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Featured Application: Practical engineers should gain confidence in base isolation as an alter-
native to stiffening, a possible design approach for new as well as for existing buildings even
under rare seismic conditions (in large corner period areas and for pulse-type seismic records).
This article presents the structural benefits of curved surface sliders on a specific, existing build-
ing application. Moreover, authorities should be encouraged by the information included in this
article, to emphasize alternatives to the stiffening design approach even under such special seis-
mic conditions.

Abstract: Southern Romania is a geographic region with alluvial deposits. This soil type leads to
rather long corner periods and provides as a particularity of the response spectrum an enlarged
plateau. These conditions produce large displacement demands. Moreover, pulse-type ground
acceleration records make this seismic area more unique. Research on the seismic behaviour of
structures built under such unusual conditions is limited and Romanian engineers are not confident to
apply alternative solutions such as base isolation. Although capacity design is still the regular design
method applied in Romania, modern base isolation solutions may overcome the large displacement
demand expectation produced by seismic events and fulfil immediate occupancy requirements. This
study presents the seismic performance of an existing hospital from Bucharest, for which two seismic
design solutions were applied: (i) classical approach based on capacity design and (ii) base isolation.
Both approaches are compared in terms of drift, acceleration and base shear values. Static as well as
non-linear dynamic analysis methods were applied.

Keywords: seismic behaviour; hospital building; non-linear dynamic analysis; push-over analysis;
curved surface sliders

1. Introduction

The paper addresses the effectiveness of base isolation in long corner period areas un-
der pulse-type seismic records, (see Section 2). Southern Romania experiences intermediate-
depth earthquakes (depths between 60 and 200 km) with low frequency content, seismic
conditions that brought severe damage or collapse to a wide range of flexible buildings
during past earthquakes. Similar frequency content is typical for the Mexico City area,
but there it is coupled with bright-band seismic records [1]. Under these rather unique
seismic conditions, the confidence of local practical engineers in base isolation effectiveness
is rather low. Currently, Romania counts only four base-isolated buildings: the Victor
Slavescu Building of the Management Studies Academy, the City Hall, and the Arc de
Triomphe, all in Bucharest, and the INFLPR building in Magurele. Worldwide, the issue of
base-isolated structures in near-fault areas (although for corner period values T, of up to
1.0 s) has been addressed; for example in California, at the Loma Linda Medical Center [2]
and Christchurch Women'’s Hospital [3]. Moreover, recent studies underline the importance
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of near-fault ground motions to the seismic response of the ground [4,5]. The authors have
chosen an existing hospital building in Bucharest (corner period Tc = 1.6 s, of irregular plan
and elevation, for which construction drawings were available (see Section 2). Advantages
and the structural impact of base isolation are outlined.

Base isolation of buildings is considered worldwide a suitable alternative to the
classical design approach based on the capacity method [6-8]. Due to decoupling of
the super-structure from the foundation ground, the earthquake input for the isolated
building was reduced dramatically. In this way not only structural elements, but especially
the building content (non-structural elements, equipment, furniture) are protected from
damage. Currently, an increasing number of people choose base isolation for the seismic
protection of their homes. For example, in 2017 in Japan, approximately 4300 commercial
and multi-family residential buildings, and more than 5600 single family homes were
provided with base isolation systems [7].

Hospital buildings especially, should remain operational after important seismic
events, in order to shelter and help injured people [9]. Immediate occupancy requirements
can be fulfilled through an elastic seismic response. Two possible seismic design solu-
tions are compared: (1) a stiffening approach—expecting high response acceleration and
damage [10-13] and (2) base isolation [14-16].

Despite the advantages that base isolation offers (reduced damage expectation, func-
tionality after important seismic events), its efficiency is still questionable in high corner
period regions, which request high displacement demands [1,17]. Therefore, the authors
conducted a study on an existing hospital building from Bucharest, the capital city of
Romania (which is a high corner period region, Tc = 1.6 s [18-22].

Two design approaches, a classical stiffening solution and a base isolation design
were analytically compared. Modal analysis (for design) and static as well as non-linear
dynamic analysis (for checking the structural behaviour) were performed [23-25]. Ambient
vibration measurements helped estimating the building’s modal periods [26]. Further
experimental investigations, for example for the validation of analytical results, were not
possible, especially due to the large dimensions of the analysed structure.

Due to their special characteristics (reduced sliding path due to double curvature and
enlarged damping by properties of sliding surface) Curved Surface Sliders were chosen
for the base isolation solution [9,27,28]. Other slider types (like High Damping Rubber
Bearings or Lead-Plug Rubber Bearings) were not investigated due especially to their larger
sizes, which significantly increases the cost of the base isolation solution.

2. Materials and Methods
2.1. Hospital Building

The analysed RC frame structure is part of a public hospital in Bucharest. The building
has plan layout dimensions of approximately 12 x 28 m and an aboveground height equal
to 16.55 m. The building has one underground and five above ground storeys. The storey
heights range between 3.20 m and 3.50 m. A 30% area setback is present at the first two
levels (see red area in Figure 1a), generating in-plane and elevation irregularity [18].
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(a) (b)
Figure 1. ETABS structural model [29,30]: (a) ground floor plan layout; (b) 3D-view.

Plan irregularity is generated also by the positioning of the vertical circulation wall
assembly. Displacements along the structural perimeter for an earthquake in X-direction
are amplified by 37% compared to the mean floor displacement. Details regarding the
influence of irregularity on the structural seismic response have been explained in [30].

The hospital building was originally designed according to the capacity spectrum
method based on the provisions of P100-1/2006, [19]. The project was completed in 2012.
Limited research on the seismic behaviour of base-isolation buildings located in long
predominant period seismic regions for pulse-type accelerograms has been performed so
far [1]. To increase the confidence of structural engineers in the base isolation system as
an alternative to the classical structural solutions, under special seismic conditions, the
current study has been planned. Bucharest was chosen for this study as it is situated in
the southern part of Romania, in a seismic area with corner period Tc = 1.6 s. Pulse-type
accelerogram recordings were obtained in Bucharest. In this attempt, the base-isolated
building was designed considering the original building layout. The dimensions of the
main structural elements are shown in Table 1 for both design approaches.

Table 1. Current structural element dimensions (cm).

Element Classic Design Design with Base Isolation
beams (bw x hw) 40 x 50, 40 x 60 25 x 50,25 x 60
columns (bc x hc) 60 x 60 50 x 50

walls’ thickness (bw) 20 20
slabs’ thickness (hsl) 15 15

A 60 cm thick foundation mat was considered for both models. The isolation level was
placed beneath the underground level. Isolators are supported by the mat foundation and
connected to a foundation beam girder, which supports the entire structure. This solution
turned out to be more economic than a double raft foundation, although it preserves less
usable area.

The structural analysis for the design of both structural solutions was performed using
the ETABS software 2013 [29]. The capacity spectrum method was used for structural
analysis. Once designed, the seismic performance of the structures was investigated in the
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non-linear range of behaviour by using the PERFORM 3D software 2006 [31]. Non-linear
static analysis and non-linear time history analysis were performed. A 3D view of the
PERFORM 3D software structural model is shown in Figure 2. While EATBS gives the

opportunity of a more refined structural model, PERFORM 3D brings the benefits of fast
non-linear dynamic computation.
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Figure 2. 3D structural view [31].

The computed base shear, lateral displacement and horizontal accelerations were com-
pared for both design approaches. Double curved sliding isolators produced a structural
design optimization by isolator dimensions reduction. Isolators were designed for a chosen
isolation period (4.4 s) in order to obtain a minimum response spectrum ordinate. Accord-
ing to [16] the design earthquake for the Ultimate Limit State has a 225 year return period
(20% probability of exceedance in 50 years). The spectrum compatible records considered
in this study comply to the design spectrum. A 475 years return period (10% probability of
exceedance in 50 years) was considered as maximum expected earthquake [32]. Isolators
were designed to reach 64.2 cm displacement capacity.

2.2. Seismic Input for the Bucharest Region

The Vrancea earthquake source affects most of the Romanian territory, including
Bucharest. It produces intermediate depth seismic events with low frequency content.
Long predominant period values (of up to Tc = 1.6 s) are typical for the southern part of
Romania (Figure 3a). Peak design ground acceleration values of up to 0.4 g for the 225 year
mean return period earthquake are expected (Figure 3b).
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Figure 3. Seismic area information for Romania [18]: (a) corner period values, Tc distribution;

(b) design ground acceleration values for earthquakes with return period of 225 years.

Long predominant period values, high design ground accelerations and pulse-type
ground acceleration records typical for strong Vrancea seismic events (Figure 4) join, making
the southern part of Romania a rather unique seismic area [1]. Such earthquakes concentrate

more than 90% (Figure 4d) of their energy in only one pulse.
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Figure 4. Vrancea earthquake of 4 March 1977 (M = 7,4 Richter Scale), INCERC monitoring station:
(a) horizontal acceleration record from the NS direction; (b) horizontal acceleration record from the
EW direction; (c) absolute acceleration spectrum of Figure 4a,b records and from P100-the Romanian
seismic design code [18]; (d)Arias intensity.

These special seismic input characteristics generate extremely high lateral displace-
ment demands (over 45 cm in Bucharest and over 60 cm in areas with an expected design
acceleration of 0.4 g), which buildings should withstand when a design earthquake oc-
curs. If capacity design method is applied, the high lateral displacement demand directly
influences the strength and ductility of the structural elements.

There is a limited experience worldwide with such highly predominant periods of the
design ground motion and pulse type ground motion. For example, the long predominant
period of ground motions in Mexico City produce bright-band acceleration records [33].
This means that the earthquake energy is distributed over a large frequency range and so
the influence on the structural elements is diminished compared to a pulse-type accelero-
gram [1].

The horizontal acceleration record from the NS direction (Figure 4a) acts in the
structural main X-direction and the horizontal acceleration record from the EW direction
(Figure 4b) acts in the structural main Y-direction (Figure 1).

2.3. Finte Element Modelling

ETABS 2013 [29] was used for the design process while PERFORM 3D 2006 [31] was
used for the structural performance check.

In the ETABS model (Figure 1), the beams and columns were modelled as frame
elements and the slabs and walls as shell elements. Vertical loads were applied as uniform
loads on slabs and linear distributed loads along the perimeter beams. Wind loads were
neglected, due to their inferior influence on the structural behaviour, compared to the effect
of horizontal earthquake loads.

In the PERFORM 3D model (Figure 2) frame elements with concentrated plastic hinges
at their ends were used to model beams and columns. The behaviour of the plastic hinges
was modelled using a trilinear bending moment—rotation relation. The rotation capacity of
the plastic hinges was computed according to [34], considering the mean strength of concrete
and steel. Walls were modelled as shell elements with fibre sections. Linear behaviour was
considered for the shear response. In order to model the wall-beam connections, especially
when beams are supported on a perpendicular wall, columns withas fibre sections were defined
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at wall ends. These columns model the axial behaviour of wall ends, whereas the contributing
wall area assures the bending behaviour of the columns perpendicular to the wall. As an
alternative for modelling columns at wall ends, frame elements having axial plastic hinges
were considered, but convergence problems were encountered.

The stiffness of structural elements was reduced at 50% to account for the concrete
cracking [18].

Details regarding the first six Eigen modes for the upper structure are presented in
Table 2 (arrows show the translation direction).

Table 2. Eigen modes of over ground structure, ETABS software.

Mode
Number 1 2 3 4 5 6
frequency 1.75 2.03 2.30 5.56 7.04 8.06
[Hz]
mass ratio 66% — 65% 1 15% —> ) /°—>. 10 /OT. 6% T.
o . . translation  translation translation translation
[%] translation  translation

51% torsion 2% torsion 4% torsion 7% torsion

2.4. Curved Surface Slider as Base Isolator

Given the particularities of Vrancea seismic source (see also Section 2.2) CSS-Curved
Surface Sliders were chosen for the isolation system. The two most important advantages of
these sliders are (1) the reduction of the isolator displacement (due to the double curvature)
and (2) the high damping of the earthquake-induced movement (due to friction along the
curved sliding surface). In this way, the isolator dimensions are reduced to a minimum
and reduced dimensions of the isolator supporting structural elements (for example the
underground columns) are achieved, making the solution more cost-efficient.

Base isolation devices need to be designed for the design earthquake (DBE) and their
sliding capacity must be checked under maximum expected earthquake (MCE) condi-
tions [35].

The Romanian Standard for seismic design [18] indicates for the seismic area of
Bucharest a design earthquake with return period of 225 years and a maximum expected
design ground acceleration of 0.3 g. The characteristics of the isolator devices designed for
DBE are shown in Figure 5.

In Figures 5 and 6, the following terms are used: popt—optimum friction, di,q—isolator
displacement, (.i—effective damping, To—effective isolation period, Tiso—isolation pe-
riod, Reg—isolator curvature radius, Es—elastic energy reversibly stored in the isolation
system, E,—histeretic dissipated energy, krest—restoring stiffness force, Ns—gravity load
on isolator.

In the PERFORM 3D software the sliding isolation devices were modelled consider-
ing the horizontal force—-displacement relations, the restoring stiffness, the displacement
capacity and the initial stiffness (until the friction is overrun). The restoring stiffness and
displacement capacity result from the isolation device design. The initial stiffness was
chosen 100 times larger than the restoring stiffness (to limit the initial displacement, until
friction is overrun). As supplementary details, the following sliding isolation device char-
acteristics were considered: the friction coefficient, the radius of the sliding surface and the
stiffness for axial compression loads. An earthquake with return period of 475 years and
maximum expected horizontal ground acceleration of 0.375 g was considered as the MCE
event ([32,36]). The characteristics of the isolator devices designed for the MCE are shown
in Figure 6.

Because of the building layout (closely spaced columns in some parts of the building)
and in order to catch up with the elevator shaft, isolation devices were placed beneath the
underground level, on a foundation mat. They directly support a foundation beam girder.
This was designed to reduce material consumption for the foundation system.
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Figure 5. Design CSS: (a) optimization; (b) displacement capacity.
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Figure 7 shows indicative double curved surface slider dimensions for the analysed
structure. Even in large corner period areas such as Bucharest, the double sliding path
given by the upper and lower slider curvature provides feasible slider dimensions.

LxL

Dmax

L“'

Figure 7. Indicative slider dimensions: L =1,53 m; W =1,08 m; B =0,3 m; H=0,17 m; Dax = 0,6 m [37].

3. Results
3.1. Structural Performance during Design Earthquake

Structural analysis was performed using the PERFORM 3D software in order to check
the structural behaviour by:

e non-linear static (push-over) analysis—to evaluate the structural strength and defor-
mation capacity;

e non-linear time-history analyses—to determine the structural behaviour subjected to
ground motions.

For the non-linear time-history analyses, three natural accelerograms (INCERC Bucharest
station seismic records from the Vrancea earthquakes of 1977, 1986 and 1991) and three
spectrum-compatible accelerograms (considering the design spectrum of [18] for corner
period Tc = 1.6 s) were selected. Seismic action combination rules given in [18,32] (100%
along one and 30% in the other main direction) were used. The vertical earthquake
component was applied as well. The results are presented hereinafter for the weakest main
structural direction (X-direction or small plan layout dimension).

3.1.1. Building Design According to the Capacity Method

The force—-displacement relation (total earthquake force at the bottom of the upper
structure and horizontal displacement in the centre of mass at the upper level) is shown in
Figure 7 and results are detailed in Table 3.

The displacement demand of 40 cm was determined according to Annex B of EN
1998-1 [32]. The model was pushed in the horizontal direction up to a displacement equal
to 1.5 the displacement demand.

The overall strength of the building designed according to the capacity method
is equal to 3. The ratio between horizontal failure force and building weight equals
5861/18,972 = 0.3. This is three times the global seismic coefficient considered for design.
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Table 3. Details regarding the force-displacement curve shown in Figure 8.
Horizontal Displacement
Stage Force [KN] [m] Remarks
. 3655~
yleld 1.97 design force * 0.041 )
. . 4883~ o o .
first failure 2.7 design force * 0.079 30% of beam plastic hinges have failed
. 5861~ 90% of beam plastic hinges have failed;
total failure 3.2 design force * 0-163 25% of ground floor columns have failed
* design force represents the horizontal earthquake force considered for structural design.
S000
8000 i . —
7000 : i
— 6000 .
Z | - /
= 5000 " / +
. I
8 000 f
£ 3000 / : :
2000 ! - Ll
i |03 :
0 | I
0 0.2 0.4 0.6 0.8

Displacement [m]
Force-displacement e disp. demand

1,5 disp.demand
- == Yield seseee first failure = = = total failure

Figure 8. Force-displacement curve for the capacity design of the building, X-direction.

The behaviour factor considered for the design was based on an «/ o ratio equal
to 1.35 [18]. According to the force-displacement relation determined by non-linear static
analysis, this ratio equals 0.163/0.041 ~ 4.0. This is 2.9 times more the value considered in
the design.

Results of the non-linear time history analysis are shown in Table 4 for the building
designed according to the capacity method. For the results obtained using the three
spectrum-compatible accelerograms, the mean values are presented.

Table 4. Results from non-linear time-history analysis for the building designed according to the

capacity method.
INCERC1977  INCERC1986  INCERC 1991 Spectrum
Result Original Original Original Compatible
8 & & Te=16s
Maximum base shear force [kN] 6108 3256 1260 7840
. . e To 7.40 2.80 0.86 12.10
Maximum interstorey drift [ %o] 0OG1 * OG1 * 0G2 * 0G2 *
Maximum acceleration at the 0.20 0.10 0.08 036
underground level [g]
Maximum acceleration at the 0.38 023 011 050

building top [g]

* OG represents over ground level.
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3.1.2. Base-Isolated Building

For the baseisolated structure, the results of the non-linear time-history analyses are
shown in Table 5. For the results obtained using the three spectrum-compatible accelero-
grams, the mean values are presented.

Table 5. Results from dynamic non-linear analysis, base-isolated building.

INCERC1977 INCERC1986 INCERC1991  pectrum
Result Original Original Original Compatible

8 8 8 Te=1.6s

Maximum base shear force [kN] 1308 573 550 2068
Maximum interstorey drift [ %] * * * *
Maximum acceleration at the 0.19 0.10 0.091 0.26
underground level [g]
Max1mum aFceleratlon at the 021 0.06 0.079 0.27
building top [g]

Maximum isolator displacement [m] 0.21 0.007 0.005 0.32

* interstorey drift ratios smaller than 0.1%.

Using base isolation results in:

a 45% drop in the maximum response acceleration at the top of the building;
the isolation system accommodates up to 90% of the earthquake-induced horizontal
movement. The structure above the isolation level moves like a rigid box. No yielding
of structural elements is registered and no damage is foreseen;

e the base shear force is reduced by 65-80%.

The vertical earthquake component causes axial force variations of 4% in the range
of high ground acceleration amplitudes. No axial tension forces were registered at the
isolation layer.

3.2. Time Histories for Both Structural Approaches

Figure 9 shows absolute acceleration time histories in the mass centre for the INCERC
1977 spectrum-compatible accelerogram at the base of the structure (or quite over the
isolation level for the base-isolated structure) and at the top of the building. The isolated
structure manages most of the earthquake-induced movement at the isolation level and
just 37% acceleration amplification is registered at the building top for the first strong pulse.
As comparison for the building designed according to the capacity method, base horizontal
accelerations are amplified by up to 84% at the building top.

Figure 10 shows the relative displacement time histories in the mass centre for the
INCERC 1977 spectrum compatible accelerogram at the building’s base (or quite over the
isolation level for the base-isolated structure) and at the building top.

Relative displacements are amplified by up to 85% along the building height for the
stiffened building, whereas for the base-isolated building negligible relative displacement
differences are registered at the building top compared to the isolation level

The maximum relative displacement for the isolated building is delayed by 0.2 s at the
building top with respect to the base of the building. The results for the stiffened building
show the peak almost at the same time.

The base-isolated building experiences half of the top displacements registered for the
stiffened building (see Figure 11a). Drift values are negligible for the base-isolated structure
(Figure 11b).

Figure 12 shows the deformed shapes of the analysed structure, at maximum ground
acceleration. The base-isolated structure experiences a rigid body movement while the
fixed base structure presents a bending—shear deformation.
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Figure 9. Absolute acceleration time histories, INCERC 1977 spectrum compatible ground accelera-
tion record: (a) classic building; (b) base-isolated structure.
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Figure 10. Relative displacement [m] time histories, INCERC 1977 spectrum compatible ground

acceleration record: (a) classic building; (b) base-isolated structure.
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4. Discussion

Base isolation is an effective structural solution in contrast to the “stiffening” design
approach, even under special seismic conditions characterised by long predominant periods
and pulse-type seismic ground acceleration records.

For the analysed building, a 45% drop of the floor acceleration at the top of the
building was obtained by base isolation. This is likely to reduce the seismic damage
of the acceleration sensitive components of the building. A total of 90% of the lateral
displacement is concentrated in the isolation layer, protecting the upper structure from
earthquake-induced damage in displacement sensitive components. A large reduction of
the base shear force was observed as well.

Drift values for the isolated structure are negligible and plan irregularity effects are
corrected by the isolation level. Detailed information upon the influence of plan and
elevation irregularity on the seismic response of the analysed hospital building are shown
in [30]. The stiffened structure experiences instead large drift values, expected to endanger
the nonstructural components of the building.

The rigid body movement of the base-isolated structure is likely to inhibit any damage
for the structural and nonstructural components of the building. This is of particular
importance for the hospital buildings that are required to remain functional after the
incidence of a strong earthquake.

Pulse-type seismic records may force isolators to reach their displacement capacity.
In this study, the maximum displacement at isolation level was 0.49 m according to the
performed time history analysis. This maximum displacement value is reached only
during one pulse and it exceeds the DBE design isolator displacement capacity of 0.392 m.
Nevertheless, isolators were checked to also withstand an MCE earthquake, according to
which they have a displacement capacity of 0.535 m.

Curved sliders are sensitive to uplift for pulse-type seismic records. The analysed
hospital building showed sufficient vertical loading such that the horizontal seismic action
caused no uplift. All isolators remain functional even during the main shock.

Supplementary to the evident structural advantages encountered for the base-isolated
solution of the analysed hospital structure, an economical comparison (as-built state as
well as life-cycle analysis) is planned to be performed.
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