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ABSTRACT
This paper presents the identification of the time-variant modal properties of a full-scale fivestory RC building tested on a shake table. The building was tested under fixed-base (FB) and
base-isolated (BI) configurations and was subjected to a suite of earthquake motions of various
intensities. The deterministic-stochastic subspace identification method is employed to estimate
the variations of the modal properties of the BI building during the seismic tests by employing a
short-time windowing approach. The changes of the modal parameters are tracked, analyzed, and
compared to those previously identified from ambient vibrations data and low-amplitude whitenoise base excitation tests. In addition, observed and measured responses of the structure are
studied and correlated with the variation of the identified modal parameters. For the base-isolated
configuration, the nonlinear behavior of the isolators generates the variation of the identified
natural frequencies and equivalent damping ratios of the building, which change in agreement
with the input motion intensity. A high correlation between the effective stiffness of the isolators
and the instantaneous frequency of the first mode is found. The effective damping ratio of the
isolation system and the instantaneous damping ratio of the fundamental mode of the building
are highly correlated.
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ABSTRACT
This paper presents the identification of the time-variant modal properties of a full-scale five-story
RC building tested on a shake table. The building was tested under fixed-base (FB) and baseisolated (BI) configurations and was subjected to a suite of earthquake motions of various
intensities. The deterministic-stochastic subspace identification method is employed to estimate
the variations of the modal properties of the BI building during the seismic tests by employing a
short-time windowing approach. The changes of the modal parameters are tracked, analyzed, and
compared to those previously identified from ambient vibrations data and low-amplitude whitenoise base excitation tests. In addition, observed and measured responses of the structure are
studied and correlated with the variation of the identified modal parameters. For the base-isolated
configuration, the nonlinear behavior of the isolators generates the variation of the identified
natural frequencies and equivalent damping ratios of the building, which change in agreement with
the input motion intensity. A high correlation between the effective stiffness of the isolators and
the instantaneous frequency of the first mode is found. The effective damping ratio of the isolation
system and the instantaneous damping ratio of the fundamental mode of the building are highly
correlated.

Introduction
Large-scale shake tables (e.g., [1,2]) have provided very valuable data and information to the
earthquake engineering community, complementing data collected during real earthquakes. In
2012, a fully furnished full-scale five-story reinforced concrete (RC) building, named BNCS
building hereafter, was tested both isolated and fixed at its base on the UC San Diego shake table
[3-5]. In this paper, the instantaneous (i.e., time-variant) modal properties of the BNCS building
are identified by using the deterministic-stochastic subspace identification method (DSI) applied
to a moving short-time window of input-output acceleration data [6-8] recorded during the
seismic tests. In addition, global and local responses of the building obtained during seismic tests
are analyzed and correlated with the variation of the identified modal properties.
Building Specimen and Instrumentation
The building was a full-scale five-story RC structure outfitted with a wide range of nonstructural
components and systems (NCSs) (Figure 1a). The building had one bay in the transverse
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direction and two bays in the longitudinal direction, which coincided with the direction of
shaking (east-west). The plan dimensions of the building were 11.0 m and 6.6 m in longitudinal
and transverse directions (Figure 1c), respectively, and the story height was 4.27 m, reaching a
total height, measured from the top of the foundation to the top of the roof slab, of 21.34 m
(Figure 1b). The total weight of the building, excluding the foundation, was approximately 4420
kN, with a contribution of about 75% (3010 kN) from the bare structure and 25% (1010 kN)
from the NCSs, and the weight of the foundation was 1870 kN. A pair of one-bay special
moment resisting frames, one on the north face and another on the south face of the building
(Figure 1c), provided the lateral load resisting system in the longitudinal direction of the test
specimen. The floor system consisted of a 0.20 m thick RC slab at each level. Six columns with
cross-section dimensions of 0.66 × 0.46 m were reinforced with six #6 and four #9 longitudinal
reinforcing bars and a prefabricated transverse reinforcement grid. Beams were built with a
cross-section of 0.30 × 0.71 m and different design solutions were adopted at different floors
(Figure 1b). Two RC shear walls with a thickness of 0.15 m were placed along the transverse
direction of the building to add torsional stiffness and to accommodate the supporting system of
the elevator. Detailed information about the test specimen and its design is described in [3-4].
a)

b)

c)

d)

Figure 1. Test structure: (a) Photo of the building; (b) Plan view; (c) Elevation view; (d)
schematic view of the isolator (dimensions in meters).
The building was first mounted on four high-damping rubber bearings (HDRBs), which were
located between the shake table platen and the foundation of the building close to the four
corners of the building. The isolators had a total height of 0.34 m, comprised of 34 layers of
rubber with a thickness of 6 mm each, 33 steel shim plates with a thickness of 3 mm each, and
top and bottom steel plates with a thickness of 20 mm each. The isolators had a rubber diameter
of 0.65 m and a core diameter of 0.10 m (Figure 1d). The structure was densely instrumented
with accelerometers, displacement transducers, and strain gauges to record different structural
responses. Four triaxial accelerometers were installed on each floor close to the corners of the
slab (see Figure 1c). In addition, two triaxial accelerometers were placed on the north-east and
south-west corners of the shake table platen.

Seismic Tests
The seismic tests on the building were conducted in April and May, 2012. In addition to the
seismic base excitation tests, ambient vibrations were continuously recorded from April 14 to
May 18, and low-amplitude white-noise base excitation tests were conducted at key stages
during the test protocol. Seven and six seismic input motions were applied to the BI and FB
building, respectively. Table 1 summarizes the seismic test protocol and Figure 2 shows the
acceleration time histories (THs) and the elastic displacement response spectra (EDRS), for 5%
damping ratio, of the seismic input motions used for the BI and FB configurations.
Table 1. Seismic test protocol.
Date
04-16-2012
04-16-2012
04-17-2012
04-17-2012
04-26-2012
04-27-2012
04-27-2012
05-07-2012
05-09-2012
05-09-2012
05-11-2012
05-15-2012
05-15-2012

Description
Canoga Park (Northridge 1994)
LA City (Northridge 1994)
LA City (Northridge 1994)
San Pedro (Chile 2010)
ICA 50% (Peru 2007)
ICA 100% (Peru 2007)
ICA 140% (Peru 2007)
Canoga Park (Northridge 1994)
LA City (Northridge 1994)
ICA 50% (Peru 2007)
ICA 100% (Peru 2007)
Taps Pump #9 67% (Denali 2002)
Taps Pump #9 100% (Denali 2002)
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Figure 2. Seismic input motions: (a) acceleration THs and (b) EDRS (ξ=5%) for the BI
building; (c) acceleration THs and (d) EDRS (ξ=5%) for the FB building.

System Identification
Method
The deterministic-stochastic subspace identification method [9] is employed to estimate the
modal properties of the BI-BNCS building. To track the variation of the modal parameters, the
instantaneous modal properties are estimated using input-output recorded data split on short-time
windows. The acceleration at the shake table platen is used as input data (i.e., m = 1) and the
longitudinal acceleration responses of the south-east corner of every floor of the building are
used as output data (i.e., l = 6) (see Figure 1b). Note that only one acceleration response per floor
in the longitudinal direction of the building (direction of the input motion) is used to conduct the
system identification, because the differences between the longitudinal floor accelerations
recorded at the four corners of each floor are negligible. In addition, measured transverse floor
accelerations are very small. To define the length of the time windows, different criteria were
investigated in [10]. Results based on numerically simulated response data of a liner time variant
shear building model suggested that the minimum window length approach with a 50% overlap
(see [11]) provides the best tracking capabilities to identify the time-varying modal properties.
The minimum window length corresponds to 3.6 s, then the estimation of instantaneous modal
parameters is obtained every 1.8 s. For each short-window data set, stabilization diagrams are
used to distinguish between physical and spurious (mathematical) modes.
BI building
Figure 3 shows the first four longitudinal mode shapes (1-L, 2-L, 3-L, and 4-L) of the BI
building identified using the first time window of the BI1-CNP100 test. Mode 1-L involves
mostly deformation of the isolation system with an almost pure rigid-body motion of the
superstructure, and it is consequently referred to as isolation mode. Considerable deformation of
the superstructure is observed for higher longitudinal modes (2-L, 3-L, and 4-L); however, these
modes also include some deformation of the isolation system.

Figure 3. Identified mode shapes of the BI-BNCS building.
In Figure 4, the top four plots show the identified instantaneous natural frequencies of the first
four longitudinal modes of the BI building, the bottom plot depicts the input acceleration timehistories achieved on the shake table and the second panel (from the bottom to the top) the
effective stiffness of the isolation system. It is noted that the effective stiffness (keff) and effective
damping ratio (ξeff) of an isolator under cyclic loading are calculated as [12]:

keff =

F+ + F−
∆+ + ∆−

;

ξ eff =

Eloop

2

π k ∆+ + ∆−
eff

(

)

2

(1a,b)

where ∆+, ∆- are the maximum (positive) and minimum (negative) horizontal displacements of
the isolator during a cycle, F+, F- are the maximum (positive) and minimum (negative) forces
at ∆+, ∆-, respectively, and Eloop is the energy dissipated in one hysteresis loop over displacement
range from ∆+ to ∆-. For the seismic data, the effective properties of the isolation system (keff total)
are calculated by using the total base shear (at the shake table platen) versus shear strain in the
isolators hysteretic response of the building.

Figure 4. Temporal variation of the natural frequencies of the first four longitudinal modes of
the BI building.
In the plots of the identified natural frequencies, the frequencies identified with AV data [13] are
shown with dashed red lines. The nonlinear response of the isolation system during all the
seismic tests can be inferred from the variation of keff total along the time. At the beginning of each
seismic test, the input motion displays low amplitudes and high values of keff total are calculated.
As soon as the amplitude of the input motion increases during the strong-motion phase, the
secant stiffness of the isolation system decreases significantly, but it recovers at the end of each
seismic test, reaching a value similar to the one computed at the beginning of the input motion.

That is, the isolation system shows a stable (i.e., without degradation) inelastic behavior. A very
similar pattern is observed for the variation of the identified natural frequency of the first
longitudinal mode (1-L). That is, the identified natural frequency of mode 1-L at the beginning
and the end of each seismic test is similar to the frequency identified using AV data (i.e., 1.18
Hz). During the strong-motion phase, the identified natural frequency of mode 1-L decreases
considerably, reaching minimum values into the range 0.37-0.41 Hz for tests BI1-CNP100 to
BI5-ICA50 and 0.36 Hz and 0.32 Hz for tests BI6-ICA100 and BI7-ICA140, respectively.
Because the mass of the building did not change during the tests, the frequency reduction is only
explained due to the reduction of the lateral stiffness of the isolation system. That is, the lateral
stiffness was reduced to values between 12% and 7% of the lateral stiffness at low-level
excitations. This reduction agrees with the variation of keff total that is shown in Figure 4.
One can note that the lower values of the identified natural frequency obtained for mode 1-L, for
each ground motion, are in good agreement with the values that were reported in [14], which are
shown with blue dashes lines in Figure 4. Chen et al. [14] estimated the predominant frequency
of the BI-BNCS building by using the roof displacement during the strong-motion phase
obtained from collocated accelerometers and GPS antennas. The variation of the identified
natural frequency of mode 1-L over time confirms that the isolation system experienced
significant stiffness reduction during the seismic tests, which is almost completely recovered at
the end of each seismic test. However, one can note that the identified frequency of mode 1-L at
the end of a seismic test is slightly lower than that identified at the beginning of the next seismic
test. This suggest that part of the stiffness degraded during a seismic test is not recovered
immediately, however, it is practically completely recovered at the beginning of the next seismic
test. This temporary and recoverable stiffness reduction in HDRBs is known as Mullins’ effect
and has been previously observed in BI structures instrumented during earthquakes (e.g., [15]).
Natural frequencies identified for higher longitudinal modes (2-L, 3-L, and 4-L) exhibit similar
variations during the time, decreasing during the strong-motion part of the seismic excitations.
However, for these modes the relative reduction in frequency (with respect to natural frequencies
identified with low-amplitude vibration data) is much lower (relatively speaking) than the
reduction observed for model 1-L. Higher modes also experience reduction in their identified
natural frequencies because these modes also involve deformation of the isolation system (see
Figure 3), and not because of damage in the superstructure. An excellent agreement between the
identified time-varying natural frequencies at the beginning and end of seismic tests and those
identified from AV [13] is also observed for higher modes. The identification of almost the same
natural frequencies for all longitudinal modes at the beginning of the first seismic test (BI1CNP100) and at the end of the last seismic test (BI7-ICA140) suggests that the building did not
suffer reduction of stiffness during the strong motions, which means that the building did not
suffer structural damage. This conclusion is in agreement with the low demands of the building,
at the global and local levels, reported in Astroza et al. [11], and also with the visual inspections
conducted after seismic test BI7-ICA140. The top four plots of Figure 5 show the instantaneous
identified equivalent viscous damping ratios for the first four longitudinal modes of the BI
building. In these plots, the damping ratios identified with AV data by Astroza et al. [13] are
displayed with dashed red lines. Similarly, the damping ratio of the predominant mode estimated
during the strong-motion phase by using the roof displacement that was obtained by Chen et al.
[14] is depicted with blue dashed lines. The bottom and second (from bottom to top) plots show

the input motion time-histories that were achieved on the shake table and the effective damping
(ξeff) computed by using the hysteretic response of the isolation layer according to the procedure
that was previously explained. The damping ratio identified for mode 1-L is significantly larger
than those identified for higher modes, and its values during the strong-motion phase correlates
properly with ξeff. For mode 1-L, the identified damping ratio increases considerably from values
around 5% during the beginning of the input motions to values as large as 12-25% during the
strong-motion phase, and then these values decrease again during the end of the seismic tests,
reaching values around 5%. This damping ratio is in excellent agreement with the damping ratio
of mode 1-L that was identified with AV data (ξ=5.3%). Mode 1-L comprises large shear
deformation of the bearings (Figure 3) and is highly related to the hysteretic response of the
isolation system. Because of the underlying mathematical model considered in the system
identification method employed here, all the sources of energy dissipation, in particular the
energy dissipated by the bearings, are identified as an equivalent viscous damping. It is noted
that the damping ratios identified for mode 1-L during the strong motion phase of the seismic
excitations are slightly larger than those computed from the hysteretic response of the isolation
system. Damping ratios identified for higher longitudinal modes (2-L, 3-L, and 4-L) are
considerably lower than those identified for mode 1-L. For mode 2-L, the identified damping
ratio varies from 2.5% to 8.5% and for modes 3-L and 4-L between 1.0 and 5.0%. Although
damping ratios of higher modes also tend to increase during the strong-motion phase of the
imposed input motion, they do not vary at the same scale as that of mode 1-L.

Figure 5. Temporal variation of the damping ratios of the first four longitudinal modes of the
BI building.

Conclusions
The experimental data collected from a series of shake table tests carried out on a full-scale fivestory base-isolated (BI) RC building, tested at the UC San Diego, was used to identify the timevariant modal properties of the building during the seismic tests. The first four longitudinal
modes of the building were identified using the deterministic-stochastic subspace identification
method with input-output acceleration data recorded. The instantaneous modal properties of the
building were identified by employing a short-time windowing approach and correlated with the
responses of the isolation system. The nonlinear behavior of the isolation layer was demonstrated
by tracking the changes in the identified natural frequencies and equivalent damping ratios of the
building at different levels of excitation. The stiffness reduction and energy dissipation of the
bearings were detected by tracking the variation of the identified instantaneous natural
frequencies and damping ratios of the building. A good correlation between the variation of the
effective stiffness and effective damping ratio of the isolation system with the identified
instantaneous frequency and instantaneous damping ratio of the fundamental mode (isolation
mode) of the building were observed. The Mullins’ effect in the bearings could also be observed
in the time-varying system identification results. Natural frequencies of higher longitudinal
modes also varied during the seismic tests but relatively less than that of the fundamental
longitudinal mode. Damping ratios identified for higher modes did not vary at the same scale as
that of the first mode and are significantly lower than those identified for the isolation mode.
Instantaneous modal properties identified during the beginning and the end of each seismic test
are in excellent agreement with the results obtained by using ambient vibration data. Finally, by
comparing the fundamental frequencies estimated using the component test data and those
identified using the seismic test data, it was concluded that they match very well, therefore, the
information obtained from component-tests allows to have a very good estimate of the
fundamental frequency of the building for a wide range of input intensities.
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