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Abstract. This work aims to evaluate the seismic reliability of nonlinear systems, considering
both a hardening and softening post-yielding behavior, isolated by friction pendulum devices
(FPS) for different values of the strength reduction factor. The isolated structure is described
through an equivalent 2dof model, whereas, the FPS behavior is described by a velocity de-
pendent model. An extensive parametric study is carried out encompassing a wide range of
inelastic building properties considering different values of the post-yielding stiffness, differ-
ent seismic intensity levels and considering the friction coefficient as a random variable. De-
fined 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 yielding characteristics of
the superstructures are consequently designed according to NTCOS for different values of the
strength reduction factor. Incremental 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 corresponding limit states. Integrating the fragility curves with the
seismic hazard curves related to L’Aquila site (Italy), the reliability curves of the inelastic
base-isolated structural systems, with a design life of 50 years, are derived and proposed in
order to provide useful design recommendations depending on both the strength reduction
factors and post-yielding behavior.
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1 INTRODUCTION

Friction pendulum system (FPS) represents an effective technique for the seismic isolation
[1] of building frames [2]-[3]. The modeling aspects of the FPS isolation technique (e.g., [4]-
[7]) and the effects of the variation of both systems and FP devices as well the influence of
the seismic input have been object of many works. Over the years, within the issue of the pas-
sive control of structures, many works have developed new design strategies and methodolo-
gies [8]-[14]. Reliability analysis and reliability-based optimization of base-isolated systems
including uncertainties of both the isolation devices properties and ground motion characteris-
tics have been evaluated by [15]-[18].

In [19], the life-cycle cost analysis of the abovementioned r.c. 3D system isolated by FPS
bearings has been evaluated for increasing values of the isolation degree. The seismic reliabil-
ity-based design (SRBD) approach for elastic systems has been proposed by Castaldo et al.
[20]. Optimal friction coefficient values have been defined in [21] depending on the soil con-
dition.

Seismic codes [22]-[26] aim to keeping the response of base-isolated structures, under
strong earthquake events, elastic in order to avoid non linear amplification phenomenon [27]
by means of low values of the strength reduction factor [22],[26] or behaviour factor [23]-[24].
In particular, the Italian seismic code, NTCO08 [24], the European seismic code Eurocode 8
[23] and the Japanese building code [25] provide a maximum behavior factor value 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 [22], prescribes the strength
reduction factor for a seismically isolated structure to be 0.375 times the one for a correspond-
ing fixed-base structure and no larger than 2. Indeed, Vassiliou et al. [28], proved that if the
base-isolated structures are designed to respond inelastically, the displacement ductility de-
mand of the inelastic base-isolated structure is 3 times the strength reduction factor. Further-
more, [29] and [30] proved that the equal displacement rule and the equal energy rule cannot
be used for isolated systems. Reliability-based relationship between the ductility-dependent
strength reduction factors and the displacement ductility demand are proposed by [31] for a
perfectly elastoplastic structural system equipped with FPS and located in L’ Aquila site (Italy)
for different structural system properties.

The aim of this work is to further advance the study of Castaldo et al. [31] evaluating the
seismic reliability of non linear base-isolated systems with hardening and softening post-yield
stiffness and for increasing strength reduction factors.

2 NON-LINEAR SOFTENING MODEL OF A BASE-ISOLATED STRUCTURE
WITH FPS

The model used in this study is the 2dof system proposed by Kelly [35], modified to ac-
count for the non-linear responses of both the isolation level and the superstructure (Fig. 1).
The bearing response is modelled using a bilinear hysteretic response envelope, a typical
model used for FPS system in the hypothesis to consider the horizontal component of the FP
displacements [2].Therefore, the bearing restoring force is:

Iy = K”b +ﬂdWSg11(ub)
R (1)

where W = (mb +m, )g is the weight on the bearing, g is the gravity constant, R is the radius
of curvature of the FPS, u, is the displacement of the isolation level with respect to the
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ground, x, is the bearing friction coefficient, sgn is the signum function of the sliding veloc-
ity, u, .
The friction coefficient at sliding velocity #, , according to Mokha et el. and Constantinou
et al. [4]-[6], can be approximated by the following equation:
Uy = s = (Frn = frin Joxp (- et 2
where f,,. and f, are the friction coefficient attained at high and at very low velocities of

sliding respectively, « is a constant for a given pressure, temperature and condition of FPS
interfaces, assumed equal to 30 and the ratio f, / f.., equalto 3 [21],[31].

Superstructure mass Us Hardening Superstructure  Softening Superstructure
=
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Base mass Uup FP bearings
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Figure 1: 2dof model of a building isolated with FPS.

Regarding the inelastic response of the superstructure, the behaviour is described using a
non-linear constitutive law, for which the restoring force varies if the superstructure is in the
elastic or in plastic phases. The superstructure is in the elastic phases if Eqn.(3) is satisfied
and the corresponding restoring force is given by Eqn.(4).

ug, _MO,i—1| < y(us,i) 3)
fv,i (us,i) =k, (ux,i _uo,i—l) 4)

is the superstructure restoring force at time instant i, u

In the equations (3) and (4), f;; si

is the deformation of the superstructure with respect to the base at time instant i, u,, , is the
maximum plastic excursion at time instant (i —1), k_ is the elastic stiffness of the superstruc-
ture. The function y(u,,) is the yielding condition that is not univocally defined because the

elastic domain translates, so the yielding limits are different in function of the direction of the
displacement. The yielding condition can assume the following values:

y(u,)=u,+S (um. —uy) for (uy, , 20 & u,, >u,, ) and (u,, , <0 & u , <u,; )
y(u,,)=u,—S (Ms,i —uy) for (u,, , <0 & u; >u,, ) and (u,, ;>0 & u , <u,,,)  (5ab)
where u, is the yield displacement, whose yield force is f,, S is the ratio between the post-

yield and the elastic stiffness [36],[37]:

S==
k
s (6)
The superstructure is in the plastic phases if:
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|us,i _”0,H| > y(u,,) (7
the restoring force applies:
fx,i (us ) = k.y (us,i - y) Sgn(us,i _uo,i—l) (8)
It follows that the response of an inelastic 2dof system isolated with FPS devices (Fig. 1)
to the seismic input i, (t) is governed by Eqn. (9):

(m, +m )i, +mii, +c,i, et + 1, W sgnii, = —(my, +m,)ii,

mi, +mi_+cu, + f (u,)=—-mii
s s s7s fS( S) s7g (9a,b)
where m_ and m, are respectively the mass of the superstructure and of the basement, ¢, is

the superstructure viscous damping constant, ¢, is the bearing viscous damping constant. By

introducing the mass ratio y:(m—f) [35], the isolation @, = %:\/% and
m_+m, \f mg+m,

structural @, =./k, /m, circular frequency, the isolation & =c,/ Z(mb +m, )a)b and structural
& =c,/2m@, damping ratio, and dividing Eqn.(9a) by m, +m, and Eqn.(9b) by m,, the
equations of motion can be reduced to a non-dimensional form:

i, +yii, +2& o,u, +%ub +4,8sgnu, = —L'ig

N

iy, +ii, +2& o, +a (u)=—ii, (10a.b)

where a, (us ) =f (us)/ m,_ is the dimensionless force of the superstructure that changes if the

superstructure is in an elastic or plastic phase. The seismic isolation degree [40] is an indica-
tor of isolation system efficiency for elastic structures and results to be the ratio between the

isolation 7, =27x/w, and structural T, =27z/w, period of vibration: I, =T, /T, [40].

2.1 Behavior factor and displacement ductility of the non-linear superstructure

Regarding the inelastic response of a superstructure ([40]), characterized by a single degree
of freedom with an hardening or softening behavior the strength reduction factor is defined as:

_ fs,el _ us,el

5o (11)

where f,, and u , are, respectively, the minimum yield strength and yield deformation re-

s,el
quired for the superstructure to remain elastic during a ground motion, or the peak response
values for the corresponding linear system. Note that in the case of softening systems, as-
sumed as the equivalent model representative of multistory frame taking count of the P—A
effect [38],[39] the abovementioned behaviour factor ¢ represents only the ductility-
dependent term strength reduction factor because overstrength capacities, assumed with the
equivalent model, are completely absent. Therefore, the reduction factor or behavior factor,
hereinafter denoted as g, is consistent with the code provisions [22]-[26] in the case of a unita-
ry overstrength factor and with the one discussed by [31] for the case of softening systems.
The displacement ductility, u, of the superstructure is defined as:

u

s,max

! (12)

‘L[:
u
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where u =

s, max

u, (t)‘max is the peak displacement of the inelastic system

3 UNCERTAINTIES WITHIN THE SEISMIC RELIABILITY OF NON-LINEAR
SUPERSTRUCTURES EQUIPPED WITH FPS

According to the structural performance (SP) evaluation method [41]-[43], the seismic re-
liability assessment of buildings is based on the coupling between SP levels [44] and asso-
ciated exceeding probabilities during its design life [45]-[46]. Coherently with the PEER-like
modular approach [47] and performance-based earthquake engineering (PBEE) approach
[48]-[49], the uncertainties related to the seismic input intensity are separated from those re-
lated to the characteristics of the record (record-to-record variability) by introducing an inten-
sity measure (IM). The approach, as also discussed in [20],[31], is based on calculating the
convolution integral between the fragility curves and a seismic hazard curve, expressed in
terms of the same IM, related to a reference site, in order to define the mean annual rates ex-
ceeding the limit states and, next, using a Poisson distribution, evaluate the exceeding proba-
bilities in the time frame of interest (e.g., 50 years). Superstructure properties are not included
as random variables as discussed in [31],[50]. Regarding the uncertainty of the sliding friction
coefficient at large velocity of the FP devices, an appropriate Gaussian probability density
function (PDF) is employed and the Latin Hypercube Sampling (LHS) method [31]-[34] is
adopted as random sampling technique in order to define the input data set, as also described
in [31] in order to compare the results. In particular, the friction coefficient at large velocity is
modelled through a Gaussian probability density function (PDF), defined from 0.5% to 5.5%
with a mean value equal to 3% [51] and a standard deviation equal to the dispersion of a cor-
responding uniform PDF truncated on both sides to 0.5% and 5.5%. As widely discussed in

[31], 15 values of the random variable f,_ are sampled through the LHS method.

3.1 Seismic input and intensity measure (IM) description

In this study, the spectral displacement, SD(@,Y},), at the isolated period of the system,
1, =2/ w, and for the damping ratio ¢, , is assumed as intensity measure. The spectral dis-
placement is related to the spectral acceleration S, (.fb,Tb): S (fb,Tb )/ o, . 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 [31],[52]. The
corresponding IM is hereinafter denoted as S, (7)) and it is assumed ranging from 0 m to
0.45 m according to the seismic hazard of L’Aquila site (Italy) [24]. A set of 30 natural

ground motion records, selected within the ground motion databases [53]-[55]. The details
and characteristics of the selected ground motion records may be found in [31].

4 PARAMETRIC STUDY: INCREMENTAL DINAMIC ANALYSIS RESULT

The first step to determinate the seismic reliability of the inelastic softening base-isolated
equivalent systems, located in L’Aquila site (Italy), consists in developing incremental dy-
namic analyses (IDAs) [56]. An extensive parametric study is carried out encompassing a
wide range of the parameter combinations related to isolation level and superstructure, ac-
cording to Eqn.(10).
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4.1 Parametric study

The parametric study encompasses several values related to elastic and inelastic building
properties combined with the 15 input values of the friction coefficient random variable, the

30 ground motion records scaled to the different levels of the IM=S (T, ), ranging from 0 m
to 0.45 m. The deterministic parameters are: the seismic isolation degree I, equal to 4, the

isolation period of vibration 7, equal to 6 s, the mass ratio y assumed equal to 0.6 and 0.8,

the behavior factor ¢ ranging from 1.1 to 2 according to the codes [22]-[25] and the post-yield
stiffness S assumed equal to *0.03 [36]-[39]. It follows that several equivalent 2dof structural
systems, with isolation damping ratio & and superstructure damping ratio & respectively

equal to 0% and 2%, are defined. In order to develop the incremental non-linear dynamic ana-
lyses, the yielding characteristics of each equivalent structural system have to be designed.
Therefore, the elastic equivalent 2dof system with a design friction coefficient equal to 3%
has been subjected to the set of 30 seismic records, scaled to the IM=S (T, ) value related to

the life safety limit state (NTCO8 [24]) for L’Aquila site (Italy): the IM=S, (Tb) is equal to
0.26 m for T, =6 s [31]. The dynamic analyses, carried out in Matlab-Simulink [68], of the 32

base-isolated systems equipped with velocity-dependent FPS and with a superstructure linear
behaviour have allowed to evaluate the average values of both the yield strength f and

y,average

displacement u of the superstructure for each value of ¢, according to Eqn.(13) and as

V.average
developed in [31]. In this way, all the yielding characteristics of the seveal equivalent non-
linear structural systems have been defined according to the codes [22]-[25] in order to com-
pare the results with the outcomes described in [31] and evaluate the influence of the post-
yield stiffness.

_ f y,average fs,el ,average u

u ), average = =
e k, k. q (11)

s,el ,average

4.2 Incremental dynamic analysis (IDA) result for different structural parameters

The above-mentioned equivalent non-linear structural systems, with the different structural
parameters (g and §) and combined for each value of the sampled friction coefficient, are sub-
jected to the 30 ground motions, scaled to the several intensity levels values within the IDA.
The isolated non-linear systems are modelled in Matlab-Simulink [68] to solve the coupled
equations (Eqn.(10)) and determine the isolation and superstructure responses. In particular,
the Runge-Kutta-Fehlberg integration algorithm available in Matlab-Simulink has been em-
ployed. A total number of 450 simulations has been carried out for each IM and parameters
combination. Note that for a structure with a softening behaviour the maximum available duc-
tility capacity, assumed herein as the collapse condition, is reached when the reduction in the
strength is complete. This assumption represents the failure condition assumed within the
numerical analyses. The results of the incremental non-linear dynamic analyses (IDAs), tak-
ing into account the collapsed systems, have allowed to estimate the superstructure and isola-
tion response parameters, expressed in terms of displacement ductility demand g and of

maximum displacement of the isolation level with respect to the ground u, ., = |ub (t)max , re-

spectively, adopted as the engineering demand parameters (EDPs) and assumed to follow a
lognormal distribution [21],[31],[48],[52]. Knowing the sample lognormal mean g (EDP)

and the dispersion S(EDP), it is possible to determine the 50", 84" and 16™ percentile of
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each lognormal distribution [20]. The IDA results of the isolation level and the superstructure
are respectively illustrated in Fig.s 2-3 depending on the intensity measure /M and on the be-
havior factor g.

Note that the 50", 84™ and 16" percentiles, related to both isolation level and superstruc-
ture shown in the figures of this section, have been evaluated only from the results without
considering the failures. The presence of the data characterized by the dynamic collapses has
been taken into account within the seismic fragility assessment as discussed later. This means
that, for the case of softening systems, some results from the IDA curves do not represent the
real response of these systems. In particular, all IDA curves, related to softening systems, illu-
strate that for quite all parameter combinations and /M levels, the number of dynamic col-
lapses is very high.
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Fig. 2. IDA curves of the isolation level with 7 =0.6, I;~4, and T},=6 s for S=+0.03 (a), S=-0.03 (b)
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Fig. 3. IDA curves of the superstructure with 4 =0.6, I/=4, and T,=6 s for S=+0.03 (a), $=-0.03 (b).

Fig. 2 shows the IDA results regarding the isolation level response parameter u,, . , whe-

reas Fig. 3 shows the IDA curves regarding the superstructure EDP g . The statistics of the
EDP u are strongly influenced by ¢: the increase of the strength reduction factor g leads to a
very high increase of the displacement ductility demand .
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S SEISMIC FRAGILITY OF INELASTIC SOFTENING STRUCTURES WITH FPS

In order to evaluate the seismic fragility, defined as the probabilities P, exceeding differ-

ent limit states (LSs) at each level of the IM, of the isolation level and of the superstructure,
the limit state LS thresholds have 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]; while,
the performance levels of the superstructure are defined in terms of available displacement
ductility, u [-]. Tables 1-2 show the LS for the isolation level and the superstructure related to

the collapse and the safety limit state respectively considering structural systems in ordinary
conditions and neglecting aging effects [57]-[67]. For both collapse and life safety LSs, cha-
racterized by appropriate failure probabilities in 50 years [19],[42],[43], several thresholds are
analyzed because the scope of the study is to define the LS thresholds to be employed for a
reliable design or verification of base-isolated non linear systems analyzing the response of
the equivalent inelastic 2dof model, as discussed in the following sections.

LSI),I LS@Z LSb3 LS[,}4 LS[,5 LS[,},; LSbJ LS[,}S st,g LSbJo
rfmj| 005 | 01 |015| 02 | 025| 03 |035| 04 |045| 05
pr(50 years)=1 5-107

Table 1: Limit state thresholds for the isolation level.

LS,; | LS,, | LS,; | LS4 | LS,s | LS,6 | LS,7 | LSus | LS, | LS, 10
wl-11 1 2 3 4 5 6 7 8 9 10
pr(50 years)=2.2-10"

Table 2: Limit state thresholds for the superstructure.

The probabilities P, exceeding different LSs at each level of the /M, are numerically com-

puted for each combination of the structural properties (1280 equivalent structural systems)
and then fitted through lognormal distributions [20]. In this phase, as for the softening sys-
tems and with the aim to consider both the collapse and not-collapse cases for each parameter
combination at each IM level, the total probability theorem allows to estimate the probability
exceeding a limit state at each intensity measure level considering the collapse number [69] as
follows:

. _ Nnor—callapse Nnot—collapse
Py, (IM =im)=(1- FEDP\IM:im (LS gpp)) - T +1-]1 _T (12)

where N is the total number of analyses for the structural system at each IM level, and
N, is the number of numerical simulations without any collapse. The first term of

not—collapse
Eq.(12) defines the probability exceeding a LS corresponding to not-collapsing structural
models [69]. The fragility curves are plotted in Fig.s 4-7 showing the exceedance probabilities
P, versus the ground motion intensity. Each figure contains several curves corresponding to
the different values of the mass ratio and strength reduction factors g considered. Only the
results corresponding to some limit state thresholds and to /,=4 and 7, =6 s are reported be-
cause of space constraints.
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Fig. 4. Seismic fragility curves of the isolation level related to LS, 4=0.2 m, for /,=4 and 7,=6 s, S=+0.03 (a),
1/~4 and T,=6 s, S=-0.03 (b).
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Fig. 5. Seismic fragility curves of the isolation level related to LSy ¢=0.4 m, for 1,4 and 7,=6 s, S=+0.03 (a),
174 and T,=6 s, 5=-0.03 (b).
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Fig. 6. Seismic fragility curves of the superstructure related to LS, =3, for /,=4 and 7,,=6 s, $=+0.03 (a), /,~4
and 7,=6 s, §=-0.03 (b).
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Fig. 7. Seismic fragility curves of the superstructure related to LS, s=5, for /=4 and 7,,=6 s, $=+0.03 (a), ;=4
and T,=6 s, §=-0.03 (b).

Fig.s 4-5 show the fragility curves regarding the isolation level. Generally, the seismic fra-
gility decreases for increasing the limit state thresholds. For all limit states, the exceeding
probabilities slightly decrease for higher values of y . The influence of » is amplified also

due to the uncertainty of the friction coefficient. Especially, in the case of high values of limit
state thresholds, the exceeding probabilities P, increase by increasing g. Furthermore, a de-

crease of the post-yield stiffness ratio S also leads to higher probability of exceedance.

Fig.s 6-7 show the fragility curves regarding the superstructure. Similarly to the isolation
seismic fragility curves, the exceeding probabilities decrease by increasing the limit state thre-
sholds. Higher values of » lead to slightly higher values of the exceeding probabilities as

well as higher values of ¢ lead to strongly higher values of seismic fragility. Moreover, the
post-yield stiffness ratio S strongly influences leading to a higher displacement ductility de-
mand for lower values of S.

6 SEISMIC RELIABILITY OF INELASTIC BASE-ISOLATED STRUCTURES
WITH FPS

Integrating the previously defined seismic fragility curves with the seismic hazard curves,
expressed in terms of the same IM, Sp(T}), related to the reference site (L’Aquila (Italy)), al-
lows to calculate the mean annual rates exceeding the limit states in the time frame of interest.
These latter ones have to be transformed into exceeding probabilities in the time frame of in-
terest (e.g., 50 years) by using a Poisson distribution in order to evaluate the seismic reliabili-
ty of the non-linear structures isolated by FPS. In this work, 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 according to [31]. The seismic hazard curves have been defined in terms
of IM=S D(Tb) and related to the isolated period analysed in the parametric study, according
to NTCO8 [24]. The seismic hazard curve represents the average values of the annual rate ex-
ceeding the IM =S, (Tb) level, as widely discussed in [31].

The linear regression curves, for the isolation level, defined in the range between 10710
in the semi-logarithmic space, representative of the seismic reliability of the friction devices,
are plotted for different displacement thresholds, varying from 0.05 m to 1 m, in Fig. 8. The
lowest value of R-square is higher than to 0.8 confirming a quite good effectiveness of the
regressions. It is possible to observe that the seismic reliability of the isolation level is slightly
influenced by yas previously described for the fragility curves. The increase of the strength
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reduction factor leads a decrease of the seismic reliability. These performance curves, (SPisola-
wor), (Fig. 8), can be used for the preliminary design of the dimensions in plan of the FP devic-
es, depending on the elastic and inelastic structural properties in an area with a seismic hazard
similar to that considered, in order to respect the expected reliability level. In particular, an
exceeding probability of Py= 1.5-10-3 (related to the collapse limit state, reliability index =3
in 50 years) [42]-[45] can be respected through a radius in plan r having a dimension lower
than 1m, in the case of very low values of the behaviour factor.

a) 107! ‘ ‘ ‘ ‘ b) 10"
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Fig. 8. Seismic reliability curves of the isolation level related to 1,=4, for T,=6 s, S=+0.03 (a), 7,=6 s, S=-0.03 (b).

The arrow denotes the increasing direction of g.
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Fig. 9. Seismic reliability curves of the superstructure related to 7,=4, for 7,=6 s, S=+0.03 (a), 7,=6 s, $=-0.03 (b).
The arrow denotes the increasing direction of g.

In Fig. 9, the results, evaluated for g >1, representing the seismic reliability (SP curves) of
the inelastic superstructure, that is, the exceeding probabilities (Complementary CDFs) in the
time frame of interest (50 years), are plotted in logarithmic scale for the different LS thre-
sholds in terms of the displacement ductility and for different values of the superstructure
properties. The seismic reliability of the superstructure decreases for higher values of y, g and
decreasing values of S (from hardening to softening systems).

7 CONCLUSIONS

This paper describes the seismic reliability of inelastic softening structural systems,
equipped with friction pendulum isolators (FPS) through an extensive parametric study en-
compassing a wide range of elastic and inelastic building properties, different seismic intensi-
ty levels and considering the friction coefficient and the uncertainties related to the seismic
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input intensity and to the characteristics of the records as random variables within the uncer-
tainties relevant to the problem. The isolated system is described by a 2dof system in order to
take account of the hardening and softening superstructure response, and the FPS behavior is
described by employing a velocity dependent model. Considering a set of seismic records, the
inelastic characteristics of the structural systems are designed according to the life safety limit
state for L’ Aquila site (Italy), as provided by NTCO08 provisions, for increasing strength re-
duction factors. Then, incremental dynamic analyses are developed to evaluate the response
statistics related to both superstructure and isolation level for different structural properties,
strength reduction factors and post-yield hardening and softening stiffness ratios. The esti-
mates of the response statistics, then, are used for deriving seismic fragility curves for the su-
perstructure and the isolation level assuming different values 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 NTCO08 provisions, regarding systems isolated by FP
bearings with a design life of 50 years, seismic reliability-based design (SRBD) abacuses are
proposed with the aim to design the radius in plan of the FP isolators, highlighting the effects
of the post-yield hardening and softening stiffness. In particular, an exceeding probability re-
lated to the collapse limit state can be achieved through a radius in plan  having a dimension
lower than 1m, in the case of very low values of the behaviour factor for softening systems.

As for the superstructure, the seismic reliability assessment demonstrates the negative ef-
fects due to the post-yield softening stiffness able to strongly amplify the displacement ductil-
ity demand for isolated structure designed to yield under the expected seismic base shear and
may lead to collapse. The proposed SRBD formulae can be used for the preliminary design of
hardening structures and verification of base-isolated hardening or softening regular frames,
located in an area characterized by a seismic hazard similar to that considered.
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