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Abstract The restoring (or re-centring) capability is an important feature of any isolation
system and a fundamental requirement of current standards and guideline specifications for
the design of seismically isolated structures. In this paper, the restoring capability of spherical
sliding isolation systems, often referred to as friction pendulum systems (FPSs), is investi-
gated through an extensive parametric study involving thousands of non-linear response his-
tory analyses of SDOF systems. The dynamic behavior of the isolation system is described
with the visco-plastic model of Constantinou et al. (J Struct Eng 116(2):455–474, 1990), con-
sidering the variability of the friction coefficient with sliding velocity and contact pressure.
Numerical analyses have been carried out using a set of approximately three hundred nat-
ural seismic ground motions recorded during different earthquakes and differing in seismic
intensity, frequency content characteristics, magnitude, epicentral distance and soil charac-
teristics. Regression analysis has been performed to derive the dependency of the residual
displacement from the parameters governing the dynamic response of FPS. The influence of
near-fault earthquakes and the accumulation of residual displacements due to real sequences
of seismic ground motions have been also investigated. Finally, the restoring compliance
criteria proposed in this study are compared to the lateral restoring force requirements of cur-
rent seismic codes. Based on the results of this study, useful recommendations for a (more)
rational design of FPSs are outlined.

Keywords Seismic isolation · Restoring capability · Residual displacements ·
Friction pendulum system · Friction coefficient

1 Introduction

The restoring capability is identified by current seismic codes as a fundamental requirement
of seismic isolation systems to prevent significant residual deformations after an earthquake,
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which may affect the functionality of the structure and eventually compromise the maximum
displacement capacity of the isolator (Skinner et al. 1993).

The great importance of residual displacements in the design of structures with seismic
isolation is clearly stated in the ASCE 7 standards (revision for 2016):

(i) The restoring force requirement is intended to limit residual displacements in the isolation
system resulting from any earthquake event so that the isolated structure will adequately
withstand aftershocks and future earthquakes;

(ii) Permanent offset may affect the serviceability of the structure and possibly jeopardize
the functionality of elements crossing the isolation plane (such as fire protection and
weather proofing elements, egress/entrance details, elevators, joints of primary piping
systems etc.). Since it may not be possible to re-center some isolation systems, isolated
structures with such characteristics should be detailed to accommodate these permanent
offsets.

The final goal of the re-centring capability of seismic isolators is then twofold: (i) limiting
the residual displacement at the end of a single seismic event, (ii) preventing the accumu-
lation of residual displacements after a sequence of seismic ground motions. Insufficient
restoring capability may be a critical concern especially for seismically isolated structures
located in close proximity to faults where seismic ground motions characterized by pulse-
like excitations, highly asymmetric accelerograms and large long-period velocities can be
expected (Baker 2007). Near-fault earthquakes, indeed, can give rise to significant resid-
ual displacements for isolation systems with inadequate restoring capability (Ismail et al.
2014; Katsaras et al. 2008). Moreover, nonlinear isolation systems designed for high seismic
intensities may accumulate significant residual displacements after low-to-moderate seismic
intensities earthquakes, duringwhich the isolation system exhibit a higher nonlinear behavior
(Shin et al. 2014).

The aforesaid considerations are particularly critical for flat sliding bearings, which do not
have any restoring capacity and whose behavior may be also affected by installation defects
and imprecisions (Kelly 2001). Structures on flat sliding bearings would likely end up in a
different position after an earthquake and accumulate considerable residual displacements
due to aftershocks. The development of the friction pendulum system (FPS) (Al-Hussaini et
al. 1994;Mokha et al. 1991, 1993), which basically consists in an articulated slider—covered
with a low-friction high-bearingmaterial (typically PTFE)—that slides upon a concave spher-
ical sliding surface, has tried to overcome the main limitation of sliding bearings for their
use in seismic isolation applications. The restoring mechanism in FPS is strictly related to
the gravity force of the mass of the superstructure, which is lifted vertically as the isolation
system move laterally (Naeim and Kelly 1999).

In the past, the restoring capability of nonlinear isolation systems has not received suf-
ficient attention by researches and structural engineers. Most of the previous studies on the
restoring capability of nonlinear isolation systems, indeed, are mainly focused on the residual
displacements of generic low-ductility non linear SDOF systems. For instance, Riddell and
Newmark (1979) showed that the magnitude of the residual displacement may be strongly
affected by the hysteresis loop shape of the nonlinear system. Mahin and Bertero (1981)
found that, for some Elastic-perfectly plastic systems, the residual displacement averaged
more than 40% of the peak displacements with significant scatter. Kawashima et al. (1998)
proposed a method for estimating the likely residual displacements of SDOF systems as a
function of the slope of post-yielding branch. MacRae and Kawashima (1997) found that
the residual displacements of bilinear SDOF systems almost totally depends on the stiffness
ratio of the bilinear curve.
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The lack of attention towards the restoring capability of seismic isolation systems can,
perhaps, be explained by the fact that the first seismic isolators to be used were laminated
rubber bearings, which are endowed with an adequate self-centering capability related to
the elastic restoring force developed in the rubber layers when they undergo shear defor-
mation (Tsopelas et al. 1994). With the introduction in the market of other types of isolator
devices, characterized by higher energy dissipation capacity but lower self-centering capa-
bility (i.e., lead rubber bearings, sliding isolators with steel hysteretic elements, etc.), the
problem of residual displacements come under the spotlight (Braun and Medeot 2000). It
is worth reminding that energy dissipation and self-centering capability are two antithetic
functions: the restoring capability of the isolation system is decreased by forces that can act
away from the origin, such as hysteretic forces (hysteretic dampers, yielding force in lead
rubber bearings) and friction forces in sliding bearings. The balance of these counteracting
components defines the restoring capability of the isolation system. Medeot (2004) proposed
the evaluation of the restoring capability of bilinear hysteretic isolation systems based on the
energy criterion ES ≥ 0.25EH, where ES is the stored elastic energy and EH is the hysteretic
dissipated energy at the maximum displacement. Dicleli and Buddaram (2006) and Berton et
al. (2006) presented the results of parametric studies on bilinear hysteretic isolation systems
that show the importance of the characteristic strength of the isolation system for its restoring
capability. Katsaras et al. (2008) presented the results of a parametric study on bilinear hys-
teretic isolation systems, showing that the main parameter that affects the restoring capability
of bilinear isolation systems is the ratio between the absolute value of the peak displacement
(dmax) and the maximum static residual displacement (drm), which depends on the shape of
the hysteretic cycles of the isolation system. The studies by Katsaras et al. (2008), moreover,
clearly proved that the restoring capability of isolation systems depends not only on the
system properties but also on the earthquake characteristics. From the statistical analysis of
more than one hundred seismic records, the authors conclude that bilinear isolation systems
with dmax/drm > 0.5 exhibit negligible residual displacements at the end of the earthquake.
Based on the outcomes of shaking table tests, Tsopelas and Constantinou (1994) concluded
that isolation systems consisting of sliding bearings, rubber devices and fluid dampers exhibit
sufficient restoring capability when the ratio of characteristic strength (at high velocity) to
peak restoring force is less or equal to 3. This requirement is equivalent to dmax/drm > 0.33,
that is in line with the numerical results by Katsaras et al. (2008).

As pointed out by Cardone (2012), the ground motion characteristics strongly influence
also the restoring capability of flag-shaped hysteretic cyclic behaviors, which turns out to
be better for high-intensity seismic ground motions, which determine larger lateral displace-
ments, than for low-to-moderate seismic ground motions, that determine smaller lateral dis-
placements. From the statistical analysis of the results of an extensive parametric study of
SDOF systems subjected to natural seismic groundmotions, Cardone (2012) proved that flag-
shaped isolation systems experience negligible residual displacements when dmax/drm > 3.

From the examination of the state-of-the-art is clear that the restoring capability of FPS has
not been yet examined in detail, although it can significantly affect the design of such isolation
systems, especially when the main scope of the design is to limit the force transmitted to the
structure (e.g. like in the seismic retrofitting of existing structures). FPSs are characterized by
high vertical load bearing capacity and good energy dissipation capacity, related to the friction
resistance between sliding surfaces, with a friction coefficient (μ) between 0.02 and 0.12,
depending on sliding velocity, contact pressure, air temperature and state of lubrication (Dolce
et al. 2005; Quaglini et al. 2012). Actually, the restoring capability of FPSs is conditioned
by the acceptability of the vertical displacement corresponding to the maximum earthquake-
induced lateral displacement: both are a function of the radius of curvature (R) of the concave
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sliding surface(s). Large radii of curvature are needed to limit vertical displacements while
small radii of curvature are required to limit residual horizontal displacements.

In this paper, the restoring capability of FPS is investigated through a comprehensive
parametric study using a large set of natural seismic ground motions, including both near-
fault and far-fault records. The accrual of residual displacements due to real sequences of
seismic groundmotions is also investigated.The attention is purposely focusedon commercial
devices, in the attempt to derive useful recommendations to be used in the practical design
of FPSs. Finally, the restoring compliance criteria proposed in this study are compared to the
lateral restoring force requirements of current seismic codes for isolation systems.

2 Overview of current seismic code specifications

Current seismic codes for the design of structures with seismic isolation require that the iso-
lation system has an adequate restoring capability, in order to limit the residual displacements
that may occur at the end of an earthquake (or may accrue after a sequence of seismic ground
motions) below values compatible with the functionality of the structure and the correct
behavior of the isolation system. It is worth noting that, by requiring high restoring force,
cumulative permanent displacements are avoided and the prediction of displacement demand
is accomplished with less uncertainty (Constantinou et al. 2007). By contrast, seismic iso-
lation systems with low restoring force ensure that the force transmitted to the structure is
predicted with higher accuracy. However, this is accomplished at the expense of uncertainty
in the resulting maximum displacement and the possibility of large residual displacements
(Constantinou et al. 2007).

The 2001 California Building Code (CBSC 2001), requires a minimum post-elastic (or
post-sliding) stiffness (Kp) such that the force at the design displacement (dd) minus the
force at half the design displacement (dd/2) is greater than 0.025W. Based on the typical
(schematic) cyclic behavior of currently used nonlinear isolation systems (e.g. see Fig. 1),
this requirement can be expressed as:

Kpdd ≥ 0.05W (1)

The 2000 AASHTO Guide Specifications for Seismic Isolation Design (AASHTO 2000),
have a more relaxed specification for the minimum restoring force but with constraint on the
period:

Kpdd ≥ 0.025W (2)

Tis ≤ 6 sec (3)

where Tis is the fundamental period corresponding to the post-elastic (post-sliding) stiffness
Kp of the isolation system (i.e.: Tis = 2π

√
M/Kp, M being the mass of the superstructure).

The AASHTO Guidelines do not permit the use of isolation systems that do not satisfy these
requirements.

The International Building Code (IBC 2006), provides restoring capability requirements
that are largely based on the AASHTO provisions. The IBC 2006 Code, on the other hand,
specifies that the restoring capability requirement may not be fulfilled if the isolation system
does not remain stable under full vertical load and horizontal displacements up to 3.0 times the
design displacement (e.g. due to accumulation of residual displacement during aftershocks
or after a sequence of seismic events).
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Fig. 1 a Working principles of Friction Pendulum System and b corresponding idealized bilinear cyclic
behavior, resulting from the combination of c a linear elastic component and d a rigid-perfectly plastic com-
ponent

The Eurocode 8, EN1998-2 for seismically isolated bridges (CEN 2005) presents a differ-
ent approach for ensuring sufficient re-centering capability. The Eurocode 8 introduces the
concept of maximum residual displacement of the isolating system (drm), i.e. the residual
displacement when the force Fm, required to induce the maximum displacement capacity
of the isolation system (dm), is removed, under quasi-static conditions. The Eurocode 8
requires that the force at the maximum displacement capacity (dm) minus the force at half
the maximum displacement capacity (dm/2) satisfies the following condition:

ΔFm ≥ 0.15W (drm/dm) (4)

According to EC8-2, expression (4) is valid for:

drm ≤ dm − 0.75dd (5)

It is worth noting that, in all the previous relationships, the restoring force requirement
is expressed in absolute terms, i.e. it is not earthquake specific. In principle, this aspect may
cause problems in low seismic areas, in which the total restoring force of the isolation system
is relatively low. Furthermore, neither of the above criteria is based on solid theoretical
fundamentals, rather they make reference to semi-empirical approaches based on experience
and experimental evidence, generally valid for a given class of isolation devices (e.g. rubber
isolators), characterized by a restoring force that increases with displacement.
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3 Theoretical and numerical considerations for FPS

The FPS consists of an articulated slider, typically equipped with PTFE pads, that oscillates
around the center of curvature of a concave spherical surface, typically covered by stainless
steel shim, whose radius R is equivalent to the pendulum length (Fig. 1a). In Fig. 1a, O’
is the centre of curvature of the curved surface, S = Wcosθ is the resultant of normal
pressure acting on the steel-PTFE interfaces, Ff = μWcosθ is the corresponding friction
force during sliding, W is the vertical compression force on the bearing and F is the lateral
force at the current lateral displacement d . It’s worth noting that equilibrium requires that
S = Wcos θ−Fsin θ, however, Fsin θ can be neglected with respect to Wcos θ because the
angle θ is very small and F is usually small compared to W. Similarly, it should be noted
that the vertical pressure on a bearing supporting weight W consists of three components: (i)
pressure due to supported weight, (ii) pressure due to vertical acceleration of the supported
weight and (iii) pressure due to overturning moment. In this study, the last two components
have been neglected, since they are typically small compared to the first term.

Figure 1b shows the idealized cyclic behavior of FPS, which is defined by two independent
parameters, i.e.: the force at zero displacement F0 (or characteristic strength, equal to the
lateral friction resistance μW ) and the post-yield stiffness Kp (Fig. 1b). As known (Al-
Hussaini et al. 1994), the post-sliding stiffness Kp of single concave FPS is defined asW/R,

where R is the effective radius of curvature of the sliding interface, whose commercial values
typically range from 2,000 to 4,000mm (Cardone et al. 2009). Similarly, for double concave
FPS with same friction coefficient on the two sliding interfaces, the post-sliding stiffness is
defined as W/(R1 + R2), R1 and R2 being the radii of curvature of the two sliding surfaces.
The sliding friction coefficientμ of steel-PTFE interfaces range from 0.02 to 0.12 depending
on sliding velocity, contact pressure, air temperature and state of lubrication (Dolce et al.
2005; Quaglini et al. 2012).

The dynamic behavior of FPS can be captured by combining, in parallel, a linear spring
(Fig. 1c) characterized by an elastic force F1 = (W/R)d , modeling the geometry-based
re-centring mechanism of FPS, and a rigid perfectly-plastic (RPP) system, defined by a
characteristic strength F2 = ±μW (Fig. 1d), modeling the frictional resistance between
sliding surfaces. The RPP component is independent from the displacement d and it points
away from the origin when the motion is toward the origin, which may yield to imperfect
re-centring of the isolation system.

FPS can be in static equilibrium with zero resultant force under a non-zero residual dis-
placement dres (point G in Fig. 1b). This occurs when the force of the elastic component
F1 equilibrates the force of the frictional component F2, i.e.: F1 + F2 = 0 and this may
take place under a residual displacement dres bounded by the maximum static residual dis-
placement drm, i.e. −drm < dres < drm (segment EOF in Fig. 1b), where the limit drm is
defined as F0/Kp. The value of the maximum static residual displacement drm depends on
the dynamic(-slow) friction coefficient and radius of curvature of FPS:

drm = μslowR (6)

According to the Eq. (6), the restoring capability of FPS does not depend on the weight of
the structure and improves as drm decreases, because the residual displacements are bounded
by this value. This leads to increase the post-sliding stiffness Kp = W/R while reducing
the friction resistance F0 = μW , in order to improve the re-centring capacity of FPS. In
other words, low values of the radius of curvature and friction coefficient can ensure optimal
re-centring capability for FPS. However, little values of drm mean that the linear elastic
component dominates the FPS behavior. Consequently a poor energy dissipation capacity
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is expected. On the other hand, for an elastic-perfectly plastic system (R = ∞), the value
of drm tends to diverge, which means that such a system can be in static equilibrium at any
displacement.

One of the most important properties of FPS is that the fundamental period of vibration
of the isolated structure (Tis) is independent from the mass, being equal to:

Tis = 2π

√
R

g
(7)

where g is the gravity acceleration.
The effective damping (ξeq) of FPS can be expressed as:

ξeq = 2

π

μR

d
= 2

π

drm
d

(8)

The effective damping of FPS depends on displacement amplitude and friction coefficient.
The latter varies as a function of sliding velocity, contact pressure, air temperature and state
of lubrication. A suitable numerical model for friction is then needed to capture the cyclic
behavior of FPS with accuracy.

In this study, the frictionmodel proposed by Constantinou et al. (1990), and recommended
for seismic isolation analysis by Nagarajaiah et al. (1991), has been adopted. In this model
the friction coefficients μ is velocity-dependent through an exponential analytical law:

μ = μfast −
(
μfast − μslow

) · e−rv (9)

where μfast and μslow are the friction coefficients at low and fast sliding velocities, respec-
tively, v is the sliding velocity and r is a rate parameter, with dimensions of the inverse of
velocity, which depends on contact pressure and air temperature (Dolce et al. 2005).

Equation (9) is in linewith experimental outcomes byConstantinou et al. (1987), Hwang et
al. (1990),Mokha et al. (1990) andDolce et al. (2005), which show that the friction coefficient
increasesmore than linearlywhile increasing sliding velocity.As a consequence, the frictional
behavior of FPS is expected to (slightly) changewith the frequency content of the earthquake.
Moreover, the dynamic-fast friction coefficientμfast of steel–PTFE interfaces has been found
to reduce while increasing contact pressure (Mokha et al. 1990; Dolce et al. 2005). In this
study, reference to the experimental laws derived by a leading world manufacturer of FPS
has been made (FIP 2013), to take into account the variability of μfast with axial load:

μfast = 2.5

(
Nsd

NEd

)−0.834

(10)

μfast = 5.5

(
Nsd

NEd

)−0.563

(11)

where Nsd and NEd are the quasi-permanent vertical load and maximum load capacity of
FPS, respectively. Equations (10) and (11) refer to FPSs with low- and medium-type friction
characteristics, respectively. The sliding material utilized in the FPSs under consideration is
an Ultra-High Molecular Weight Poly-Ethylene (UHMWPE) coupled with stainless steel.

Considering the typical load working conditions of FPSs (0.4 < Nsd/NEd < 1.0), val-
ues of μfast ranging approximately from 2.5 to 5.0% for low-type friction FPSs and from
5.5 to 9.0% for medium-type friction FPSs, respectively, are obtained (see Table 2). The
dynamic-slow friction coefficient μslow has been assumed 2.5 times lower than μfast (see
Table 2), based on the results of experimental tests carried out at the laboratories of the
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Fig. 2 Experimental variability of the friction coefficient of standard FPSs, as a function of sliding velocity
and axial load ratio

University of Basilicata, Potenza (Italy). The tests under consideration include acceptance
tests on seven FPSs with characteristics very similar to those considered in this study (low-
type friction coefficient, radius of curvature ranging from 3,100 to 4,000mm, displacement
capacity between 250 and 400mm, axial load ratio ranging from approximately 0.4 to 0.8,
air temperature around 20 ◦C), as well as a number of cyclic tests on flat PTFE-stainless steel
interfaces at different levels of bearing pressure (Dolce et al. 2005). In particular, the results of
acceptance tests on FPSs (see Fig. 2) point out a ratio betweenμfast (at 320–530mm/s sliding
velocity) and μslow (at about 4mm/s), on average, around 2.0. The tests on PTFE-stainless
steel interfaces, on the other hand, point out ratios between μfast (at about 320mm/s) and
μslow (at roughly 2mm/s) ranging between 2.7 and 3.2 at 20 ◦C air temperature (Dolce et al.
2005). The choice of assuming in the numerical model μfast/μslow = 2.5 represents a good
compromise between the aforesaid experimental outcomes.

Finally, the rate parameter r has been evaluated with the following expression:

r = 1

vref
ln

(
μfast − μslow

μfast − μref

)
(12)

assuming a reference friction coefficient μref equal to 80% the dynamic-fast friction coef-
ficient μfast at a reference sliding velocity vref of 200mm/s, which is compatible with the
maximum sliding velocities expected during an earthquake (Quaglini et al. 2012). A rate
parameter r equal to approximately 0.0055mm/s, has been thus obtained.

It’s worth noting that, strictly speaking, the values of friction coefficient considered in
this study are valid for FPSs based on sliding materials similar to those specified above.
However, it must be also recognized that the friction coefficient of most currently used FPSs
follows similar trends of variationwith bearing pressure and velocity and the values of friction
coefficient fall in the same ranges under consideration. This implies that the results of this
study can be applicable to different types of FPSs with reasonable accuracy.

According to Eqs. (9)–(12), Fig. 3 shows the velocity dependence of the friction coefficient
μ assumed in this study for low- (Fig 3a) andmedium-type (Fig. 3b) frictionFPSs, considering
four different values of the axial load ratio Nsd/NEd , ranging from0.4 to 1.0. It’sworth noting
that the reduction of μ, when sliding velocity decreases during the coda phase of the seismic
groundmotion, is beneficial in terms of re-centring capability of the isolation system, because
it corresponds to a reduction of F0.
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Fig. 3 Variability of the friction coefficient according to the Constantinou’s model, as a function of sliding
velocity and contact pressure, for commercial FPSs characterized by a low and b medium friction character-
istics

As argued by Katsaras et al. (2008), the re-centring capability of bilinear isolation systems
depends on the entire displacement-time history of their seismic response, which is sensitive
to variations in the frequency content of the earthquake.However, the re-centring capability of
the system tends to increase for seismic ground motions involving maximum displacements
larger than drm . As a consequence, the ratio dmax/drm appears to be a suitable parameter that
can be used to characterize the re-centring capability of nonlinear isolation systems (such as
FPS). For FPS, the ratio dmax/drm can alternatively be expressed as (Fmax − F0)/F0 (see
Fig. 1), i.e. as the ratio between the restoring force at displacements dmax to the characteristic
strength F0. This is a rational comparison because it relates the force increment of the
linear elastic component of FPS, whose stiffness Kp (see Fig. 1c) is directly associated to
the re-centring capability, with the characteristic strength F0 of the elastic–perfectly plastic
component of FPS (see Fig. 1d), which may trigger imperfect re-centring.

Since the magnitude of the residual displacement significantly depends on the character-
istics of the seismic ground motion, a large set of natural seismic ground motions should be
used to investigate the re-centring capability of FPSs in a statistical way. The selected seis-
mic records do not need to be compatible with any reference response spectrum, as residual
displacements may occur at any seismic intensity. Even better, the selected seismic records
should generate a great variety of dmax values, in order to really investigate the dependency
of residual displacements on dmax/drm .

4 Numerical analyses

The need to evaluate dres, which, as said in the previous section, is bounded by the maximum
static residual displacement (i.e.: −drm < dres < drm), is justified by the great attention
devoted by seismic codes and standards (e.g. see ASCE 7, revision for 2016) to the ser-
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viceability of structures with seismic isolation, for which residual displacements assumed “a
priori” as high as drm (equal to approximately 136mm in the worst case under consideration,
see Table 2) may result (or just appear) unacceptable. For that reason, if the requirement of
limiting residual displacements so that the isolated structure can adequately withstand after-
shocks and future earthquakes could be addressed (in first approximation and conservatively)
by comparing the lower bound of the residual displacement capacity (dm − drm) with the
maximum displacement dmax, it is still essential to evaluate the expected residual displace-
ment dres under low-to-moderate intensity earthquakes or at least to have a criterion to judge
whether a given isolation system is prone to the accrual of significant residual displacements
under serviceability limit states.

4.1 Selected seismic ground motion and analysis parameters

In this paragraph, the restoring capability of currently used FPSs is investigated in a statistical
way, evaluating their residual displacements after a variety of earthquakes.Anumber of analy-
ses have been also performed to assess the potential of accumulation of residual displacements
after a sequence of seismic ground motions. To this end, a set of 280 seismic ground motions,
derived from 113 different seismic events, has been selected. The set includes near-fault and
far-fault earthquakes, as shown in Table 1. All the seismic records have been obtained from
the following databases: (i) ITACA (http://itaca.mi.ingv.it/), (ii) ESD (http://www.isesd.hi.
is/ESD_Local/frameset.htm), (iii) COSMOS (http://www.cosmos-eq.org/) and (iv) PEER
(http://peer.berkeley.edu/nga). In Fig. 4 the selected seismic ground motions are classified
based on (i) Magnitude, (ii) Fault distance, (iii) Peak Ground Acceleration (PGA) and (iv)
Soil type.

Table 1 Seismic ground motions considered in the nonlinear response-time history analyses

Seismic event No. records Date Ms Dist. (Km) Soil type** PGA(g)

San Fernando, USA 1(1)* 1971 6.6 2.8 B 1.23

Coyote Lake, USA 1(1)* 1979 5.6 3.1 B 0.43

Imperial Valley, USA 6(5)* 1979 6.9 0.6–23.8 C 0.13–0.46

Mammoth Lakes, USA 2 1980 5.7 – – 0.35–0.5

Mammoth Lakes, USA 1 1983 5.2 – – 0.15

Coalinga, USA 1 1983 6.5 – – 0.16

Morgan Hill, USA 3 1984 6.1 12.8 D 0.16–0.35

N. Palm Springs, USA 3(1)* 1986 6 8–10.1 B 0.22–0.59

Loma Prieta, USA 3(2)* 1989 7.1 11.2—13 A–B–C 0.37–0.51

Petrolia, USA 1 1991 6 – – 0.50

Cape Mendocino/Petrolia, USA 3 1992 7.1 8.5–18.5 A–B–C 0.55–1.5

Landers, USA 3 1992 7.5 11.6–23.2 B 0.16–0.27

Petrolia, USA 1 1992 6.6 – – 0.49

Northridge, USA 4(4)* 1994 6.7 6.2–8 A–C 0.42–0.84

Kobe, Japan 2(2)* 1995 6.9 0.3–1.2 D 0.61–0.69

Michoacan, Mexico 2 1997 7.1 17 A 0.36–0.4

Guerrero, Mexico 2(2)* 1997 5 5 A 0.25–0.41

Kocaeli, Turkey 1(1)* 1999 7.8 17 A 0.24

Chi-Chi, Taiwan 2(2)* 1999 7.6 9–14.9 C 0.11–0.28
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Table 1 continued

Seismic event No. records Date Ms Dist. (Km) Soil type** PGA(g)

Hector Mine, USA 1 1999 7.1 – – 0.16

Big Bear City, USA 1 2003 5.4 – – 0.19

Parkfield, USA 6 2004 6 – – 0.16–0.68

Sierra El Mayor, USA 1 2010 7.3 – – 0.16

Kefallinia island, Greece 1 1972 6.37 – A 0.17

Azores, Portugal 2(2)* 1973 5.31 2 E 0.20–0.27

Ionian, Greece 2 1973 5.78 11 C 0.25–0.52

Gazli, Uzbekistan 2(2)* 1976 7.05 4 D 0.62–0.72

Denizli, Turkey 2(2)* 1976 5.11 3 B 0.26–0.35

Izmir, Turkey 1 1977 5.02 – B 0.21

Ardal, Iran 1(1)* 1977 5.89 4 A 0.91

Tabas, Iran 2 1978 7.41 14 A 0.34–0.39

Montenegro 10(*4) 1979 6.3–7 3–15 A–B 0.18–0.45

Dursunbey, Turkey 2 1979 4.99 6 B 0.22–0.29

Banja Luka, Bosnia-Herzegovina 5(2)* 1981 5.5 4–7 D 0.22–0.44

Alkion, Greece 2 1981 6.68 10 C 0.23–0.31

Kefallinia, Greece 2 1983 6.1 17 B 0.18–0.23

Panisler, Turkey 2 1983 6.74 17 B 0.13–0.16

Kalamata, Greece 4(4)* 1986 5.77 2 B 0.21–0.3

Tirana, Albania 2 1988 5.59 6 A 0.11–0.41

Chenoua, Algeria 2 1989 5.67 10 C 0.23–0.29

Manjil, Iran 2 1990 7.46 6 – 0.54–0.60

Racha, Georgia 2 1991 5.36 – C 0.35–0.51

Erzincan, Turkey 2(2)* 1992 6.89 1 B 0.39–0.51

Patras, Greece 2 1993 5.39 – B 0.15–0.34

Pyrgos, Greece 2 1993 5.08 – C 0.15–0.43

Firuzabad, Iran 6 1994 5.8 – A–B 0.25–0.49

Dinar, Turkey 2(2)* 1995 6.04 3 C 0.27–0.32

Kozani, Greece 2 1995 6.51 14 A 0.14–0.21

Kalamata, Greece 1 1997 6.4 – A 0.12

Sarein, Iran 2 1997 6.1 – – 0.52–0.56

Adana, Turkey 2(2)* 1998 6.2 4 C 0.22–0.27

Faial, Portugal 2 1998 6.1 – C 0.38–0.42

Duzce, Turkey 10(2)* 1999 7.3 1–18 C 0.20–0.8

Izmit, Turkey 9(3)* 1999 5.8–7.8 3–38 A–B–C 0.13–0.61

Karebas, Iran 2 1999 6.3 – – 0.32–0.36

South Iceland 20(6)* 2000 6.6 3–20 A–B 0.21–0.72

Avej, Iran 2 2002 6.4 22 A 0.43–0.45

Bingol, Turkey 2 2003 6.4 10 A 0.30–0.51

Bam, Iran 2(2)* 2003 6.8 – B 0.64–0.8

Olfus, Iceland 6 2008 6.2 – A 0.22–0.66

Friuli, Italy 12(2)* 1976 5–6.4 4–23.4 A–B–C 0.19–0.65

Friuli, Italy 2 1977 5.3 7.1 B 0.18–0.25
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Table 1 continued

Seismic event No. records Date Ms Dist. (Km) Soil type** PGA(g)

Patti, Italy 1 1978 6 18.3 C 0.16

Val Nerina, Italy 1 1979 5.8 9.3 B 0.20

Val Nerina, Italy 1 1980 5 10.6 B 0.19

Irpinia, Italy 4 1980 6.9 18.8–42.2 B 0.17–0.32

Basilicata, Italy 1 1981 5.2 12.1 C 0.17

Gubbio, Italy 2 1984 5.6 20.6–26 B–E 0.17–0.21

Val Comino, Italy 2 1984 5.5 8.5–17.4 B 0.16–0.20

East Sicily, Italy 1 1990 5.6 31.2 D 0.25

Parma, Italy 1 1996 5.4 13.3 C 0.20

Umbria Marche, Italy 18(4)* 1997 5.4–6 2.7–24.2 A–B–C–D–E 0.15–0.53

App. Umbro Marchigiano, Italy 4 1998 5–5.1 6.9–10 B–C–E 0.19–0.58

App. Lucano, Italy 2 1998 5.6 6.6–9.8 B 0.16–0.24

L’Aquila, Italy 20(7)* 2009 5–6.3 1.8–18.14 A–B–C 0.16–0.68

Emilia, Italy 29(6)* 2012 5.1–6.1 1.41–21.30 C 0.16–0.51

Calabria, Italy 3(1)* 2012 5.3 1.69–8.35 A–B–C 0.18–0.24

Toscana, Italy 1 2013 5.4 9.47 E 0.23

* Pulse-like records according to (Baker 2007)
** USGS soil classification
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Fig. 4 Classification of the seismic ground motions selected for the analysis. *Number of pulse-like seismic
ground motions according to (Baker 2007)
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It is worth noting that a number of earthquakes of Table 1 can be classified as “pulse-like”
seismic ground motions, according to the criterion proposed by Baker (2007), which uses
wavelet analysis to identify velocity pulses in Near-Fault earthquakes. Indeed, the probability
of occurrence of pulse-like seismic ground motions is higher (85–95%) for small source-
site distances (< 4 − 5 km), while it decreases to zero for source-site distances greater than
30 km (Baker 2007). Pulse-like earthquakes, often resulting from directivity effects, are
characterized by a strong pulse in the velocity-time history of the normal-fault component
of ground motion.

A key parameter of pulse-like seismic ground motions is the so-called “pulse period” Tp ,
which is the period corresponding to the dominant peak of the velocity response spectrum.
As shown in Baker (2007), the pulse period Tp is linearly correlated to the earthquake
magnitude (Ms) and it greatly affects the seismic response of the structure (Anderson and
Bertero 1987; Alavi and Krawinkler 2001; Mavroeidis et al. 2004). Earthquakes with pulse-
like characteristics have been found to impose extreme demands on structures, to an extent not
predicted by typical approaches such as with response spectra (Bertero et al. 1978; Luco and
Cornell 2007). Basically, the occurrence of pulse-like seismic ground motions is particularly
unfavorable for structures with inadequate restoring capability as it may imply large transient
and residual displacements, which basically are not covered by current code provisions. As
a consequence, the restoring capability of FPS must be checked against the occurrence of
pulse-like seismic ground motions.

In this study, Nonlinear Response History Analyses (NRHA) have been carried on SDOF
systems with 100 tons mass, schematizing typical medium-rise residential buildings.

The effects of the vertical component of the seismic ground motion have been neglected.
Similarly, the effects of possible auxiliary viscous dampers and the variability of the axial
load, due to rocking movements of the building, are not examined in this study.

The numerical model has been implemented in the structural analysis program
SAP2000_Nonlinear (2014) using a nonlinear “friction pendulum isolator” link element
to model the cyclic behavior of the isolation system. The “friction pendulum isolator” link
element of SAP2000 is based on the frictionmodel by (Constantinou et al. 1990), represented
by Eq. (9). Friction forces are directly proportional to the compression axial force and the
element cannot carry axial tension.

The values of the fundamental mechanical parameters of FPS (i.e., the radius of curvature
R and the friction coefficient μ) have been varied during NRHA, to cover the range of values
reported in the commercial catalogues of FPSs currently available in Europe. In particular,
three commercial values of the radius of curvature R have been considered, equal to 2,100,
3,100 and 3,700mm, respectively (see Table 2). The values of the dynamic-fast friction
coefficient μfast have been derived from Eqs. (10) and (11), for low- and medium-type
friction FPSs, respectively, considering four different values of the axial load ratio Nsd/NEd ,
equal to 1.0, 0.8, 0.6 and 0.4, respectively. As a result, eight different values of μfast (and
correspondingly of μslow), ranging from approximately 2.5–9% (and from 1 to 3.5%), have
been considered in theNRHA (see Table 2). Although the effects of air-temperature variations
and maintenance conditions of sliding surfaces (Dolce et al. 2005) have been not directly
considered in the analysis, it can be deemed that they are indirectly covered by the large
range of axial load ratio (Nsd/NEd ), hence friction coefficient, taken into account.

It is worth noting that, according to the indications of the FPSmanufactures, themaximum
displacement capacity dm of FPS changewith its radius of curvature R. In this study, reference
to the maximum displacement capacities currently available in the commercial catalogues
of one leading Italian manufacturer of FPS has been made. The standard FPSs under con-
sideration include double concave curved surface(s) systems with displacement capacity and
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radius of curvature of 100–150mm for R=2,500mm, 200–250mm for R=3,100mm and
300–400mm for R=3,700mm, respectively. It should be noted that there are at least three
other leading manufacturers in Europe (based in Italy, Germany and Switzerland, respec-
tively) that sell standard FPSs with similar characteristics in terms of friction coefficient,
radius of curvature and maximum displacement capacity. As a consequence, the FPS charac-
teristics considered in this study can be considered representative of the currentmanufacturing
standards in Europe.

Table 2 Main characteristics of the commercial FPSs considered in the analysis

FPS type R (mm) Max displacement
capacity

Nsd/Ned μfast μslow drm (mm)

Low-type friction 2,500 100 1.00 0.025 0.010 25.00

Low-type friction 2,500 150 1.00 0.025 0.010 25.00

Low-type friction 3,100 200 1.00 0.025 0.010 31.00

Low-type friction 3,100 250 1.00 0.025 0.010 31.00

Low-type friction 3,700 300 1.00 0.025 0.010 37.00

Low-type friction 3,700 350 1.00 0.025 0.010 37.00

Low-type friction 3,700 400 1.00 0.025 0.010 37.00

Low-type friction 2,500 100 0.80 0.030 0.012 30.11

Low-type friction 2,500 150 0.80 0.030 0.012 30.11

Low-type friction 3,100 200 0.80 0.030 0.012 37.34

Low-type friction 3,100 250 0.80 0.030 0.012 37.34

Low-type friction 3,700 300 0.80 0.030 0.012 44.57

Low-type friction 3,700 350 0.80 0.030 0.012 44.57

Low-type friction 3,700 400 0.80 0.030 0.012 44.57

Low-type friction 2,500 100 0.60 0.038 0.015 38.28

Low-type friction 2,500 150 0.60 0.038 0.015 38.28

Low-type friction 3,100 200 0.60 0.038 0.015 47.47

Low-type friction 3,100 250 0.60 0.038 0.015 47.47

Low-type friction 3,700 300 0.60 0.038 0.015 56.65

Low-type friction 3,700 350 0.60 0.038 0.015 56.65

Low-type friction 3,700 400 0.60 0.038 0.015 56.65

Low-type friction 2,500 100 0.40 0.054 0.021 53.68

Low-type friction 2,500 150 0.40 0.054 0.021 53.68

Low-type friction 3,100 200 0.40 0.054 0.021 66.56

Low-type friction 3,100 250 0.40 0.054 0.021 66.56

Low-type friction 3,700 300 0.40 0.054 0.021 79.45

Low-type friction 3,700 350 0.40 0.054 0.021 79.45

Low-type friction 3,700 400 0.40 0.054 0.021 79.45

Medium-type friction 2,500 100 1.00 0.055 0.022 55.00

Medium-type friction 2,500 150 1.00 0.055 0.022 55.00

Medium-type friction 3,100 200 1.00 0.055 0.022 68.20

Medium-type friction 3,100 250 1.00 0.055 0.022 68.20

Medium-type friction 3,700 300 1.00 0.055 0.022 81.40

Medium-type friction 3,700 350 1.00 0.055 0.022 81.40
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Table 2 continued

FPS type R (mm) Max displacement
capacity

Nsd/Ned μfast μslow drm (mm)

Medium-type friction 3,700 400 1.00 0.055 0.022 81.40

Medium-type friction 2,500 100 0.80 0.062 0.025 62.36

Medium-type friction 2,500 150 0.80 0.062 0.025 62.36

Medium-type friction 3,100 200 0.80 0.062 0.025 77.33

Medium-type friction 3,100 250 0.80 0.062 0.025 77.33

Medium-type friction 3,700 300 0.80 0.062 0.025 92.30

Medium-type friction 3,700 350 0.80 0.062 0.025 92.30

Medium-type friction 3,700 400 0.80 0.062 0.025 92.30

Medium-type friction 2,500 100 0.60 0.073 0.029 73.33

Medium-type friction 2,500 150 0.60 0.073 0.029 73.33

Medium-type friction 3,100 200 0.60 0.073 0.029 90.93

Medium-type friction 3,100 250 0.60 0.073 0.029 90.93

Medium-type friction 3,700 300 0.60 0.073 0.029 108.52

Medium-type friction 3,700 350 0.60 0.073 0.029 108.52

Medium-type friction 3,700 400 0.60 0.073 0.029 108.52

Medium-type friction 2,500 100 0.40 0.092 0.037 92.13

Medium-type friction 2,500 150 0.40 0.092 0.037 92.13

Medium-type friction 3,100 200 0.40 0.092 0.037 114.24

Medium-type friction 3,100 250 0.40 0.092 0.037 114.24

Medium-type friction 3,700 300 0.40 0.092 0.037 136.35

Medium-type friction 3,700 350 0.40 0.092 0.037 136.35

Medium-type friction 3,700 400 0.40 0.092 0.037 136.35

The device characteristics, and relevant working conditions, considered in this study are
summarized in Table 2. A total of 24 different SDOF systems (3 radii of curvature by 8
friction laws) have been examined and some 6720 NRHA (24 systems by 280 seismic ground
motions) have been performed. The maximum transient displacements dmax and the residual
displacements at the end of the earthquake dres have been registered and then statistically
processed, as shown in the next paragraphs.

It isworth notingmaximumdisplacements a little larger (sayup to 25%) than themaximum
displacement capacity of the selected FPSs have been accepted, in order to extend the range
of analysis, assuming that, in principle, it is possible to manufacture “ad hoc” devices with
same radius of curvature and slightly greater displacement capacity. Results out of these
ranges have been neglected. This choice reduced the number of analysis cases considered
from 6,720 to approximately 5,000.

4.2 Estimation of the residual displacement

Figure 5 shows the changes in the cyclic response of the isolation system registered during
a given seismic event (Earthquake: Dinar (Turkey), year: 1995, Ms = 6.04, station: Dinar-
Meteoroloji Mudurlugu, fault distance: 8km, PGA=0.32 g), considering different values of
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Fig. 5 Changes in the cyclic response of FPS while increasing the radius of curvature (R=2,500, 3,100,
3,700mm) and dynamic-(fast) friction coefficient (μfast = 2.50, 3.83, 6.24, 9.21%), for a given seismic
ground motion (Dinar-Turkey, year: 1995, Ms = 6.04, station: Dinar-Meteoroloji Mudurlugu, fault distance:
8 km, PGA =0.32 g)

the friction coefficient (μfast = 2.50, 3.83, 6.24, 9.21%) and radius of curvature (R=2,500,
3,100, 3,700mm).

Figure 6 compares the displacement-time histories of FPSs characterized, alternatively,
by different values of friction coefficient (and the same radius of curvature R=3,100mm,
see Fig. 6a) and different values of radius of curvature (and a given friction coefficient
μfast = 3.83%, see Fig. 6b). As can be seen, if the restoring capability is suitable (Fig.
6b), the residual displacement is little affected by changes of the radius of curvature. On the
other hand, if the restoring capability is not adequate (Fig. 6a), the residual displacement
(as well as the maximum transient displacement) changes significantly, when the friction
coefficient increases from 2.5 to 9.21%. The residual displacement is negligible when the
friction coefficient is 2.5%, 40mm when the friction coefficient is 6.24% and 50mm when
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Fig. 6 Comparison between the displacement-time histories of selected FPSs differing in a dynamic friction
coefficient (for a given radius of curvature, R=3,100mm) and b radius of curvature (for a given friction
coefficient, μfast = 3.83%). Seismic ground motion: Dinar (Turkey), year: 1995, Ms = 6.04, station: Dinar-
Meteoroloji Mudurlugu, fault distance: 8km, PGA=0.32g

the friction coefficient is 9.21%. In the first case, the system has good re-centering properties
and little energy dissipation capacity, while in the other two cases the system has better energy
dissipation capacity but worse re-centering capability.

It is important to note that, for a given isolation system, the residual displacement seems
to be, to some extent, correlated with the maximum (static) residual displacement: the higher
the maximum (static) residual displacement the higher the actual residual displacement, in
line with the results reported by Katsaras et al. (2008) and Cardone (2012) for bilinear and
flag-shaped isolation system, respectively.
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Fig. 7 aResidual displacements (dres) vs. maximum displacements (dmax) obtained from nonlinear response
history analysis;b results relevant to low-typeFPSwithR=3,100mmand c low-typeFPSwithNsd/Ned = 0.6

In Fig. 7 the residual displacements obtained from NRHA are reported as a function of
the corresponding maximum seismic displacements. As said before, the attention is focused
on the range of maximum displacements 50–500mm, where the maximum displacements
of buildings with seismic isolation, that are not located in close proximity to active faults,
typically fall (Cardone et al. 2010), considering both serviceability and collapse prevention
limit states. As can be seen in Fig. 7a, the residual displacements recorded at the end of
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Fig. 8 Residual displacement ratio (dres/drm ) vs. maximum displacement (dmax) obtained from nonlinear
response history analysis of FPS with a R=2,500mm, b R=3,100mm and c R=3,700mm

the selected seismic ground motions range from approximately 1mm to some 100mm. As
expected, the actual residual displacement dres tends to increase while increasing the maxi-
mum (static) residual displacement drm of the isolation system, i.e. as the radius of curvature
increases (see Fig. 7c) and/or the axial load ratio reduces (see Fig. 7b).

Figure 8 shows the analysis results disaggregated by radius of curvature and axial load
ratio. Formore clarity, results havebeennormalizeddividing the actual residual displacements
by the corresponding maximum (static) residual displacement, to check the satisfaction of
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Fig. 9 Scattering of normalized residual displacements dres/dmax in different ranges of the ratio dmax/drm

the inequality dres ≤ drm . It is interesting to note that the aforesaid condition is always
satisfied although there are some cases (approximately a dozen) in which the actual residual
displacement registered at the end of a single ground motion is very close to the maximum
(static) residual displacement of the isolation system.

InFig. 9 the distribution of the actual residual displacementsdres normalizedwith respect to
the correspondingmaximumseismic displacementdmax is presented in the formof histograms
as a function of the ratio dmax/drm. The recorded data are grouped into data bins defined by
intervals of dres/dmax with width equal to 0.05. Four different ranges of the ratio dmax/drm are
considered, namely: 0 < dmax/drm ≤ 0.25; 0.25 < dmax/drm ≤ 1.25; 1.25 < dmax/drm ≤
2.5 and 2.5 < dmax/drm ≤ 20. It should be observed that when dmax/drm tends to zero (i.e.
FPSwith low restoring force) the distribution of normalized residual displacements dres/dmax
is almost uniform. The shape of the distribution changes significantly as the ratio dmax/drm
increases and the most probable values of dres/dmax result lower than 5%. This seems to
suggest that, all other things being equal, the re-centring capability of the isolation system
tends to improve when the maximum displacement of the isolation system is sufficiently
higher than the maximum (static) residual displacement. However, it should be noted that
dmax and drm are intrinsically correlated. Indeed, both depend on μ and R. Thus, it makes no
sense to express the re-centring capability of FPS in terms of dmax independently from drm.

For all the cases herein considered, there is a significant dispersion in the observed data,
which reflects the strong dependence of the seismic response (and in particular of the resid-
ual displacement) on the characteristics of the seismic ground motion, as well as the wide
variability of the system parameters used in the analysis.

In Fig. 10 the normalized residual displacements dres/dmax are presented as a function
of the ratio dmax/drm, separately for low-type and medium-type friction FPSs. It’s worth
noting that the maximum value of the ratio dres/dmax registered in this study results equal to
approximately 0.9 while the maximum value of the ratio dmax/drm is equal to approximately
19. As can be seen, the ratio dres/dmax tends to decrease as the ratio dmax/drm increases. In

123



Bull Earthquake Eng (2015) 13:2449–2480 2469

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20

d r
es

/d
m

ax

dmax/drm

Medium-type friction

Low-type friction

Fig. 10 Values of normalized residual displacements dres/dmax obtained from NRHA as a function of the
ratio dmax/drm for low- and medium-type friction FPSs

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

0 5 10 15 20

(d
re

s/d
m

ax
) 9

0th
pe

rc
en

til
e

dmax/drm

Medium-type friction

Low-type  friction

Eq.13

Fig. 11 Regression analysis (90th percentile) of the observed values of the normalized residual displacement
dres/dmax as a function of the ratio dmax/drm for low- and medium-type friction FPSs

other words, from a statistical point of view, the residual displacement tends to be negligible
compared to the maximum seismic displacement when the ratio dmax/drm turns out to be
relatively large and vice-versa.

Due to the large scatter in the observed data, the 90th percentile (i.e. 90% of the
observed values do not exceed this value) is proposed as a possible reference value for
design considerations. In Fig. 11, the 90th percentile of the normalized residual dis-
placements dres/dmax is reported as a function of the normalized maximum displacement
dmax/drm . It should be noted that the 90th percentile of the observed data has been eval-
uated considering intervals of dmax/drm of increasing width, e.g. for low-type friction
FPSs: 0.05 for 0.0 < dmax/drm < 1.25; 0.1 for 1.25 < dmax/drm < 3.75; 0.25 for
3.75 < dmax/drm < 5.0; 0.5 for 5.0 < dmax/drm < 6.25; 1.0 for 6.25 < dmax/drm < 11.25
and 1.5 for 11.25 < dmax/drm < 18.75. The 90th percentile regression curve indicate that
there is a strong correlation with the ratio dmax/drm while the dependence on the friction
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coefficient is quite negligible (differences less than 10% in terms of multiplying factor in
Eq. (13), considering separately low- and medium-type FPSs), probably because the effect
of the friction coefficient is already included in the maximum residual displacement drm (see
Eq. 6).

As can be seen, when the ratio dmax/drm is greater than 2.5, the 90th percentile of the
normalized residual displacement dres/dmax turns out to be practically independent from
dmax/drm . In other words, the value of the residual displacement dres tends to be the same
for all the earthquakes that induce maximum displacement dmax > 2.5drm , with values of
dres relatively small compared to dmax (i.e. dres/dmax < 0.10). Based on this observation, as
a general rule of thumb, a suitable re-centring capability can be expected for FPS when the
ratio dmax/drm is >2.5, regardless the characteristics of the earthquake and individual values
of R and μ.

It is worth noting that, in the range 2.5 ≤ dmax/drm ≤ 7.5 (see Fig. 10), a number of
individual points characterized by values of the ratio dres/dmax significantly greater than
those predicted by the regression curve of Fig. 11 is observed. For sake of clarity, Fig. 12
shows the points in the range 2.5 ≤ dmax/drm ≤ 7.5 featuring values of dres/dmax greater
that the 1.1 times those predicted by the proposed relationship (see Eq. 13). Actually, all
these points correspond to near-fault earthquakes classified as pulse-like by (Baker 2007)
and characterized by values of the pulse period Tp ranging from 0.50 to 3.50 s. It is then
apparent that, at least in the range of values of dmax/drm under consideration, the proposed
relationship may underestimate the actual residual displacements of FPS in case of pulse-like
near-fault earthquakes. In these cases, an amplification factor should be applied to estimate
with some accuracy the residual displacement of FPS. Based on the results of this study,
in first approximation, an amplification factor of the order of 2.0, for pulse-like near-fault
earthquakes with 1.5 ≤ Tp ≤ 3.5 (see Fig. 12), and around 3.0, for pulse-like near-fault
earthquakes with 0.5 ≤ Tp ≤ 1.0 (see Fig. 12), may be adopted for a rough estimate
of the expected residual displacement. Further studies are needed to fully understand the
dependency of residual displacements on the characteristics of pulse-like earthquakes.

4.3 Design tool for the estimation of the residual displacement of FPS

The main product of this study is represented by the regression curve of Fig. 11, which
provides the expected residual displacement (90th percentile of the observed data) as a func-
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tion of the maximum transient displacement dmax and maximum static residual displacement
drm(= μslowR). Based on the nonlinear regression analysis performed, the expected residual
displacement of FPS can be estimated with the following equation (R2 = 0.91):

dres(90th) = 0.18 dmax

(
dmax

drm

)−0.57

(13)

which can be approximated by the simpler expression:

dres(90th) = 0.18
√
dmaxdrm (14)

Equation (14) coincides with Eq. (13) for dmax/drm = 2.5. For 0.25 < dmax/drm < 2.5
(2.5 < dmax/drm < 10), Eq. (14) underestimates (overestimates) Eq. (13), with errors less
than 10%. For 10 < dmax/drm < 20, Eq. (14) overestimates Eq. (13), with errors that never
exceed 15%.

According to Eq. (13), Fig. 13a shows the variability of dres for six different values of
drm , ranging from 25 to 150mm, which are compatible with the characteristics (μ and R)
of currently used standard FPSs. As expected, for a given value of the ratio dmax/drm , the
re-centring capability of FPS reduces as the value of drm increases (e.g. when the friction
coefficient, for a given radius of curvature, increases). Based on Fig. 13a, the 90th percentile
of the residual displacement, for the low-type friction FPSs considered in this study, increases
from approximately 5mm (for dmax/drm = 2.5 and drm = 25mm) to approximately 45mm
(for dmax/drm = 18.75 and drm = 75mm). For dmax/drm lower than 2.5, the expected
residual displacement dres does not exceed 20mm. Similarly, the residual displacement of
medium-type friction FPS increases from approximately 15mm (for dmax/drm = 2.5 and
drm = 50mm) to approximately 95mm (for dmax/drm = 18.75 and drm = 150mm). For
dmax/drm lower than 2.5, the expected residual displacement dres does not exceed 35mm.

The diagram of Fig. 13a can be seen as a useful tool for the estimation of the residual
displacement of FPS (with 10% of probability of being exceeded), based on the maximum
(static) residual displacement drm and the expected maximum transient displacement dmax.
The former, indeed, depends only on the main mechanical parameters of FPS (R and μslow)
while the latter can be obtained from linear structural analysis (e.g. linear dynamic analysis
with response spectrum) for different limit states of the structure. Obviously, for a given
value of drm , larger values of both maximum and residual displacement are expected for
higher PGA values, corresponding to limit states with longer periods of return. Statistically
speaking, Fig. 13a points out that dmax increases more rapidly than dres while increasing the
seismic intensity of the expected ground motion.

According to current seismic codes (AASHTO 2000; CBSC 2001; IBC 2006; CEN 2005),
isolation devices and their connections to the structure must be designed and constructed in
such a way that their performance characteristics conform with given design requirements at
both Serviceability Limit State (SLS) and Collapse Prevention Limit State (CPLS). Isolation
devices responding according to SLS, in particular, can undergo only veryminor or superficial
damage, which should not induce interruption of use, nor require any repair. Moreover,
possible residual displacements at the end of the earthquake must be compatible with the
serviceability of the structure as a whole, including non-structural components and utilities.
On the other hand, isolation devices responding according to CPLS can suffer damage, but
shall not reach failure. Replacement of the devices after any damage shall be possible with
minor efforts. Moreover, they must retain a suitable residual displacement capacity towards
further seismic events that may occur after the main shock.

It is clear that the fulfillment of the aforesaid design requirements is directly or indirectly
related to the acceptability of the residual displacements of the isolation system. In particular,
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the importance of checking the acceptability of the expected residual displacements at the
SLS is self-apparent. The proposed criterion, however, can be useful also for the CPLS, when
the design displacement is very close to the maximum displacement capacity of the isolation
system. In that case, indeed, a not negligible residual displacement (e.g. greater than 10% the
maximum seismic displacement) may jeopardize the displacement capacity of the isolation
system considering possible aftershocks and future earthquakes. It should be noted that FPSs
typically feature an extra stroke (often not declared by the manufacturer) of the order of 10%
the nominal displacement capacity. Thus, even if the design displacement is almost equal to
the displacement capacity, a residual displacement less than 10% themaximumdisplacement
can be accepted, relying on the aforesaid extra stroke.

As an example, the above said approach is applied to a FPS featuring R = 3,100mm,μfast

= 2.5%,μslow = 1.0%(drm = 31.0mm) and dm = 250mm, considering elastic response
spectra compatible with the seismic hazard of the city of L’Aquila (Italy), for soil type B,
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according to the Italian seismic code (NTC 2008) (see Fig. 13b). The maximum transient
displacements, derived from spectral analysis, considering an equivalent visco-elastic model
for FPS, are equal to approximately 35mm at SLS and 235mm at CPLS, respectively. As
a consequence, the corresponding values of dmax/drm are equal to approximately 1.13 and
7.58, respectively. According to the Eq. (13), the expected residual displacement of the
isolation system increases from approximately 5.9–13.3mm, passing from SLS to CPLS.
At a glance, the CPLS residual displacement appears to be acceptable, being less than 10%
the corresponding maximum displacement (235mm). More precisely, it can be stated that,
according to the proposed approach, the estimated residual displacement (13.3mm) has 90%
of probability of not be exceeded; in the remaining cases (10% probability of occurrence) the
residual displacementwill never exceed 31.0mm. In otherwords, themaximumdisplacement
in case of aftershocks or future earthquakes has 90% probability of not exceeding 13.3 +
235 = 248.3mm < 250mm; in the remaining cases (10% probability of occurrence), it
will never exceed 31 + 235 = 266mm < 1.1 × 250 = 275mm, even considering the
possibility of accumulation of residual displacements after a sequence of seismic ground
motions. At SLS, the rule of thumb dmax/drm > 2.5 may result too conservative, due to the
small values of maximum displacement involved. In that case, the SLS residual displacement
shall be estimated using Eq. (13); details and specifications of non-structural components and
utilities shall be then checked, to decide whether the SLS residual displacement is acceptable
or not.

Generally speaking, the designer should always express his judgment about the accept-
ability of the expected residual displacement (at both limit states), also considering possible
imprecisions during device installation, concerns related to the maintenance plan of the
devices and, last but not least, the possibility of near-fault pulse-like earthquakes.

4.4 Accrual of residual displacement due to sequences of earthquakes

Accumulation of residual displacement may be a concern for FPS and it must be carefully
examined within a realistic scenario.

Figure 14 shows the displacement-time histories of a medium-type friction FPS (R =
3,100mm,μfast = 9.2%,μslow = 3.6%) recorded during two real sequences of seismic
ground motions characterized by one main-shock and one or two aftershocks registered,
on the same day, by the same station. The details of the two sequences of earthquakes are
reported in Table 3.

As can be seen, residual displacements tend to accumulate to a larger value in the first
sequence of seismic ground motions. On the contrary, permanent displacements reverse and
end up being almost zero at the end of the second sequence of seismic ground motions.
The values of maximum and residual displacements registered during and at the end of each
seismic ground motion are reported in Table 3.

Recently, Sarlis et al. (2013) performed shaking table tests of a 3-story seismically isolated
structure equipped with triple friction pendulum isolators. In particular, they tested three
configurations of FPS, considering two simulated sequences of low-to-moderate and high
amplitude seismic ground motions, respectively. In this study, the sequence A of low-to-
moderate amplitude ground motions, used in (Sarlis et al. 2013) for shaking table tests, is
adopted for additional numerical analyses. Details on the selected (14) ground motions are
reported in Table 3 (ref. to Sequence 3). In accordance with Sarlis et al. (2013), the original
accelerations of each ground motion have been multiplied by a given scale factor (A in Table
3). Similarly, the duration of each ground motion has been multiplied by a given time scale
factor (t in Table 3). Figure 15 shows the displacement response of two medium-type friction
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Fig. 14 Accrual of residual displacements due to real sequences of seismic groundmotions: a Imperial Valley
(1979/10/15) and b South Iceland (2000/06/17)

FPSs (with axial load ratio of 0.4 and radius of curvature equal to 2,500 and 3,700mm,
respectively), due to the simulated sequence of ground motions under consideration. As
can be seen, the residual displacement results almost negligible during the first part of the
sequence, then, it rapidly increases, attaining a cumulative value very close to the maximum
residual displacement drm of each system, finally, it gradually reduces to lower values in the
last part of the sequence.

In summary, the analysis results presented in this section show that the residual dis-
placements may accumulate to a larger value after a sequence of earthquakes. A subtrac-
tion of residual displacements, however, can be just as probable as a summation. Thus,
a structure experiencing a large residual displacement during an earthquake may even-
tually re-center when another earthquake occurs. All depends on the sequence of earth-
quakes and their characteristics.

To conclude, accumulation of residual displacements may be a concern for FPS, but
never forgetting that the total residual displacement can never exceed drm . Further analyses,
considering a lot of real sequences of seismic records, are needed for a better understanding
of this phenomenon.
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Table 3 Sequences of seismic ground motions considered in the analysis

Sequence Seismic
event(s)

Station PGA (g) A∗ t∗∗ FPS

R=2,500mm R=3,100mm R=3,700mm

dmax dres dmax dres dmax dres

1 Imperial Valley
1979/10/15

El Centro Array#5 0.55 1.00 1.00 − − 127 6 − −

0.23 1.00 1.00 − − 124 47 − −
2 South Iceland

2000/06/17
502 Thjorsarbru 0.52 1.00 1.00 − − −43 −19 − −

0.26 1.00 1.00 − − −65 −35 − −
0.29 1.00 1.00 − − −33 −3 − −

3 Northridge
1994/01/17

CDMG 24514
Sylmar-Olive
View Med FF

0.84 1.00 0.50 95 −5 − − 110 −11

0.50 0.65 54 −3 − − 57 −13
San.Fernando
1971/02/09

CDMG 279
Pacoima Dam

1.22 0.50 0.50 −38 0 − − −56 −21

1.00 0.70 −91 −5 − − −115 −14
0.80 0.50−136 −12 − − −150 −8

Northridge
1994/01/17

CDMG.24279
Newhall-Fire
Station

0.59 0.50 0.50 −93 −88 − − −98 −92

1.00 0.50−103 −82 − − −121 −109
1.50 0.50 −99 −78 − − −133 −121

Kobe 1995/01/16 0 KJMA 0.82 0.50 0.50 −84 −77 − − −138 −135
1.00 0.50−112 −87 − − −151 −117
1.50 0.50−120 −76 − − −142 −102

Northridge
1994/01/17

USGS.0637
Sepulveda VA

0.75 0.50 0.50 −85 −61 − − −111 −76

1.00 0.50 −86 −50 − − −103 −52
Chi-Chi, Taiwan
1999/09/20

CHY024 0.28 1.00 1.0 −148 −24 − − −172 −67

∗ A multiplies accelerations of original ground motion
∗∗ t multiplies time step of the ground motion
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Fig. 15 Accrual of residual displacements due to simulated sequences of seismic ground motions (see
Sequence 3 in Table 3)
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5 Evaluation of current code requirements

Based on the results of this study, the main parameter that affects the restoring capability of
FPS is the ratio dmax/drm . It has been concluded that, from a statistical perspective, FPSswith
dmax/drm greater than 2.5 exhibit good restoring capability (dres/dmax < 0.1), regardless the
characteristics of FPS (R and μ) and seismic ground motion (see Fig. 10). Assuming, in first
approximation, the maximum seismic displacement dmax equal to the design displacement dd
of the isolation system, the ratio dmax/drm canbe re-written as dd/(μslowR).As a consequence,
the re-centring criterion proposed in this study for FPSs can be expressed as follows:

dd/R ≥ 2.5μslow (15)

This allows for a direct comparison of the compliance criterion proposed in this study, for
the re-centring capability of FPS, with current code requirements.

Both the 2000 AASHTO Guidelines (AASHTO 2000) and the 2001 California Building
Code (CBSC 2001) essentially compare the increment of the post-elastic force to a certain
fraction of the weight of the structure. They do not take specifically into account the mag-
nitude of the characteristic strength F0 (equal to μW for FPS), which is the main reason
for insufficient re-centring capability of the isolation system. For FPS, Kp = W/R and Eqs.
(1)-(2) can be re-written as follows :

dd/R ≥ β (16)

where β is equal 0.025 for 2000 AASHTO Guidelines and 0.05 for 2001 CBSC provisions,
respectively.

Comparing Eq. (16) with Eq. (15), the following observations can be done: (i) for slid-
ing isolation systems with μslow = 0.01 (AASHTO) or μslow = 0.02 (CBSC), the two
expressions are identical; (ii) for sliding isolation systems with μslow > 0.01 (AASHTO) or
μslow > 0.02 (CBSC), the requirements of the US Codes are less conservative than the com-
pliance criterion proposed in this study. It is worth noting that the International Code Council
(IBC 2006) allows isolation systems that do not comply with restoring capability criteria to
be used if they remain stable under the full load and up to 3 times the design displacement
(e.g. due to accumulation of residual displacement due to aftershocks or sequences of seismic
groundmotions). Based on the results of this study, this requirement appears too conservative
for FPS, for which the expected residual displacements never exceed drm , which, in turn,
results lower than 50% dm (see Table 2).

The importance of the characteristic strength F0 in determining the re-centring capability
of the isolation system is recognized in the Eurocode 8—Part 2 provisions (CEN 2005),
through the definition of the so-called maximum residual displacement drm (see Eq. 4). It is
worth noting that, according to the EC8 provisions, the maximum displacement capacity dm ,
used in Eq. (4), is defined as the maximum displacement that the isolator can sustain, which
includes the design displacement obtained from seismic analysis (dd) plus other displacement
components such as those due to the long-term effects and thermal loadings. Assuming, in
first approximation, themaximumdisplacement capacity dm equal to the design displacement
dd of the isolation system, expression (4) can be simplified as follows:

Kpdd ≥ √
0.03μW (17)

whereμ is the ratio of the characteristic strength to weight, equal to the coefficient of friction
at slow velocity for sliding isolation systems. For FPSs, Eq. (17) can be re-written as follows:

dd/R ≥ √
0.03μ (18)
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Fig. 16 Comparisons between the proposed re-centring compliance criterion (dmax/drm > 2.5) and the
restoring capability provisions adopted in current seismic codes, for three different values of dynamic-slow
friction coefficient (μslow), namely: a 1%, b 2% and c 3%

Equation (18) coincides with the compliance criterion proposed in this study for μslow ≈
0.5%,while forμslow > 0.5% the EC8 requirement turns out to be less conservative than that
proposed in this study. Figure 16 compares the four restoring requirements under examination,
for three typical values of the friction coefficient at slow velocity (namely 1, 2 and 3%).

Finally, it should be observed that all the low-type friction FPSs of Table 2 complywith the
restoring capability requirement proposed in this study (see Eq. 15) when the CPLS design
displacement is relatively close to the maximum displacement capacity of the device (say
dd > 0.8dm) and the quasi-permanent vertical load is sufficiently close to the maximum
load capacity of the device (say Nsd > 0.7NEd). For the medium-type friction FPSs, more
restrictive conditions apply and the proposed re-centring compliance criterion may not be
satisfied for the devices with lower maximum displacement capacity. As said before, how-
ever, it is always recommended to evaluate the expected residual displacements (using Eq.
13) and judge whether they are acceptable or not, considering all possible issues that could
adversely affect the expected residual displacements, such as possible imprecisions during
device installation, low-temperature effects (Dolce et al. 2005), maintenance concerns, pos-
sibility of pulse-like earthquakes, etc.

6 Conclusions

In this paper, the results of extensive parametric analyses on the restoring capability of Friction
Pendulum seismic isolation Systems (FPSs) have been presented. Residual displacements
have been obtained from Non-linear response history analyses of SDOF systems considering
commercial values of the radius of curvature (R) and typical values of dynamic-fast (μfast)

and dynamic-slow (μslow) friction coefficient, ranging approximately from 2.5 to 9.2% and
from 1.0 to 3.7%, respectively, based on the level of bearing pressure. A set of 230 real
seismic groundmotions has been used to evaluate, from a statistical perspective, the restoring
capability of FPSs. Based on the results of this study the following conclusions can be drawn:

1. The main parameter that affects the restoring capability of FPS is the ratio dmax/drm ,
where dmax is the maximum seismic displacement and drm is the maximum (static)
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residual displacement, equal to μslow R for FPS, where μslow is the dynamic(-slow)
friction coefficient and R the radius of curvature of the device;

2. As dmax includes the effects of seismic excitation, the restoring capability of FPS depends
not only on the isolation system properties (trough drm) but also on the earthquake
characteristics, resulting generally better (lower dres/dmax ratios) for earthquakes causing
greater maximum displacements;

3. FPSs with dmax/drm > 2.5 experience negligible residual displacements compared to
their corresponding maximum transient displacements (dres < 0.1dmax);

4. A simple relationship (see Eq. 13) has been proposed to predict the residual displacement
of FPSs. In presence of near-fault pulse-like earthquakes, amplification factors as high as
2–3 should be applied to Eq. (13) to estimate residual displacements with some accuracy;

5. Residual displacements may accumulate during a sequence of earthquakes, including a
mainshock and one or more aftershocks. A subtraction of residual displacements, how-
ever, can be just as probable as a summation. The accrual of residual displacement,
therefore, may be a concern for FPS, but never forgetting that the total residual displace-
ment can never exceed drm.

6. Comparisons between the proposed re-centring compliance criterion (dmax/drm > 2.5)
and the restoring capability provisions adopted in current seismic codes (AASHTO 2000;
CBSC 2001; CEN 2005; IBC 2006) show that these latter are generally little conservative
for currently used FPSs. Further considerations on possible imprecisions during the
installation of the devices, low-temperature effects and issues related to the maintenance
of the devices during the life-cycle of the structure call for a more prudential estimate of
the residual displacements of FPSs, as proposed in this study.
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