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Abstract

Several methods can be found in the literature for the selection
and scaling of ground motion records to be used in the seismic
response history analysis of structures. These methods make use
of a parameter, called intensity measure, for quantifying the
intensity level of the earthquake and selecting and scaling the
records. In this study, alternative intensity measures are
evaluated with respect to the seismic response prediction of base-
isolated buildings. The predictive efficiency of the intensity
measures is estimated from the regression of responses obtained
from a cloud analysis. Thecase-study selected for the analysis is
areinforced concreteframe building originally designed for
gravity loads only and then retrofitted by seismic isolation. Two
different isolation systems are examined. A comprehensive set of
seismic ground motions, including both ordinary and pulse-like
near-fault records, is used in the analysis.
Keywords:Base-isolated ~ Buildings,

Prediction, Intensity Measure

Seismic ~ Response

1. Introduction

Much research has been spent to investigate the capability
of seismic intensity measures (IMs) to predict the response
of fixed-base structures (e.g., [1], [2], and [3]). Few studies,
however, have focused on base-isolated structures[4].

Generally, the most widely investigated IMs are the peak
ground acceleration (PGA) and the spectral acceleration at
the fundamental period of the structure (Sa (T1)), because
of the large number of hazard curves available in the
literature. Nonetheless, for tall and long-period buildings
as well as for structures subjected to near-source ground
motions, S, (T1) may not be a good predictor because of
the limited spectral shape information (see [5] and[6]).
This is in part due to the fact that S, (T1) accounts neither
for contribution of higher modes nor for period
lengthening caused by structural nonlinearity.Several
alternative IMs were proposed as multiplicative
adjustments of S, (Ty) in order to explicitly overcome the
aforementioned drawbacks ([5]; [7]; [6]; [2]; [8])- The

objective of these proposals was not only to improve the
predictive efficiency of the IM for all damage levels of a
given structure, but also to account for the IM
computability through a ground-motion hazard analysis
without the need of any new attenuation relationships.
Moreover, humerous spectrum-based scalar IMs including
energy-derived ones were investigated, and studies showed
that velocity-based IMs are in general better correlated to
deformation demands especially in the case of medium-
rise frame structures. Some authors ([3],[9],[10], [11])
showed that the peak ground velocity (PGV) is in general
an effective IM for predicting the response of base-
isolators. Also, it was demonstrated that the predictions
using this scalar IM can be significantly improved by
considering a vector IM that includes, in addition to the
PGV, also the PGA, and the following parameters: la, Ev
and PD, as defined in [12], [13], and [14], respectively.
This study aims at investigating the predictive capability
of a large number of scalar IMs by taking into account
both ordinary and pulse-like near fault ground motions. In
order to achieve this goal, the efficiency of the considered
IMs is estimated through regression analyses of responses
obtained using a database of records consisting of 72
ordinary and 20 pulse-like ground motions.The nonlinear
dynamic analyses are carried out on a 6-storey frame
concrete building, originally designed for gravity loads
only, and then retrofitted by seismic isolation. The
engineering demand parameters (EDPS) considered in this
study for measuring the structural demand are the
Maximum Inter-storey Drift Ratio (MIDR), the Maximum
Floor Acceleration (MFA) and the Maximum Base
Displacement (MBD). Only scalar IMs are investigated,
since vector IMs are frequently considered to be still not
sufficiently practical because of the high evaluation efforts
they usually require in the assessment analyses.
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2. Case studies

2.1 Description of the analyzed structures

The case-study building is an archetype 6-storey RC
residential frame building (see Fig. 1), whose
characteristics have been derived through a simulated
design considering gravity loads only, according to the

Code and state of practice enforced in Italy before the *70s.

The plan dimensions of the building are 27.00m and
15.00m, with a floor area approximately equal to 405m2,
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Fig. 1Plan and elevation viewof the frame structure analyzed in the
study.

The building height from the ground is 18.00m, with a
constant interstory height equal to 3.00 m. Gravity loads
are sustained by four frames oriented along the largest plan
dimension of the building. Along the short side, instead,
the lateral load-resisting system of the structure consists of
two external frames, and two internal frames near located
the staircase. All the beams’ cross sections are 300x500
mm, except the internal ones oriented along largest plan
dimension of the building, which are 300x550 mm. The
corner columns have square sections of 300 mm. At the
first and second story, dimensions of the external and the
internal columns are 300450 mm and 300x550 mm,
respectively; at the third and fourth dimensions change to

300x350 mm and 300x450 mm, while at the fifth and
sixth story to 300x300 mm and 300x350 mm.

The allowable-stress method has been adopted to design
the steel reinforcement of the structural members,
considering smooth steel bars with end hooks at the end of
exterior beam-column joints and at the base of the columns.
The percentage of longitudinal reinforcement ranges from
0.68 % to 0.75 % for columns, and from 0.56 % to 0.71 %
for beams. Transverse reinforcement consists of 6 mm
stirrups,with constant spacing equal to 200 mm and 150
mm for columns and beams, respectively.

2.2 Modeling assumptions

The finite element modeling of the structures has been
built in OpenSees. The beam/column flexural behavior has
been described with beam with plastic hinges
elements,modeled using the modified IMK deterioration
model with peak-oriented hysteretic response [15].The
skeleton curves of the plastic hinges have been derived
from moment-curvature analyses of the critical cross
sections, using for concrete and steel the constitutive laws
shown in Fig.2a and Fig.2b, respectively.
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Fig.3Modified IMK model with pinched hysteretic response [16].

In particular, slipping has been taken into account by
adopting for the longitudinal bars a modified constitutive
law in tension [17], and neglecting the contribution of the
rebars in compression (e.g. [18]; [19]). The moment-
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curvature relationship, has been then converted into a tri-
linear moment-curvature curve for representing the elastic,
post-cracking, post-yielding, post capping behavior (see
Fig.3), consistently with the model by [15].

Exterior masonry infills have been modeled with an
equivalent compression-only strut model (see Fig.4a),
characterized by a bi-linear skeleton curve described by
the modifiedDecanini model [20] (see Fig.4b).

\
Force

€

(a) (b)
Fig.4Finite element model for masonry infills:(a) equivalent
compression-only strut and (b) adopted skeleton curve.

Two different types of isolation systems have been
considered in the study: (i) high damping rubber bearings
(HDRBs),under the external columns,+ flat sliding
bearings (FSBs), under the internal columns; (ii) a system
of friction pendulum bearings (FPBs) under all the
columns of the structure. Both isolation systems have been
designed according to [21].

The model recently developed by [22]has been used to
describe the cyclic behavior of the HDRBs. The model
consists of a two-node element, connected by six springs
that represent the mechanical behavior of the bearing in
the internal degrees of freedom of the element (Fig.5).
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Fig.5Degrees of freedom and discrete spring representation of the
elastomeric bearings [23].

Coupling between the two shear springs is considered
explicitly by using a bidirectional model. All the other
springs are modeled as wuncoupled. In particular,
interaction between the wvertical and the horizontal
constitutive behavior is considered indirectly by using
expressions for the mechanical properties in one direction
that depend on response parameters in the other direction.

For the torsional and the rotational springs a simplified
linear behavior is assumed, as they are not expected to
significantly affect the response of the elastomeric bearing.
In summary, the following material models have been
adopted for the six different springs: the model proposed
by [22], which captures the behavior under cyclic tension,
for the axial spring; the bidirectional model proposed by
[24],for the two shear springs; linear models, for both the
torsional and the two rotational springs.It is important to
underline that by using this model the following
phenomena are represented:scragging effects that produce
degradation of stiffness and damping in shear; cavitation
and post-cavitation behavior in tension; variation in critical
buckling load capacity caused by large lateral
displacements; variation in vertical axial stiffness with
horizontal displacement.For the FSBs, flat slider bearing
elementswith no friction resistance have been used. In
order to account for possible lifting of the bearing, the
uniaxial material adopted in the axial direction has
beencalibrated so that to have a zero strength in tension.
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Fig.6Cyclic behavior representative of (a) the HDRBs and (b) the
FPBs.

The cyclic behavior of the FPBs has been modelled using
the single friction pendulum bearing element available in
OpensSees, which features coupled friction properties for
the two shear deformations, post-yielding stiffness in the
shear directions (determined from the concave sliding
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surface properties), and tension gap in the axial direction
to capture the uplift behavior of the bearing. This model is
characterized by a hysteretic behavior that depends on the
sliding friction coefficient at low (psiow) and fast (pfast)
sliding velocities, which are velocity- and pressure-
dependent, according to the mathematical model proposed
by [25]. In this study, psmsthas been set equal to 2.5%, in
line with the manufacturer provisions for a design value of
the axial load ratio(i.e. the maximum axial load divided by
the axial bearing capacity) approximatively equal to 1.0.
wsiowhas been assumed 1/2.5 times prast, according to [26].
Both the isolation systems have been designed following
the approach described in [27]. .

Further details on the numerical models used for the
isolation systems and the superstructure can be found in
[28] and [29].

Finally, the cyclic behavior representative of the HDRBs
and the FPBs is reported in Fig. 6; reported in Table 1 the
values of the fundamental periods of vibration of the two
base-isolated buildings calculated for the design
earthquake intensity level.

Table 1:Fundamental periods of vibration of the base-isolated

buildings
Seismic Isolation System T
20HDRB+12FSB 2.90
32FPS 3.40

2.3 Ground motion database

A set of 92 earthquake ground motions (GMs) has been
selected from the Next Generation of Attenuation project
database [30] and used as input for the nonlinear dynamic
analyses of the base-isolated buildings. The above suite of
GMs is composed by two groups: ordinary GMs (72
records, with closest distance ranging from 0.34 km to
87.87 km, and moment magnitude from 5.74 to 7.9) and
pulse-like near-fault GMs (20 records, with closest
distance ranging from 0.34 km to 20.82 km, and moment
magnitude from 5.21 to 6.93). The latter are identified as
pulse-like by using the method based on the wavelet
analysis approach proposed by [31]. All the acceleration-
timehistories are recorded on soil classified as type C or D,
according to the NEHRP site classification based on the
preferred Vss3o values. The choice of selecting these soil
conditions merely depends on the large number of records
which is available for this type of soils (especially for the
case of pulse-like records).

3. Intensity measures

The IMs under investigation from the literature are
categorized into two groups: 1) non-structure-specific IMs,
calculated directly from ground motion time histories; 2)
structure-specific IMs, obtained from response spectra of
ground motion time histories. The first group of IMs is
further classified into three categories: acceleration-
related, velocity-related and displacement-related 1Ms.

PGA (Peak Ground Acceleration), PGV (Peak Ground
Velocity), PGD (Peak Ground Displacement), IV
(Incremental Velocity), ID (Incremental Displacement), Al
(Arias Intensity) are included in the first group. PGA, PGV
and PGD are the most common time domain parameters of
strong ground motions. PGA and PGV represent the peak
of the acceleration and velocity time series, respectively.
PGA has commonly been used to describe ground motions
because of its natural relationship to inertial forces: indeed,
the largest dynamic forces induced in certain types of
structures (i.e. very stiff structures) are closely related to
the PGA. Nevertheless, ground motions with high PGA
are not necessarily more destructive than motions with
lower PGA. Very high peak accelerations that last for only
a very short period of time (i.e. high-frequency cycles)
may cause little damage to many types of structures. With
respect to PGA, PGV s less sensitive to the higher
frequency content of the ground motion, and usually
provides a more accurate indication of potential damage in
those structures that are sensitive to the intermediate
frequency content of the seismic loading. PGD, instead, is
strongly depends on the low frequency content of the
ground motion, and is therefore an appropriate predictor
for low fundamental frequency buildings (e.g., tall
buildings).1V is defined as the area under the maximum
acceleration pulse, while ID is the area under the
maximum velocity pulse. Al was proposed by [12], and
accounts for duration and amplitude but does not reflect
the frequency content of the ground motion. Al tends to
overestimate the intensity of long duration motions with
high amplitude and a broad range of frequency content.

CAV(Cumulative Absolute Velocity) is defined as the
integral of the absolute value of the acceleration time
series. It was proposed as a conservative predictor of
earthquake damage threshold for nuclear power plants
safe-shut-down. CAV can be considered as the summation
of the velocity amplitudes during the time. This explains
the name given to this IM. It is evident from its definition
that the value of CAV increases with time until it reaches
its maximum at tr. Because of this, CAV includes the
cumulative effect of ground motion duration. I
(Characteristic Intensity) was proposed by [32]. Sa(T)
(5%-damped pseudo-acceleration spectral value at a
specified period T) is widely used because of its efficiency
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and the availability of many Ground Motion Prediction
Equations. E(T) and Ei(T) (5%-damped absolute and
relative input energy spectral value, respectively) are
structure-specific IMs defined in [33].14 (Housner
Intensity) has been defined by [34]and it is related to the
kinetic energy stored by the structure during the
earthquake. Actually, Iy is defined as the integral of the
pseudo-velocity spectrum within the interval 0.1s-0.25s,
with the latter selected as representative of the periods of
vibrations  of  civil  engineering  structures.ASlI
(Acceleration Spectral Intensity) has been proposed by
[35] in order to select ground motions for the analysis of
reinforced concrete dams, whose period of vibration
typically rangesbetween 0.1s and 05s. Definition of I, Iy
and Il¢(Compound acc.-, vel.- and disp.-related M,
respectively) are given in [36]. References for FI (Fajfar
Intensity), CAD(Cumulative Absolute Displacement), and
SED (Specific Energy Density) can be found in [4].

4. Regression analysis

4.1 Predictive model

Several are the properties that are usually investigated for
evaluating the predictive capabilities of an IM. The only
property considered in this studyis the efficiency.

An efficient IM is defined as one that yields relatively
small variability of the predicted EDP for a given IM level.
Theefficiency can be evaluated by first running nonlinear
dynamic analyses on the structure, and then by carrying
out regression analyses between the obtained EDP values
and the IM values of the used earthquake records. The
standard error of the regression residualso, gives a direct
measure of the IM efficiency.

It was observed by many researchers (e.g., [37]) that EDP-
IM relationships, in general, typically follow a standard
power law. This functional form is therefore used in the
present study:

EDP = a- (IM)? @)
The equation above can be also expressed in the following
logarithmic form:

In(EDP) =In(a) + b - In(IM) 2)
whereln(a) and b are model parameters to be determined
by simple linear regression on In(EDP) and In(IM).

4.2 Results

Fig.7and Fig.10 report the o, values obtained in the
regressionsof the MIDR calculated for the structures
isolated with the FPBs and the HDRBs, respectively. It is
worth noting thatinthe HDRB case, the standard error of

residuals o is relatively large (i.e. greater than 0.4) for all
the IMs. In this FPB case, instead, all the o, values are
lower than 0.40, with the most efficient predictors being
the Al,I. and ASI.In Fig.9 and Fig.12 the results of the
IMs-MBD regressions are reported. It can be noticed that
the trend in the efficiency of the IMs is similar for both
structures, with g, values being slightly larger in FPB case
than in the HDRB case. The best predictors for this EDP
are FI,SED, I and the spectral IMsS, and Ej,.

Fig.8 andFig.11report the results of the IMs-MFA
regressions.Also for this EDP, the trend in the efficiency
of the IMs is similar for both structures. The difference
with respect to the prediction of the MBD, is that in the
HDRB case the errors are larger compared to those
obtained in the FPB case. The most efficient predictors are
the acceleration-related IMSPGA, I,, I. and ASI. In the
FPB case, also Alcan be considered as a good predictor.
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Fig.7Standard error of residuals o obtained from the IMs-MIDR
regression for the FPB-isolated building.
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Fig.8Standard error of residuals o obtained from the IMs-MFA
regression for the FPB-isolated building.
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5. Conclusions

The aim of this work was to identify the IMs that better
predict the seismic response of base-isolated buildings.To
this end, a 6-storey RC frame building, designed for
gravity loads only and then retrofitted by means of two
different isolation systems, has been analyzed.

A set of 19 IMs has been selected, among the most widely
used in the literature, and the following EDPs considered
to measure seismic demand in the structures:Maximum
Interstory Drift Ratios (MIDRs), Maximum Floor
Accelerations (MFAs) and Maximum Base Displacement
(MBD).

The predictive capability of the IMs was evaluated in
terms of efficiency, and estimated through regression
analyses of IM and EDP values obtained from a suite of 92
ground motion records.

The results have clearly shown that it is not possible to
identify anoptimal predictor for all the EDPs and for both
the analyzed structures.In particular, the efficiency of the
IMs change when the MIDR and MBD or the MFA is
predicted.Among all the considered IMs, PGA and ASI
have been found to be best predictors for MFA. About the
prediction of the MIDR, a strong dependence of the
efficiency of the IMs on the type of isolation system has
been observed. In particular, higher values of the standard
erroro.have been observed in the HDRB case than the
FPB. In this latter case, the better IMsare Al,I.and ASI as
well.FI, has been found to be the best IM for the MBD
prediction, together with the spectral IMs S,, E;. and E ;.
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