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A B S T R A C T

Base isolation has emerged as one of the most effective high-tech strategies for protecting infrastructure under
seismic loading. This review paper discusses the historical development of friction-based seismic isolation sys-
tems, focusing on systems that have successfully been deployed and used as seismic safety measures for struc-
tures located in Europe. The conception and implementation of the Friction Pendulum system, the development
of low friction materials and the effects of heating, contact pressure and velocity are discussed in light of past and
recent numerical and experimental evidence. The merits of multiple surface devices, namely the Double
Curvature Friction Pendulum and the Triple Friction Pendulum are also discussed, along with current knowledge
and research gaps. Two European case studies, the Bolu Viaduct and the C.A.S.E. Project, are presented to
illustrate that sliding base isolators can be used to meet otherwise unachievable design objectives. Finally,
existing problems such as the response to high vertical accelerations, the potential for bearing uplift and the
relevance of residual displacement are analyzed.

1. Introduction

In today's “performance-based” context, one effective way of pro-
tecting structures, and achieving a desired performance, is to mitigate
the seismic demand on the system itself. To this end, one of the most
promising solutions identified over the past few decades consists of
installing low lateral stiffness devices, referred to as base isolators,
beneath key supporting points of the structure. Base isolation has
emerged as one of the most effective high-tech strategies for protecting
infrastructures under seismic loading, both in the context of new con-
struction, and in the retrofit of existing systems.

The goal of base isolation is normally to prevent the structure from
damage, by shifting the fundamental period of a structure to the long
period range and by absorbing the full displacement demand induced
by seismic ground motions at the isolation layer. Isolating a structure
results in a controlled structural response with reduced accelerations
and lateral forces transmitted to the structure. The reduced seismic
demand allows the superstructure to remain elastic, or nearly elastic,
following a design level event. Furthermore, isolating a structure con-
tributes to reducing the likelihood of damage to displacement sensitive
and acceleration sensitive equipment, nonstructural components, and
content.

Extensive research has been conducted on the topic of base isolation
over the past few decades and the volume of information available in
the literature has grown significantly, particularly in the last 15–20

years. To this end, a number of excellent reviews of aspects of the de-
velopment, theory, and application of this technology can be found in
the literature (e.g. [1–7] amongst many others).

However, given the amount of research available on base isolation,
no single paper can provide an exhaustive literature review. Thus, au-
thors are forced to either provide a general discussion of the topic, at
the cost of providing limited details, or to provide detailed discussions,
focusing only on selected issues. Furthermore, there is a steadily in-
creasing production of new numerical and experimental literature, as a
result of growing interest in the subject.

In this context, this review paper is dedicated to the historical de-
velopment of friction-based seismic isolation systems, and particularly
to systems that have successfully been deployed and used as seismic
safety measures for structures located in Europe.

Though the concept of seismic isolation dates back more than one
hundred years (e.g. [8,9]), modern friction sliding base isolators came
about in the late 1980s and to date there are relatively few base-isolated
structures in Europe.

While the concept of a friction-based isolating system was simple
and attractive, the lack of a suitable restoring force delayed the im-
plementation of sliding systems. Some attempts have been made at
using a combination of flat sliders and “spring systems” that could serve
as re-centering elements. One example can be found in the work of
[10], who tested an isolation system utilizing a combination of elasto-
meric bearings and flat sliders. However, it was only after the
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conception of the modern Friction Pendulum ([11]) that sliding base
isolators became a competitive alternative (and eventually a replace-
ment) to more traditional solutions.

This paper begins by analyzing one rudimentary pendulum system
proposed in 1909 (see [8]) to outline that the idea of isolating struc-
tures was conceived over 100 years ago but was unachievable because
of technological limitations.

The modern Friction Pendulum is then introduced, focusing on a
number of challenges that were gradually overcome. An extended dis-
cussion will be presented on problems associated with the performance
of low friction materials and the effects of heating, contact pressure and
velocity, in light of the most recent experimental evidence. Double
Concave Friction Pendulum and Triple Friction Pendulum bearings are
subsequently introduced. Their properties and benefits are discussed,
and potential performance limitations and current knowledge gaps are
outlined.

Two notable European case studies, the Bolu Viaduct (Turkey) and
the C.A.S.E. Project (Italy), are used to illustrate the utilization of
sliding base isolators as seismic solutions in two very different, but
extremely challenging contexts.

Finally existing problems, such as the response to high vertical ac-
celerations, the potential for bearing uplift and the relevance of residual
displacement, are analyzed.

2. The “pendolo Viscardini” (1909)

In 1909, following the Messina earthquake, a friction-based isola-
tion device was patented and proposed by Mario Viscardini (see Fig. 1
and [8] for a more detailed description). Viscardini states that perfect
safety of a structure can be obtained allowing it to move as freely as
possible with respect to the ground and affirms that such a performance
can be obtained by introducing, at any contact point between soil and
structure, a device consisting of a spherical body free to spin in any
direction within two curved boxes, whose curvature assures a unique
equilibrium position. He suggests to construct the building directly on
such devices, using provisional shear keys, to be later removed.

This proposal induced discussions, followed by a firm decision
condemning it, for reliability reasons. The burial stone came from
Arturo Danusso [12], who wrote: we immediately understand that if we
could practically put a house on springs, like an elegant horse-drawn
carriage, an earthquake would come and go like a peaceful undulation
for the happy inhabitants of that house, but concluded: I think that a
certain practical sense of construction is sufficient by itself to dissuade
from choosing mechanical devices to support stable houses.

From the patent drawings in Fig. 1, it is here assumed that the
column side is 300 mm, and the spherical roller has a similar diameter.
It is further assumed that the upper and lower spherical plates have a

size of about 600 mm and their radius of curvature (rs) is about
1000 mm. Considering reasonable values for contact pressure and
sinkage depth, an estimate of the vertical load carrying capacity is
about N = 1000 kN.

From these assumed values, it is straightforward to estimate the
following properties:

= =T r
g

spendulum period of vibration: 4 π 4p
s

(1)

= =k π m
T

kN mcorresponding horizontal“stiffness” : 4 250 /p
2

2 (2)

The total displacement capacity can be assumed to be approxi-
mately equal to the difference in diameter between plates and spherical
roller, i.e. Δu = 300 mm.

The calculation of the horizontal friction force V (at the onset of
motion, at both points of contacts, upper and lower) can be determined
from standard equations, such as:

= = = −
r

b kNV Nb 1000
150

0.67 3.3 (3)

Where b is a material-dependent constant and r is the radius of cur-
vature of the spherical roller (previously assumed to be 150 mm).

The uncertainties associated with the properties of the materials
available at the beginning of the twentieth century, allow only to brake
the value of the constant b between 0.1 (e.g. for hardened steel used in
spherical rollers) and 0.5 (e.g. for steel used in railway applications).
However, this knowledge gap is not considered critical, since the re-
sulting equivalent friction coefficient μ is always lower than 1%:

= = −
N

μ 2V 0.13 0.67 % (4)

Considering an average value of μ = 0.4%, the force-displacement
relationship that may characterize the Viscardini's bearing is re-
produced in Fig. 2. It is shown that the applied horizontal force, nor-
malized with respect to the weight of the structure, corresponds to an
acceleration of 0.4% g and 7.9% g, at the onset of motion and at the
maximum displacement, respectively.

A cycle of this sort implies a very low equivalent damping (ξe),
slightly higher than 3%:

= =ξ
2μN

πV
3.2%e

max (5)

The discussion presented above suggests that the Viscardini device
might have had a vertical load carrying capacity and a horizontal dis-
placement capacity acceptable for a reasonably wide scope of applica-
tions, while the shear force inducing movement was certainly too low,
resulting in buildings oscillating under moderate winds and accidental
actions. Perhaps, if not removed, the temporary shear keys that
Viscardini recommended for construction purpose, could have worked
as useful sacrificial links in case of an earthquake, but this option was

Fig. 1. The “Viscardini pendulum” (from [8]).
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Fig. 2. Force-displacement hysteresis of Viscardini's device based on assumed values.
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not explored. In addition, the moderate energy dissipation character-
izing the device, would not have been effective in limiting the dis-
placement demand in high seismicity regions.

Despite these flaws, the Viscardini device can possibly be regarded
as one of the “ancestors” of the friction-based isolators which eighty
years later would be further development and implemented.

To date, several systems of this “family” have been proposed, de-
veloped and implemented and thousands of tests have been performed
worldwide. Within the European context, the most comprehensive re-
view of experimental results pertaining to the friction properties of
friction-based isolators was recently published by [13].

3. The friction pendulum system (1980s)

3.1. Conception and development

In the eighties, Victor Zayas revisited the idea of isolating buildings
using devices based on friction and on the response of a pendulum
(patent filed on Dec. 12, 1985 and published on Feb. 24, 1987, [14]).

The concept, design, modeling and testing of the system (referred to
as “Friction Pendulum System”) are described in a report published in
1987 [11] and in a journal paper published in 1990 [15]. Reading these
documents is very interesting and should be done by anyone working
on the subject of friction-based isolation.

The patent indicates ranges of application with velocities between 0
and 0.9 m/s, load bearing capacities between 7 and 210 MPa, friction
coefficients between 5% and 20% and radii of curvature between 0.9
and 15 m. Several extremes of these very wide ranges were later shown
to be technically impossible to meet, but the choice to consider this
range may be justified by the desire to cover all possible applications
and developments.

One of the original drawings included in the patent is reproduced in
Fig. 3(a) (only the definition of three fundamental components is pro-
vided; more details can be found in the original document), which
shows a device that looks quite different from the prototype later
constructed and described in the report and in the paper, shown in
Fig. 3(b). For instance, it is apparent from the comparison of the two
figures that some problems related to stress concentration and de-
formation of concrete had been understood and addressed.

The report [11] contained evidence that has rarely been matched, in
terms of quality and quantity. The tests were performed on a 6-dof
shake-table, using four modifications of the isolated structure, with
periods ranging from 0.23 and 0.99 s, and two different time scales of
the ground motions, to simulate buildings with 4–30 stories. One of the
specimens was further modified and included four levels of mass and
stiffness eccentricity.

Five different sets of ground motion records were applied, with

amplification factors ranging from 1 to 3, reaching maximum spectral
accelerations between 0.32 g and 2.70 g.

The effects of vertical accelerations, including potential bearing
uplift, were also addressed both numerically and experimentally.

The results were essentially in line with what today anyone would
expect and predict, with a few points worth underlining:

a) The combined examination of the isolation system, the structure and
the recorded total displacement, shows results that are in excellent
agreement with what would have been suggested some twenty years
later by [16]. Note that this is somewhat in contrast with the design
approach for isolated structures used in the eighties (and nineties),
which was based on the application of a modified acceleration re-
sponse spectrum.

b) Surprisingly, the residual displacement was not investigated in de-
tail considering the reported measurement magnitudes (never
greater than 0.33 in, about 8 mm), much smaller than any reason-
able residual inelastic drift. This is unfortunate, given that an ex-
perimental investigation of the same extent has never been repeated
for base-isolated structures. In the meantime, the subject of residual
displacement has gained importance, inspiring code limitations (e.g.
on radius of curvature and energy dissipation capacity), not ne-
cessarily consistent with emerging evidence. More specifically, some
recent experimental and numerical studies ([17–21]) demonstrated
that the re-centering provision currently prescribed by the Eurocode
([22]) is not conservative for curved surface sliders, especially in
presence of pulse-like earthquakes, and suggested that a more re-
strictive requirement should be adopted.

c) The theoretical coincidence of center of mass of the super-structure
and center of stiffness of the isolation system (the “stiffness” of the
pendulum is equal to borne weight divided by the radius of curva-
ture) was demonstrated experimentally.

d) The effects of strong variation of the vertical load, due to the cou-
pled response to horizontal and vertical actions, were shown to have
limited effects on the horizontal displacement demand. However,
the potential for significant modification of shear and bending
acting on each column was not noted [23]: at the time, the use of
isolation devices as local protection fuses, within the frame of ca-
pacity design, was not yet identified as one possible objective.

e) The low friction material used is simply described as PTFE, and it is
indicated that the dynamic friction coefficient to be used in analy-
tical simulations should be assumed equal to 8%. It is reported that
this value “is higher than the quasi-static friction because the coef-
ficient of friction of the bearing material increases with increased
velocity”. It is further stated that this is in agreement “with the
known velocity dependent friction properties of PTFE bearing ma-
terial”. In fact, this is in contrast with the results of thousands of

Fig. 3. The “friction pendulum system”: (a) as de-
picted in [14]; (b) as depicted in [11] and [15].
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tests performed on different low friction materials and isolation
devices, which emphasize the exact opposite trend. This apparent
contradiction is probably due to the combined effect of velocity and
temperature: in general, higher temperatures favor a reduction of
the friction coefficient values, and the temperature increases with
velocity and pressure [13]. The resulting friction coefficient (in a
specific point at a specific instant) results from the combined effect
of velocity, pressure and temperature ([24], see also Section 4 of this
paper) with global effects difficult to predict.

3.2. Further development and practical implementation

The Friction Pendulum (FP) system can meet a number of perfor-
mance objectives but is particularly effective in the case of extremely
large earthquake-induced displacement demand, for example in large
bridge applications. This virtue has proved extremely valuable in the
nineties in California: the Loma Prieta (1989) and the Northridge
(1994) earthquakes had just demonstrated, once again, the inadequacy
of most bridges and Caltrans (the California Department of
Transportation) was launching an ambitious program to upgrade road
infrastructures, and, in particular, the seven major toll bridges.

Caltrans funded the Seismic Response Modification Device (SRMD), an
extremely powerful testing rig implemented at the University of
California, San Diego [25]. This testing rig allowed controlled testing of
large-scale friction pendulum systems, and in turn experimental ver-
ifications that were earlier impossible. Of the many tests performed, not
all results were made public (for confidentiality reasons expressed by
the manufacturer or by the user), but there is no doubt that many
problems arose in the newly developed base isolators that were pro-
gressively solved [25].

This work opened the possibility to performance levels and appli-
cations otherwise very difficult, if not impossible to achieve. One ex-
ample is the Benicia-Martinez bridge, retrofitted as part of the program
launched by Caltrans. The bridge upgrade included all the existing
bearings, which were replaced with FP devices with a nominal dis-
placement capacity of 53 in (1346 mm), vertical load carrying capacity
of 5 million pounds (about 23,000 kN) and effective period of vibration
of 5 s. Each device had a diameter of about 4 m and a weight of about
18 kN [26].

With time, a number of problems and difficulties emerged, as is
normal with new technology. Examples included the variability of the
friction coefficient as a function of temperature and axial stress, the
effects of stick-slip, and the potential for delamination. These problems
will be discussed in more detail in later sections.

3.3. Influence of heating

The temperature variation in a sliding device can be approximately
estimated calculating the heat flux induced by the total energy dis-
sipated during the response to a given relative displacement history.
The total dissipated energy (Etot) at each sliding surface is the sum of
the areas enclosed by all the force-displacement cycles. Assuming
constant friction coefficient and axial force, the energy is thus the
product of a constant friction force (μN) multiplied by the total relative
displacement travelled:

= ∆E μNtot tot (6)

The temperature variation (ΔT) of a body, induced by an energy
absorption (Ea), depends on its mass (M) and on its specific heat ca-
pacity (Cv, approximately equal to 500 J/kg °C in the case of steel):

∆ =T E
C M

a

v (7)

In regards to a double sliding surface slider, the temperature in-
crease in the stainless steel plates and in the inner slider is not easy to
estimate, for several reasons:

• The different thermal diffusivity of steel and thermoplastic pad
materials, induce a major fraction of the heat flux generated to be
directed towards the concave steel plate ([27]);

• The relatively low thermal conductivity of plastic materials, tends to
limit the heating effects to the outer layer of the pad in sliding
contact with the concave steel surface, with minor effects on the
temperature of the bulk;

• The estimation of the temperature at the pad surface should thus
account for (i) the thermal equilibrium between the pad and the
concave surface; (ii) the generated heat flux, mainly directed to-
wards the steel plate; (iii) the heat conduction through the steel
plate; and (iv) the intermittent heat flow generated at different
points of the concave steel as they enter in contact with the slider
(e.g. [27–30]).

For common values of these governing parameters, local tempera-
ture variations between 15 and 30 °C per cycle can occur, with total
temperature variations that can exceed 100 °C during a standard 3-cyle
test at maximum displacement.

For this reason, the European Standard on Anti-seismic Devices EN
15129 [31], specifies that care is required in the execution of the test
programme to ensure that any tests performed in quick succession will
not excessively overheat the isolator. […] It is advisable to divide the
test programme into groups of tests. After performing one group, the
isolator is allowed to cool to a temperature specified by the manu-
facturer […] (clause 8.3.4.1.1). The tests prescribed by EN 15129 for
sliding base isolators are partially reported in Table 1. It can be seen
that the maximum number of complete cycles at maximum design
displacement (dbd) is never greater than 3.

In contrast, heating issues were not properly addressed in AASHTO
[32], which prescribed each sliding bearing to be subjected to the
testing protocol summarized in Table 2. Based on what discussed in this
section, it is evident that a sequence of twenty cycles at the design
displacement with no “cool-down” time (Test 4, Table 2) would in
principle result in a temperature increase of several hundred degrees.
Such a temperature increment would result in a strong variation of the
apparent friction coefficient and, ultimately, by a material failure. This
has been recognized and is now reflected in the 2014 edition of
AASHTO ([33]), which no longer requires the performance of Test 4.

4. Development of low friction materials

4.1. PTFE, polyethylene and polyamide based materials

The devices tested and produced in California were based on a low
friction material pad derived from polytetrafluoroethylene, also known
as PTFE (or Teflon) from the name of a brand which uses a PTFE-de-
rived formula. According to data available in the literature PTFE has the
fundamental properties listed in Table 3.

As soon as the FP bearing patent expired, some competing compa-
nies (primarily European) started developing alternative materials,

Table 1
Partial test matrix to verify sliding isolation behavior (adapted from EN 15129).

Type of test Displacement Number of complete
cycles

Service Max. non seismic movement 20
Benchmark 1.0 x dbd 3
Dynamic 1 0.25 x dbd 3
Dynamic 2 0.5 x dbd 3
Dynamic 3 1.0 x dbd 3
Integrity of overlay 1.0 x dbd 3
Seismic 1.0 x dbd 3
Bi-directional 1.0 x dbd 3
Property verification 1.0 x dbd 3
Ageing 1.0 x dbd 3
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mainly based on formulas derived from polyethylene (PE) and poly-
amide (PA).

In its basic formulation, polyethylene is the common plastic and, as
summarized in Table 3, has properties that are hardly compatible with
the performance required to build an isolation device. However, it
should be noted that more favorable features can be achieved by al-
tering the polymer chemistry. Thus some companies have been able to
produce materials that have been proven effective for base isolation
applications. These materials have been validated experimentally, pa-
tented and have received European Technical Approval (ETA) allowing
their use. The PE material currently used by European companies is
referred to as UHMWPE (Ultra-High-Molecular-Weight PolyEthylene),
and consists of a polymer made of long molecular chains of PE with
molecular weight between 2 × 106 and 6 × 106 g/mol (note that
standard linear low-density PE has a molecular weight of the order of
500 to 2000 g/mol). Increasing the length of the molecular chains en-
tails an increase in strength, elastic modulus and wear resistance, and a
decrease in ductility. Some properties of interest for UHMWPE mate-
rials are provided in Table 3.

Polyamide-based materials are more various, exist in nature and can
be produced artificially. Polyamide derivatives include well-known
materials such as nylon. It is again clear that materials with char-
acteristics suitable for base isolation applications (such as those

summarized in Table 3) needed to be invented, patented and validated,
before an ETA could be obtained (not yet granted to any polyamide-
based material).

PTFE is still used by the original producing company and it has been
recently re-visited to produce effective materials by other companies
[13].

While the mechanical properties of low friction materials currently
in use, along with the resulting isolation devices, will be discussed in
the following sections, it is evident that research and development of
new materials may still provide useful results, with room for further
innovation.

4.2. Typical contact pressure

Typical mean contact pressures for different low friction pad ma-
terials are in the range of 40–50 MPa for PTFE, 40–45 MPa for
UHMWPE and 55–65 MPa for PA. However, these values can vary
significantly, either because of different material properties or because
often the contact pressure is used as a parameter to vary the apparent
friction coefficient, which tends to decrease at higher pressures, as
shown in Fig. 4.

Consistently with the pressure values reported, the pads are usually
smaller (typical diameter between 170 and 300 mm) for PA than for PE
(typical diameter between 250 and 480 mm). Smaller diameter pads
may obviously imply significant cost savings, since for a given dis-
placement capacity they result in smaller devices. However, smaller
pads tend to be characterized by a larger aspect ratio and, in turn, larger
internal bending moment, which results in higher stress concentration
at the contact between the pad and the sliding surface.

4.3. Variation of coefficient of friction

The apparent dynamic friction coefficient varies in the range
3.0–4.5% for PA, 4.5–6.0% for PE and 6.0–8.0% for PTFE materials.
However, these values need to be approached with caution for two
important reasons: (i) the frictional properties of these low friction
materials may vary significantly as a function of a number of para-
meters and two devices subjected to identical conditions, made of
identical materials, may still exhibit different friction coefficients (see
next section); (ii) a large variation of the friction coefficient value may
be observed within the same device. For instance, the friction coeffi-
cient value may progressively decrease with the force-displacement
cycles completed, as a function of the sensitivity to breakaway effects
(often called “stick-slip”) and to progressive heating. It should also be
noted that, in this context, the friction coefficient has only been in-
vestigated at a macro-level mostly for practice-oriented calculations.

Two typical shear force-displacement loops, pertaining to PA and PE
derived materials, are shown in Fig. 5. A relevant stick-slip effect is
evident in the response of the PA-based device (left), while this effect is
much less pronounced in the hysteresis characterizing the PE-based

Table 2
Partial test matrix to verify sliding isolation behavior (adapted from AASHTO [32]).

Type of test Displacement Number of
complete cycles

Test 1 Thermal Max. thermal displacement 3
Test 2 Wind and Braking Corresponding to max.

wind/braking load
20

Test 3 Seismic 1.0, 0.25, 0.50, 0.75, 1.0,
and 1.25 x dbd

3

Test 4a Seismic 1.0 x dbd 20
Test 5 Wind and Braking Corresponding to max.

wind/braking load
3

Test 6 Seismic Performance
Verification

1.0 x dbd 3

Test 7 Stability Verification Article 15.4 1

a No longer prescribed in AASHTO [34].

Table 3
Low-friction material properties.

PTFEa PEa UHMWPEa PAa

Unit mass (kg/m3) 2200 900 950 1100
Melting temperature (°C) 335 120 130–136 200–350
Unconfined compression strength (MPa) 25 12–33 38–50 55–220
Friction coefficient on polished steel (%) 5–10 15 5–10 10–20

a Values intended as simple references.

Fig. 4. Dynamic friction coefficient (µdyn) as function of contact pressure (p) and average surface velocity (vave) for devices based on PA and PE materials [13].
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device (right). A significant reduction of the apparent friction coeffi-
cient, particularly evident with reference to the PE-based device and to
the first two cycles of the response, can also be observed.

These observations are representative of a general trend: PA derived
materials have been characterized by a significant stick-slip effect, at
the breakaway and at load reversal, in most available experimental
tests, while PE materials (likewise PTFE materials) experience hys-
teretic responses with only minor evidence of stick-slip effects.

Considering the expression of the equivalent damping (ξe), given in
Eq. (2), it is evident that there is a linear correlation between ξe and the
friction coefficient μ, if axial load, equivalent stiffness and design dis-
placement are kept constant.

It is worth noting that the presence of stick-slip has the undesirable
effect of increasing the base shear force transmitted to the isolated
building and it is difficult to associate its presence to any positive
phenomenon. In contrast, a higher equivalent damping increases the
energy dissipation and has thus the positive effect of reducing the dis-
placement demand.

The limitation of the base shear experienced by an isolated building
is clearly one of the main purposes of adopting this solution. This results
in an obvious application of capacity design principles and in the
consequent protection of the building at any desired damage level, in-
cluding immediate operation after a seismic event [34].

Unfortunately, the maximum shear experienced by the building
does not necessarily coincide with the maximum shear transmitted at
the isolation level, because of the usual presence of a foundation slab
(which has a mass and an inherent dynamic response) above the iso-
lators, and because of possible higher mode effects that may move the
resultant shear force at some upper story.

The combination of these effects with stick-slip phenomena and
with the variation of the effective friction coefficient between first and
later cycles often results in building shear forces in the range of those
predictable assuming a friction coefficient two times larger than the
nominal value. This concept will be further discussed in Section 4.4.

4.4. Effects of contact pressure, velocity and temperature

As already discussed, all known low friction materials show some
dependency of the apparent friction coefficient on pressure and velocity
(see for example [35]). Part of this effect is certainly due to the de-
pendency of friction on temperature, but this correlation does not en-
tirely explain the experimental evidence.

Unfortunately, even at a global level, both pressure and relative
velocity change continuously during the response to dynamic actions:

• The velocity has to approximate zero at any cycle reversal, and
equals zero in all response phases with an applied shear force lower

than some friction coefficient multiplied by the vertical force. From
this point of view, the response to the seismic excitations consists of
a number semi-cycles interrupted by extensive phases of relative
rest.

• The normal force acting on each device varies continuously, as a
function of vertical excitation components and/or because of over-
turning actions.

At a local level, i.e. at any infinitesimal point of contact, the pres-
sure varies because of the presence of an internal bending moment due
to the finite height of the inner pad (the shear forces at the upper and
lower friction surfaces do not act on the same horizontal plane).

As a consequence of the uneven pressure distribution, the shear
stresses are also non-uniform, since the local friction coefficient de-
pends on pressure.

This effect may induce a rotation of the friction pad, which implies
local different velocities and unpredictable relative displacement paths.
Both these tendencies (spinning and wandering) have been observed
experimentally.

The combination of all these effects is rather discouraging about the
possibility of accurately predicting the response of an isolated system,
particularly in light of the fact that micro-modeling is generally avoided
because of its complexity and the associated computational costs.
However, numerical studies (e.g. [23]) and experimental evidence (e.g.
[36]) are consistent in indicating that using appropriate “average
properties” provides acceptable approximations of the relative dis-
placement history. It appears that most effects are compensating each
other when combined to assess the global displacement history of a
complex isolation system.

This evidence does not necessarily apply to the shear distribution,
which may produce a global shear force resulting in potentially dan-
gerous high local shear forces and torsional components. It seems that
in-depth numerical studies based on reliable experimental evidence
could still produce relevant research results in this area.

It is evident that pressure and velocity are the fundamental para-
meters that govern the local power generated at each sliding contact
point and, consequently, the local heat flux. It is thus reasonable to try
to combine all effects to evaluate the local instantaneous friction
coefficient. This was attempted by [24], who considered the micro-
model of a sliding device, separating the effects of velocity and tem-
perature and calculating the temperature variation as a function of the
heat flux. In the specific case considered, the friction coefficient was
assumed to vary between 12% and 4% as a function of velocity, and the
effect of heating on the friction coefficient was assumed to be in the
range of 0.4% per degree °C. Local temperature variations in excess of
100 °C were obtained numerically and confirmed experimentally. For
typical velocity ranges, the temperature appeared to be the overall

Fig. 5. Typical shear force – displacement hysteretic responses for PA and PE based FP bearings [13].
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dominant parameter.

5. Development of multi-surface sliders

Notwithstanding their pervasive influence on the seismic perfor-
mance of buildings and bridges, traditional FP systems are affected by
some limitations [37,38]. Thus, the pursuit of more efficient base iso-
lation systems has triggered the interest of many investigators and has
been the object of numerous research projects all across the world.
These efforts led to the conception of a number of friction bearings that,
at least pertaining to certain situations, should improve upon the per-
formance of traditional FP bearings. Examples of such systems include
Variable Frequency Pendulum Isolators [39], Multiple Sliding Bearings
(e.g. [37,40–43]) and Variable Friction Systems [38,44,45,46]. Some of
these systems have been taken to the point of successful validation and
deployment, while others are still at a preliminary stage of develop-
ment.

To this end, the two alternatives to the standard FP bearing that
have been (or are being) successfully deployed and employed to protect
real structures in Europe are the Double Curvature Friction Pendulum
(DCFP) and the Triple Friction Pendulum (TFP) bearings. These two
systems are discussed in some detail in the next subsections, along with
the benefits that multiple surface sliders bring, with respect to the
protection of structural and non-structural elements and the probability
of collapse.

5.1. Double Concave Friction Pendulum (DCFP)

The idea of friction bearings with two sliding surfaces has been
around for a long time. Some rudimentary systems were conceived and
patented in the US (e.g. [9]; [47]) and in Europe [8] more than one
hundred years ago.

However, it took a long time before the modern Double Curvature
Friction Pendulum (DCFP) was actually developed, implemented and
tested. To the knowledge of the authors, the first experience with DCFP
is documented in the work of [48]. The authors presented the de-
scription and observed seismic response of a building in Japan, isolated
with DCFP bearings.

The initial development of DCFP was mostly dictated by the desire
of achieving base isolation devices capable of a displacement capacity
two times larger than their FP counterparts. As a consequence, [48]
considered devices with sliding surfaces of equal radii, equal friction
coefficients and non-articulated sliders. A similar base isolation device
was developed and studied, numerically and experimentally, by
[49–51]. Again, the studies were limited to systems with sliding sur-
faces characterized by equal radii and friction coefficients. However,
the device developed by [49] incorporated an articulated slider to
better accommodate differential rotations and to better distribute the
load on the contact surface.

[40] provided a more general description of the behavior of DCFP,
accounting for the possibility of incorporating unequal radii of curva-
ture of the two concave surfaces and/or unequal coefficients of friction
of the two sliding interfaces. By making use of unequal radii and/or
friction coefficients, devices with “adaptive” force-deformation beha-
vior can be obtained (Fig. 6).

The force-displacement response of the DCFP was derived from first
principles (i.e. equilibrium and compatibility), accounting for the
height of the slider and the effect of friction in the rotational part of the
articulated slider.

Experimental evidence was provided, along with the analytical
discussion. The general behavior of a DCFP is rigid-bilinear and col-
lapses to rigid-linear (i.e. the behavior of a standard FP bearing) for the
case of equal radii and friction coefficients. In the context of numerical
analyses, it was suggested that this behavior may be simulated by two
single concave FP bearing models connected in series with a mass in-
between representing the articulated slider. This modeling approach

can be implemented in almost any available finite element software. In
addition, a self-contained 3D element is now available in OpenSees
[52]. Note that this 3D element was developed to simulate the response
of a TFP bearing (discussed in the next section), but can be used to
model a DCFP through a proper arrangement of parameters. For a more
detailed discussion of DCFP systems, the reader is invited to refer to
[40].

It should be noted that, while it may be possible to achieve better
performing systems by using certain combinations of radii and friction
coefficients, the main benefit attributed to DCFP systems over their FP
counterparts is still the cost savings that can be achieved thanks to their
more compact size (reducing the size of the bearing corresponds to a
reduction of its cost).

Since their first development, DCFP systems have been extensively
tested both numerically and experimentally (e.g. [13,18,53,54]), and
have been employed as seismic protection measures in a number of
projects worldwide, including in recent projects in Europe (e.g.: see
Section 6.2).

An important difference between single and double surface devices
is the internal bending moment induced by the applied vertical loads
when the devices are in a displaced configuration. In the case of a
DCFP, both structures below and above the device should be designed
to be able to absorb a bending moment equal to the transmitted weight
multiplied by one half of the design displacement.

In the case of a standard FP bearing, the entire displacement is
applied either on the upper or lower side of the device (depending on
the direction of the concave plate), resulting in a bending moment that
generates only on one side of the bearing. This may be a useful feature,
for example when it is important to avoid additional bending moment
on a column or in the foundation.

Single surface sliders may also be effective in cases in which it is
desirable to allow for a rotation (which takes place on the secondary,
small radius, surface) without any significant relative displacement.
This may be the case of a simply supported bridge deck, which needs to
rotate to accommodate traffic loads.

Clearly, the presence of a hinge within the slider of a DCFP allows
for a relative rotation, as well. However, the presence of an articulation
within the slider adds a degree of freedom to the system, which may
result in an apparent return to the original position of the upper and
lower plate, while the slider maintains a displaced position. This si-
tuation is obviously impossible in the case of a solid slider, because of
geometric compatibility. For the same reason, even with nominal
identical properties at the lower and upper sliding surface, an inner
hinge may favor a relative displacement at one surface only. This kind
of problems are emphasized by an increased number of sliding surfaces,
as discussed in the next section.

5.2. Triple Friction Pendulum bearing

The main limitation affecting standard FP systems can be associated
with the impossibility of achieving optimal performance for more than
one level of ground shaking [37]. Researchers have identified the an-
swer to this challenge in devices capable of “adaptive behavior”. The
expression “adaptive behavior” refers to systems whereby the stiffness,
the effective friction and the damping properties change as desired, at
controllable lateral displacement amplitudes. The primary benefit of
this type of response is that a given isolation system can be optimized
for multiple performance objectives and/or multiple levels of ground
shaking. It should be noted that, in some specific situations, this be-
havior can be achieved through DCFP systems. However, to improve
upon the DCFP, the Triple Friction Pendulum (TFP) bearing was in-
troduced [53].

Like the DCFP, the TFP is an extension of a standard FP bearing. It
consists of four spherical sliding surfaces, two sliding plates and a rigid
slider, as sketched in Fig. 7 (left). The adaptive behavior of the TFP
results from the different combinations of sliding that can occur on its
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multiple concave surfaces. The resulting motion occurs in up to five
sliding regimes, which depend on the combination of surfaces that
experience the sliding. The sequencing of the sliding regimes is a
function of the coefficients of friction characterizing the various sliding
surfaces and of the ratio between the surfaces’ displacement capacity to
their radius of curvature. The generic monotonic response of a TFP is
outlined in Fig. 7 (right).

Extensive investigations on the behavior of TFP bearings, including
the development of a suitable analytical model describing their cyclic
response and experimental verifications, have been first conducted by
[37,41,53]. Details pertaining to the construction, force-displacement
relationships and relevant parameters of interest, can be found in the
original publications.

In general, the results reported following these first investigations,
showed a superiority of TFP bearings over FP and DCFP systems. In
particular, a remarkable property attributed to the TP bearing was its
effectiveness at limiting the isolator displacements in case of very rare
earthquakes, while controlling drifts and accelerations for low- and
moderate-level excitations.

The demonstrated capabilities of the TFP, along with the relative
simplicity of this system (consisting of a passive utilizing reliable
technology), further triggered the interest of the scientific community,
leading to more investigations that were conducted mostly in the USA,
Japan and Taiwan.

New numerical and experimental evidence (including full-scale
shake-table tests, e.g. [55]) led to a better understanding of the beha-
vior of the TFP bearing and, in turn, to the development of more refined
models to describe its dynamic response. Examples include the bi-di-
rectional kinematic model developed by [56] and, most recently, the
revised model proposed by [57].

Guidance for modeling TFP bearings in the context of non-linear
time history analysis has also been provided. To this end, [58] de-
scribed how to capture the overall force-displacement relationship of
the TP bearing using three single FP bearing elements in series, which
can in turn be modeled using the Bouc-Wen type plasticity model de-
veloped for the standard FP bearing [59]. As discussed for the DCFP,
while this modeling approach can be implemented in almost any
available finite element software, a self-contained 3D element is now
available in OpenSees [52].

TFP bearings, which have been used to protect a number of struc-
tures worldwide (e.g. the Mills-Peninsula Health Services New Hospital,
in California), have been successfully deployed in Europe. This is par-
ticularly true in Turkey, where they serve as seismic protective mea-
sures for a number of structures, including the Sabiha Gokcen Airport
International Airport [60] and several hospital buildings (e.g. the Is-
tanbul Okmeydanı Hospital, the İstanbul Göztepe Hospital, the Kartal
Lütfi Kırdar Hospital, the Adana Heath Complex and the Elazığ hos-
pital) ([61]).

5.3. Performance limitations of friction bearings

There is general agreement that seismic isolation can provide en-
hanced performance for structures under a broad range of earthquake
ground motions. This improvement stems from increasing the funda-
mental period of vibration of the structure, and from adding a damping
component to the system. Thus, base isolators contribute to reducing
the earthquake-induced lateral forces transferred to the superstructure,
limiting accelerations as well as displacements to the benefit of both
structural and non-structural components (with some uncertainties as-
sociated with the effects of the higher modes of vibration; [62–64]). In
general terms, this holds true for all kinds of base isolators, including FP
bearings, DCFP and TFP bearings. The multifold benefits of base iso-
lation have been discussed in previous sections and documented by
many authors, therefore will not be discussed in much detail here.
However, some considerations are provided on the effectiveness of
friction bearings, with particular reference to multi-surface bearings
and the achievement of multiple performance objectives.

Earthquakes can induce both horizontal and vertical accelerations.
These should be discussed separately, because friction bearings provide
a significantly different response in the two directions. To this end, a
detailed discussion on the effects of vertical accelerations is provided in
Section 7.1.

Structures isolated by means of rigid-linear bearings (such as FP
bearings and DCFP with certain properties) are normally designed to
achieve a certain performance, for a selected horizontal seismic de-
mand. The bearings are therefore designed to be able to absorb a certain
displacement demand under the design earthquake, ensuring that the
forces and accelerations transferred to the superstructure are

Fig. 6. View of a Double Curvature Friction
Pendulum: cross-section (left); Half-cycle force-dis-
placement relationship for DCFP bearing with μ1 ≤

μ2 (right).

Fig. 7. View of a Triple Friction Pendulum: cross-
section (left); Monotonic force-displacement re-
sponse (right).
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compatible with desired values. However, rare seismic events can in-
duce horizontal demands that exceed the design values. In this case,
unless the isolation system is designed with sufficient displacement
capacity to absorb the larger displacements induced, giving confidence
that damage (and possibly collapse) will first occur in the super-
structure, the bearings will experience failure. Unfortunately, with a
few notable exceptions (e.g. [54]), there have been minimal studies on
the extreme behavior and collapse of friction bearings. In general, it has
been shown that, to withstand very severe or near-fault motions,
bearings tend to become excessively large, stiff and/or strong that they
provide virtually no isolation during more frequent seismic events [65].

As discussed earlier, this challenge can possibly be overcome with
multi-surface devices such as TFP bearings. TFP bearings can theore-
tically be designed for multiple performance objectives, as a result of
the ability to achieve a multi-stage response. For example, a TFP can be
designed to behave like a standard FP bearing when subjected to the
design earthquake, while undergoing a somewhat stiffer response when
the displacement exceeds the design value.

To this end, a number of researchers (e.g. [53,65]) reported that for
moderate earthquakes, TFP bearings are comparable to conventional
isolators with respect to parameters such as peak isolator displace-
ments, while reducing drift and acceleration demands in the structure.
This suggests that TFP may be more effective than traditional systems at
protecting non-structural elements and contents. In addition, the out-
come of these studies suggests that TFP bearings are capable of a stable
performance in case of very rare events, as a result of their adaptive
response.

These observations are consistent with the purpose of multi-phase
bearings whose response incorporates the final stiffening stages for
mainly two reasons: (i) to gradually transfer forces to the superstructure
rather than impart an impact force and (ii) to delay the impact and
significantly decrease the velocity when the impact occurs at the iso-
lation level [66].

However, the results of a recent (experimental and numerical) study
conducted by [66] suggest that the hardening in the response that
characterizes TFP bearings may not be as beneficial as originally be-
lieved. The authors reported that the hardening phase may indeed re-
duce the impact forces experienced by the bearing, but only when the
hardening phase is sufficiently long. Conversely, the authors observed
that in some cases the hardening can actually be detrimental to the
bearing failure.

While the authors acknowledge that their results require further
investigations before making design decisions, the outcome of their
research demonstrates that knowledge gaps associated with multi-stage
friction bearings still exist.

Regardless, it is clear that the displacement capacity of the isolation
system plays a key role in defining a collapse probability (assuming that
the attainment of this displacement demand coincides with collapse and
this, as discussed, is a coarse underestimation) while the transmitted
shear governs the potential for damage and local collapse of the isolated
structure.

It is interesting to note that the displacement capacity of North-

American friction bearings is typically limited by the presence of a re-
tainer ring at the boundary of the device, while this is not the case in
Europe, where EN 15129 [31] does not allow the use of retainers. Thus,
European friction bearings have potentially higher displacement capa-
city than that specified by the manufacturer because the slider has the
possibility of displacing beyond the edge of the sliding surface. Al-
though not ideal, this may be an acceptable response during a rare
seismic event, provided that the slider crosses the boundary of the
sliding surface by a displacement smaller than the slider's radius.

Obviously, the risk associated with the absence of a retainer ring is
that, if subjected to an excessive demand, the slider could potentially
lose contact and fall off the sliding surface, with catastrophic con-
sequences. The presence of a retainer ring would prevent this from
happening, but would simultaneously reduce the effective displacement
capacity of the device, possibly resulting in an impact, which could
result in serious problems for both the bearing and the isolated struc-
ture.

These aspects and considerations are particularly relevant with re-
ference to ground motions that exceed the design level, and may affect
the actual probability of collapse of the isolated structure.

6. Two European case studies

6.1. The Bolu Viaduct

The first relevant application of FP systems in Europe is related to
the Anatolian Viaduct in Turkey [67]. The story of this long viaduct
(119 spans) may be regarded as a perfect example of assessing design
problems and finding ingenious solutions.

In the pre-retrofit configuration, each span consisted of fourteen “V-
shaped” simply supported pre-stressed beams, resting on pot bearings
with a displacement capacity of 200 mm. At each pier, a single energy
dissipating unit (EDU), with a displacement capacity of 360 mm, con-
nected the deck to the pier. The different displacement capacity of
bearings and EDU's appears to be a design inconsistency [68]. In 1999,
the Duzce earthquake (Nov. 12, 1999) struck the bridge. The source of
the earthquake was a previously unknown fault crossing the viaduct
line at an angle of approximately 15 degrees. The displacement demand
resulting from the fault slip and the vibratory response of the bridge
exceeded both the capacities of bearings and EDU's. As a consequence,
the EDU's were destroyed (Fig. 8(a)) and the pot-bearings at most beam
ends were ejected. The impact between adjacent beam ends, EDU
supporting blocks and transverse shear restraint blocks occurred at
most spans, destroying many of the blocks and causing extensive da-
mage to the beam ends. Further damage occurred as a consequence of
unseating from the pot-bearings, though no spans collapsed.

Large horizontal residual displacements (up to 1100 mm long-
itudinally and 500 mm transversely) of the beam ends were observed
following the substantial fault movement and the failure of the EDU's.
In a number of cases, these displacements were so large that the beam
ends remained hanging over the edge of the pier cap, supported only by
the link-spans through flexure and catenary action and aided by the

Fig. 8. Bolu Viaduct: (a) view of damaged EDU and
loss of beam support; (b) FP bearing positioned on its
support, before casting the transversal diaphragm
post-tensioned beam.
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fascia panels. In such cases, large vertical displacements (up to
300 mm) of the beam ends were also recorded following the earth-
quake. The shortening of the bridge resulting from the fault slip was
largely accommodated at the movement joints, not yet installed when
the earthquake struck [68].

In the aftermath of the earthquake, the local seismicity was re-
assessed in light of the new seismological data. This resulted in a sig-
nificant increase in the intensity of the design level of ground shaking,
with respect to that previously in effect. Thus, the post-event repair
interventions had to be designed considering a peak ground accelera-
tion of 0.81 g and included the following objectives:

• Repositioning deck on supports

• Lifting superstructure by 800 mm

• Constructing new transverse diaphragm beams over all supports to
make superstructure continuous in 10-span segments

• Supporting the diaphragm beams on two friction pendulum bearings
per support

• Replacing or repairing damaged link spans and damaged V-beam
ends

• Constructing special diaphragm beams at movement joints with
shear keys to restrain relative lateral movement.

• Installing seismic lock-up devices across movement joints

• Reconstructing back walls of abutments

• Installing additional piles and constructing footing overlays at six
pier foundations.

The devised solution was so effective, both from a technical and an
economical point of view, that truncated the pending dispute between
owner and insurance company about the distinction between repair and
strengthening: the insurer accepted to pay the entire foreseen cost,
which was lower than what was previously expected for repair alone
[67].

What is of relevance in this context, is that the final retrofit solution
adopted was to replace the pot bearings and the EDU at each pier, with
pairs of FP devices. The FP bearings selected had displacement capa-
cities of 700 or 900 mm, and were placed in support of a transversal
post-tensioned diaphragm beam (Fig. 8(b)).

The reference code adopted for the design and testing of the devices
was AASHTO [32], which, as discussed in Section 3.3 (Table 2), pre-
scribed the following seismic tests:

Test 3, Seismic: Three fully reversed cycles of loading at each of the
following multiples of the total design displacement: 1.0, 0.25, 0.50,
0.75, 1.0, and 1.25, in the sequence shown.
Test 4, Seismic: 20 cycles of loading at 1.0 times the design displace-
ment. The test shall be started from a displacement equal to the offset
displacement.

The initial requirement was thus to run twenty full reversed cycles
at 600 mm, starting the test from an offset displacement of 300 mm
(i.e.: each cycle should have run from +300 mm, to +900 mm, to
−300 mm, to +300 mm). The prescribed average velocity was 0.65 m/
s, which means that a total relative distance of 48 m should have been
travelled in 74 s.

These requirements triggered extensive discussions, since it was
evident that no friction pendulum could survive such a testing protocol,
without allocating proper downtime for cooling between cycles (see
Section 3.3). It is worth noting that no “reasonable” ground motion
would induce a displacement demand on a base isolation device close to
that imposed by the code testing protocols. At the time, this was de-
monstrated through a large suite of non-linear time history analyses;
ultimately reasonable compromises were reached for testing. More
specifically, a testing protocol consisting of four-cycle streaks, spaced
out by enough time to cool down the devices was adopted.

6.2. The C.A.S.E. project

In the very first days that followed the L′Aquila earthquake of April
9, 2009, it was decided to try to avoid, or significantly reduce, the
construction of temporary shelters in favor of high-tech buildings, to be
used for a standard “life” duration, possibly with a modification of their
use later on.

Thus, the C.A.S.E. (Complessi Antisismici Sostenibili
Ecocompatibili) project was launched that involved the construction of
186 buildings, containing a total of 4449 apartments, capable of hosting
approximately 15,000 people. The most critical component of the
project was time. The selection of adequate locations, the assessment of
those sites, the design and construction of the buildings etc. had to be
performed in a matter of approximately six months.

It was immediately evident that the only way to successfully com-
plete the project was to employ all available resources, including many
different materials, construction techniques and construction technol-
ogies. In light of all this, and considering that all buildings were to be
erected in high seismicity zones, it soon became clear that the most
effective way to protect these structures from the effects of future
earthquakes was to make use of base isolation. In addition to ensuring
high seismic performance, turning to base isolation had the non-trivial
benefit of drastically reducing the number and the relevance of the
design variables [69].

While discussing the many challenging aspects of this un-
precedented project is beyond the scope of this paper, it is of relevance
to point out that, upon completion of the project, the total count of
installed base isolation devices was at 7328. This extremely large
number made the L′Aquila intervention the most important real life
experience with base-isolated buildings.

The general properties selected for the base isolation systems were
as follows:

• Displacement capacity Δd = 260 mm

• Friction coefficient μ = 3%

• Radius of curvature R = 4 m

• Equivalent damping ξe> 20%

• Vertical load capacity W>2820 kN

A tolerance of± 20% on these parameters was permitted.
Two seismic bearing manufacturers responded to the open call,

demonstrating the capability of addressing all the desired specifica-
tions. One of them proposed single sliding surface devices with a
polyamide-derived low friction material and ensured that all the re-
quired performance parameters would have been met. The other pro-
posed double surface sliders, based on polyethylene materials, and
ensured that all performance parameters would have been met, except
for the friction coefficient which was going to be approximately equal
to 4% rather than 3%. This discrepancy was deemed acceptable and
agreed upon by the client.

A large number of tests were performed: 380 devices were subjected
to various dynamic tests (at Eucentre), 1105 devices were tested stati-
cally, under various vertical loads, at the production sites (under the
control of official public laboratories) and 15 real buildings were tested
dynamically on site, using actuators installed between the isolated slab
and the columns head (Fig. 9). This last kind of testing implied the
excitation of a total of 600 devices (40 devices per building) and ob-
viously included real effects such as the entire building response and
the consequent redistribution of vertical load and shear force.

It is worth noting that the isolation system was designed without
knowing the actual characteristics of the buildings, therefore con-
sidering wide ranges of possible weight, stiffness and period of vibra-
tion. However, the real average vertical loads on a device were between
500 and 1000 kN, i.e. in the range of 30% of the maximum vertical load
considered. In addition, the velocities experienced by a base isolator
responding to a seismic event may vary significantly. For instance, a
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bearing with an effective period of vibration T = 4 s, performing full
cycles at peak displacement± 260 mm, has an average velocity of
260 mm/s, and a theoretical maximum velocity of 408 mm/s. However,
in reality, the period of vibration varies continuously and each dis-
placement cycle depends on the characteristics of the ground motion.

Thus, different velocities and axial force levels were adopted during
the experiments, to account for all possible scenarios. The variability of
the results as a function of contact pressure and velocity was somewhat
surprising, showing the following main features:

a) The breakaway friction was in the range 10–15%.
b) The low-velocity friction coefficient (i.e. velocity lower than

50 mm/s) was around 5–6% for polyamide and 8–9% for poly-
ethylene, with vertical force around 2000 kN, and increased to
8–12% and 14–19%, respectively, with vertical force around
500 kN.

c) The high-velocity friction coefficient showed relatively low varia-
tions (± 10–20% with respect to the average value) when the ve-
locity varied between 100 and 300 mm/s, but appeared to be sen-
sitive to the applied vertical load, with values around 3% at 2000 kN
and 4.5% at 500 kN for polyamide and around 5–6% at 3000 kN
raising to 8–10% at 1000 kN and even close to 15% at 500 kN for
polyethylene.

d) The equivalent damping values estimated for the actual range of
possible loads and velocities were in the range of 15–25% for
polyamide, but significantly higher than prescribed for poly-
ethylene, with values between 25% and 45%.

Graphs showing approximate values of the friction coefficient as a
function of vertical load and velocity, are depicted in Fig. 10. As dis-
cussed, the polyethylene based devices are generally characterized by a
higher friction coefficient (and consequently a higher damping) and a
smoother variation of friction with velocity and contact pressure.
Polyamide based devices experience a much higher variation of the

apparent friction at low contact pressure and low velocity, typical of
stick-slip like phenomena.

From this data, it became fundamental to evaluate the effects of
these unexpected/undesirable phenomena on the expected damage,
and eventually on the probability of collapse, of both the base isolation
systems and the buildings.

Thus more refined analyses of the base-isolated buildings were
conducted, incorporating in the numerical models aspects that had been
neglected during the preliminary design phases. All buildings were
modeled according to their real characteristics, considering their mass,
stiffness and local soil conditions, and their response was re-assessed
via non-linear time history analysis. The input for the analyses con-
sisted of suites of sixteen couples of spectrum-compatible ground mo-
tion excitations.

A comprehensive parametric framework was built, to ensure that all
possible combinations of parameters were addressed. The relevant
variables included:

• Structural materials: concrete, steel and timber;

• Lateral load resisting systems: moments resisting frames and shear
walls;

• Mass: the heaviest to lightest building mass ratio was equal to 3;

• Soil conditions.

The results of the analyses indicated that the displacement demand
on the isolators was always substantially lower than the design dis-
placement (i.e. 260 mm), with maximum values in the range of
190 mm.

Despite the much higher than expected friction coefficients (both
static and dynamic) characterizing the isolation devices, the analyses
showed that the building strengths were adequate. The majority of the
recorded building capacity-to-demand ratios varied between 1.0 and
1.6, but the highest value was equal to 2.3. However, this outcome was
partly attributed to the real strength of the buildings, generally higher
than the prescribed minimum design value. The resulting inter-story
drifts varied as well, generally between 0.1% and 0.2%, with peak
values never higher than 0.4%. Typical values of the base shear were
strongly dependent on the period of vibration of the buildings, with
values between 10% and 25% of the building weight for periods ran-
ging between 0.1 and 0.3 s.

The in-situ tests discussed earlier, provided results essentially in line
with the numerical outcome. The testing system allowed the applica-
tion of one half cycle, at maximum displacement and velocity of about
250 mm/s (the design velocity).

The results of the tests indicated a very uniform range of periods of
vibration of the buildings, with an average period of 0.21 s (with a
standard deviation σ = 0.05 s) considering the response in both di-
rections. Since the masses of the buildings varied by factors up to 3, it
was evident that buildings with higher mass were characterized by

Fig. 9. In situ testing of an isolated building in L′Aquila.

Fig. 10. Variability of the friction coefficient, as a function of vertical load and velocity, for the devices used in the aftermath of the L′Aquila earthquake (left: polyamide material; right
polyethylene material).
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higher stiffness. The recorded acceleration at the base slab never ex-
ceeded 0.09 g, while the maximum accelerations recorded at the
building floors were approximately equal to 0.16 g.

While these results had no practical consequences for the project,
they did raise a number of interesting points:

• The dependency of friction on contact pressure and velocity should
be further investigated, and possibly reduced, developing new ma-
terials. In this framework, the effects related to temperature change
should be considered and fully understood.

• Proper values of the friction coefficient should be used in the global
response verification, considering appropriate ranges of variation of
contact pressure and velocity, along with stick-slip effects.

• Upper and lower bound values should be always adopted for the
friction coefficient, to estimate the maximum displacement demand,
but particularly the building shear and inter-story drift demands.

• Refined numerical models of each device, including the local var-
iation of friction at the different locations of the sliding interface,
the internal bending and torsional moments and rotation, may
provide more insights into the real global response.

• Tests on materials and qualification and acceptance tests on isola-
tion devices should be performed considering the extensive varia-
tion of contact pressure and velocity, to characterize the entire po-
tential response.

Most of these considerations do not appear to have been fully
adopted, in research and in practice, some seven years later.

7. Open problems and current developments

7.1. Response to vertical actions

Vertical actions may arise in structures during seismic events, as a
result of the overturning effects resulting from the earthquake-induced
lateral forces and because of vertical acceleration components char-
acterizing the earthquake ground motion.

The importance of vertical actions with respect to the response of
friction base-isolated structures has been investigated, directly and in-
directly, by various authors (e.g. [11,23,70–75]). While somewhat
conflicting outcomes emerge from the data available in the literature,
the general trend can be summarized as follows: while sliding base
isolators are excellent means of protecting buildings from the effects of
the horizontal components of a ground motion, the presence of vertical
actions can compromise functionality, reducing their efficacy and jeo-
pardizing their performance.

To this end, vertical actions from overturning effects and those in-
duced by the presence of vertical components of excitation are in some
ways distinct phenomena, and need to be discussed separately.

Overturning effects are normally a concern in slender structures
with large height-to-width aspect ratios and in buildings incorporating
bearings below braced columns or stiff walls [76], as well as in certain
types of bridges with large ratios of height of the center of mass to the
distance between the bearings [23]. In structures with these char-
acteristics, the overturning induced by the lateral forces may be sig-
nificant, resulting in substantial vertical contact pressure variations
(illustrated in Fig. 11) and, in some extreme cases, in the uplift of the
bearings.

It was discussed earlier in this paper, how the response of friction
base isolators, such as FP bearings, is strongly dependent upon the
vertical load acting on the bearing and the friction coefficient char-
acterizing the contact between the pad and the sliding surface. FP
bearings behave essentially rigidly as long as the acting shear force is
smaller than the vertical load on the bearing, multiplied by the static
friction coefficient. Upon activation, the shear strength of the device
increases proportionally to the experienced lateral displacement and to
the ratio between the acting vertical load and the radius of curvature of

the sliding surface.
In this context, overturning actions, which can either increase or

decrease the initial vertical load on a bearing, inevitably influence the
bearing behavior. Most notably, varying the vertical load (and in turn
the vertical contact pressure), may significantly affect the bearing ac-
tivation force, its post-activation stiffness and the frictional properties
of the device.

To this end, experimental results pertaining to more than 1000 tests
performed on friction bearings including single and double FP bearings,
showed that lower vertical loads (i.e. lower contact pressures) result in
higher and more “unstable” friction coefficients. In contrast, higher
vertical loads (i.e. higher contact pressures) tend to produce con-
sistently lower friction coefficient values [13]. This was shown in
Figs. 4 and 10, where the observable trends outlined that stable friction
coefficients are only obtained once the contact pressure on the bearings
is higher than approximately 50 MPa.

All this may turn into a series of undesirable effects, such as (but not
limited to):

• Bearings working in parallel subjected to different vertical loads
experience different behavior, resulting in a non-uniform and per-
haps less controllable response of the base-isolated system

• Because of the high variability of the friction coefficient value at low
contact pressures, lightly loaded bearings subjected to identical
vertical loads, may have consequences analogous to those addressed
at the previous point

• Bearings subjected to significantly higher vertical loads tend to
provide higher lateral resistance than others. This may result in
stress concentrations and local damage. Also, some or the protected
structural elements may experience important demand increments
and torsional effects may arise

• Bearings subjected to excessive vertical contact pressures (i.e. much
higher than the design values) may experience malfunctioning or
failure

• There may be a loss of contact between the pads and the sliding
surface (i.e. uplift) in bearings subjected to excessive “tensile” ver-
tical loads. This may have a series of implications that will be dis-
cussed in more detail in the next section.

Issues associated with the vertical acceleration components of an
earthquake are normally more relevant in near-field, but may be pre-
sent in other types of events. Although often deemed secondary, vertical
excitation components can be characterized by very high PGA values
and be the cause of extensive damage to the built environment. For
instance, recorded vertical PGA reached up to 2.2 g during the Mw 6.2
Christchurch earthquake of 2011 [77].

Evidence emerged from some of the available experimental studies
on reduced scale structures, base-isolated with single and multi-sphe-
rical friction bearings, seems to suggest that vertical excitation has
minor influence on the horizontal response and performance of friction
bearings (e.g. [65,72]). However, this is in contrast with the results of
recent test programs performed on full-scale isolated buildings con-
ducted at the E-Defense shaking table of Japan [74,75,78]. More spe-
cifically, one of the main outcomes of these studies was the significant
influence of vertical excitation on the overall performance, and the

Fig. 11. Overturning-induced axial force variations in bridge bearings (adapted from
[23]).
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amplification of the horizontal accelerations recorded at the various
levels of the building as a consequence of the multi-directional excita-
tion.

Vertical accelerations were observed to be particularly detrimental
for non-structural elements which did not appear to benefit sig-
nificantly from the presence of the base isolation system. Furthermore,
the outcome of the experimental programs suggested that the vertical
motion transmitted to the various levels of the building and to non-
structural components and content, is relatively insensitive to the base
conditions. This means that friction base-isolated structures and fixed-
base systems have analogous response to vertical excitations.

This outcome is consistent with conclusions emerged from the
analysis of the vertical accelerations recorded at various levels of base-
isolated buildings during real seismic events, such as the 1994
Northridge earthquake. For instance, after examining several in-
strumented buildings, [78] concluded that vertical accelerations
transmitted from the ground to the higher floors were not affected by
the presence of the isolation system, and that the structures behaved
essentially as fixed-base systems.

These results can be attributed to the high vertical stiffness that
characterizes friction bearings, which produces a vertical isolation
period of vibration around 0.03 s [7]. It is evident that systems with
these characteristics provide only horizontal isolation, while behaving
as fixed with respect to vertical excitations.

7.2. Uplift

Traditional friction bearings provide no resistance to tensile forces
and are consequently free to uplift. Bearing uplift may occur under
certain conditions which include the presence of high vertical accel-
erations and/or substantial overturning. This may produce detrimental
effects to the isolators or to the protected structure performance, which
may be in the form of bearing damage due to excessively large com-
pressive forces arising upon re-engagement or demand amplifications
on the structural members, amongst many others.

To the knowledge of the authors, friction isolator failures that were
clearly due to bearing uplift during real earthquakes have not been
documented. Although not extensively, uplift issues have been in-
vestigated and observed experimentally, via shake-table tests, in the US
and in Japan.

For instance, uplift of multi-surface pendulum bearings was ob-
served experimentally by [50], during an extreme tri-directional shake-
table test. In this test, the authors recorded a peak uplift of 17 mm, at
which point there was a clearly visible separation between the top
concave plate and the slider. Interestingly, the isolation system did not
show any sign of distress upon returning from uplift, behaving as ex-
pected for the remainder of the test program, without the need of any
repairs.

Analogous conclusions were drawn by [73], who observed short
duration (< 0.25 s) uplift of Triple Pendulum bearings during a series
of harmonic tests conducted on slender building specimens. Consistent
with the findings of [72,73] reported that the cyclic behavior of a Triple
Pendulum bearing does not seem to degrade or vary significantly fol-
lowing the uplift. In fact, the slider assembly appeared stable and the
bearing hysteresis was not affected other than a localized reduction in
horizontal shear due to the interaction of shear and supported axial
load through friction.

Simultaneous uplift of 9 Triple Pendulum bearings was observed by
[75], while testing a full-scale base-isolated five-story, steel moment-
frame building, on the E-Defense shake-table. The bearing uplift and the
consequent bouncing of the entire building on the shake-table, was
induced by a large vertical acceleration pulse with PGA = 1.3 g. The
main consequence of this intense vertical shaking was a series of high-
frequency acceleration spikes that significantly amplified the table ac-
celeration in the columns at all floors (up to a factor of 7 in the top-story
columns). However, this high-frequency shock was not transmitted to

the slabs, and it did not appear to induce damage to the structural
elements or the building content. The vertical accelerations and the
resulting bearing uplift were adequately absorbed by the structure and
the isolation system, without notable consequences.

Overall, the experimental evidence collected thus far seems to
suggest that uplift of friction bearings during an earthquake may not
represent a significant issue. However, such a statement should be made
with caution, on account of the very limited information available on
the matter. In particular, the uplift behavior documented in the lit-
erature had very short durations (i.e. fractions of a second), and small
separation distances. In addition, the uplift was essentially vertical,
with the bearings undergoing no lateral motions while the parts were
not in contact. Under these specific circumstances, bearing uplift seems
to have no adverse effect on the general performance of the bearing.

Nevertheless, under more extreme circumstances, bearing uplift
could have more serious consequences. For instance, uplift occurrence
could be catastrophic, in case the separation distance exceeded the
height of the retainer ring (if present), and/or in situations where the
top and bottom part of the bearings lost contact while in relative lateral
motion [72]. Even though this and other behaviors have never been
observed, and seismically-isolated structures are currently designed so
that uplift in sliding bearings is largely avoided (e.g. verifying via non-
linear time history analysis that no bearings experience tensile loads
during a design level multi-directional seismic event, or by means of
bearings with tensile retention capacity, as discussed in the next sec-
tion), the possibility of serious uplift issues should be investigated as
part of future studies.

7.3. Tensile retention capacity

In response to the issues discussed in the previous sections, several
authors have explored the possibility of developing base isolator de-
vices equipped with some tensile retention capacity, and a number of
uplift-restraint mechanisms have been proposed.

A brief review of uplift-prevention systems implemented or pro-
posed for use with sliding bearings is provided in this section. For a
more thorough discussion on the topic, the reader can refer to the work
of [79].

The first uplift-restraint mechanism that could be theoretically im-
plemented in parallel with different kinds of sliding bearings, was de-
veloped by [80] in Japan. This system consists of two orthogonal steel
arms connected to the superstructure slab and to the foundation of the
structure, respectively. These arms, normally not in contact with each
other, interlock in case the structure undergoes uplift in excess of a
predefined tolerance. Even though the impact of this mechanism on the
behavior of the isolation-system has not been investigated in detail
[79], this technology has been used on the Excel Minami-Koshigaya 10-
story building in Koshigaya City.

[81] conducted an experimental study to evaluate the feasibility of
using a sliding isolation system with uplift-restraint devices for
medium-rise buildings subject to column uplift. The isolation system
consisted of flat sliding Teflon bearings acting in parallel to a series of
helical spring units, intended to provide re-centering forces [82]. The
uplift-restraint mechanism was provided by L-shaped steel profiles,
bolted to the top part and extending under the bottom part of the slider
on two sides, as shown in Fig. 12(a).

The results of the shake-table tests and the numerical analyses
performed, demonstrated the effectiveness of this system in resisting
tensile forces, preventing bearing uplift. This concept was subsequently
extended to sliding bearings with a curved surface, and was employed
as a seismic protective measure in real structures (e.g. San Francisco
approach to the Oakland Bay Bridge, Fig. 12(b)).

However, this approach was conceived, implemented and validated
only for unidirectional excitation. Extension to multidirectional sce-
narios is difficult and thus the field of application of this mechanism is
somewhat limited.
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[83] proposed to solve bearing uplift issues by combining common
seismic isolation bearings with pairs of vertical prestressed tendons,
located on the sides of the bearing (Fig. 13). This technique was initially
proposed for use with elastomeric bearings, but it can be theoretically
paired with all kinds of isolation systems, including sliding bearings,
being external to the mechanism of the isolation system.

The idea behind “prestressed earthquake isolators” is quite simple:
the prestressed cables are used to provide sufficient additional com-
pressive force on the bearings, preventing the development of tensile
forces or uplift. However, while theoretically effective and predictable
in behavior, this system has complex practical implications and, in
some instances, may impact the performance of the isolation system
[79].

More recently, [76] introduced an innovative uplift-restraint sliding
bearing, referred to as XY-FP. Conceptually, and in absence of vertical
excitations, this system works as a traditional FP bearing. However,
unlike an FP bearing, the XY-FP is made of two separate orthogonal
concave sliding rails, interconnected through a mechanism that can

slide along both rails (Fig. 14). Thanks to this arrangement, this isolator
is capable of an uncoupled bi-directional response, while permitting
tensile forces to develop in the bearing thus preventing uplift.

The effectiveness of this system has been demonstrated, both ex-
perimentally and numerically, by [76,79,84]. As a result, the XY-FP has
been used in real-world applications and has been successfully im-
plemented in a number of occasions. Examples include the Los Angeles
Emergency Operations Center (LA EOC) in California and the Linked
Hybrid Complex in Beijing in China [79].

7.4. Residual displacement

In modern performance-based design and assessment frameworks,
the post-earthquake residual displacement is recognized as one of the
key structural response parameters. Thus, an effective base isolation
system should be equipped with some restoring capability to be able to
re-establish its initial configuration following a seismic event.

Permanent offsets in the base isolation system are undesirable for a
number of reasons: first, deformed base isolators can absorb lower
displacement demands and may not be able to withstand aftershocks
and, more generally, future events; second, excessive residual dis-
placements may affect the serviceability of the structure and possibly
jeopardize the functionality of elements (e.g. fire protection elements,
joints of primary piping systems etc.) crossing the isolation plane.
Clearly, base-isolated structures should be designed and detailed to
accommodate expected permanent offsets.

Understanding and being able to control the residual displacement
of base isolation systems is particularly important for structures located
near faults, where it is common to record pulselike ground motions
[85]. It has been shown that near-fault earthquakes can induce sig-
nificant residual displacements in isolation systems with inadequate
restoring capability [86,87].

Residual displacement considerations are also critical for flat sliding
bearings, which do not have any restoring capacity and can tend to
“migrate” over an increasingly large distance the longer an excitation

Fig. 12. (a) Section of Teflon Disc Bearing with uplift-restraint devices, and helical spring unit (adapted from [81]); (b) view of unidirectional FP bearing with uplift-restraint installed at
the San Francisco approach to the Oakland Bay Bridge (adapted from [79]).

Fig. 13. Prestressed elastomeric bearings in undeformed and deformed configuration
(adapted from [83]).

Fig. 14. (a) Three-dimensional view of the uplift-restraining XY-
FP isolator (adapted from [79]); (b) Installation of XY-FP tension-
capable bearings in LA EOC in California (adapted from [79]).
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lasts (or the more excitations they are hit by). This is indeed evident
with reference to a flat Coulomb slider, where the behavior is identical
at every point within its range with no preference to return to its
starting position. In this way, the displacements of a flat slider can be
equated to that of a random walk, or Brownian motion, for which the
expected displacement increases monotonically as a function of time.

While there are no clear indications as to how the post-event re-
sidual displacement in a base isolation system should be estimated,
modern seismic codes incorporate recommendations aimed at ensuring
that a selected isolation device possesses adequate restoring capability.

For instance, for sliding bearings, the 2001 California Building Code
[88], the 1999 AASHTO Guide Specifications for Seismic Isolation De-
sign [32] and the International Building Code [89], attempt to achieve
adequate “self-centering” base isolation systems by introducing limits
on the minimum post-activation (or post-sliding) stiffness (Kp) that a
system should possess, and/or by limiting the effective period of vi-
bration of the system, calculated proportionally to the post-activation
stiffness of the bearing (i.e.: Te = 2π√M/Kp, M is the mass of the
structure), below pre-determined values.

At the same time, the IBC 2006 requires that the restoring capability
requirement may not be deemed fulfilled if the isolation system does
not remain stable under full vertical load and horizontal displacements
up to 3.0 times the design displacement.

On the other hand, the Eurocode 8, EN1998-2 for seismically iso-
lated bridges [22] imposes limits that involve both the lateral force and
the lateral displacement of the isolation system, effectively dictating
more stringent limits on its hysteretic behavior.

It should be noted that, although current code recommendations on
residual displacement in base isolation systems represent a good
starting point, they are not necessarily based on solid theoretical fun-
damentals, but rather on experience and on limited experimental evi-
dence [19]. Furthermore, a thorough examination of the literature
available on this topic indicates that the restoring capability of friction
bearings has received little attention, and still represents a major re-
search gap [19].

Examples of available experimental studies on the residual dis-
placement of friction bearings include those by [18,24,72]. The main
outcome of these experimental campaigns is that friction devices with
maximum displacement to “static residual displacement” ratio (dmax/
drm) greater than 0.5, possess good restoring capability.

This finding is consistent with the results of numerical investiga-
tions conducted by a number of authors (e.g. [19,86,90,91]). In parti-
cular, the results of some of the available numerical studies on base
isolation systems (e.g. [86]) showed that the main parameter that af-
fects the restoring capability of bilinear isolation systems is indeed the
ratio between the absolute value of the peak displacement (dmax) and
the maximum static residual displacement (drm, the residual displace-
ment where static equilibrium is reached when the system is unloaded
under quasi-static condition from its peak displacement). Both these
parameters depend on the shape of the hysteretic behavior of the iso-
lation system. In addition, it was demonstrated that the restoring cap-
ability of isolation systems strongly depends on the earthquake char-
acteristics. However, the statistical analyses carried out thus far seem to
confirm that bilinear isolation systems with dmax/drm> 0.5 exhibit
negligible residual displacements.

However, there are at least two important aspects related to residual
displacements in base isolation systems still to be addressed that can be
summarized as follows:

1. What should the hysteretic response of an “optimal” base isolation
device look like?

2. How can the maximum residual displacement of a base isolator be
accurately estimated, as a function of the seismic demand and the
design parameters?

There is no simple answer to either of these questions. In addressing

the first question, one should keep in mind that the two key properties
of a base isolation system, namely energy dissipation and self-centering
capability, are two antithetic functions. Increasing self-centering
properties inevitably reduces energy absorption capabilities and vice-
versa. Therefore, achieving the best performance with respect to one
parameter of interest (e.g. negligible residual displacement) may result
in an unacceptable overall performance of the system (e.g. too high
lateral forces and/or accelerations attracted by the system).
Furthermore, a number of practical constraints may come into play. For
instance, to obtain negligible residual displacement in a sliding system,
it is preferable to manufacture devices with small radius of curvature.
However, the use of a small radius of curvature may result in un-
acceptable vertical fluctuations of the isolated structure that can only
be reduced introducing systems with a larger radius of curvature
(which, in turn, would result in larger residual displacement).

Addressing the second question is, to some extent, more important
and represents the real research priority. Being able to control the re-
sidual displacement of an arbitrary sliding base isolator would allow
designers to converge to desired solutions, with full control on the
outcome. The attention could be finally shifted from trying to minimize
(or eliminate) residual displacement in base isolators at all costs, to
consciously designing for a residual displacement value that is deemed
acceptable, implementing all the necessary construction details to ac-
commodate and efficiently absorb the expected post-event offsets.

8. Conclusions

This review paper has presented an overview on the state of the art
of friction-based isolators, with a focus on systems that have found their
way into European applications. In going through the evolution and
development of these systems, the most notable contributions origi-
nated in the US and worldwide were also included.

It is evident that a number of isolation systems are at a stage that
they can be used to effectively protect buildings and other structures
from the effects of strong earthquakes. For instance, systems such as FP
bearings and DCFP have found relatively broad applications both in
Europe and worldwide. TFP systems have also been used in a number of
international projects. However, it is also evident that a number of
aspects characterizing the behavior of friction-based isolators need to
be further investigated, better understood, and possibly improved.

Although extensive research has been conducted to reduce un-
desirable stick-slip phenomena and to determine the relations between
parameters such as friction coefficient, velocity and vertical contact
pressure, uncertainties still exist. In this context, experimental ver-
ifications of the device properties play a fundamental role. Thus, it is
important to clearly define reliable testing protocols to be adopted.

Impressive progress has been made on the side of numerical mod-
eling and analysis of base isolators and base-isolated structures. Three-
dimensional models capable of accounting for complex aspects of the
base isolators’ behavior, such as the dependency of friction on contact
pressure and velocity, are now available and can be used in the context
of non-linear time history analyses. It is not clear if more refined
models, capable for example of accounting for “local” effects, such as
spinning and wandering, are required or if simpler “macro-models” are
sufficiently accurate.

The response of friction bearings to vertical actions represents an
important area of research. Friction bearings are not meant to offer
protection against vertical accelerations which may in fact negatively
affect their performance (by altering the vertical contact pressure and,
in turn, the device behavior) and, in some extreme cases, experience
uplift and ultimately failure. Furthermore, vertical ground acceleration
components are rarely considered while conducting the analysis of
base-isolated structures and there is an evident lack of guidance on this
topic. Recent experimental evidence has emphasized the importance of
incorporating these aspects in the analysis, as vertical actions may be
detrimental to the performance of the base isolation system but also to
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that of structural and non-structural elements.
Current design methods available for base isolation systems (e.g.

Displacement Based Design procedures) generally provide accurate
predictions of the response of base-isolated structures, particularly in
regards to the expected peak displacements. However, numerical stu-
dies have demonstrated that the prediction of the base shear, as well as
of the lateral forces and accelerations along the height of a building, are
often less reliable. This has been often attributed to the effects of the
higher modes of vibration and to some of the modeling assumptions
adopted to conduct the numerical analyses (e.g. the viscous damping
model assigned to the structure). In any case, this remains an open
problem that needs to be properly addressed. In particular, in a design
context, it is necessary to define appropriate protection factors and
acceptable ductility demand and inter-story drift levels. Improved ap-
proaches to estimate expected residual displacements, along with cri-
teria to evaluate their relevance with respect to the achievement of a
desired performance, should also be developed.

Most recently, researchers have been working on responding to the
need of developing base isolation devices capable of achieving multiple
performance objectives, at different levels of earthquake intensities.
This led to the development of multi-surface devices, such as DCFP and
TP, which are capable of adaptive behavior and can be potentially
optimized for different earthquake magnitudes. However, a number of
questions remain and the development of systems capable of adaptive
behavior, and more generally of better performing devices, remains one
of the research priorities and is currently the object of several ongoing
research projects.
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