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Abstract: Seismic isolation decouples the modal characteristics of the structure from those of the ground
motion, thus reducing structural demands, particularly under intense earthquakes. Seismic isolation is
particularly beneficial when used for strategic facilities such as hospitals, as it often allows the building to
remain operational in the aftermath of an earthquake-related disaster. Although the use of these devices is
widespread in earthquake-prone regions, there are still open issues that require to be studied. These open
issues include the performance and reliability of the seismic isolation systems when subjected to earthquakes
with characteristics that are different than those considered during the design. The present study investigates
the seismic performance of a case study isolated hospital with a high-damping rubber compound in Santiago,
Chile, considering sets of ground motions generated by either megathrust subduction or crustal fault
mechanisms. A 3D finite element model of a case study hospital is developed in OpenSees. Sets crustal
ground motions resulting from earthquake rupture scenarios on the San Ramon Fault are generated by the
UCSB method, which involves simulating a synthetic earthquake source with specified temporal and spatial
slip on the fault. Successively, sets of ‘equivalent’ recorded subduction ground motions are selected.
Incremental Dynamic Analyses (IDAs) are used to compute different local and global Engineering Demand
Parameters (EDPs) considering records from the two types of events (subduction vs. crustal), both considering
and not considering the vertical component of the ground motion. The results show the paramount importance
of considering different seismic sources to better understand/predict the seismic response of isolated
structures.

1. Introduction

The subduction zone between the Nazca and South American plates, capable of generating megathrust
earthquake events, strongly governs the seismicity of Chile. Some of the largest magnitude historical
earthquake events have been registered in that region, including the Mw = 9.5 1960 Valdivia Earthquake, the
Mw = 8.8 2010 Maule Earthquake, and the Mw = 8.2 1906 Valparaiso earthquake (Ruiz S and Madariaga,
2018). The 1960 Valdivia Earthquake was the largest magnitude earthquake ever recorded. The epicentre
was located near Lumaco, approximately 570 km south of Santiago, with an estimated rupture length of over
1,000 km, being Valdivia the most affected city. The economic losses are estimated to lie between four and
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eight billion USD (adjusted to 2022 for inflation), while thousands of casualties were documented. The 2010
Maule Earthquake occurred off the coast of Central Chile in February 2010, with a recorded intense shaking
of around three minutes. It was perceived as strong in six Chilean regions (from Valparaiso to Araucania),
which comprise 80% of the country’s population. Official sources stated that about 9% of the population in the
affected regions lost their homes. The estimated total losses are estimated between $15 to $30 billion USD.
The 1906 Valparaiso Earthquake was a result of a 400 km long rupture on the tectonic plate boundary, which
resulted in widespread destruction and damage throughout Central Chile, from lllapel to Talca. This kind of
subduction megathrust events have influenced the development of national design standards (INN 1996, INN
2013), and have pushed Chilean structural design towards non-conventional solutions to improve the seismic-
resiliency and operativity of strategic infrastructure in the aftermath of a strong earthquake (de la Llera et al.
2015; de la Llera et al. 2017; Simpson et al. 2018, Freddi et al. 2021).

Some of these solutions involve the use of seismic isolation systems, which allow minimising the structural
and non-structural damage and allow the building to remain operational after a seismic event. This is
particularly relevant for buildings that are essential in the disaster response, such as hospitals. In fact, several
studies have demonstrated that base-isolation is highly effective in protecting new and existing structures from
earthquake demands from the subduction region. Many of the most recent applications involve the use of Lead
Rubber Bearings (LRBs) or High Damping Rubber Bearings (HDRBSs) along with Low-Friction Sliding Bearings
(LFSDs), which allow achieving long fundamental periods on the superstructure while simultaneously allowing
the control of the eccentricities that would result on global torsional effects and excessive deformation
demands on the corner and edge isolators. Moreover, the isolation system significantly reduces the demands
transferred to the superstructure, which improves the performance of the building in both service and ultimate
limit states (de la Llera et al. 2004). Yet, most of these structures have been designed by considering the
earthquake hazard from the subduction region, while the intraplate seismicity is often overlooked.

Nonetheless, considerable efforts have been made to characterise the seismicity of intraplate crustal faults
that are a potential seismic threat to the region, particularly to Santiago. One example of this is the San Ramon
Fault (SRF), a 35 km crustal fault that lies on the Eastern edge of the urban footprint of Santiago in a North-
South direction (-70°30’ longitude), and dips to the east on an angle of about 55° (Diaz et al. 2014). This fault
is considered potentially active (Armijo et al. 2010), yet the amount of energy that can be released in a single
event is a matter of debate among seismologists; therefore, its potential impact on the city of Santiago is
uncertain. Although the earthquake magnitudes from events originated by the SRF are not comparable to
those of the subduction region, its proximity to the city of Santiago makes its study highly relevant.

To investigate this issue, the present paper compares the seismic performance of a real case study isolated
hospital equipped with HDRBs and LFSBs in Santiago (Figure 1), considering sets of two and three-
dimensional ground motions generated by either the megathrust subduction region or the SRF.
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Figure 1. (a) Plan view of the Metropolitan region; and (b) schematic cross-section East-West, including a
schematic representation of the San Ramon Fault.

For this purpose, a set of 3-dimensional crustal synthetic ground motions is generated using the UCSB method
(Crempien and Archuleta 2017), simulating synthetic earthquakes originated by the SRF, with specified
temporal and spatial slip on the fault. In particular, this simulation assumes a moment magnitude M,, = 6.5, a
corner frequency of the moment-rate spectra f, = 0.14 Hz, and an average rupture velocity V. = 3.0 km/s.
These assumptions are considered representative of a potential earthquake scenario at the SRF. In addition,
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a set of 3-dimensional ‘equivalent’ subduction ground motion records are selected to match the spectral mean
and dispersion in the logarithmic scale. A total of 16 multi-dimensional records are considered for each of the
2 sets. A detailed 3-dimensional model of the case study hospital is developed in OpenSees (McKenna et al.
2000), including detailed modelling of the seismic isolation system. The numerical model is subjected to the
ground motion records on each set through non-linear time-history analyses to investigate the structure’s
seismic response. Relevant local and global Engineering Demand Parameters (EDPs) are considered and
compared to design capacity limits. This study highlights the importance of considering nearby seismic sources
to better understand the performance of the structure, particularly when the design was carried out without
considering them.

2. Case Studies Structure & Finite Element (FE) Modelling

1.1. Case Study Structure

The chosen hospital for this case study is situated in downtown Santiago and underwent significant renovation
between 2013 and 2014. The revamped structure consists of two adjacent reinforced concrete (RC) moment-
resisting frame buildings. The primary building, central to this research, boasts a subsurface portion with two
basements featuring robust retaining shear walls along the perimeter. Its superstructure comprises three
stories, characterized by a regular orthogonal grid of moment-resisting frames spaced 8.00 meters apart. The
isolation level is positioned at the junction of the substructure and superstructure and encompasses 33 HDRBs
(High-Damping Rubber Bearings) and 19 LFSBs (Lead Rubber Bearings). The structure is located in seismic
Zone 2 with soil type 2 (very stiff gravel) (INN 2013). Concrete of grade C25 with compressive strength f” =
25 MPa and A630-420H grade steel bars with a yield stress f, = 420 MPa were employed in the design. Figure
2 illustrates the structure’s layout plan and elevation view, highlighting the placement of various isolator devices
and providing details on the HDRBs utilized in the design. The seismic isolation system was devised in
accordance with the NCh2745 code design spectrum, representing events with a 10% exceedance probability
over 50 years (PGA = 0.4qg). Furthermore, the stability of the devices was validated for maximum earthquakes
with a 10% exceedance probability over 100 years (PGA = 0.48Q).
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Figure 2. Case-study hospital building: (a) plan view of the isolation system; (b) typical elevation of the
isolated structure; and (c) scheme of the HDRBs.

The 33 HDRBs have external and internal diameters of 650 mm and 100 mm, respectively, a height of 247mm,
and are characterised by nominal elastomer shear modulus G = 3.924 MPa. The design and the maximum
total displacements for the isolators are 239 mm and 249 mm, respectively. Also, the design limits for the short-
term axial forces in the HDRBs were assumed as 1.18 MPa in tension and 22.56 MPa in compression. At the
design displacement, the damping ratio of the rubber must be larger than 9%, and the horizontal stiffness must
be within the range between 764.92 kN/m and 1029.70 kN/m. On the other end, the 19 LFSBs have diameters
of 350 and 450 mm, and are characterised by a nominal friction coefficient between 5-7% for velocities
exceeding 150 mm/s. The maximum axial stresses for the sliders are 15 MPa and 22 MPa, respectively, for
long- and short-term loads.
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1.2. Finite Element (FE) Modelling

Figure 3 shows the 3D FE model of the case study structure that was developed in OpenSees to conduct time-
history analyses under the two sets of GM records. The modelling focused only on the superstructure.
Modelling of the substructure was neglected as preliminary analyses revealed that, as a consequence of the
large stiffness provided by the retaining shear walls, the contribution of the substructure to the dynamic
response of the whole building is negligible. Additionally, to reduce the computational efforts required by the
analyses, beams and columns in the superstructure (i.e., structural elements above the isolation layer) are
assumed to behave elastically and thus modelled as ‘elasticBeamColumn’ elements (Ec = 23,500 MPa). This
assumption is sustained as these elements were confirmed not to overpass their yielding capacity. A
‘rigidDiaphragm’ constraint is included on the nodes at each floor level to represent the diaphragm effect
provided by the RC slabs, including the floor above the isolation layer. The gravity load and the seismic mass
used for the non-linear time-history analysis correspond to the self-weight plus 25% of the live loads according
to the Chilean code (INN 1996) and were uniformly distributed on the slabs at each floor.

) A " — Beams and columns
Slabs a— — (elasticBeamColumn)
(rigidDiaphragm) ' I

LAY

I

Sliders 3
(twoNodeLink) -100

Figure 3. Case-study building: (a) 3D view of the FE model, and (b) shear force-lateral displacement
hysteresis of the HDRB model.

The HDRBs were modelled using the 2-node ‘HDR’ bearing element in OpenSees, which uses the model
proposed by Grant et al. (2004) for simulating the shear response, and by Kumar et al. (2014) for cavitation
under tensile loads. Linear and uncoupled responses were assumed for the axial response and the other three
rotational degrees of freedom. Similarly, the LFSBs were modelled by the ‘twoNodeLink’ element with the
uniaxial ‘Elastic’ material in both directions, as it is assumed that their shear stiffness remains largely constant
within the drift values considered in this study. A Rayleigh damping model was used for the damping matrix of
the superstructure, with a critical damping ratio of 2% for the first two natural vibration modes. This damping
only applies to the superstructure as the isolation layer's energy dissipation is explicitly modelled.

3. Ground Motions (GMs) generation and selection

This section describes the generation of the crustal GMs and the selection of subduction GMs records used
for the non-linear time-history analyses of the case-study structure.

1.3. Crustal ground motion (GM) records

Crustal GMs originated by the rupture of the SRF have been generated by the UCSB method (Liu et al. 2006;
Schmedes et al. 2013; Crempien and Archuleta 2015; Crempien and Archuleta 2017). This is done by
simulating a synthetic earthquake source with specified temporal and spatial slip on the fault. To propagate
waves away from the fault, the procedure relies on the discrete wavenumber technique proposed by Zhu and
Rivera (2002), which computes appropriate Green’s functions based on a 1D layered velocity structure. The
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moment magnitude (Mw), the corner frequency of the moment-rate spectra (fc), and the average rupture velocity
(Vr) were assumed equal to 6.5, 0.14 Hz, and 3.0 km/sec, respectively. The corner frequency was forced to
have a value consistent with the scaling of this parameter with the magnitude, as proposed by Aki (1967),
while the rupture velocity was assumed to be independent. The spatial characteristics of final slip, rise-time,
peak-time, and rupture velocity on the fault were prescribed based on a von Karman power spectrum
correlation structure, with the parameters proposed by Crempien & Archuleta (2015) guiding the correlation
structure of the rupture parameters. The fault dimensions were scaled using the relationship proposed by
Leonard (2010), which yields a length of 20 km, and a width of 10 km, for the considered Mw 6.5 earthquakes.
To account for uncertainties in the GM and by utilising the simulated earthquake source parameters, a total of
16 GM rupture scenarios were produced and computed at the specific location of the case study hospital.

1.4. Subduction ground motion (GM) records

Subduction GMs have been selected to be ‘equivalent’ to the crustal records in terms of the response spectra
of their horizontal components. The selection procedure is summarised by the following steps:

1. The maximum direction response spectrum (RotD100) is computed for each crustal GM, considering
a damping ratio of § = 5% and 50 vibrations periods distributed uniformly (in logarithmic scale) between
0.01 sand 5.00 s;

2. The mean (in logarithm scale) RotD100 spectrum is computed for the crustal records response spectra
at each vibration period;

3. An initial pool of candidate GMs is obtained from the SIBER-RISK seismic database?!, and their
RotD100 response spectra are computed,;

4. A scaling factor a>* is computed for each candidate subduction record as shown in the following Eq.

(1):

cu
ask = 7;'1:1 Sa* (7)) (1)
k
j=1Sa" (T)
where S;* is the mean RotD100 response spectrum of the crustal records, Sj"‘ is the RotD100 response
spectrum of the k-th subduction candidate GM and T;’s are the periods in the range of interest. Under this

condition, only candidate GMs that required a scaling factor between 0.25 and 4.0 were initially considered,;

5. One subduction record is selected for each crustal one by computing the sum of squared errors (SSE)
between a scaled candidate subduction GM (a¥* 55*) and the target crustal GM (&%), in the range of
periods of interest (T};), as shown in the following Eq. (2):

n

SSE,, = Z (n (s£(7;)) = In (e sg"‘(Tj)))2 @)

j=1

6. The candidate record with the lowest SSE value is then selected.

By following this approach, the set of selected subduction records closely matches the crustal GMs set in
terms of the mean and variance of the RotD100 response spectra. It is worth mentioning that the vertical
component is not considered in the selection process but is instead selected as an afterthought and scaled by
the same factor used for the horizontal components.

Figure 4 shows the comparison between the response spectra of the set of records for the crustal and
subduction GMs in red and black lines, respectively. Bold solid lines represent the mean spectra of the natural
logarithm of the accelerations, while the bold dotted lines represent the mean spectra + one standard deviation.
The figure shows how the two sets of records are comparable in terms of horizontal spectral accelerations.

1 https://www.siberrisk.cl/
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4. Dynamic Response and Performance Assessment

Figure 5 shows and reports the natural vibration modes and fundamental periods of the isolated structure. The
first two vibration modes are, respectively, in the X- and Y-directions and have long and almost identical lateral
vibration periods (i.e., T1 = 2.849 sec and T2 = 2.845 sec) due to the presence of the isolation system. The
third mode of vibration is torsional and also has a long period but slightly stiffer (i.e., Ts = 2.719 sec). The
higher natural vibration modes are translational (i.e., Mode 4 and 5) and torsional (i.e., Mode 6) and are
characterised by similar vibration periods.

The time-history analyses are carried out by considering the two sets of 16 GM triplets, as detailed in previous
sections. For the crustal GMs, the two horizontal components were applied, considering the real orientation of
the case-study structure with respect to the seismic sources. Conversely, the subduction GMs records were
applied considering the orientation of the records measured at the stations. The following part of the paper
describes and compares the response of the structure under the two sets of GMs considering global and local
EDPs of interest, i.e., displacements, accelerations, displacements, and forces in the HDRBSs.
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Figure 4. Comparison of the response spectra for the crustal and subduction GMs for horizontal
components.

Figure 6 and Figure 7 show the response of the structure, respectively, in terms of displacements and
accelerations in X- and Y-directions at the roof and isolation slab for the crustal and subduction GM records.
These figures show the orbits for the time-history analyses together with the peak values. The results show
minor differences in displacements for the roof and isolation slab, highlighting the effectiveness of the isolation
system in limiting deformations of the superstructure (Figure 6). Some small differences can be observed in
terms of accelerations, which are slightly amplified due to the response of the superstructure, i.e., slightly
higher accelerations at the roof with respect to the isolation slab (Figure 7). The comparison between the
results of the two sets of GMs shows that the crustal GMs result in more significant displacement and
acceleration demands. Moreover, the response of the structure under this set of records is affected by strong
directionality effects. This is a consequence of the strong N-S component of the crustal GMs rather than a
property of the building. It is worth reminding the readers that the fundamental periods of the isolated structure
are almost identical in X- and Y-directions as a consequence of the isolators. Simulations of the subduction
GM records have been carried out also considering them with a 90-degree rotation, and the results did not
show any significant difference in terms of peak values of the considered global and local EDPs. These results
are not shown here for the sake of brevity.
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Figure 8 shows the local responses in terms of peak horizontal displacements of all isolators and for all records
of the two sets of GMs. Consistently with the global responses, it can be observed that the crustal GMs result
in larger horizontal displacements. The mean peak horizontal deformation imposed on the isolators (black
dotted lines in Figure 8) during the crustal GMs is about 65 mm, contrasting with the approximately 45 mm
observed in the subduction GMs. This figure also includes the maximum deformation capacity of the isolators
(red dotted lines in Figure 8), showing that, despite the larger deformation demand experienced during crustal
GMs, the isolators are still within the design limits. Figure 9 shows the local responses in terms of axial forces
of all isolators and for all records of the two sets of GMs. Maximum and minimum demand values for crustal
and subduction GMs are reported and compared with demand values deriving from gravity loads only. This
figure also includes the design maximum (tension) and minimum (compression) axial force threshold values
(i.e., design limit states), corresponding to 382 kN and 7309 kN (red dotted lines in Figure 9). In this case, it is
observed that the crustal GM records generate demand values, overcoming these limits for a few cases.

The figure also shows the mean values for these parameters (magenta and cyan lines in Figure 9), highlighting
that the crustal GMs generate a much larger variability of the axial forces in the HDRBs compared with the
subduction GM records. This effect is mainly due to the more significant vertical component of the crustal GMs
compared with the subduction ones. This can be more easily observed by comparing Figure 9 to Figure 10,
as the latter illustrates the demands when the vertical component of the ground motion is not included; thus,
the differential between the gravity loading and the maximum and minimum axial loads is entirely attributed to
the overturning effects resulting from the horizontal earthquake loading.
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Figure 7. Comparison of acceleration orbits for crustal and subduction GM records at the isolation slab and
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subduction GM records when not considering the vertical acceleration component, and demand values for
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5. Conclusions

The present study compares the seismic response of a base-isolated hospital in Santiago, Chile, subjected to
crustal and subduction earthquakes. The effectiveness of the seismic isolation system is evaluated by
contrasting the response of the structure for each set of ground motion (GM) records and comparing the
demands on the isolators to their design limits. The results show that the seismic isolation system is effective
in limiting the demands on the superstructure, as the displacements along the height of the building are similar
regardless of the GMs type. However, the response of the structure under crustal GMs results in larger
displacement and acceleration demands compared to subduction GMs. Despite the larger deformation
demand experienced during crustal GMs, the isolators were found within the design limits in all cases.
Conversely, it is observed that the axial forces in the HDRBs vary much more with crustal GMs compared to
subduction GMs due to the more significant vertical component of crustal GMs. The preliminary results show
that, in very few cases, the crustal GM records generate demand values that slightly overcome the design limit
states for axial force threshold values.
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