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Abstract. This work deals with seismic reliability-based design (SRBD) for softening and
hardening structures equipped with double friction pendulum system (DFPS) isolators. The
isolated system is represented by means of an equivalent 3dof model having a soften-
ing/hardening post-yield slope for the superstructure and velocity-dependent rules for the two
surfaces of the DFP devices. The yielding characteristics of the superstructures are defined in
compliance with the seismic hazard of L’Aquila site (Italy) and with NTC18 assuming ordi-
nary characteristics. Considering several natural seismic records and the relevant random
variables, incremental dynamic analyses are carried out for assessing the seismic fragility
and the seismic reliability of these systems. Finally, seismic reliability-based design (SRBD)
curves for these systems are proposed.
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1 INTRODUCTION

Sliding pendulum bearings are more and more used to isolate buildings and infrastructures
in seismic zone [1]-[3] and have been studied by many researchers (e.g., [4]-[5]) in order to
ensure appropriate safety and resilience levels to infrastructure systems [6]-[7]. Probabilistic
analyses together with reliability-based investigations have also been developed by [8]-[9] as
well as reliability and reliability-based optimization analyses for base-isolated systems have
been discussed in [10]-[11]. Adopting the friction coefficient in addition to the earthquake
characteristics as the main aleatory uncertainties, seismic reliability and life-cycle cost anal-
yses of 3D base-isolated reinforced concrete (RC) structures have been commented in [12]-
[13]. Referring to elastic systems isolated through single FPS, the seismic reliability-based
design (SRBD) approach in general terms has been presented in [14]. In the literature articles
[15] and [16], two different optimization approaches are proposed for systems equipped with
FPS: in [15], with the purpose to minimize the superstructure displacement demand, the influ-
ence of the system properties and of the soil conditions on the optimal friction coefficients is
examined; in [16], the ratio peak ground acceleration/velocity is assumed as the relevant pa-
rameter to determine the optimal friction coefficients. The studies [17]-[19] investigated the
seismic performance of bridges or structures equipped with DFPS (doubleFPS) or FPS
providing [19] useful relationships to assess the seismic response of structures isolated by
frictional isolators and highlighting that the principal benefit of the DFPS bearing in compari-
son to the singleFP is the capacity to accommodate larger displacements.

With regard to the design of base-isolated systems when they respond inelastically, seismic
code provisions [20]-[24] prescribe low values for the strength reduction factor [20],[24] or
behavior factor [21]-[22] to avoid non linear dynamic amplification phenomena (e.g., partial
resonance) [25]. In detail, NTC18 [22], the Japanese building code [23] and Eurocode 8 [21]
state 1.5 as maximum value, without specifying a distinction between the ductility and over-
strength factor term. A behavior factor equal to 0.375 times the value for corresponding fixed-
base structures and no larger than 2 is prescribed in ASCE 7 [20].

This study describes the seismic reliability-based design (SRBD) for softening and hardening
structural systems equipped with DFPS devices and located in L’Aquila (Italy). The isolated
system is represented by means of an equivalent 3-degree-of-freedom (3dof) model having a
softening/hardening post-yield slope for the superstructure and velocity-dependent rules for
the two surfaces of the DFP devices [4]. In this way, a wide parametric analysis is developed
investigating the influence of different elastic and inelastic structural system properties of the
superstructure and of the DFPS for increasing behavior factors [20]-[23]. In addition, the in-
vestigation is carried out assuming the both friction coefficients of the two surfaces of the
DFPS and the characteristics of the ground motions as the main aleatory uncertainties. In de-
tail, the both friction coefficients are modelled by means of appropriate Gaussian probability
density functions (PDFs) and, the Latin Hypercube Sampling (LHS) method [26]-[27] is em-
ployed to generate the input data. After that, several incremental dynamic analyses (IDAs) are
developed for increasing seismic intensity levels in compliance with the site seismic hazard to
assess the seismic fragility curves and, successively, the seismic reliability curves. Finally,
SRBD curves for the two surfaces of the DFPS devices are provided as design relationships.
The results herein presented allow a comparison with the outcomes when single-FPS are em-
ployed [28],[29] in order to highlight the potential advantages of the DFPS and recommend
reliable values of the displacement demands to the DFPS bearings.
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2 EQUATIONS OF MOTION FOR NON-LINEAR STRCTURAL SYSTEMS WITH
DFPS

The equivalent system depicted in Figure 1 is a 3dof system presents a dof for the super-
structure behaviour and two dofs for the responses of the two surfaces of the DFPS. This
equivalent system has been adopted to model the mechanical nonlinearities of the superstruc-
ture and of the DFPS [30].

Superstructure mass Us DFPS bearings
>
: foa
Ms Superstructure Wiz /Wllﬁ’(
Hardening Softening /
:;‘ fS fs k. Uoz
:ks/2 ks/2 fy - Aky fy =
5 DFPS isolator Up1 / k | , f
ase mass | Ks: /
; Up? A A bz
My
e I o :
Up2

Figure 1: 3dof model with the constitutive laws.

Regarding the free body diagram of the DFPS, the bearing restoring forces of the DFPS apply:

W .
fo, = El Uy + 4y W, sgn (ub,l ) (la)
1
W. .
fo, = R_z Uy, + 4y W, sgn (“b,z ) (1b)

2

where W, = (mb + ms)g denotes the weight on the upper surface (surface 1) of the isolator,
W, = (mb +mg +m, ) g is the weight on the lower surface (surface 2) of the isolator, g is the
gravity constant, R, and R, are the curvature radii of the two surfaces of the isolator, U,
represents the displacement of the surface 1 with respect to the slider, u,, is the slider dis-

placement with respect to the ground, g, and g, , denote the sliding friction coefficients of

the two surfaces and sgn is the signum function of the sliding velocity for each surface. In
this work, the surface 1 presents higher values of both the friction coefficient and the radius of
curvature. Precisely, g, is chosen as 44, , and Ri=2R; [30].

Along each surface, the friction coefficient applies [4]-[5]:
lud,i = fmax,i _( fmax,i o fmin,i ) exp(_aub,i) fOf I = 1’2 (2)

and f

velocities of the i-th surface. The values of 30 and 3 are assumed, respectively, for & and
f ../ f .. foreach sliding surface [15],[28].

max, i min,i

where f . . mini are, respectively, the friction coefficients at high and very low sliding
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The hardening or softening behaviour of the superstructure is modelled herein through a bilin-
ear constitutive law. In this way, the response is elastic if Eqn.(3) is verified and the restoring
force f; is expressed according to Eqn.(4):

Ui _uo,i—l‘ < y(us,i) 3)
fs,i (us,i ) = ks (us,i - uO,i—l) (4)

where f;; denotes the restoring force at time instant i, Ug; represents the superstructure de-

S,i
formation at the same instant, U,; , is the maximum inelastic response at time instant (i—1)
and K is the superstructure elastic stiffness. The term y(ug;) is the yielding function depend-
ing on the displacement as explained in [31]. Defining u, as the yield displacement, whose
yield force is f,, H or S denotes the ratio of the hardening or softening post-yield stiffness

over the elastic stiffness [32]-[33], evaluated as:
H=S=-2 (5)

The superstructure response is in plastic phase if Eqn.(6) is verified and the restoring force
can be calculated through Eqn.(7):

us,i _uo,i—l‘ 2 y(us,i) (6)
fs,i (us ) = ks (us,i - y(us,i )) Sgn(us,i - uO,i—l) (7)

Therefore, the equations of motion that govern the inelastic response of the equivalent 3dof
system to the seismic input U, (t) , without any viscous dissipative capacities for the DFPS,
are:

MU + (m, +my Yy + (0 +my +my)i  + R Uy, +W, 11, sgn (uh2 ) =—(m, +my +my)l,
2

Mgtig + (m, +m, )iy, + (m, +m,)ii, , +(m, +mb)E”b,1 +(m, +m,)g, sgn (ub,l) =—(m,+my)i,
1

ML +myi,  +ml,, + ol + f o (u) =-m,

(8a,b,c)
where M,, M, and M, represent respectively the mass of the superstructure, of the isolation
level and of the slider, C, is the superstructure viscous damping factor. Dividing Eqn.(8a) by
m, +m, +m, as well as Eqn.(8b) by m, + M and Eqn.(8c) by m,, defining the mass ratios as
ro=mg/(mi+my+my) , py=m/(m+m +my) and y,=m,/(m +m +my) [34], the isolation
wy; = \/g/iR, and structural o, = \/ks/—ms circular frequency, the structural damping ratio
&, =C,/2m o, , the non-dimensional equations become as follows:

S 2
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Vg + (Vo + 7y, +uy, + @y u, , + 04, sgn(u,,n2 ) =-U,

Vb + (7 + 7 iy, + (7 + 7y, + (7 + 7))@ 1ty + (7, +7,) G, 5gN (L?b.l )= =7, + ¥ )i

Uy + 0y, + 1, + 20,50, +a (1) =1 (9a,b,c)

where a,(u,)= f,(u,)/m, denotes the dimensionless superstructure force proportional to the

elastic stiffness K, if the response is elastic or depends on the yielding condition if the system

responds inelastically. Note that the elastic vibration period of the isolation system provided
by the DFPS devices depends on which surfaces are moving during the earthquake [19]. In
detail, if only one surface slides, the isolation period depends only on the radius of curvature
of that surface Ri and the bearing behaves like a simple FPS [14], whereas when the both sur-
faces slide, the isolation effective period applies [19]:

T, =2z |0t
g (10)

It follows that the seismic isolation degree [35], expressed as the variable isolation period
over the structural period of vibration, is not a constant during an earthquake event. Moreover,
when the both surfaces slide simultaneously the restoring force of the DFPS isolator can be
evaluated as u W, neglecting the mass of the slider [30], where 4, is the effective sliding

coefficient given by:
_ Mg R+ 144 ,R,
¢ R +R, (1

Regards the inelastic behavior of the superstructure [36]-[37], Eqn.s (12)-(13) define, respec-
tively, the inelastic capacities in terms of behavior factor, g, and displacement ductility,

defined, respectively, as:

vy (12)

/ (13)
where f, and ug, represent the peak response values, respectively, in terms of strength and

displacement when the superstructure responds elastically during a ground motion, whereas
T, =|Us (t) ~denotes the peak inelastic response in terms of displacement. The terms u,

and f, are, respectively, the yielding displacement and strength. More details may be found
in [30].

max

3 INCREMENTAL DYNAMIC ANALYSES

This section describes the results achieved from the incremental dynamic analyses (IDAs)
of the system in Figure 1 within a wide parametric analysis, considering several structural pa-
rameters and as Italian site: L’Aquila (42°38°49°°N and 13°42°25”’E and a soil class B). In
detail, the responses of the superstructure, of the DFPS are investigated for increasing intensi-
ty measure (IM) levels and shown in the following figures adopting 30 real ground motions,
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which have also been used in previous studies by the authors [28],[29],[30], to describe the
aleatory uncertainty on the seismic input denoted as record-to-record variability. The IM is
herein chosen as the spectral displacement at the effective isolated period Sp(Tb).

Elastic and inelastic properties of the isolated superstructure

Within the parametric analysis, the following deterministic parameters are taken into account:
the isolation degree |, with respect to the equivalent effective isolated period of Eq.(10) = 2,
4, 6 and 8&; the equivalent effective isolation period T, of Eq.(10) = 3s, 4s, 5s and 6s; the mass
ratios: y,= 0.6 and 0.8, y,= 0.001, and so y,= 0.399 and 0.199; the behaviour factor q =
1.1,1.2,1.3,1.4,1.5, 1.6, 1.7, 1.8, 1.9 and 2, according to [20]-[23], and the post-yield soften-
ing or hardening stiffness ratio S or H = 0.03 [38]-[39]. Combing all these properties, 768
equivalent inelastic 3dof systems derive. The isolation damping ratio &, is assumed equal to
0% whereas, superstructure damping ratio &, equal to 2%.

Neglected the inelastic properties and considering only the elastic ones, 32 different 3dof sys-
tems derive (with the different values of |, , of T, and of the mass ratios). Assuming g ,
and 4, equal to 4% and 1%, respectively, and a ratio equal to 2 between R1 and R2[30], for

32 elastic 3dof elastic systems, it has been possible to evaluate the average elastic responses,
in Matlab-Simulink [40], to the 30 records scaled to the IM value of the life safety limit state

for L’Aquila: the IM= S, (T, ) applies 0.311 m for T,=3, 4, 5 s and 0.26 m for T, =6 s [22]. In
this way, the yielding characteristics of the 768 inelastic 3dof systems have been computed in

terms of the average values of both yield strength and yield displacement (i.e., f, ... and
Uy sverge ) divided by the increasing values of g, as expressed by Eqn.(14):
u _ _y.average _ fs,el,average — us,el,average
y,average ks ksq q (14)

Incremental dynamic analysis (IDA) curves

This sub-section deals with the responses of the 768 equivalent 3dof hardening and softening
systems, considering the aleatory uncertainties of the sliding friction coefficients through 15
sampled couples, to the 30 seismic inputs scaled to the increasing IM=S, (Tb ), varying in the

range from 0 m to 0.45 m. Specifically, for each IM level and parameter combination, 450
numerical non-linear analyses have been developed. The isolated non-linear hardening and
softening systems are modelled in Matlab-Simulink [40], by employing the Runge-Kutta-
Fehlberg integration algorithm to solve Eqn.(9) and determine the responses of the superstruc-
ture and of the DFPS bearings.

For each softening structural system, the collapse condition assumed within the numerical
analyses is reached when the response of the superstructure is equal to zero. For the other sys-
tems as well as for the isolation devices any limitation is not considered.

Form the results of the non-linear incremental dynamic analyses, it has been possible to esti-
mate the collapsed system cases together with the displacement ductility demand u for the

superstructure and the displacements for the DFPS (i.e., peak value for each one of the two
surfaces “Up,1 and Up2” and peak value of their sum computed at each time instant “Uy”). These
response parameters are denoted as the engineering demand parameters (EDPs) and their peak

3749



P. Castaldo and G. Alfano

values have been fitted by means of lognormal distributions [12]-[15],[28],[41],[42] at each
IM level. In detail, for each lognormal distribution, through the maximum likelihood estima-
tion (MLE) technique [43]-[47], the mean, g, (EDP), and the standard deviation, o, (EDP),
have been computed as well as the 50", 84" and 16™ percentile.

It is also important to specify that neither other aleatory uncertainties not epistemic uncertain-
ties have been herein considered [48]-[49].
Figures 2-3 depict the IDA curves for hardening structures. The results related to | ,=2 and 8§,

T, =3s and 6s and ), equal to 0.6 are herein illustrated.

Fig. 2 depicts the IDA curves of the isolation level EDP u, .., which is the peak value of the

sum of Up,1 and Up,2 in each time instant. The lognormal mean of uy .. is higher by increasing

T, and I,. Moreover, the increase of ( causes a slight decrease of u, .., especially for

higher values of |, . The results are consistent with the ones achieved in [29] considering a

single concave sliding device.
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Figure 2: IDA curves of the isolation level with y =0.6 for =2, Tv=3 s, H=0.03 (a), &=2, Tv=6 s, H=0.03 (b),
1=8, Tv=3 s, H=0.03 (c), =8, Tp=06 s, H=0.03 (d).

Fig. 3 depicts the IDA results for the EDP . The corresponding statistical parameters are

strongly influenced by the variation of g. In fact, an its increase leads to a very high displace-
ment ductility demand ¢ . In addition, g, () highly decreases by decreasing T, but is higher

for lower values of 1, especially for high values of T, .

The IDA results of the isolation level and of the superstructure for the softening behavior are
not reported because the influence of the data related to the dynamic collapses has been taken
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into account within the assessment of the seismic fragility, as discussed in the next section,
together with the description of the influence of the other structural properties (i.e., %, g and S)
on both the DFPS and the softening superstructures.

a) E : : : i k : | y b - | : : i - : —,
JL _q:]__]_ ___84lh // ] ) _q:j__]_ ___84lh ,,
= ——e Ll ’ 60 [ = - = =gth
9=1.3 50 S 9=1.3 50 o
6f ——0Q=15 - =--16" R 0=15 - - -16" s
s
—0q=1.6 e R 50 —q=16 ,/ // 1
7/
SF—— =18 A —q=18 S
—q:2 L7 e 7 4
— 4 ,/ L’ P [
P
: 3 Ll :
// ,/ //
/’ // /’ /'
2 - = =" =
AR —Z=2°-—<-<
222z A A
1+ 22z ==z - - =" _ _--__--1
22 zes==--------""
0 il . .
0 0.05 0.1 0.15 02 025 03 035 04 045
¢) d)
— —
o [
= =
0 0.05 0.1 0.15 02 025 03 035 04 045 0 0.05 0.1 0.15 02 025 03 035 04 045
So(Ts) [m] So(Ts) [m]

Figure 3: IDA curves of the superstructure with » =0.6 for /=2, Tv=3 s, H=0.03 (a), &2, Tv=6 s, H=0.03 (b),
=8, Tv=3 s, H=0.03 (c), =8, Tv=6 s, H=0.03 (d).

4 SEISMIC FRAGILITY CURVES

The definition of the limit states with respect to the EDP is necessary to reach the fragility

assessment. In detail, different thresholds, respectively, in terms of the radius in plan for each
surface of the DFPS isolator, r [m]andr,[m], and of the displacement ductility for the super-
structure, 4 [-], have been selected. In this way, the probabilities Pt exceeding the different
limit states at each IM level, have been numerically computed. Tables 1-2 report, respectively,
the failure probabilities in 50 years [50] and the corresponding thresholds, related to the LSs
provided by the codes [21]-[22]: the failure probability in 50 years [13],[50] associated to the
collapse limit state [22] for the DFPS; whereas, the failure probability in 50 years [13],[50]
associated to the life safety LS [22] for the superstructure in compliance with the design.
For each structural system of the 768 equivalent 3dof systems, the probabilities P; exceeding
the different limit states at each IM level, are numerically computed and successively fitted
through lognormal distributions [14] with a R-square value higher than 0.8. For the softening
systems, the number of both the collapse cases has been considered to estimate the seismic
fragility through the total probability theorem [29],[51], as follows:
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. _ Nnot—collapse Nnot—collapse
PSL(IM - 'm) - (1 - FEDP||M=im(LSEDP))'T +1- I_T (15)

where N is the overall number of analyses at each IM level, and Nnot_couapse is the number of

numerical simulations without any collapse.

Figures 6-8 depict the fragility curves for increasing IM regarding both softening and harden-
ing structures. Precisely, the curves related to the different structural properties and only to
some limit state thresholds (LS4 and LS, 3) and to |,=8 and T, =3s, are illustrated.

Generally, the seismic fragility is lower for increasing the corresponding limit state threshold
and is the highest for the post-yield softening behavior.

Figure 4 illustrates the fragility curves regarding the overall response of isolation level for
hardening models.

Figures 6-7 depict the fragility curves of the two surfaces of DFPS for the softening systems.

For the all limit states, P, decreases slightly for increasing 7. Then, especially for high limit

state thresholds, the fragility increases by increasing T,, |, and decreasing (. Note that the

probability exceeding a limit state is quite low for the single surface, with a lower probability
for the surface 2 characterized by a lower friction coefficient with a lower radius of curvature,
in compliance with the IDA results. Obviously, higher values are achieved for the softening
behaviour.

The fragility curves for the nonlinear superstructures are shown in Figures 5 (hardening) and

8 (softening). The exceeding probabilities are slightly lower as y, decreases but highly in-
crease for increasing values of g. Conversely, lower values of Ty for fixed |, lead to an in-
crease of the seismic fragility because a decrease of the period Ts means a decrease of the
correlated yielding displacement as well as lower values of Ty for fixed |, lead to higher val-
ues of the seismic fragility. In fact, the coupling between |, and T, influences Ts and the

associated yielding displacement and so, as also discussed in [28]-[29], with reference to sys-
tems with low Ts, the ensuing dynamic amplification can negatively affect the superstructure
responses increasing the seismic fragility.

LSr,l LSr,Z LSr,S LSr,4 LSr,S LSr,G LSr,? Lsr,8 Lsr,g LSr,lO
ri[m] fori=12 005 0.1 0.15 02 025 03 035 04 045 0.5
pr=1.5-10" in 50 years

Table 1: Limit state thresholds for the two surfaces of the DFPS with the associated exceeding probability.

LS{u,l LSIu’Z leu’\?, LS/[A leu’S leu,ﬁ leuj LS,M,B LSlu,g leu’lo
A1 1 2 3 4 5 6 7 8 9 10

pr=2.2-107 in 50 years

Table 2: Limit state thresholds in terms of x with the associated exceeding probability.
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Figure 4: Seismic fragility of the isolation level corresponding to LSy 4=0.2 m, for =2, Ty=3 s, H=0.03 (a), &=2
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Figure 5: Seismic fragility of the superstructure corresponding to LS, 3=3, for 4=2, Tv=3 s, H=0.03 (a), =2 and
Ty=6 s, H=0.03 (b), £+=8 and Tx=3 s, H=0.03 (c), &4=8 and Tp=06 s, H=0.03 (d).
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Figure 7: Seismic fragility of the sliding surface 2 corresponding to LS;4=0.2 m, for /5=2, Ty=3 s, S=0.03 (a),
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Figure 8: Seismic fragility of the superstructure corresponding to LS, 3=3, for =2, Ty=3 s, S=0.03 (a), =2 and
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5 SEISMIC RELIABILITY-BASED DESIGN CURVES FOR DFPS

This section illustrates the results of the seismic reliability assessment for all the equiva-
lent softening or hardening structures isolated by DFPS within their lifetime of 50 years. This
assessment is composed of the following two steps: (i) computation of the convolution inte-
gral between the seismic fragility curves and the seismic hazard curves, expressed in terms of
the same IM=Sp(Tb) [22],[29], to assess the mean annual rates exceeding the limit states; (ii)
assessment of the probabilities exceeding the limit states in 50 years through the homogenous
Poisson model.

As regards the DFPS isolators, the seismic reliability curves can be seen as the SRBD curves
to design the dimensions in plan of each surface and the overall dimension of these devices
depending on the expected reliability target and of the structural properties. Figures 9-10
show, respectively, the linear regressions, representative of the seismic reliability of the over-
all dimension of the isolation level, in the semi-logarithmic space for hardening and softening
structures. The R-square value is higher than 0.8. The figures demonstrate that the seismic
reliability of the isolation level decreases for the softening behavior in comparison to the
hardening case. The increasing direction of the structural parameter q is denoted by means of
the arrow in the figures. As for hardening models, these curves demonstrate that an exceeding
probability of Pf=1.5-10" (corresponding to the collapse limit state in 50 years) [50]-[52] re-
quires a global dimension ranging from about 0.3 m to about 1 m depending on the structural
characteristics. Instead, for softening superstructures, higher values are required.

Figures 11-22 show the seismic reliability curves for the hardening and softening superstruc-
tures highlighting the great influence of the behavior factor as well as the great contribution of
the hardening properties in comparison to the softening ones.
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Figure 9: Seismic reliability of the isolation level related to 4=2, Tp=3 s, H=0.03 (a), =2 and T,=6 s, H=0.03
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Figure 10: Seismic reliability of the isolation level related to 4=2, Ty=3 s, S=0.03 (a), £=2 and T,=6 s, S=0.03
(b), l+=8 and Tp=3 s, S=0.03 (¢), L+=8 and Ty=6 s, S=0.03 (d).
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6 CONCLUSIONS

This study focuses on the seismic reliability-based response of hardening and softening
structures isolated with double concave sliding isolators. A wide investigation is presented
considering different elastic and inelastic mechanical properties and assuming the friction co-
efficients together with the characteristics of the seismic ground motions as random variables.
Adopting an equivalent 3dof system with non-linear velocity-dependent rules for the two sur-
faces of the DFPS, incremental dynamic analyses are carried out for several natural seismic
records, different behavior factors and post-yield stiffness ratios. Then, the seismic fragility
curves are derived for each engineering demand parameters of interest for these systems: peak
values of the response of the superstructure, of the upper surface and of the lower surface of
the DFPS. Successively, assuming a lifetime of 50 years and the seismic hazard of L’Aquila
(Italian site), seismic reliability-based design curves are derived for the DFPS. The results
have highlighted the great influence of the behavior factor as well as the negative effects of
the post-yield stiffness also regarding the seismic reliability of the superstructure.
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