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Abstract
Choosing friction pendulum isolators to avoid problems with device displace-
ment capacity or boundary wall collision is a critical part of the seismic design of
base isolation systems. This paper developed a probabilistic method to quantify
the risk of failure in single friction pendulum bearing (FPB) devices. This was
done by calibrating a demand-intensity model for FPBs from numerical analy-
sis for several device property combinations. These properties encompassed the
dynamic friction coefficient and effective radius of curvature—key parameters
impacting these FPB devices’ seismic response. Through this demand-intensity
model, a closed-formand relatively simple approach to quantify themean annual
frequency of exceeding a given device displacement threshold, or risk of failure,
was proposed. By applying this simplifiedmethod to several case study structures
and comparing it with a more extensive assessment involving multiple stripe
analysis (MSA) using hazard-consistent groundmotions, the proposed simplified
approach could provide very accurate estimates of displacement-based failure
risk in FPB devices under the assumption of no non-linear behaviour in the
superstructure. This proposed approach implies that structural engineers can
now quickly assess the actual failure rates of different FPB device combinations
used in practice to give a more uniform level of safety or reliability when design-
ing and assessing FPB-isolated systems. It is also arguably much simpler, direct
and accurate than currently available code-based approaches.
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1 INTRODUCTION

Structural engineering applied in a seismic context typically involves designing and detailing a few dissipating elements
in the overall lateral load-resisting system.1 This can be achieved through the flexural yielding via plastic hinge formation
in frame systems, bracing elements, more advanced technologies such as self-centring systems,2 or active or semi-active
control systems.3,4 Base isolation is another technology whereby a part of the structure is segregated from the foundation
via an isolation layer by placing the structural system upon a few special devices. It not only confines any dissipative
action resulting from seismic shaking to the isolation layer but also modifies the modal properties of the overall structure
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to significantly reduce floor accelerations and relative storey displacements transmitted to the superstructure. This has
clear advantages in protecting and mitigating damage to structural and non-structural elements in the building, which
are well-known sources of loss and potential disruption.5,6
Base isolation gainedmuch popularity as a rubber-based elastomeric device, and its technology saw rapid development.7

Various devices were studied and eventually applied in 1969 to a school building in Skopje, NorthMacedonia, as described
in Naeim and Kelly,8 among others. In the 1980s, a similar but different isolation system based on sliding was developed,
termed a friction pendulum bearing (FPB)9,10 and saw significant development.11 It relies on the friction of a concave
sliding surface to provide lateral resistance and a restoring force to the structure placed upon it. This was conceptually
different to the elastomeric devices, which relied on the internal shear strains developed in the emulsified rubber system
with the potential addition of a lead plug. Friction pendulum systems, and base isolation systems in general, have enjoyed
great popularity in seismic engineering and have been applied to buildings, bridges, schools and hospitals, for example.8,11
For what concerns the seismic design provisions typically used to select and size base isolation devices, several codes

of practice are in place worldwide. In particular, Eurocode 812 and EN1512913 stipulate design and acceptance criteria
be met for base-isolated structures in Europe, while the Norme Tecniche per le Costruzioni14 provides a similar but more
specific set of rules for application in Italy. ASCE/SEI 7–1615 is used for design in the US, whereas NZSEE16 provides
guidance in New Zealand. Higashino and Okamoto17 provide a comprehensive guide to the Japanese code of practice,
with other studies like Pan et al.18 and Becker et al.19 also providing useful insight. Within these different guidelines and
codes of practice worldwide, there is a common trend among all methods and procedures available for what concerns
isolator device design. That is, they are generally based on the trial selection of devices using equivalent linear models and
subsequent verification with dynamic analyses to check device performance (e.g., bearing displacement, uplift forces) and
superstructure performance (e.g., storey drift, floor acceleration) criteria, typically following multiple design iterations.
While base isolation systems are perceived to offer superior performance, which has been demonstrated by Kitayama

and Constantinou,20 for example, design codes have been criticised for their relatively poor collapse performance in situ-
ations other than those they were specifically designed for, or when compared to other non-isolated systems.21 In the
case of FPBs, this generally relates to the exhaustion of the device’s displacement capacity or collision with the sur-
rounding moat wall, which can cause device failure or induce non-linear response in the superstructure. For example,
studies like Kitayama and Constantinou20 and Becker et al.22 investigated the effect of displacement restraint in seismic
isolation systems on the collapse performance of seismically isolated buildings and noted the key roles of displacement
capacity or moat walls on the collapse performance. In particular, the probability of bearing failure was found in some
cases23 to be unacceptable due to excessive displacement demands that the isolators could not accommodate. Pant and
Wijeyewickrema24 investigated the effects of impact with boundary walls for seismic isolation systems considering dif-
ferent design levels and also near-fault ground motions. They found that if the isolation system impacts the boundary
elements, it can be detrimental to the performance of the superstructure, especially at the ground storey level. A key
observation of Erduran et al.23 was that, when non-linearity occurs in the isolated superstructure, the ductility demand
can often be larger than that of the corresponding fixed-base structure. Masroor and Mosqueda25 also investigated the
effects of superstructure flexibility. They noted that stiffer structures were more prone to structural collapse upon bound-
ary wall impact, whereas more flexible structures were better able to absorb the impacts induced on them. These findings
were also reflected in the work of Bao and Becker.26 In addition to numerical studies, from observations following the
2016 Kumamoto earthquake in Japan, Takayama27 reported how seismically isolated buildings performed well during the
earthquake. However, the lack of consideration of detailing at the gap surrounding the buildings led to widely-observed
damage to the non-structural elements installed at this location.27
Design codes in countries like Italy, theUSA, Japan, andChina donot provide specific limits for the distance between the

structure and themoat wall. However, following consultation with several practitioners and academics in these countries,
some general rules and typically encountered values were identified. In Japan, a value of 500 mm ±100 mm tends to be
common for all devices and stems from the strain limits of rubber-based devices traditionally used. InChina, a value no less
than 1.2 times the displacement expected at the maximum considered earthquake is required. Considering the seismicity
of an intensity eight zone, this would correspond roughly to a displacement limit of between 300 and 400 mm. In the US,
this tends to be 400–500 mm for rubber-based devices and can reach up to 1 m for friction-based isolators due to their
longer vibration periods. In Italy, the NTC 2018 requires that the distance should be able to accommodate the expected
demands at the life safety limit state, which, when considering the seismicity of the region can result in displacements of
between 100 and 300 mm. Thus, given the potentially detrimental consequences in the event of a moat wall collision and
the range of limits specified in different countries, a designmethod to predict and limit the isolator displacement response
that is compatible with different seismic regions’ diverse needs is needed.
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F IGURE 1 Hysteretic behaviour of FPBs9

Performance requirements stipulated by codes are verified at few design intensities without a more comprehensive
consideration of the uncertainty in hazard and structural response across all possible intensities, and they do not provide
a robust quantification of the risk of device failure, as described by Cornell et al.28 As argued recently by Kazantzi and
Vamvatsikos,29 clients requiring improved performance will generally find themselves designing for an increased seismic
action (i.e., seismic shaking) when following code provisions but without any direct quantification of the actual increase
in safety. Recent works30,31 have focussed on providing additional bearing displacement capacity of between 1.5 and 1.8
times the code-specified demand value, in addition to shear strength requirements, to ensure a more reliable bearing
response. Kazantzi and Vamvatsikos29 have shown, however, that while these approaches are simple to implement in
practice, again, their lack of consideration of the site’s complete hazard curve and other response variability means that
their ability to ensure accurate desired levels of safety is not guaranteed. As such, they are not entirely in line with what
is generally known as modern performance-based earthquake engineering (PBEE).32 As part of a comprehensive study
on several building typologies and site hazards, Iervolino et al.21 noted that isolated structures may have a worse collapse
risk performance than non-isolated structures. These conclusions may be due to a seemingly conservative definition of
collapse used for the bearing devices since other research33 has shown that isolators can generally go far past the collapse
displacement used in that previous study. However, more specific research that accounted for the failure mechanism in
bearings by Kitayama and Constantinou30 has also illustrated how minimum code-based designs for seismically isolated
buildings in the US can have unacceptable collapse performance at themaximum considered earthquake intensity, which
aligns with Iervolino et al.21 Kitayama and Constantinou also show20 that when examining the isolated structures via a
detailed probabilistic assessment, the annual exceedance rates of storey drifts and floor accelerations prior to collapse are
still lower than the corresponding non-isolated structure. These studies indicate the advantages offered by isolation but
nonetheless, a better understanding of the collapse risk and how it may be handled in design warrants further research.
The above discussion highlights that while base isolation, and FPB systems, in particular, are capable of providing supe-

rior seismic performance in structures, the design approaches currently available do not offer a simple and comprehensive
way to ensure adequate safety defined via risk and generally work on a trial-and-error basis in device selection. Erduran
et al.23 concluded that controlling or limiting the isolator displacement demands appeared to be an unsolved problem
requiring new and creative approaches, and has also been recently discussed in Kazantzi and Vamvatsikos29 also, for
example. This article aims to propose such an approach and overcome these limitations noted above via a risk-consistent
method with which FPB systems for any kind of structural typology can be sized. It capitalises on the mechanical proper-
ties of FPB devices and the closed-form risk solutions developed in recent years. It uses the PBEE framework outlined by
Cornell and Krawinkler34 as its basis and is conceptually similar to Kazantzi and Vamvatsikos29 in its objectives. Through
the specific FPB-oriented framework described herein, designers can target the seismic risk or safety they desire and
identify suitable isolator bearings in a few simple steps before other necessary verification analyses are carried out. This
minimises the number of trials and offers a more direct design approach that aligns with the risk-oriented objectives of
modern PBEE.

2 DEVELOPMENT OF DEMAND-INTENSITYMODELS FOR FPBS

2.1 Characterising normalised FPB hysteretic behaviour

Consider a simple structure, whose vertical weight isW, sitting upon an isolation layer comprised of single FPBs. The FPB
hysteretic behaviour can be described as shown in Figure 1.9,10 In this model, which ignores initial stick-slip breakaway
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effects, the initial lateral force required to move the FPB isolation system, F0, is governed by the friction coefficient of its
sliding surface, μ, and the vertical weight acting on it,W. Once the isolators have been activated and the structure begins
to slide horizontally on the FPBs, the structure’s period of vibration, Tiso, is a function of the effective radius of curvature
of the sliding surface, R, given by8:

𝑇𝑖𝑠𝑜 = 2𝜋

√
𝑅

𝑔
(1)

It is noted that past studies (e.g., Ref. 35) have shown the sliding stiffness of a single FPB isolator, denoted as W/R in
Figure 1, to also depend on the displacement amplitude. For large displacements, the stiffness is given byW/Rcosθ, where
θ is the rotation angle of the equivalent pendulum system at a given displacement.9,10 For relatively small displacements,
this cosθ term is approximately unity and Fenz and Constantinou35 note that any resulting error is less than 5% when the
displacement amplitude is less than 0.3R; hence, it is omitted from the modelling procedure adopted herein.
In seismic design and assessment, it is typical to link the seismic response of a structure to a ground motion intensity

measure (IM). The choice of an IM is mainly based on establishing a strong correlation (i.e., low dispersion) between
the structural response and the IM values, amongst other issues. For non-isolated buildings, this is typically the spectral
acceleration at the first mode period of vibration, Sa(T1). This is used inmanymethods, such as the equivalent lateral force
method in Eurocode 8,12 for example. Since the isolated building will vibrate in a first mode dominated response period
of Tiso once the FPB system has been activated, it appears logical to describe the IM as the spectral acceleration at that
period, Sa(Tiso). Studies such as Mollaioli et al.36 have investigated the use of different IMs for base-isolated buildings.
An analysis of two case-study buildings found that peak ground velocity (PGV) tended to be a reasonable predictor of
structure displacement demands, which was also noted in past works like Ryan and Chopra.37,38 Different combinations
of IMs may be used to minimise dispersion in seismic response prediction, with studies39–44 investigating optimal IMs
for assessing existing buildings. For base-isolated structures, Sa(Tiso) will be employed herein due to its simplicity and
physical meaning. It has also been shown36 to be a good predictor of isolated structures’ response.
If the Sa(Tiso) of a single ground motion is linked with the resulting engineering demand parameter (EDP), a demand-

intensity model is obtained and can be used as a simplified means to quantify seismic risk, as discussed in O’Reilly and
Calvi,45 among others. In the case of the FPB isolation systems described here, the EDP is the FPB device’s lateral displace-
ment, Δ. If the force-displacement relationship of FPB systems described in Figure 1 is normalised byW, it can be noted
that both Tiso and the FPB backbone characteristics are independent of the building’s properties; they are only a function
of the effective radius curvature of the sliding surface, R, and its friction coefficient, μ. Since this lateral resistance of the
isolator bearing is essentially a function of μ, a normalised intensity for a given ground motion can be defined as:

𝜌 =
𝑆𝑎 (𝑇𝑖𝑠𝑜)

𝜇
(2)

What this means is that once the FPB isolation system is activated, the ground motion intensity required to reach a
target displacement depends on the device’s post-activation hardening ratio, which is a function of the effective curvature
radius, R (Figure 1). If both μ and R are known, the FPB behaviour can be modelled and analysed with dynamic analysis
using several groundmotions. If this is done using non-linear dynamic analysis onmany different isolator μ and R combi-
nations, then the normalised intensity required to reach a certain displacement, alongwith its uncertainty, are empirically
quantifiable. Figure 2 illustrates a schematic representation of this, whereas Figure 3 plots an example of such an analysis
for various isolators, described in detail in Section 2.3.

2.2 Definition of demand-intensity model

A demand-intensity model reports the displacement demand of the FPB, Δ, versus the normalised intensity, ρ. A linear
representation in logspace is used here for the demand-intensity model, but it is noted that other formulations such as
multilinear46 and parabolic47 may also suit specific contexts. This representation was commonly used and was the basis
for the probabilistic seismic assessment procedure developed by Cornell et al.,28 for example. It is particularly suited to
systems with a first-mode dominated response without any strength or stiffness degradation, hence its suitability for the
FPB systems examined here. Essentially, this linear model in logspace is given by:
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F IGURE 2 Illustration of the demand-intensity model utilised for FPB isolator systems

ln Δ = ln 𝛾 + 𝜅𝜌 + ln 𝜖Δ (3)

where ρ and Δ are the variables of interest, and γ and κ are fitting coefficients. The ln εΔ term represents the error in
the expression and is described by a standard normal distribution with a mean of zero and standard deviation βΔ, which
denotes the dispersion in the displacement demand for a given intensity (Figure 2). It is often more useful, as will be seen
in later sections, to instead know the dispersion in intensity required to exceed a given displacement threshold, which is
denoted βρ ≈ βΔ/κ in Figure 2 and will be used herein. It is worth noting that this dispersion is assumed to be constant
over the entire range of response considered (i.e., homoscedastic), which will be explored later.
Using the relationship described in Equation 3, the median demand-intensity model (i.e., ln εΔ = 0) can be simply

described via a power-law, given as:

Δ = 𝛾𝜌𝜅 (4)

and will be the format used herein. This type of normalised demand-intensity relationship is equivalent to the R-μ-T
relationships typically used for non-isolated buildings.48–53 Instead, there is no ductility here per se but rather just an
analogous response modification factor for a certain combination of device properties. Also worth noting is the physical
significance of the γ and κ terms; γ is essentially a fitting term but when κ = 1.0, it implies the equal-displacement rule
typically adopted by building codes; however, when κ > 1.0, this means that the equal-displacement rule approximation
no longer holds and its estimates of displacement response will be unconservative. These are herein denoted ρ-Δ curves
and are assumed to be a function of just μ and R of the FPB device. As will be seen through later application in Sections 3
and 4, this proposed formulation essentially replaces the equivalent linear methods employed by most design codes and
guidelines worldwide12,14–16 but operates under the assumption of an elastic superstructure response, which is discussed
later. That is, instead of estimating the device displacement response from an overdamped design spectrum,54 the response
is computed directly from the ad-hoc demand-intensity models proposed here, which are specified as a function of actual
FPB device characteristics. It is arguably more logical and accurate to use this direct probabilistic calibration that uses
actual device response and accounts for FPB device response uncertainty instead of using the area-based equivalent vis-
cous damping approaches55 employing equivalent linear systems. This area-based damping approach55 is well-known to
be problematic56,57 when applied to seismic response and often requires empirical calibration.58–60 Hence, the demand-
intensity models proposed here are essentially a rework of these existing methods except that the coefficients are directly
derived based on numerical observations, and the equivalent linear system properties instead correspond to the device
isolation period properties.

2.3 Quantification of ρ-Δ curves for FPB devices

To quantify ρ-Δ curves for FPB systems, a vast set of analyses were carried out for isolators with different device properties.
These were R = [2.5, 3, 3.5, 4, 4.5, 5, 6, 7, 9] in metres and μ = [0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9 10] in %, which represents isolators
with vibration periods of Tiso = [3.2, 3.5, 3.8, 4.0, 4.3, 4.5, 4.9, 5.3, 6.0] in seconds. These were selected to cover the full range
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(A) μ = 1% and R = 3m (B) μ = 4% and R = 3m 

(C) μ = 1% and R = 5m (D) μ = 4% and R = 5m 

(E) μ = 1% and R = 9m (F) μ = 4% and R = 9m 

F IGURE 3 Illustration of the cloud analysis on FPB systems with different device property combinations, reporting the relationship
between normalised intensity and isolator displacement demand

of device property combinations that one may expect to encounter for FPBs in practice. However, practitioners must also
pay close attention to device-specific guidelines regarding minimum stiffness criteria set out in building standards and
also practical limitations regarding device dimensions when using the results presented here.
Each isolator bearing system was modelled as a single degree of freedom (SDOF) oscillator in OpenSees.61 Since the

response of the FPB isolation system is independent of the seismic weight, a nominal mass was assigned to the SDOF
model. The bilinear model shown in Figure 1 was utilised to model the hysteretic behaviour; the yield force is the product
of the friction coefficient considered and the seismic weight, and the hardening stiffness is the ratio of the seismic weight
to the effective radius of curvature of the device being considered. This ignores the impact of large displacements on the
hardening stiffness previously mentioned, whose influence on the results is discussed in later sections. It is worth noting
that for the SDOF systems, the seismic weight and corresponding vertical force were modelled as constant during the
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analysis. However, notable vertical axial force variations may result in individual FPBs during dynamic loading,62 which
alter the force-deformation of the individual device given its dependence on the actual vertical force transmitted through
it. Hence, it is important to note that the SDOF oscillators used here are intended to represent an isolation system as
a whole, whereby the net overturning moment of a building during dynamic response ensures that any increase in the
vertical force on one isolator would mean a reduction for another device. This implies that the net force-displacement
response of the isolation layer of the building remains constant and any axial force variation would not impact the lateral
behaviour, as assumed here, although in-plane torsion and shear issues may arise in some instances.62 Furthermore,
issues such as accidental inclinations that can result during device construction and installation were not considered.
Their impacts should be examined further in future work with sufficiently detailed modelling approaches.
The initial stiffness of the SDOFswasmodelled as being very stiff withKinit = 100,000 kN/m. A sensitivity study showed

this to be a reasonable value and did not impact the results or give numerical convergence issues. The bilinear hysteretic
model did not consider the typically higher friction coefficient initially encountered in such devices that is required to
initiate lateral sliding (i.e., the so-called stick-slip11). Also, the impacts of velocity, pressure and heating effects on the
dynamic friction coefficient of the sliding surface were omitted. Work by Kumar et al.63 noted that heating effects are
an important factor in the numerical modelling of single friction pendulum surfaces, but pressure and velocity are less
influential. Nevertheless, these are simplifying assumptions that may be checked and verified usingmore detailed numer-
ical models that account for these once a suitable device combination has been identified using the design methodology
described in Section 3. Lastly, no dampingmodel was considered in the analysis aside from the hysteretic damping offered
by the isolators themselves.
The SDOF models were analysed via cloud analysis64 using a set of 200 ground motions selected from the NGAWest2

database.65 Cloud analysis involves using a large database of ground motions to examine structural response. Plotting the
intensity of each ground motion versus the observed response forms a cloud of analysis results, as shown in Figure 3. All
records were recorded on stiff soil and did not possess any near-fault directivity effects. Cloud analysis was chosen over
other analysis methods like incremental dynamic analysis66 to avoid any bias issues due to excessive scaling of ground
motion records, as recently noted by Dávalos and Miranda,67 among others. Other methods like multiple stripe analysis
(MSA)68 may have been used, but since the objective was not to accurately characterise the site hazard of one location
but rather to develop a general demand-intensity model, cloud analysis was deemed a more suitable choice. The ground
motions were also scaled up by two to ensure a sufficient number of response cases with relatively large displacement
demand (i.e., Δ > 1 m) were observed. These were needed to fit the demand-intensity model over the entire range of
potential isolator responses, but their scaling was limited to minimise any significant biasing impact on the results.
Figure 3 shows the response results obtained for the different FPB isolator combinations considered, plotting the nor-

malised intensity ρ versus the isolator demand Δ. By representing the results in logspace, it is clear that there is indeed
a linear trend between the FPB isolator displacement and the normalised intensity required to exceed it, validating the
choice of the demand-intensity model in Equation 4. Performing a least-squares regression fit of the adopted demand-
intensity model shows the median trend in solid black matching the cloud analysis data well in Figure 3. Also illustrated
are the dispersion bounds plotted with dashed lines around the median, representing βρ. It can be noted that the scatter
around the median begins to reduce with increased demand, suggesting that the assumption of constant dispersion at all
levels of demand may not be entirely representative but rather a mathematical convenience. This is a somewhat expected
result and is not unique to isolation systems, as it has been widely observed for ductile moment and braced-frame systems
in the past. It can be associated with the stabilisation of the structural system within a set inelastic mechanism in tradi-
tional non-isolated systems. For this reason, segregationwasmade between the two dispersions plotted for a displacement
of Δ > 0.1 m and below, where the dispersion of points < 0.1 m is shown via the dashed black line and the dashed red
line represents the dispersion of points > 0.1 m. This choice was made to have a more representative quantification of the
dispersion with respect to the demand-intensity model at displacements of interest in seismic design and not to have the
uncertainty unnecessarily amplified by scatter at lower displacements that may not be of engineering interest.

2.4 Fitting of ρ-Δ curves for FPB devices

The previous sections described the analysis of different FPB isolator combinations to characterise their seismic behaviour
via ρ-Δ curves. It was seen in Figure 3 how the results obtained indicated that the logspace linear demand-intensity model
described in Equation 4 was suitable to describe their seismic response. This section will look to fit empirical relation-
ships to these results such that the ρ-Δ curves of FPB devices can be directly estimated by knowing just the FPB device
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(A) γ fitting with Equation 5 

(B) κ fitting with Equation 6 

(C) βρ fitting with Equation 7 

F IGURE 4 Illustration of the coefficients derived from cloud analysis and two-step regression

properties. It is anticipated that the results of the empirical fitting presented here are used by practitioners in future for
the preliminary design of FPB isolators. Additional research may look to repeat such analysis and investigate some of the
modelling assumptions made here.
The approach adopted herein was via two-step regression. That is, the coefficients required for the median demand-

intensity model (i.e., γ and κ) were fitted for each combination in the first step. In the second, these coefficients were then
fitted with relationships that directly link them to the device properties μ and R. The first step of the regression has already
been performed for each FPB device in Section 2.3, with the fitted γ and κ parameters included in the subplot legends of
Figure 3, for example. Figure 4 plots the results of the first step of the regression for all FPB device combinations, whereby
the γ and κ terms are plotted against the device properties. Clear trends for the coefficients can be observed in both cases.
Figure 4A shows that both μ and R have a notable influence on the γ term. Figure 4B shows that just R impacts the κ term,
with μ having no significant influence for the isolators examined.
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The second step was to identify a suitable model for these coefficients in Figure 4. Given the aforementioned
observations, a power-law relationship was again found to be most representative and is described by:

𝛾 = 𝑎1 𝜇
𝑏1𝑅𝑐1 (5)

𝜅 = 𝑎2 𝑅
𝑐2 (6)

By performing a least-squares regression with the data in Figure 4A,B, suitable coefficients were found to be a1 = 0.337,
b1 = 0.808, c1 = 1.02, a2 = 1.183, c2 = -0.088 for R and μ, respectively. These fitted relationships are also plotted in Figure 4.
A goodmatch is observed between the actual data derived from the demand-intensity models from cloud analysis and the
proposed models described here.
Likewise for the dispersion βρ, the trends versus both R and μ are plotted in Figure 4C. Again, it can be seen that the

trends could be represented by a power-law fit described as:

𝛽𝜌 = 𝑎3 𝜇
𝑏3𝑅𝑐3 (7)

which when fitting to the data, the coefficients were identified as a3 = 0.857, b3 = 0.418, c3 = 0.403. The fitting is generally
not as refined when compared to other parameters fitted in Figure 4A,B. Nonetheless, this relationship represents the
dispersion around the demand-intensity model associated with the record-to-record variability only. It does not represent
the additional device-based uncertainties that may impact the seismic response. Issues like the impact of heating and
velocity could be incorporated by simply amplifying the dispersion value βρ artificially instead of more specific analyses,
as is done for the response analysis of buildings in guidelines like FEMA P69569 or FEMA P-58,70 or in Kitayama and
Constantinou71 for isolated buildings, for example. Furthermore, the impacts of device friction coefficient variability could
be investigated by varying the input values for the expressions developed here and examining the outcome. Experimental
data like that examined by Barone et al.72 could also prove useful in such situations since the variability observed from
tests could be directly incorporated. Furthermore, the impact of large displacement demand on the hardening stiffness
in the devices may be investigated in the context presented here. As previously mentioned, this was not considered here
to maintain a degree of simplicity in the approach proposed in the next section. However, it is noted that its omittance
is a conservative assumption for what concerns displacement demands in the bearings. Worth noting also is that the
relationship and coefficients plotted in Figure 4C are fitted to the dispersion in the demand-intensity model for demands
of Δ > 0.1 m and above only, which would correspond to the black dashed lines in Figure 3.

3 A RISK-BASED APPROACH TO FPB SYSTEMDESIGN

The goal here is to develop a risk-based design approach for FPB-isolated systems. There are two important parts needed
to estimate the risk: the seismic hazard at the site of interest and the seismic vulnerability of the structural system.
The first part reflects the information computed via probabilistic seismic hazard analysis (PSHA), where the rate of

exceeding a given level of intensity over a specified period may be computed. The second part then represents the proba-
bility of exceeding a displacement threshold for such a given intensity level, termed the seismic fragility function. When
integrated, these parameters describe the risk of a given displacement threshold being exceeded. It can be probabilisti-
cally quantified using the mean annual frequency of exceedance (MAFE), λΔ, by integrating the probability of failure for
a chosen IM, P[Δ > Δlim|IM = s], with the site hazard curve, H(s), as follows:

𝜆Δ =
+∞

∫
0

𝑃[Δ > Δ𝑙𝑖𝑚|𝐼𝑀 = 𝑠] |𝑑𝐻 (𝑠)| (8)

In the specific case of FPB-isolated systems, a site’s hazard curve H(s) can be computed for the IM in question. This is
s = Sa(Tiso) for a given device R. If the performance, or limit state of interest, in an FPB isolator system is taken as the
exceedance of a given isolator displacement threshold limit, Δlim, then the probability of exceeding it for a given intensity
P[Δ > Δlim |IM = Sa(Tiso)] is described by the ρ-Δ curves developed in Section 2. This means that a designer can use the
curves calibrated previously to compute the risk of failure λΔ for a given isolator displacement,Δ, if μ andR are known and



10 O’REILLY et al.

the superstructure is expected to remain elastic. This may also be rephrased: for a target MAFE and maximum displace-
ment, suitable device combinations of μ and R can be identified. For example, if a designer has limitations on the possible
value of μ because of the sliding surface materials available to the device manufacturer, they can check which value of R
would satisfy the design requirements. This formulation in a simplified and practice-oriented manner is presented below
alongside an example implementation.
Asmentioned, the first requirement to implement such amethodology is a site hazard curve at the IM of interest for the

isolation system. Asmentioned previously, the IM considered here is the spectral acceleration at the isolation period of the
FPB system, Sa(Tiso). Therefore, from PSHA, its hazard curve may be computed and is denoted as H(s), representing the
mean annual frequency of exceeding a ground shaking level of Sa(Tiso)= s. Equation 8 represents the general formulation
of the PEER PBEE methodology,34 where the MAFE is estimated by integrating the seismic fragility with the associated
hazard. With a view to a more practice-oriented approach, Cornell et al.28 derived a closed-form expression that could be
easily used, whereby engineers would make use of power-law fit to the hazard curve and also capitalise on the linearity
of the demand-intensity model in logspace. Vamvatsikos73 furthered this approach by extending the hazard model fit to a
second-order model given by:

𝐻 (𝑠) = 𝑘0 exp
(
−𝑘1 ln 𝑠 − 𝑘2ln

2
𝑠
)

(9)

where k0, k1 and k2 are the site hazard curve fitting coefficients obtained by simply fitting the expression to the hazard
curve calculated in PSHA. With this refined hazard, the closed-form expressions proposed by Cornell et al.28 to estimate
the MAFE were rederived and proposed as:

𝜆Δ =
√

𝑝 𝑘
1−𝑝

0 [𝐻 (𝑠)]
𝑝
exp

(
0.5𝑝𝑘2

1
𝛽2
𝜌

)
(10)

𝑝 =
1

1 + 2𝑘2𝛽
2
𝜌

(11)

This essentially means if the hazard curve parameters are known, and the median seismic intensity required to exceed
a displacement threshold limit is known along with its associated uncertainty, then the MAFE, or risk of failure, can be
simply computed using Equation 10. Figure 5 illustrates a step-by-step implementation of the proposed procedure.

4 CASE STUDY APPLICATION

4.1 Simplified evaluation via proposed approach

Using the risk-based approach outlined in Section 3, the seismic performance of an FPB isolation systemmay be evaluated
via a case study example. This is termed evaluation since the process involves a trial-and-error approach, but given its
expedited nature, it can easily be utilised in a design situation to trial a certain isolation system’s suitability before detailed
verification analysis.
For a building located in L’Aquila, Italy, the MAFE of exceeding an FPB displacement threshold of Δlim = 0.4 m is

determined for an FPB isolation system comprising μ = 3% and R = 4 m isolators. This information encompasses Steps
1–3 outlined in Figure 5. The following text will discuss the rest of the steps required to compute the MAFE, which will
be confirmed via extensive verification analysis in the next section.
Step 4 is the identification of the seismic hazard. Since the isolator bearings are R = 4 m and the ground motion IM

is Sa(Tiso), the period of vibration was computed as Tiso = 4.01s using Equation 1. With Tiso known, the seismic hazard
curve was identified (Step 5) for L’Aquila using the SHARE hazard model74 by performing a PSHA for Sa(Tiso = 4.01s)
using the OpenQuake engine75 and the results are shown in Figure 6. Also shown are the hazard curves correspond-
ing to other periods of vibration that may be investigated for other FPB isolator radii. Utilising the second-order seismic
hazard model fit in Equation 9, the coefficients for Sa(Tiso = 4.01s) are k0 = 8.18 × 10–7, k1 = 2.976 and k2 = 0.186
(Step 5).
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Step 9: Compute the MAFE of exceeding this 
displacement threshold, λΔ, from Eq. (10)

Step 1: Identify the site location 
and a suitable hazard model

Step 2: Identify what the design 
requirements for the isolation system 

are (i.e., displacement limit Δlim)

Step 3: Select an FPB device by choosing 
an initial R and μ

Step 4: Determine the IM by computing 
Tiso from Eq. (1)

Step 5: Get the hazard curve for s = Sa(Tiso) 
from PSHA and fit the model 

described by Eq. (9)

Step 6: For the selected R and μ, identify the 
demand-intensity model parameters γ, κ and βρ 

from Eqs. (5), (6) and (7), respectively

Step 7: With the demand-intensity model 
parameters computed, identify ρ from 
Eq. (3) for the displacement Δ = Δlim

Step 8: Compute the seismic vulnerability via median 
intensity Sa(Tiso) required to exceed Δlim from Eq. (2)

F IGURE 5 Step-by-step implementation of the proposed procedure

F IGURE 6 Mean hazard curves computed for a site in L’Aquila, Italy located at Longitude: 13.3995 Latitude: 42.3498 with a soil type of
Vs30 = 360 m/s, corresponding to stiff soil12
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Using the site hazard and candidate FPB isolator properties, the approach described in Section 3 was implemented to
estimate the MAFE of the target displacement threshold of Δlim = 0.4 m. From the ρ-Δ curves developed in Section 2.4,
the demand-intensity model coefficients and associated dispersion were computed in Step 6 as:

𝛾 = 𝑎1 𝜇
𝑏1 𝑅𝑐1 = 0.337(0.03)

0.808
(4.0)

1.02
= 0.08 (12)

𝜅 = 𝑎2 𝑅𝑐2 = 1.183 (4.0)
−0.088

= 1.05 (13)

𝛽𝜌 = 𝑎3 𝜇
𝑏3 𝑅𝑐3 = 0.857(0.03)

0.418
(4.0)

0.403
= 0.35 (14)

Knowing the displacement threshold and the demand-intensity model parameters, the median seismic intensity to
exceed Δlim = 0.4 m is computed in Step 7 and 8 as:

𝜌 =

(
Δ

𝛾

) 1

𝜅

=

(
0.4

0.08

) 1

1.05

= 4.57 (15)

𝑆𝑎 (𝑇𝑖𝑠𝑜) = 𝜌𝜇 = 4.57 (0.03) = 0.137𝑔 (16)

Knowing this median intensity and the dispersion value, the MAFE can be computed in Step 9 as:

𝜆Δ =
√

𝑝 𝑘
1−𝑝

0 [𝐻 (𝑠)]
𝑝
exp

(
0.5𝑝𝑘2

1
𝛽2
𝜌

)
=
√

0.96
(
8.18 × 10

−7
)1−0.96[

1.45 × 10
−4
]0.96

exp
[
0.5 (0.96) (2.976)

2
(0.35)

2
]

𝜆Δ = 1.895 × 10
−4 (17)

where:

𝑝 =
1

1 + 2𝑘2𝛽
2
𝜌

=
1

1 + 2 (0.186) (0.35)
2

= 0.96 (18)

𝐻 (𝑠) = 𝑘0 exp
(
−𝑘1 ln 𝑠 − 𝑘2ln

2
𝑠
)

= 8.18 × 10
−7

× exp
(
−2.976 × ln 0.137 − 0.186 × ln

2
0.137

)
= 1.45 × 10

−4

(19)

This value of MAFE for the given FPB isolator type and displacement threshold can be plotted as shown in Figure 7
via the red crosses. If the same exercise described above is repeated for many combinations of FPB isolator properties
and displacement thresholds, the demand-hazard curves shown in Figure 7 can be generated quite easily. This would
simply involve obtaining the site hazard curves corresponding to the different FPB effective curvature radii, which were
shown in Figure 6. Once obtained, the demand-hazard curves are easily computed by following the relatively simple
calculations outlined. These were computed for a range of FPB isolator types and displacement threshold and are plotted
in two different ways: Figure 7(left) highlights the impact on the MAFE for a given μ and different R values, whereas
Figure 7(right) shows the impact of μ for a given value of R. It can be seen how in order to reduce the λΔ below a certain
threshold, a designer would need to either decrease the R or increase the μ.
With such a set of demand-hazard curves, a designer may clearly see what the risk-based performance of any such

FPB isolation system would be and verify if the chosen system matches their performance requirements. That is, for a
given FPB isolator, such as the combination calculated above and plotted via the red cross in Figure 7, a designer may
evaluate whether the MAFE of exceeding the displacement threshold of 0.4 m is equal to λΔ = 1.895 × 10–4, which would
correspond to a return period of 5276 years, is sufficiently low. This displacement threshold may correspond to the FPB
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F IGURE 7 Demand-hazard curve for a range of FPB isolator combination types located in L’Aquila, Italy, where the curves (left) are for
a fixed value of μ whereas (right) is for a fixed R

device’s displacement capacity or the distance between the building’s base slab and the moat wall, which are limited
to prevent collision or pounding, or damage to piping or other elements that bridge the isolation layer, which has been
observed during the Kumamoto and Tohoku earthquakes in Japan.27
Likewise, for a given displacement threshold and target MAFE, a designer may compute these demand-hazard curves

and determine a feasible FPB isolator combination. For example, if a designer wanted to ensure a displacement threshold
of 0.3 m with a return period of 2475 years, Figure 7 shows that only FPB isolators with R < 6 m and μ > 3% would
suffice. However, it is recalled that the proposed method relies on the assumption of an elastic superstructure; for such
return periods, this assumption would need to be verified as some non-linearity in the superstructure may arise at these
intensities. For a less restrictive return period of 475 years, on the other hand, it is clear that all isolation systems would
satisfy the performance objectives for a displacement threshold of 0.3 m. Instead for amuchmore restrictive return period
of 5000 years and a displacement threshold of 0.3 m, Figure 7 shows that none of the FPB isolators would be suitable and
some other supplemental system would be needed.
As a check, if instead of utilising the closed-form expression in Equation 17 and the demand-intensity model is

directly integrated with the seismic hazard curve according to Equation 8 via the trapezoidal rule, the resulting MAFE is
λΔ = 2.051 × 10–4, which is herein termed the "exact" value, whereas λΔ = 1.895 × 10–4 and is termed the "approximate"
value computed previously. It can be seen that these two values are very similar and thus the closed-form expression to
estimate the MAFE is suitable for the purposes described here.

4.2 Verification analyses

What is interesting to note is that the results presented in Figure 7 were generated without any knowledge of the building
system that will be placed upon the FPB isolation system. In theory, it should be possible to construct various types of
building using the results presented here for the site in L’Aquila, provided that the superstructure undergoes little to no
inelasticity. This assumption of an elastic superstructure is important to bear in mind depending on the building code
adopted for the complete building verification. In particular, ASCE 7–1615 allows some non-linearity in the superstructure
meaning that the proposed approach should be used with care and its results verified using non-linear dynamic analysis
accounting for possible superstructure non-linearity. However, other codes like Eurocode 8,12 the Italian building code14
and the New Zealand guidelines16 recommend themodelling the superstructure as elastic, meaning the assumptions used
herein are reasonable, although these codes do in some cases allow for some slight non-linear superstructure behaviour.
This section aims to trial different systems with a different number of storeys and structural systems to see whether,

for a given isolation system and displacement threshold, the values of MAFE computed in Section 4.1 can be verified
via extensive dynamic analyses. This was done using four simple case study buildings, comprising both single storey
and six-storey structures, in addition to flexible moment-resisting frame (MRF) system and a much stiffer dual MRF and
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F IGURE 8 Illustration of the case study steel frame buildings

TABLE 1 Modal properties of the case study steel frame buildings

MRF CBF
1 storey 6 storey 1 storey 6 storey

T1 [s] 0.36 1.36 0.26 0.58
M1 [%] 73.7 72.8 99.1 91.8
Tiso [s] 4.00 4.13 4.00 4.00
Miso [%] 99.9 99.7 99.9 99.9

concentrically-braced frame (CBF) system. Thesewere evaluated assuming the FPB isolation system ofR= 4mand μ= 3%
using the site hazard of L’Aquila.
The building systems comprised a single storey and a six-storey steel MRF structure, whose design is described in Tsai

and Popov.76 Figure 8 illustrates the salient features of the buildings. Different configurations (i.e., short versus medium
height and stiff versus flexible) were hypothesised to quickly examine any potential impacts on theMAFE for the isolators.
To do this, the first storey of the six-storey building was simply modelled to create the single-storey structure and, in both
cases, diagonal concentric braces with a square hollow section of 200 × 200 × 12SHS were added. Numerical models of
each building were developed in OpenSees. The structural members were modelled as elastic frame elements and the
brace members modelled as truss elements; therefore, not anticipated to undergo any inelastic response. Table 1 lists the
modal properties of both fixed-base and isolated buildings, whereM1 is the percent of mass participating in the first mode
of the fixed-base structure, Tiso is the isolated building’s period and Miso is the percent of mass participating in the first
isolated mode. Tiso and Miso were obtained by setting the stiffness of the isolator bearings to the post-activation sliding
stiffness to mimic their behaviour once activated. Overall, it can be seen that the models are representative of low- to mid-
rise structures with fixed-base periods ranging from 0.26s to 1.36s, and examining their fundamental mode’s displacement
profile shows no stiffness irregularities along their height. Table 1 also shows how the Tiso of each building is equal to the
expected value of Tiso = 4s, except the six storey MRF, whose superstructure flexibility has a slight impact. It is interesting
to note that this follows a rule-of-thumb used in Japan where if the corresponding fixed-base building’s period is at least
four times shorter than the isolated period, the superstructure’s flexibility will not impact the isolated structure’s response.
Here, the fixed-base structure would need to have a period less than 1s ( = 4.0s/4) to not be affected, which is violated
only for the six storey MRF structure, which consequently has a slightly longer Tiso. What this means is that the response
of each structure is dominated by the first isolated mode and no significant contribution is anticipated from the second
mode response of the superstructure. When this second mode becomes significant, it may result in both higher and lower
isolator displacement demands due to the increased participation and contribution of the second mode to the overall
response, which would effectively increase the dispersion in the fragility function. Care should be taken when dealing
with taller structures outside the period range examined here and when the fundamental mode is no longer dominant.
Future work on a larger set of structuresmay investigate this potential contribution and its magnitude in the context of the
work presented here but readers interested in how higher mode contributions may be considered are referred to Priestley
et al.57 for further details.
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F IGURE 9 Illustration of the ground motions selected via the CS method for Sa(Tiso = 4.0s) at the case study site in L’Aquila for a 10%
probability of exceedance in 50 years. (A) FPB isolator displacements at each MSA stripe for the 6 storey MRF structure. (B) Fragility
functions for Δlim = 0.4 m exceedance estimated via the simplified procedure. (C) Comparison of the computed MAFE for each case study

(A) FPB isolator displacements at each MSA 
stripe for the 6 storey MRF structure 

(B) Fragility functions for Δlim = 0.4m 
exceedance estimated via the 

simplified procedure 

(C) Comparison of the computed MAFE 
for each case study 

F IGURE 10 Illustration of the risk analysis results

The FPB isolators were modelled using zeroLength elements in OpenSees, whose hysteretic behaviour followed that
illustrated in Figure 1, where isolator failure or collision with an exterior moat wall was not explicitly modelled and no
damping was modelled in these elements. Impacts of stick-slip breakaway and friction coefficient variation with velocity
and pressure were also not modelled.
To evaluate the seismic risk of these structures rigorously, MSA68 was used. This involved 40 ground motion records

being selected and scaled to match the seismic hazard disaggregation at several intensities via the conditional spectrum
(CS) method.77 In this study, the same PSHA results were used and the CS was generated for several intensities ranging
from a 90% to 0.01% probability of exceedance in 50 years, which represent a return period range of 22–4975 years. Ground
motion records were selected and scaled to match this conditional distribution and an example is shown in Figure 9. It
can be seen how the mean and distribution of the selected records matched the target hazard quite well.
With ground motion records selected and scaled to represent the seismic hazard at several intensities, the MSA was

run and the response of each case study building configuration was obtained. The EDP used in the analyses was the
maximum displacement of the FPB isolation system, so the displacement demand at the FPB isolation layer was known
for multiple ground motions at several intensities, as shown in Figure 10A. To estimate the seismic fragility, the number
of displacement threshold exceedances at each MSA stripe were counted as a fraction of the analyses run. That is, for the
Δlim = 0.4 m displacement threshold, the number of exceedances divided by the number of ground motions per intensity
stripe would correspond to the probability of exceedance. Figure 10B plots the empirical cumulative distribution function
of these fractions versus the intensities at which they were observed via the stepped lines. If a lognormal distribution is
assumed, the maximum likelihood method can be used to fit fragility functions. These continuous fragility functions are
also plotted in Figure 10B via the smooth lines, where it can be seen that the median intensity is very similar for each
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F IGURE 11 Demand-hazard curves for each case study building where the MAFE computed from MSA are compared to the proposed
simplified procedure

structure. Furthermore, this median value also corresponds well to that estimated using the proposed approach in Step 8
using Equation 16, indicating that it is indeed representative of different kinds of structures. The dispersion values were
observed to be 0.30–0.31, which also match the empirical value of βρ = 0.35 computed in Step 6 via Equation 14. Again,
this dispersion represents the uncertainty associated with record-to-record variability only. Other sources of uncertainty
could also be considered, as is typically done for other building typologies.78–80 Further work should be conducted to
give guidance on the anticipated values and sources of dispersion that should be used in practice for different structural
typologies.
By taking these fragility functions generated for each case-study building viaMSAand integrating themwith the seismic

hazard curve shown in Figure 6, the MAFE was computed. These are plotted in Figure 10C for each case, which vary
between 1.55 and 1.67× 10–4 alongwith the approximate and exactMAFEs calculated in Section 4.1, whichwere 1.895× 10–4
and 2.051 × 10–4, respectively. There is a very slight and conservative overestimation of the MAFE through the simplified
method. However, two important findings are clear. The first is that the seismic risk of exceeding the Δlim displacement
threshold is independent of the structural typology placed upon the isolation layer, though it must be stressed that this
is provided the superstructure remains elastic and is first-mode dominant. The second is that the simplified procedure
proposed in Section 3 can accurately estimate the seismic risk of isolated structures, again based on the same assumptions.
This means that designers can size and select their isolation systems and evaluate them in terms of displacement-based
risk quantities. It also means that the seismic performance of existing base isolation systems may be simply evaluated in
the same way (i.e., risk of displacement-based failure of the device).
If the same process outlined above for the displacement threshold of Δlim = 0.4 m is repeated and the MAFE at all dis-

placement levels is computed, the demand-hazard curve shown in Figure 11 is obtained. This shows the risk of exceeding
a given displacement threshold for a range of FPB device displacements. Designers may use such a curve to determine the
risk of different displacements being exceeded for a particular FPB isolation in a given site location. More importantly,
it shows how the proposed simplified method’s estimate of MAFE across all displacement levels matches the actual risk
computed via detailed analysis using numerical models and several ground motion records for each case study structure.
Thismeans that an excellent estimate of the risk of FPBdevice failure can be easily estimated using the proposed procedure
with a fair degree of accuracy across all displacement levels and without any detailed knowledge of the superstructure’s
structural configuration. This is reflected in how the demand-hazard curves obtained from all case study structures are
very similar, despite the notable differences in the superstructure’s typology. There is a slight deviation at higher displace-
ment values for the case of the six storeyMRF system, likely due to its increased flexibility (Table 1). It is important to note
that these case studies represent structural systems that are not explicitly designed to code requirements but are assumed
to remain elastic. This approach was followed to keep the results generic and not specific to a particular building code or
region. The results indicate that the proposed approach can simply estimate displacement-based risk in the isolator bear-
ings. In practical application, however, the relevant building code regarding device properties, dimensions and also the
superstructure design criteria must still be followed. More specific case studies could look to verify the results presented
here.
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5 DISCUSSION

From the case study implementation and validation presented in previous sections, it is clear that the proposed procedure
offers a simple and effective way of selecting FPB bearings as part of a risk-targeted seismic design or also the assessment
of existing structures with isolators. However, it is important to note that it focuses entirely on the performance of the
FPB device. The procedure and results presented strictly apply to single FPB with a uniform sliding surface, and the
extension of such an approach to other types of friction-based isolators would need further investigation. In design,
the overall performance of the building is of interest, meaning that the demand in the superstructure is also pertinent.
The proposed procedure is not intended to be a comprehensive method for isolated structures but rather a dependable
tool to ensure that the risk of device failure can be quantified and refined in an expedited manner, thus overcoming the
main limitations of the methods currently12,14–16 used. The complete seismic design of buildings must then still follow
dynamic verification analysis of the whole building to verify other performance requirements (e.g., storey drift or floor
accelerations). Still, a good starting design is always needed. In particular, the amount of base shear and accelerations
transmitted to the superstructure may be problematic from a structural and non-structural perspective.81 The magnitude
of these quantities can be controlled by changing the device properties or the target device displacement limit. Future
parametric studies can investigate the relations between these quantities to provide some prescriptive guidance. However,
it is important to note that past studies23–25,71 have looked at these excessive structural and non-structural demands and
potential structural collapse generally under the assumption that the FPB device has exceeded its displacement capacity
or has collided with the moat boundary wall. This is the type of problem that the proposed design procedure described
here aims to directly protect against via sufficient risk mitigation. Other proposals30,31 have focussed more on enhancing
the device displacement capacity by a fixed ratio without full consideration of seismic hazard uncertainty,82 which may
not be ideal in the overall risk mitigation.29
In cases where the isolated building’s superstructure demands cannot be adequately controlled, supplemental devices

may be considered to ensure sufficient overall building performance. Devices such as passive dampers and active or
semi-active control systems may be introduced. Past studies such as Zargar et al.83,84 have experimentally investigated
using a gap damper alongside an isolation system to reduce displacement demands. They found that while displacements
were effectively reduced as intended, the floor accelerations in the superstructure tended to be amplified. Other similar
approaches were trialled by De Domenico et al.85,86 to reduce displacements and noted a reduction in the accelerations
when different friction coefficient surfaces or shape memory alloy devices were utilised. Other kinds of isolator bearings,
such as triple friction pendulums,87 can offer advantages in terms of controlling the floor accelerations in the superstruc-
ture by providing a smoother backbone transition than that shown in Figure 1 via the use of multiple sliding surfaces.
Semi-active control systems88 may also be considered as a potential solution to the multifaceted nature of limiting force

and acceleration transmission to the superstructure of isolated structures. The flexible nature of these systems allows
different objectives to be targeted and may prove to be a viable solution. Furthermore, they may also assist in situations
where large near-fault pulses induce large displacement demands in the FPB devices. Other specialised devices to control
unwanted superstructure behaviour have been devised and implemented in Japan also, with some systems focussing
on moat wall buffers or combinations with rubber material and sliders, for example. This work shows that while the
proposed risk-based procedure presented here provides an accurate means to control FPB device response and risk of
failure, its combination with devices used to control other facets of the superstructure to maintain operability can be the
focus of future work.

6 SUMMARY AND CONCLUSIONS

This article has discussed the seismic design of single FPB isolation systems. It was seen how current design methods
offered in building codes around the world focus on a trial-and-error intensity-based approach to verify FPB device
suitability. This paper has developed a novel risk-based design methodology for FPB-isolated structures. It proposed a
closed-form and simplified probabilistic approach to assess the risk of failure based on device displacement response
by knowing just the site seismic hazard and the FPB device properties (i.e., dynamic friction coefficient and effective
radius of curvature). A large parametric study was carried out to facilitate such a simplified method, and an empirical
demand-intensity model characterising the seismic response of several FPB device combinations was developed. This
was done using spectral acceleration at a period directly corresponding to that of the isolator response once activated
since it was deemed a more suitable and efficient IM characterising FPB response.
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The proposed risk-based methodology was described in detail and presented step-by-step to allow easy implementation
in practice. A series of examples were tested whereby the displacement-based risk of failure was evaluated for a series of
case study structures. These comprised both short and tall along with stiff and flexible structures to assess the method’s
capability for structural systems with different dynamic properties. The proposed method’s ability to predict the mean
annual frequency of exceeding, or risk of failing, a given displacement threshold was then evaluated against a more robust
and computationally intensive approach. This involved the evaluation of the isolated structures’ dynamic response via full
numerical models at several seismic intensities using hazard-consistent ground motion record sets through MSA. These
results evaluated the demand-intensity model’s accuracy and the estimate of the risk of failure concerning a predefined
displacement threshold. Regarding the demand-intensity model developed here, it was seen how the predicted median
and dispersion of the fragility functions derived fromMSAmatched the predicted values from the demand-intensity mod-
els quite well. Furthermore, the risk was seen to be estimated with very high accuracy by the proposed method when
compared to extensive analyses.
As a result of this work and its case study example, the following concluding points can be made:

∙ This proposedmethodmeans that designers can size and select their FPB isolation systems in amore risk-awaremanner
using a straightforward tool. This is also more direct than current design methods utilised in building codes worldwide
that operate on a trial-and-error basis following numerical verification analyses. The proposed tool can be implemented
in just a few simple steps and allows practitioners to have a very good first trial before conducting their verification
analyses.

∙ Conversely, it also means that the risk of device failure (i.e., exceeding a known displacement threshold) in exist-
ing buildings in a given region can be quickly estimated to identify the isolated structures at an unacceptably high
level of risk. Again, this is with the knowledge of just the FPB isolation system (i.e., no superstructure information is
required) andwithout the need for any numerical analysis. This represents a powerful tool in the context of the regional
assessment of such building typologies.

∙ While not considered here, other sources of device uncertainty (e.g., velocity or heating effects and impacts of a super-
structure’s higher mode contribution) can be further investigated to provide more quantifications and specific design
guidance on how these aspects may be considered within such a simplified tool’s approach.

∙ Future efforts may focus on further consideration of the overall building performance and how it can be handled in the
context presented here. This includes the superstructure flexibility and possible non-linear behaviour and economic
losses due to moat wall or isolator boundary collision. The work presented applies to low to mid-rise structures whose
superstructure response is well-represented by first mode behaviour; its extension to taller buildings where the first
mode response is less dominant should be examined further also.
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