between the four isola-
tion degrees is given by the limit state dependent cost CLSðt; sÞ. The
initial construction costs CIN are independent of the limit state
tion degree Id, regarding the PO curves of FEMA-274 (a) and NTC08 (b).
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exceeding probabilities and increase of about 3% from Id = 4.5 to 7.4
because of the initial and regular maintenance costs of the isola-
tion devices in the worst case of their replacement every 10 years
assumed in the analysis.

From Fig. 24(a), where the limit states dependent costs of
superstructure and substructure have been evaluated with refer-
ence to the more restrictive FEMA-274 performance objectives, it
is possible to note that (i) the limit states dependent cost associ-
ated with the low values of the isolation degree highly overcomes
the initial construction cost of the building; (ii) an isolation degree
Id = 7.4 allows to reduce the expected limit states dependent cost of
about 55% if compared to the case with an isolation degree equal to
Id = 4.5; (iii) higher values of the isolation degree lead to lower val-
ues of the total life-cycle cost demonstrating the effectiveness of
the isolation degree for the r.c. building considered.

In Fig. 24(b) the limit states dependent cost of the superstruc-
ture and substructure have been evaluated with reference to the
less restrictive NTC08 performance objectives. In this case: (i) the
limit states dependent cost is a fraction of the construction cost
for all the values of the isolation degree adopted due to the very
low annual exceeding probabilities of the limit states; (ii) higher
values of the isolation degree always lead to lower values of the
total life-cycle cost.
6. Conclusions

The purpose of this study is to evaluate the influence of the iso-
lation degree on the seismic reliability and life-cycle costs of an
ordinary 3D base-isolated r.c. structure through single-concave
FP isolators with a design life of 50 years and located near L’Aquila
site (Italy), considering both earthquake main characteristics and
isolator properties as the random variables relevant to the prob-
lem. Several 3D non-linear dynamic analyses have been performed
in order to evaluate the system response considering both the ver-
tical and horizontal components of each seismic excitation. Bivari-
ate (joint) probability density functions have been computed and,
assuming the limit state domains (performance objectives), the
bivariate exceeding probabilities (structural performances) have
been estimated in order to compare SP to PO curves.

The results from the seismic reliability analysis of the consid-
ered system, designed according to NTC08 and FEMA-274, indicate
that the seismic reliability of the superstructure and substructure
improves as isolation degree increases and that some limit states
are violated due to both the uncertainty characterizing the friction
coefficient and the vertical components of the seismic excitations.

The structural performance curves of the isolation level,
(SPisolator) or the proposed equations can be used to design the plan
dimension of the isolator (i.e. radius in plan r of the concave
surface) in order to respect reliability levels depending on the
isolation degree. In particular, an exceeding probability of
Pf ¼ 1:5 � 10�3 (related to the collapse limit state, reliability index
b = 3 in 50 years) is achievable, for Id = 4.5 (R = 1.5 m), with a radius
in plan r ¼ 0:3 m; whereas in the case of Id = 7.4 (R = 4.0 m), the
same reliability level is achieved with a higher value of r equal to
about 0.40 m. The seismic reliability-based design (SRBD) abacuses
and derived equations, proposed in this study, can be used to
design the FP bearing devices, having a radius of curvature R rang-
ing from 1.5 m to 4.0 m, employed to seismically isolate regular
buildings located in an area characterized by a seismic hazard sim-
ilar to that considered.

Finally, from the results of the life-cycle cost analysis, it is pos-
sible to note that (i) the initial cost of the four base-isolated models
is similar (about 3% variation); (ii) the major difference in terms of
total life-cycle cost between the four isolation degrees is given by
the limit states dependent cost especially regarding the more
restrictive FEMA-274 performance objectives: in particular an iso-
lation degree Id = 7.4 allows to reduce the expected limit states
dependent cost of about 55% if compared to the case of an isolation
degree equal to Id = 4.5; (iii) higher values of the isolation degree
lead to lower values of the total life-cycle cost demonstrating the
effectiveness of the isolation degree for the r.c. building
considered.
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