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Abstract

Seismically isolated systems are considered an effective solution to protect buildings and related content from
earthquakes, and consequently reduce seismic losses. However, code conforming seismically isolated structures may have
a seismic risk higher than expected target values. The reasons of this shortcoming are the lacks in the code prescriptions
and for reliable design procedures and safety coefficients. The aim of the study is to investigate the seismic reliability of
structural systems equipped with high-damping rubber bearings using a robust probabilistic framework in combination
with advanced numerical models for the isolation system. In particular, the superstructure response has been simplified
by using an uncoupled bidirectional elasto-plastic behaviour, while the nonlinear response of the rubber isolators has been
simulated considering a fully 3D model accounting for the coupled behaviour in large displacements. The use of a
simplified model for the superstructure allows to reduce the computational cost and to perform a parametric study by
varying the design parameters of both the isolation system and the superstructure. For each variated design condition, the
demand hazard curves expressing the mean annual rate of exceedance of a monitored response parameter, have been
provided. The results show a strong effect of the design parameters on the reliability of the system and confirm that
seismically isolated buildings designed by the minimum code requirements have a probability of failure higher than the
codes prescription.

Keywords: seismic isolation, rubber bearings, probabilistic analysis, structural reliability, Subset Simulation stochastic
model
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1. Introduction

This paper focuses on seismic base isolation, which is an efficient and widely used technique for passive
seismic protection of buildings and related content. This seismic solution is able to drastically reduce
nonstructural damages even in the case of a severe earthquake, notably enhancing the resilience of buildings,
thanks to the consequent reduction of the post-event recovery time. However, its ability to face exceptionally
intense seismic events without disproportionate consequences (robustness) notably depends on the design
criteria because base isolated structures are prone to brittle failure.

In particular, the system consists of two components, the isolation system and the superstructure, and
the failure of one of them may cause the collapse of the building. Both these components may exibhit a brittle
failure and the adequate choice of safety factors used in design is a key point to obtain a satisfactory safety
level. Unfortunately, code prescriptions for isolator materials, fabrication or qualifications are often inadequate
or even lacking [1]. Furthermore, prescriptions for displacement and strength capacity of bearing as well as
for superstructure strength are not consolidated and are still matter of discussion and deeper investigations [1].
Differently, in the case of traditional steel or concrete structures, procedures to make high quality structural
components are consolidated as well as safety coefficients to be used in the design. Moreover, they are based
on redundant and ductile systems able to redistribute the structural damage, resulting in robust structures able
to face exceptional events. As a result, while code conforming traditional solutions are characterized by
adequate reliability levels, code conforming base-isolated structures may show reliability levels below the
target suggested by the design codes. For example, American code [2] prescriptions for seismic design requires
an “absolute” collapse probability lower than 1% in 50 years, as also illustrated and commented in [3]. In order
to assess whether the probability of collapse of structures is under the target reliability level, risk analyses must
be carried out by using probabilistic approaches. Recently, probabilistic risk analysis have been performed for
base-isolated structures equipped with different kinds of isolators [1][4][5][6][7][8], as well as for structures
equipped with dissipation devices, characterized by similar problems [9][10][11][12][13].

In this paper, an isolation system based on HDR (High Damping Rubber) bearings is considered. The
aim is to investigate the seismic reliability of structural systems equipped with HDR bearings designed
according to the European code on anti-seismic devices [14], which provides prescription for material,
fabrication quality control and factory production tests of isolators, as well as some design recommendations.
In particular, the study focuses on the influence of design rules in the system reliability and to this purpose a
parametric analysis has been carried out by using a simplified tridimensional model. The model is composed
of an uncoupled bidirectional elasto-plastic model describing the superstructure response, and a refined
nonlinear model describing the tridimensional response of the rubber isolators and accounting for the coupling
between vertical and horizontal response in large displacements [15][16][17]. The use of this simplified model
reduces the computational effort required by advanced reliability analyses without a significant loss of
accuracy in the results. This allows the development of a parametric study by varying the design parameters
of both the isolation system and the superstructure. In particular, the varied parameters are the maximum shear
deformation at the design condition, for what concerns the isolation system, and the response modification
coefficient and the over-strength factor, for what concerns the superstructure. The influence of the above
parameters on the seismic response of the system is evaluated by providing a comparison in terms of demand
hazard curves for the two main engineering demand parameters: the maximum displacement of the
superstructure and the maximum shear deformation of the isolation system. To this aim, a stochastic model is
used for the seismic input and probabilistic analyses are performed via Subset Simulation, which is an efficient
and robust tool useful for achieving accurate estimates of the risk up to very small failure probabilities.

2. Parametric analysis
2.1. Numerical model

Due to the high computational effort, a simplified model has been considered in this study to simulate
the base-isolated structure. The model is based on the concept of the 2-DOF model originally proposed by
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Kelly [18], where the superstructure is condensed in a single mass. Consequently, two masses m and m;
represent respectively the superstructure and the base mass, for a total mass of M = m+m,. However, since a
bidirectional input has been used in this study, the original model has been extended by using a bidirectional
model for the superstructure and a full three-dimensional model for the isolation.

T HDR
o bearing

Fig. 1 — Isolation model

More in detail, the Kikuchi bearing element available in the Opensees software [19] has been used for
the simulation of the mechanical behaviour of elastomeric bearings. It is a fully coupled tridimensional model,
where the response is described by means of a two distribution of axial springs at the top and bottom ends of
the element and a radial distribution of shear springs at the mid-height of the element [15]. The equilibrium
equations of the element are written in the deformed configuration to take into account the coupling of the
vertical and horizontal behavior, as originally proposed by Kelly [20]. In this study a single bearing has been
modeled; consequently, the mass and the weight relevant to the bearing have been assigned to the simplified
structural model. Considering a rigid diaphragm above the isolation level, the model is a good approximation
of the real behavior of low-medium rise isolated building, where the superior modes take no role in the seismic
response and the rocking effects are negligible. The superstructure has been modelled by two uncoupled elasto-
plastic springs with stiffness ks and yielding force Fy, describing the behaviour of the superstructure frame
along the two main horizontal directions. A stiffness proportional damping is also provided to the
superstructure.

The case study assumed in this paper is representative of low-medium rise buildings, where the
superstructure has a fixed base period of 0,5s and a damping factor of 2%, typical of reinforced concrete
structures equipped with seismic isolators [21]. In particular, considering a 4 floors building with 1 kNs"2/m?3
distributed mass for each floor (5 floors including the base floor above the isolation system) with 2 x 4 spans
of length of 5m (for a total of 15 columns and thus 15 bearings) the total mass of the building is 1000 kNs*2/m.
Consequently, the mass on a single bearing is 66.7 kNs*2/m. The ratio between the condensed mass of the
superstructure and the total mass of the system has been assumed equal to 0.6, which is a value representative
of the described building. Then, the superstructure stiffness has been selected in order to obtain the target
period of the superstructure with the assumed mass.

Finally, the dimension of the bearing and the yield force of the superstructure have been obtained by
following the design procedure described in the next section. Different assumptions have been made in order
to cover a range of real situations and in order to investigate the influence of the design choices on the seismic
risk of base-isolated structures.
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2.2. Design the base-isolated system

The isolation bearing has been designed in order to obtain an isolation period equal to 7:=3 s. The design
have been carried out using a set of 10 accelerograms representative of the seismic demand at the design rate
of occurrence of 2-107, typical of the Ultimate Limit State (ULS) of the Eurocode 8, as prescribed by the
European standards [14][22]. For the parametric study three values of design shear deformation have been
considered: ya=1, ya=1.5 and yq4=2, lower than the limit of 2.5 imposed by the code on anti-seismic devices
[14]. In particular, the height and the diameter of the isolation bearing (4; and D;) have been determined
iteratively in order to obtain a value of the average maximum shear strain as close as possible to the design
one. For the bearing the rubber X0.4S has been used [23], whose equivalent linear parameters [14] are
illustrated in Figure 2, as a function of the shear strain.
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Fig.2 Equivalent linear parameters of the rubber X0.4S

Results of the design are summarized in Table 1, where the number and thickness of the single rubber
layer are also reported. For completeness, also the compression stress is reported. All values are such that the
stability verification is satisfied, according to the Eurocode on anti-seismic devices [14].

Table 1 — Dimensions of the isolation bearings

}/is his DZ tr n (e
(ml | (m] | [m] |[-]|MPa
1 | 0.196 |0,431|0,0031|64| 4.46
1.5] 0.132 |10,391|0,0028 |47 | 5.45
2 1 0.097 10,357]0,0026 |38 | 6.53

As already mentioned in the introduction, another important design parameter of isolated buildings is
the superstructure strength, which depends on the seismic demand at the design condition, i.e. the total force
acting on the superstructure (or superstructure base shear). The Eurocode [22] allows to reduce the design
value of the base shear by a behaviour factor ¢ in the range [1, 1.5]. The two extreme cases have been
considered in the parametric analysis. Furthermore, it is expected that the actual elastic limit of the structure is
larger than the design value. This is due to safety factors applied to material strengths and structure redundancy.
Usually, the over-strength ratio £, expressing the ratio between the actual elastic limit and the design strength,
is approximately equal to 1.5 [24]. Non-structural elements may also notably contribute to increase the elastic
limit, especially in the case of strong infill panels, and the over-strength factor may grows up to value of2.5
[7]. The two parameters (behaviour factor ¢ and over-strength ratio ) can be combined in the ratio £2/g to
express directly the ratio between the actual strength capacity and the seismic demand of the superstructure.
Table 2 shows all the case studies analysed with the different values of the ratio /g assumed in the parametric
analysis, considering different combination of ¢ [1,1.5] and 2 [1.5,2.5]. The yield force of the superstructure
model obtained by applying the design procedure is also reported for each analysis case.
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Table 2 — Superstructure parameters for the analyzed cases

% |24\ Fy
[-] | [-] | [kN]
20138
1,5 1 | 36
11|33
2 115]| 57
1,5 1.5 | 54
1 15| 49
2 125] 95
1,5/ 2.5 90
125 82

3. Probabilistic approach
3.1 Demand hazard curves

This section describes the tool used to estimate the demand hazard curves for the main response
parameters of isolated systems, describing the mean annual frequency (MAF) of exceedance of the considered
parameter according to the selected hazard. In particular, the evaluation of the demand hazard according to the
unconditional approach can be formalized as follows:

vp(d) = vGp(d) 6]

where vV denotes the MAF of occurrence of at least one event within the range of intensity levels of interest,
which is a function of the recurrence law for the seismic source, and G, (d) = P[D > d] is the probability of
exceedance of the demand d, given the occurrence of an earthquake of any intensity.

Obviously, in order to generate a demand hazard curve, v, (d) must be estimated for different values
of the demand, up to very low exceedance probabilities. In this study, the demand hazard curves are estimated
via Subset Simulation [25]. The basic idea behind this advanced simulation technique is to express the rare-
event probability Gp(d;) in terms of the product of larger conditional probabilities, by introducing
intermediate exceedance events corresponding to lower threshold values di<d»<...<d,. In the analyses, the
original implementation [25][26] of the method is employed. This relies on the Markov Chain Monte Carlo
algorithm and the Metropolis—Hastings sampler to efficiently and adaptively generate samples conditional on
the intermediate failure regions and thus gradually populate from the frequent to rare event region. Assuming
a fixed value po for the conditional probabilities of exceedance of the various thresholds, each time a set of 7
samples is generated through the Metropolis—Hastings algorithm (standard Monte Carlo simulation for the first
threshold), and the corresponding demand threshold d; is simply evaluated as the (1-po)ngn-the largest value.
The exceedance probability of the i-th threshold, computed by carrying out i-times the product of the same
probability po, is po', for i=1, 2, ..., [, and the lowest obtained value of the failure probability is pol .

The results obtained by Subset Simulation are practically unbiased and on average they converge to the
reference results furnished by the robust direct Monte Carlo simulation.

3.2 Seismic hazard and stochastic ground motion model

The adopted seismic hazard is representative of an Italian high seismicity zone. Similarly to [27][28][29]
the seismic scenario is described by a source model characterized by two main random seismological
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parameters, namely the moment magnitude M, and the epicentral distance R. A Gutenberg-Richter recurrence
law [30] is used to describe the magnitude-frequency relationship of the seismic source:

Vi (m) — 10(a—bm) (2)

in which the parameter a accounts for the mean number of earthquakes expected from the seismic source,
while the parameter b is a regional seismicity factor governing the proportion of small to large earthquakes.
The assumed recurrence law, bounded within the range of magnitudes of interest [mg, mm«], leads to the
following probability density function (PDF) of the moment magnitude [29][30]:

e_ﬁ(m_mo)

fu(m) = f - 3)

—e =B(Mmax—mo)

being B = b* log.(10), my the magnitude value below which non-significant effects are expected on the
structures, and m...x the physical upper bound of the magnitudes expected from the source. In this application,
it is assumed mgp = 6, Mmax = 8, a= 3.5 and b=0.8. The epicentral distance is modelled according to the following
PDF:

2r fr<
—ifr<r
fr(r) = Tmax max 4)
0 otherwise

which is obtained under the hypothesis that the source produces random earthquakes with equal likelihood
anywhere within a distance from the site 7,.x = 70 km, beyond which the seismic effects are assumed to become
negligible. The soil condition is described by a deterministic value of the shear-wave velocity parameter Vo
= 255 m/s, representative of deformable soil condition [31].

The Atkinson-Silva [32] source-based ground motion model is used to describe the attenuation from the
source to the building site. This model, combined with the stochastic point source simulation method of [33],
is employed to generate ground motion samples conditional to the samples of M, R. Fig. illustrates the ground
motion total radiation spectrum A () (i.e., the Fourier spectrum), and the time-envelope function e(?), obtained
for different earthquake moment magnitudes m (5, 6.5, 8) and a fixed epicentral distance =20 km.

For the simulation of two horizontal ground motion components, the stochastic model is modified as
suggested by [34], according to which the radiation spectra can be considered to have the same shape for the
two horizontal orthogonal directions, but the intensities are scaled by two different scaling random parameters
(random scaling disturbance €, €2) generated as samples of a multivariate lognormal distribution with zero
mean, standard deviation o = 0.523 (similarly to what suggested by [27] for unidirectional seismic actions)
and correlation p = 0.8 [35]. This way, the target radiation spectra along directions 1 and 2 will be equal to
Ai(w)=¢e14(®) and 4>(®)=e4(®).

The random scaling disturbance (&1, €2), together with the Gaussian white noise process ensure the
ground motions record-to-record variability to be accounted for. In particular, for each earthquake sample a
Gaussian white noise signal is generated and, after being windowed through the envelope-functions e(?) (Fig.
b), its normalized frequency spectrum is applied to the target radiation spectrum (Fig. a), thus providing the
variability of the energy content within the frequency domain. Such variability is further amplified by the
lognormally-distributed multiplicative factors (g1, €2) of the radiation spectra. The resulting overall variability
provided by the model is shown in Fig. a, in which the spectra of three earthquake samples corresponding to
the same pair of magnitude and distance (i.e., m = 7 and » = 20 km) are depicted in different colours. It can be
observed how the Fourier spectral amplitudes differ sample-by-sample, with peaks randomly distributed over
the frequencies, although on average the trends are fully defined once the input parameters are fixed (M, R,
Vs30, €1, €2). For the sake of completeness, the acceleration time series corresponding to the three aforesaid
spectra are also plotted in Fig. b.
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Fig. 3 a) Radiation Fourier spectra and b) time-envelope functions for » = 20km and different M values.
Source: Scozzese et al. (2019) [10]
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Fig. 4 a) Radiation Fourier spectra and b) acceleration time series for 3 simlations with m =7 and » = 20 km.
Source: Scozzese et al. (2019) [10]

3. Results of the probabilistic analysis

Fig. 5 illustrates results of the probabilistic analysis carried out on the simplified structural systems
representing base-isolated bindings designed by assuming different design choices, as previously illustrated.
Results are in terms of demand hazard curves of the monitored response parameters, expressing quantitatively
the reliability of the isolated building, i.e. the MAF of exceedance of the response parameters. In particular,
demand hazard curves in terms of maximum bearing shear strain y;s, in any direction are reported on the left
side of Fig.5 (a,c,e) for the different design situations, whereas on the right side (b,d,f) results refer to the
maximum relative displacement in the x or y direction of the superstructure uy, according to the decoupled
model of the superstructure.
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Fig. 5. Demand hazard curves of yis, and u; for different y; and Q/g design values

The first remark refers to the bearing shear strain at the design hazard level corresponding to a MAF of
2-107 (dotted horizontal line). As expected, all the curves of yi, (Fig.5 a,c.e) intercept the design MAF close
to the corresponding design shear deformations (y«=1, y4=1.5 and y4=2 for the three cases analyzed). A limit
of shear strain of 4 is highlighted in the figures, representing both the limit of the numerical model employed
but also a limit for shear strain capacity of HDR bearings, according to the available literature [8][36][37]. It
is evident that only in the case of y¢=1 (black curves) is possible to achieve the reliability level corresponding
to 1% of probability of failure in 50 years, i.e. a MAF of 2-10*, which is the maximum level permitted by
seismic codes [2][3]. The ratio between shear strain value at the target MAF and the value assumed in the
design is the minimum safety factor to be applied in order to ensure the target reliability. For the case of yq =1
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and Q/g=1 (Fig. 5a) this safety factor is about 3.5. Slightly larger values are obtained for the cases with 2/g=1.5
(Fig. 5¢) and Q2/¢=2.5 (Fig.5¢), showing a reduced but not negligible influence of this parameters on the
isolation displacements. It is important to highlight that all these values are significantly larger than the
amplification coefficient suggested by the European code on anti-seismic devices [14] to check the horizontal
displacement capacity of the bearings. In fact, the code prescription is to carry out a ramp test up to a
displacement equal to the design displacement amplified by two factors: a magnification factor yx aimed at
increasing the reliability of the structural system and a further partial factor yp. For elastomeric bearings used
in base-isolated buildings these factors are 1.2 and 1.15, whose product is significantly lower than value
obtained from the risk analysis. As also observed by other authors [1], smaller amplification factors would be
obtained by assuming a design seismic hazard with a smaller MAF [2][39].

The hazard curves of the superstructure relative displacement are illustrated in Fig. 5b,d,f for the
different values considered of the ratio £24g. The limit highlighted in the figures corresponds to a superstructure
relative displacement of 0.16m, i.e. an average inter-storey drift of 2% of the story height for the considered
case study building. It is noted that, increasing the over-strength ratio the yielding of the superstructure
(identified by the bending point in the curve) moves closer to the reliability target. Anyway, the MAF of the
superstructure yielding is always higher than the reliability target. After yielding all the hazard curves strongly
change the slope and a little change in the MAF strongly increase the deformation demand of the
superstructure. However, this demand decreases as the ratio (g increases and becomes feasible in the last
case with £2¢=2.5. Only in this case the superstructure relative displacement does not exceed 0.16m which
guarantees the absence of collapse for a low-ductility superstructure. These results confirm that the ductility
demand of isolated structure can very high [40], especially in the case of a limited over-strength. Finally, it
can be also observed that also in this case the design shear strain of the isolation system has a smaller influence
on the superstructure displacement, even if not negligible.

5. Conclusions

In this study the seismic reliability of structural systems isolated with high-damping rubber bearings has
been investigated, using a robust probabilistic framework in combination with advanced numerical models for
the isolation system. In particular, the superstructure response has been simplified by using an uncoupled
bidirectional elasto-plastic behaviour, while the nonlinear response of the rubber isolators has been simulated
considering a fully 3D model accounting for the coupled behaviour in large displacements. A parametric study
has been carried out by varying the design parameters of both the isolation system and the superstructure. For
each variated design condition, the demand hazard curves have been provided expressing the mean annual rate
of exceedance of a monitored response parameter. The results show that, for the hazard selected in this work,
the probability of failure prescribed by the codes is attained only if the design shear strain of the bearings is
much lower than displacement capacity. Then, during the design phase a safety factor significantly higher than
the one defined by the code should be applied to the displacement capacity in order to obtain the design shear
strain value or, alternatively, a larger hazard should be used as design action. Another interesting result is that
the superstructure can achieve the target reliability level only in the case with the largest over-strength and
that, even in this case, after the yielding a ductility capacity is required to the superstructure. However, these
results should be confirmed by using a more advanced model of the superstructure. Furthermore, the obtained
results for both the structural system components (isolation system and superstructure) are strongly related to
the characteristics of the hazard selected for the analyses, thus different input should be accounted for in order
to obtain more general conclusions.
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