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Abstract. This paper deals with seismic reliability of nonlinear structural systems equipped
with friction pendulum isolators (FPS). The isolated structures are described by employing an
equivalent 2dof model characterized by a perfectly elastoplastic rule to account for the in-
elastic response of the superstructure, whereas, the FPS behavior is described by a velocity
dependent model. An extensive parametric study is carried out encompassing a wide range of
elastic and inelastic building properties, different seismic intensity levels and considering the
friction coefficient as a random variable. Employing a set of natural seismic records and
scaled to the seismic intensity corresponding to life safety limit state for L’Aquila site (Italy)
according to NTCOS, the inelastic characteristics of the superstructures are designed as the
ratio between the average elastic responses and increasing strength reduction factors. Incre-
mental dynamic analyses (IDA) are developed to evaluate the seismic fragility curves of both
the inelastic superstructure and the isolation level assuming different values of the corres-
ponding limit states. Integrating the fragility curves with the seismic hazard curves related to
L’Aquila site (Italy), the reliability curves of the equivalent inelastic base-isolated structural
systems, with a design life of 50 years, are derived proposing seismic reliability-based design
(SRBD) abacuses useful to define the FPS properties and superstructure properties.
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1 INTRODUCTION

In the last decades, friction pendulum system (FPS) has emerged as a very effective tech-
nique for the seismic isolation [1] of building frames due to its advantages, mainly related to
the capability of providing an isolation period independent of the mass of the supported struc-
ture, its high dissipation and recentering capacity [2]-[3]. Over the years, within the issue of
the passive control of structures, many works have developed new design strategies and me-
thodologies [4]-[19] as well as probabilistic analyses in structural dynamics, structural relia-
bility methods, and reliability-based analysis have been presented [20]-[30]. The influence of
the friction pendulum system (FPS) isolator properties on the seismic performance of base-
isolated building frames by employing 3D systems as well as two-degree-of-freedom (2dof)
model accounting for the superstructure flexibility with a velocity-dependent model for the
FPS isolator behaviour has been analyzed by Castaldo et al. [31]-[34]. In particular, seismic
reliability analyses of a 3D r.c. elastic system isolated by FPS bearings have been carried out
in [31]-[32] by accounting for the randomness of both the isolator properties (i.e., coefficient
of friction) and of the earthquake main characteristics. The seismic reliability-based design
approach has been proposed in [33]-[34] for elastic and inelastic systems isolated by friction
pendulum devices.

With reference to the inelastic behavior of base-isolated systems under strong seismic
events, seismic codes [35]-[38] provide design response spectra, defined by the ratio of elastic
response spectrum ordinates to a parameter, called strength reduction factor [35],[39] or be-
haviour factor [36]-[37], usually defined, within a force-based design approach of new struc-
tures, as the product between two terms: ductility-dependent component and overstrength
factor [39]. In particular, the Italian seismic code, NTCO8 [37], the European seismic code
Eurocode 8 [36] and the Japanese building code [38] provide a maximum behavior factor val-
ue of 1.5 for base-isolated structures, without explicitly distinguishing the different terms (i.e.,
ductility and overstrength factors). The US seismic design codes, ASCE 7 [35], prescribes the
strength reduction factor for a seismically isolated structure to be 0.375 times the one for a
corresponding fixed-base structure and no larger than 2.

The aim of this work is to propose reliability-based formulae for the preliminary design of
base-isolated regular frames, located in an area characterized by a seismic hazard similar to
the local seismic hazard of L’ Aquila site (Italy). The results of the reliability analyses demon-
strate that within the investigated parameter combinations the values of the strength reduction
factor for base-isolated systems with FPS should be lower than 1.5.

2 INELASTIC MODEL OF A BASE-ISOLATED STRUCTURE WITH FPS

In this study the 2dof (degree-of-freedom) model proposed by Kelly [40], modified to ac-
count for inelastic responses of both the isolation level and the superstructure (Fig. 1), is
adopted. The bearing response is modelled using a bilinear hysteretic response envelope,
while the superstructure behaviour is described using a perfectly elastoplastic model. With
reference to the symbols in Fig. 1, the equations of motion are:

(m, +m )i, +mii_+c, oty + 4, W sgnii, = —(m, +m, )i, o

mgii, + mii_ +cu, + f, (us ,Sgnu ) =-—mgi,

where W=(my+my)g is the weight on the bearing, R is the radius of curvature of the FPS, x, is
the bearing friction coefficient, that varies with the velocity according to Mokha et el. and
Constantinou et el. [4]-[6]:
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Hy = Fowe = (Fowx = Frin JexD (= cat,) 2)

where f,..c and f.;, are the friction coefficient attained at high and at very low velocities of
sliding respectively, a is a constant for a given pressure, temperature and condition of FPS
interfaces. In this study, this constant equal to 30 and the ratio f../fnin €qual to 3, based on
regression of the experimental results [4]-[6], are assumed.

The superstructure is in the elastic phases if (3) is satisfied and the corresponding restoring
force is given by (4).

Uy, _uo,i—l‘ <u, or (fs,i—l = fy & us,ius,i—l <0) (3)

S (us ,sgnu, ) =k, (us,i —Ugig ) 4)

Otherwise, the superstructure is in the plastic phases if

U, _uO,i—l‘ 2u, (5)

S,

Foilug,sani,)= £, senlu,, —u,, ) (6)

where i and (i-1) indicate the time instants. The seismic isolation degree [41] is an indicator of
the isolation system efficiency for elastic structures and results to be the ratio between the iso-
lation Tb=27t\/(m;,+ms)/kb and superstructure TS=27r\/ms/kS period of vibration: I,=T,/T;. Re-
garding the inelastic response of a yielding superstructure (Fig. 1), characterized by a single
degree of freedom with a perfectly elastoplastic behavior and assumed as the equivalent mod-
el representative of multi-story building frames [42]-[44], the corresponding strength reduc-
tion factor is defined as g=f; ./fy=us./u,, where f; . and u,, are, respectively, the minimum
yield strength and yield deformation required for the superstructure to remain elastic during a
ground motion, or the peak response values for the corresponding linear system. Note that ¢ is
different from the one provided by [35]-[39] because it does not explicitly consider the over-
strength factor since the overstrength capacities are taken into account in the perfectly elastop-
lastic system assumed as equivalent model of the inelastic behavior of real multi-story
building frames [39]; so ¢ is related only to the ductility-dependent component [42]-[44].The
displacement ductility, u, of the superstructure is the ratio between the peak displacement of
the inelastic system, u,.qc, and the yield displacement u,. According to [40], the mass ratio
y=my/(mp+my), isolation &=cpTy/[2(mp+m,)] and superstructure &=c,Ty/(2m;) damping ratio

are defined.
Superstructure
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Figure 1: 2dof model of a building isolated with FPS.

Superstructure mass Us
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3 UNCERTAINTIES CONSIDERED

Seismic reliability assessment of a building structure, according to the structural perfor-
mance (SP) evaluation method [45]-[47], is based on the coupling between structural perfor-
mance levels [48] and associated exceeding probabilities during its design life [49]-[50].
According to [51]-[53], the uncertainties related to the seismic input intensity are separated
from those related to the characteristics of the record (record-to-record variability) by intro-
ducing a scale factor, called intensity measure (IM).

# Year Earthquake Name Recor(llql:i eStatlon Vs3p [m/s] Fault Type M [-] R [km] P[(gi
1 1994 Northridge Beverly Hills - Mulhol 356 Thrust 6.7 133 0.52
2 1994 Northridge Canyon Country-WLC 309 Thrust 6.7 26.5 0.48
3 1994 Northridge LA-Hollywood Stor 316 Thrust 6.7 229 0.36
4 1999 Duzce, Turkey Bolu 326 Strike-slip 7.1 413 0.82
5 1999 Hector Mine Hector 685 Strike-slip 7.1 26.5 0.34
6 1979 Imperial Valley Delta 275 Strike-slip 6.5 33.7 0.35
7 1979 Imperial Valley El Centro Array #11 196 Strike-slip 6.5 29.4 0.38
8 1995 Kobe, Japan Nishi-Akashi 609 Strike-slip 6.9 8.7 0.51
9 1995 Kobe, Japan Shin-Osaka 256 Strike-slip 6.9 46.0 0.24
10 1999 Kocaeli, Turkey Duzce 276 Strike-slip 7.5 98.2 0.36
11 1999 Kocaeli, Turkey Arcelik 523 Strike-slip 7.5 53.7 0.22
12 1992 Landers Yermo Fire Station 354 Strike-slip 7.3 86.0 0.24
13 1992 Landers Coolwater 271 Strike-slip 7.3 82.1 0.42
14 1989 Loma Prieta Capitola 289 Strike-slip 6.9 9.8 0.53
15 1989 Loma Prieta Gilroy Array #3 350 Strike-slip 6.9 314 0.56
16 1990 Manyjil, Iran Abbar 724 Strike-slip 7.4 40.4 0.51
17 1987 Superstition Hills El Centro Imp. Co. 192 Strike-slip 6.5 35.8 0.36
18 1987 Superstition Hills Poe Road (temp) 208 Strike-slip 6.5 11.2 0.45
19 1987 Superstition Hills Westmorland Fire Stat. 194 Strike Slip 6.5 15.1 0.21
20 1992 Cape Mendocino Rio Dell Overpass 312 Thrust 7.0 22.7 0.55
21 1999 Chi-Chi, Taiwan CHY101 259 Thrust 7.6 32 0.44
22 1999 Chi-Chi, Taiwan TCU045 705 Thrust 7.6 77.5 0.51
23 1971 San Fernando LA - Hollywood Stor 316 Thrust 6.6 39.5 0.21
24 1976 Friuli, Italy Tolmezzo 425 Thrust 6.5 20.2 0.35
25 1980 Irpinia Bisaccia 496 6.9 213 0.94
26 1979 Montenegro ST64 1083 Thrust 6.9 21.0 0.18
27 1997 Umbria Marche ST238 n/a Normal 6.0 21.5 0.19
28 2000 South Iceland ST2487 n/a Strike Slip 6.5 13 0.16
29 2000 South Iceland (a.s.) ST2557 n/a Strike Slip 6.4 15.0 0.13
30 2003 Bingol ST539 806 Strike Slip 6.3 14.0 0.30

Table 1: Selected ground motions for the time history analyses.

The approach is based on calculating the probabilities of exceeding different limit state
thresholds, properly defined, given different values of the intensity measure with the aim to
define the fragility curves of the system. Afterward, the abovementioned fragility curves inte-
grated with a seismic hazard curve, expressed in terms of the same IM, related to a reference
site, lead to the mean annual rates of exceeding the limit states. Using a Poisson distribution,
it is possible to transform the mean annual rates of exceeding the limit states into probabilities

of exceedance in the time frame of interest (e.g., 50 years).
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The aim of this work consists of evaluating the seismic reliability of inelastic structural
systems equipped with friction pendulum isolators (FPS) considering both the friction coeffi-
cient and earthquake characteristics as random variables within the uncertainties relevant to
the problem.

The spectral displacement, Sp(&,, Tp), at the isolated period of the system, 7}, and for the
damping ratio, ¢, is assumed as intensity measure, /M. In the analyses carried out in this
study, the damping ratio ¢, is taken equal to zero, consistently with other works which assume
that friction is the only source of damping in the isolators [54]. The corresponding IM is he-
reinafter denoted to as Sp(7}) and it is assumed ranging from 0.1 m to 0.45 m. The record-to-
record variability is described through a set of 30 ground motion records, selected within the
ground motion databases of PEER (Pacific Earthquake Engineering Research Center) [55], of
ITACA (Italian Accelerometric Archive) [56] and of ISESD (Internet-Site for European
Strong-Motion Data) [57]. The characteristics of the selected ground motion records are re-
ported in Tab. 1. Their source-to-site distance, Ry, is greater than 8.7 km, and their moment
magnitude, M, is in the range between 6 and 7.6.

As discussed in [4]-[6], the friction is a complex phenomenon and several mechanisms
contribute to its variability. It follows that a Gaussian probability density function (PDF), in-
terrupted from 0.5% to 5.5% with a mean value equal to 3%, is employed to model the fric-
tion coefficient at large velocity as random variable f,,,,. For the generation of 15 sampled
values of f,.. the stratified sampling technique the Latin Hypercube Sampling (LHS) method
[31],[58]-[60] is adopted.

4 RELIABILITY ANALYSIS OF INELASTIC BASE-ISOLATED STRUCTURES
WITH FPS

4.1 Parametric study

The first step to determinate the seismic reliability of the inelastic base-isolated equivalent
systems consists of developing incremental dynamic analyses (IDAs) [61]. For this reason, an
extensive parametric study is carried out encompassing a wide range of the parameter combi-
nations related to isolation level and superstructure, according to Eqn. (1).

The deterministic parameters are: the isolation degree I, assumed equal to 6, the isolation
period of vibration, 7}, varying between 3 s and 6 s, the mass ratio y assumed equal to 0.6 and
0.8 and the (ductility-dependent) strength reduction factor g ranging from 1.1 to 2, corres-
ponding to the values provided by the codes [35]-[38] for the behavior factor, in the case of
unitary overstrength factor. Furthermore, the analyzed inelastic 2DOF systems have the isola-
tion &, and superstructure ¢ damping ratio respectively equal to 0% and 2% and the seismic
isolation degree 1, equal to 6.

In order to define the inelastic characteristics of each equivalent structural system, dynam-
ic analysis of the base-isolated systems (defined for different values of 73, y and ¢ ), with a
friction coefficient equal to 3%, have been subjected to the set of 30 seismic records, scaled to
the IM value related to the life safety limit state (NTCO8 [37]) for L’ Aquila site (Italy): the IM
is equal to 0.311 m for 7;,=3, 4, 5 s (Fig. 2b) and equal to 0.26 m for 7,=6 s. The superstruc-
ture dynamic responses, expressed in terms of displacements relative to the base u,.;, have
allowed to evaluate the average yield displacement for each value of ¢. In this way, the inelas-
tic characteristics of the equivalent structural systems have been defined.
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4.2 Incremental dynamic analysis (IDA)

The above-mentioned equivalent structural systems, with the different structural parame-
ters (T, 7, g) and combined for each value of the sampled friction coefficient, are subjected to
the 30 ground motions, scaled to eight intensity levels values within the incremental dynamic
analysis. The response parameters u and up na=up(t)lmar, are adopted as the engineering de-
mand parameters (EDPs) and assumed to follow a lognormal distribution. A lognormal distri-
bution can be fitted to the both response parameters by estimating the sample lognormal mean,
tin(EDP), and the sample lognormal standard deviation a;,(EDP), through the maximum like-
lihood estimation method.

The IDA results of the isolation level and the superstructure are plotted in Fig.s 2-3, in the
form of meshes versus the intensity measure /M and the (ductility-dependent) strength reduc-
tion factor g. Each figure contains several surface plots, corresponding to the different values
of the percentile and to both values of the mass ratio.

Fig. 2 shows the IDA results regarding the isolation level. The statistics of the EDP uy, 4y
are influenced by 7j: the lognormal mean slightly decreases by increasing 7}, while the dis-
persion increases for higher 7;. Both the statistical values are also influenced by y: the isola-
tion displacement decreases by increasing y. In fact, the mass ratio controls the contribution of
the second mode of vibration to the response. This mode induces significant deformations in
the superstructure only. On the other hand, the increase of ¢ leads to a slight decrease of the
displacement up, 4y

Fig. 3 show the IDA curves regarding the superstructure. The increase of strength reduc-
tion factor g leads to a very high increase of the displacement ductility demand u. The re-
sponse parameter u increases for increasing y and for decreasing 7.

a) o b
05T 0.5
] 7 4
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% 0.3+ 50" % 0.3
< 02- 16" S 90
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02 o3 ) Al 0 02 s —r ql-]
y 04945 LY : 0445 1.1
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Figure 2: IDA curves of the isolation level with 1,=6 and T,=3 s (a), T,=4 s (b), T,=5 s (¢), T,=6 s (d). The arrow
denotes the increasing direction of y = 0.6-0.8.
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Figure 3: IDA curves of superstructure with 1,=6 and 7,=3 s (a), T,=4 s (b), T,=5 s (c), T,=6 s (d). The arrow
denotes the increasing direction of y = 0.6-0.8.

4.3 Seismic fragility analysis

The following step for the seismic reliability assessment of inelastic buildings isolated by
FPS, is the evaluation of the seismic fragility. The seismic fragility can be defined as the
probabilities Pr exceeding different limit states at each level of the intensity measure /M. For
this reason the limit state thresholds need to be defined. In particular, the performance levels
of the isolation system are assumed in terms of radius in plan of the concave surface, r [m]
(Tab. 2); while, the performance levels of the equivalent system superstructure are defined in
terms of available ductility, u [-] (Tab. 3) considering structural systems in ordinary condi-
tions and neglecting aging effects [62]-[71].

LSb)] LS[,’Z stﬁ LSb)4 stﬁ stﬁ LSb)7 LSb)g LSb)g LS[,)]()

rfm]| 005 | 01 |015| 02 | 025| 03 |035| 04 | 045| 05
pi(50 years)=1.5-107

Table 2: Limit state thresholds for the isolation level.

LS'M’] LS,M,Z LS,,’_; LS”’4 LS”’5 LS.”76 LS”,7 LS”’,g LS,,)g LS‘”’]()
ul-] 1 2 3 4 5 6 7 8 9 10
pr(50 years)=2.2-10"

Table 3: Limit state thresholds for the superstructure.
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Fig.s 4-5 show the fragility curves regarding the isolation level and the superstructure.
Each figure contains several curves corresponding to the different values of the mass ratio and
strength reduction factors g, considered in this study. Only the results corresponding to some
limit state thresholds and to 7,=3, 6 s are reported because of space constraints. Generally, the
seismic fragility decreases for increasing the limit state thresholds. The curves reflect the
same trend of the IDA curves.
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Figure 4: Seismic fragility curves of the superstructure related to /,=6 for L, ;=1 and T, =3 s (a), L, ;=1 and T, =6
s(b), L, 53 and T, =3 s (¢), L, 573 and T;, =6 s (d), L, 5=5 and T}, =3 s (e), L, s=5 and T}, =6 s ().
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Figure 5: Seismic fragility curves of the isolation level related to /,=6 for Lg, ,=0.2 m and T}, =3 s (a), Ls,4~0.2 m

44

and 7}, =6 s (b), Lsys=0.4 m and T, =3 s (c), Ls»s=0.4 m and T}, =6 s (d).

Site seismic hazard

The local seismic hazard of L’Aquila site (Italy), soil class B, with geographic coordinates
42°38°49°°N and 13°42°25°’°E, has been considered. The seismic hazard curves (Fig. 6), ex-
pressed in terms of IM= Sp(7T}) and related to the four values of the isolated periods analysed
in the parametric study, have been realized according to NTCO08 [37]. Each curve represents
the average values of the annual rate A, of exceeding the IM level.

10!
Tb:3 N E
— Tb:4 S I
102 -=Ty=5s —
~ Ty=6s —
~ e
-Tm 107
IS
N
<
=
~ o —
10° !

0 01 02 03 04 05 06 07 08 09 1

Sp(Ty) [m]

Figure 6: Seismic hazard curves related to the different isolated periods T}, for L’ Aquila site (Italy).
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4.5 Seismic reliability analysis

Integrating the previously defined fragility curves with the seismic hazard curve, expressed
in terms of the same IM, related to the reference site, allows to calculate the mean annual rates
of exceeding the limit states. These latter ones have to be transformed into probabilities of
exceedance in the time frame of interest (e.g., 50 years) by using a Poisson distribution in or-
der to evaluate the seismic reliability of the base-isolated structures equipped with FP devices.

In Fig. 7-8, the linear regressions of the curves representing the seismic reliability (struc-
tural performance (SP) curves) of the isolation level and of the superstructure are plotted in
logarithmic scale for the different limit state thresholds in terms of radius in plan r and the
displacement ductility u, respectively, and for different values of mass ratio and (ductility-
dependent) strength reduction factor.

Fig. 7 shows the seismic reliability curves of the isolation level. It is possible to observe
that, in most of cases, the increase of the (ductility-dependent) strength reduction factor and of
the mass ratio leads to a slight increase of the seismic reliability, while an increase of T} lead
to a decrease of the seismic reliability. From these seismic reliability-based design (SRBD)
abacuses, it is possible to design the plan dimension of the isolator (i.e., radius in plan r of the
concave surface) in order to respect the expected reliability level. In particular, an exceeding
probability of P= 1.5 107 (related to the collapse limit state, reliability index f= 3 in 50 years)
[46]-[49] is achieved through a radius in plan r ranging from about 0.35 m to about 0.8 m de-
pending on the values of the structural properties.

Fig. 8 represent the seismic reliability (structural performance (SP)) curves of the inelastic
superstructure. From these abacuses, it is possible to evaluate the displacement ductility de-
mand as function of ¢ for each parameter combination corresponding to the exceeding proba-
bility in 50 years, equal to 2.2+ 107 [46].
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Figure 7: Seismic reliability curves of the isolation level related to 1,=6, for T}, =3 s (a), T, =4 s (b), T), =5 s (c¢),
T, =6 s (d).
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Figure 8: Seismic reliability curves of the isolation level related to 1,=6, for T}, =3 s (a), T, =4 s (b), T), =5 s (c¢),
Tb =6s (d)

In fact, this value of failure probability is related to the life safety limit state , adopted as
reference limit state in order to define the seismic intensity of the reference site (L’Aquila,
Italy) and design the inelastic characteristics of the several base-isolated structural systems
analyzed, as provided by [37] and previously described. The results show that the seismic re-
liability of the superstructure decreases for higher values of y, g and Tj. Therefore, it is possi-
ble to declare that for some parameter combinations the values of the (ductility-dependent)
strength reduction factor g can lead to very high values of the ductility demand for base-
isolated systems with FPS also due to the uncertainty on the sliding friction coefficient. In-
deed, especially for high mass ratio with low isolated periods, the upper limit value of ¢
should be lower than 1.5. In the hypothesis of regular building frames, these proposed relia-
bility-based design (SRBD) abacuses can be used for the preliminary design of the dimen-
sions in plan of the friction pendulum devices and for the evaluation of the ductility demand
of the superstructure depending on structural properties in an area with a seismic hazard simi-
lar to that considered. Within the force-based approach for designing new base-isolated sys-
tems, the codes [35]-[39] provide behaviour factors which consider both the ductility-
dependent and overstrength factors depending on the properties of the superstructure. The re-
sults of the seismic reliability analysis in this study, related to both superstructure and isola-
tion devices, represent the corresponding behaviour of the equivalent perfectly elastoplastic
models and, therefore, are influenced only by the ductility-dependent term of the behaviour
factor recommended by [35]-[39]. Therefore, considering a reduced value of the behaviour
factor provided by the provisions [35]-[39], obtained from the ratio with respect to the corres-
ponding overstrength factor recommended by [35]-[39], it is possible to design the FPS prop-
erties in compliance with the codes.
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S CONCLUSIONS

This paper deals with the seismic reliability of inelastic structural systems equipped with
FPS. The isolated structures are described by employing an equivalent 2dof model characte-
rized by a perfectly elastoplastic rule to account for the inelastic response of the yielding su-
perstructure, whereas, the FPS behavior is described by a velocity-dependent model. Then,
incremental dynamic analyses are developed to evaluate the response statistics related to both
superstructure and isolation level for different mass ratios and (ductility-dependent) strength
reduction factors. The estimates of the response statistics, then, are used for deriving seismic
fragility curves for the yielding superstructure and the isolation level assuming different val-
ues of the corresponding limit state thresholds. In the final part of the work, considering the
seismic hazard curves related to L’Aquila site (Italy), as provided by NTCOS, regarding sys-
tems with a design life of 50 years, seismic reliability-based (SRBD) abacuses are proposed
with the aim to define the radius in plan of the FP isolators and the ductility demand in func-
tion of the structural properties and the reliability level expected. From the results of reliabili-
ty analysis of the superstructure, it is possible to declare that the values of the strength
reduction factor for base-isolated systems with FPS should be lower than 1.5.
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