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Abstract: The dynamic characteristics of a structure serve as a fundamental basis for evaluating its
seismic performance. Over the service life of a building, structural or non-structural components may
undergo changes that deviate from the as-built condition, potentially altering the dynamic characteristics
and compromising the seismic performance originally intended in the design. This study investigates the
changes in the measured dynamic properties of a base-isolated tall building, which was constructed in
2012 and has been instrumented since 2022. The monitored ambient vibration of the building in both
2012 and 2022 were analyzed by both frequency- and time-domain methods to identify the natural
periods, mode shapes, and damping ratios of the building. The results indicate that, during the ten years
of service, the natural periods in both the transverse and longitudinal directions of the isolated structure
have significantly shortened, and the mode shapes have significantly changed from the typical mode
shapes of a base-isolated structure to those more like a fixed-base structure. A numerical model was
calibrated to explore the causes of such changes in a quantitative manner. It reveals a substantial increase
in the lateral stiffness of the isolation layer, which is possibly because the isolators were hampered by
the many masonry infills added to the once-empty isolation layer to convert it into exhibit space and
printing rooms. It therefore presents a typical case of a hampered isolation layer, which often makes

isolated buildings more vulnerable to structural and nonstructural damage under earthquakes.
Keywords: ambient vibration, base isolation, dynamic properties, masonry infills, hampered isolation
layer.
1. Introduction

Seismically base-isolated buildings are supposed to exhibit superior seismic performance by
employing a horizontally flexible isolation layer at the base to elongate the fundamental period and to
increase energy dissipating capacity of the structure (Pan et al., 2005; De Luca & Guidi, 2019). In such
a manner, base isolation significantly reduces the floor acceleration and inter-story drift demands on the
superstructure, while the lateral displacement of the building is primarily concentrated in the isolation
layer. Therefore, whether the isolation layer can move freely as intended is critical for a base-isolated
building to achieve the anticipated seismic performance. Although many studies have reported the
effectiveness of seismic isolation in actual earthquakes (Morita & Takayama, 2017; Nakamura et al.,
2011), there have also been negative cases. For example, damage to a variety of non-structural elements
in the isolation layer was observed in several base-isolated buildings during the recent earthquakes (Qu

et al., 2022; Qu et al., 2023). The damaged nonstructural elements may have presented a constrain the



isolators to move freely during strong shaking. Such unanticipated constraints may greatly increase the
stiffness of the isolation layer, shorten the isolation period, and thereby deteriorate the seismic

performance of the isolated building.

T

Figure 1 Nonstructural damage in the isolation layer: (a) extensive cracking of masonry infills (Qu et
al., 2023), (b) jammed isolation gap (Qu et al., 2023), (c) broken pipelines (Qu et al., 2022).

Changes in the stiffness of the isolation layer directly affect the dynamic properties of base-isolated
buildings including their natural periods, damping ratios, and mode shapes, which can be identified
through either experimental or operational modal analysis of recorded vibration data. For experimental
modal analysis, in-situ testing is usually required to excite the structure to exhibit free or harmonic
vibration. It is usually more convenient to manually excite a base-isolated building than a fixed-based
one because of the flexible isolation layer at the base (Bettinali et al., 1991; Braga & Laterza, 2004; Calvi
etal., 2021; Gesualdi et al., 2019; Wu et al., 2022). When in-situ testing is not feasible, as it may interfere
with the building’s everyday operations once it is in service, operational modal analysis (OMA) provides
an effective alternative to obtain reliable dynamic characteristics of the building from ambient vibration
data or minor earthquakes if it was instrumented ( Ivanovic¢ et al., 2000; Bindi et al., 2015; Anajafi &
Medina, 2019; Di. Matteo et al., 2021). Ventura et al. (2003) analyzed a six-story reinforced concrete
frame building with 12 LNR80O isolators using ambient vibration data and small amplitude ground
shaking data to find that the first three natural frequencies of the building during small amplitude ground
shaking were lower than those under ambient vibration data. Siringoringo and Fujino (2015) used OMA
to identify the natural frequencies of a L-shaped asymmetric seismically isolated building during several
earthquakes over three years, including the 2011 Tohoku Earthquake, and to correlate them to vibration
amplitude to highlight its influence on the dynamic characteristics of seismically isolated structures.

In addition to studying such amplitude-dependency, which is common for both fixed-based and
base-isolated structures, identified dynamic properties through OMA also allows for monitoring the
service status of the isolation layer of an isolated building, which plays a vital role in the seismic
performance of the building in future earthquakes. It is particularly helpful in discovering whether the
isolation layer is hindered from moving as intended. This paper introduces a real-world case of such
applications of structural monitoring for a 14-story base-isolated building in southwestern China. The
remainder of this paper first introduces the instrumented building of interest and the monitoring data at
the time of its construction and after 10 years of service. Then the changes in the dynamic characteristics
of buildings during their service life by both a frequency- and a time-domain method was examined, and
the likely causes of the observed changes were explained by numerical simulation of the dynamic system
of the building.

2 Overview of the seismically isolated buildings
2.1 Structural system

The seismically isolated building of interest was completed in 2012 in Kunming, Yunnan Province,



China [Figure 2(a)]. It was located on a highly seismic and soft-soil site of seismic intensity VIII (design
ground peak acceleration PG4 = 0.2 g) and site soil class III according to the Chinese code for seismic
design of buildings (GB 50011-2010). The building has 14 floors above ground and 2 floors of basement.
The structural height was 47.4 meters above ground, and the plan dimensions were 46.9 meters by 30.7
meters (Figure 3). The story height was 3.3 m for all the floors above ground except the 4.5-m-high first
floor. The story heights for the 1% and 2" basement floors were 2.6 m and 3.4 m, respectively. The first
basement floors (B1F) hosted the isolation layers, and the structure above it was referred to as the
superstructure, which was an eccentrically braced steel frame with concrete-filled steel tube columns.
The cross sections of primary structural members are listed in Table 1. The isolation layer is composed
of 30 laminated rubber bearings of diameters of 400-1000 mm (Figure 3), whose parameters are listed in
Table 2. The nominal shear modulus of the rubber was 0.392 GPa for all the bearings. Eight of the rubber
bearings, referred to as LRBs, were provided with lead cores. The four 400-mm-diameter bearings
(SLNR400) can slide on their bottom surfaces only to support the weight of the grade-level terrace. The
four primary types of rubber bearings were subjected to qualification tests before being installed in the

building. The hysteresis curves are depicted in Figure 4.
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Figure 2 View of the base-isolated building (a) building facade, (b) isolation floor.

Table 1 Cross sections of columns and beams

Elevation (m)
+0to 4.5 45t011.1 11.1to 44.1 44.1t047.4
Beam-1  H700x200x10x20  H650%200x10x14  H500x200%8x14 H650x200x10x14
Beam-2  H700x200x10x20  H500x200x8x14 H500x200x8x14 H500x200x8x14
Beam-3  HN250x125x6x9  HN250x125x6x9 HN250%125%6%9 HN250x125%6%9
Column  [J550x600x16x16 [1500x600x14x14 [1500x600x12x12  [1500x600x12x12
Brace [1300%x200x8x8 [1300%x200x8x8 [1300x200x8x8 [1300x200x8x8
Table 2 Properties of rubber bearings
LNR8O LNR90 LRB80 LRB10 SLNR4

Type

Type of bearings 0 0 0 00 00

Inner diameter (mm) 800 900 800 1000 400
Lead core diameter (mm) - - 130 180 -

Total rubber thickness (mm) 143 156 143 187 70

Total bearing height (mm) 307.5 3413 307.5 376 135

Initial lateral stiffness (kN/mm) 1.52 191 14.23* 19.55% 0.70*

Equivalent lateral stiffness at 50% shear strain (kN/mm) - - 2.64  3.50 -
Equivalent lateral stiffness at 100% shear strain (kN/mm) - - 1.83 239 -

* estimated values from nominal material properties.
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Figure 3 Elevation and plan layout of the structural system of the building (unit: m).

750 i r
200 C :
Z 250 C r
5-250 - :
*-500 ¢ - - ;

-750 ————t—— — P L

-200 0 200 -200 0 200 -200 0 200-200 0 200

(a) Disp.(mm) (b Disp.(mm) () Disp.(mm) (d Disp.(mm)

Figure 4 Lateral force-deformation relationship under 15MPa axial pressure and 100% shear strain for
(a) LNR800, (b) LNR900, (c) LRB800, and (d) LRB1000.
2.2 Instrumentation
Upon the completion of the building in 2012, the dynamic properties of the buildings under ambient
vibration were measured by a temporally dense array of vibration sensors. Two pairs of channels aligned
with the horizontal x- and y-directions of the building, respectively, were mounted on every floor of the

superstructure. The locations of the channels are shown in Figure 3. The 941B moving-coil sensors



developed by the Institute of Engineering Mechanics were used for this purpose. The sensors can be
switched among different modes to measure either acceleration or velocity. In the 2012 measurement,
the sensors were set to their velocity mode. The parameters of the sensors are listed in Table 3. The
signals of the sensors were amplified and integrated into displacement by an electronic amplifier, and
were collected by a 24-bit acquisition system with a sampling rate of 185.2Hz.

Table 3 Parameters of 941B moving-coil sensor

Parameter Velocity mode Acceleration mode
Range 0.3 m/s 20 m/s?
Sensitivity 2.4 Vs/m 0.3 Vs¥m
Resolution 4x107 m/s 5%10¢ m/s?
Frequency range (+1dB to -3dB) 0.25-100 Hz 0.25-80 Hz

The above monitoring system was removed from the building before it was put into service. The
building was then left un-instrumented for ten years until 2022, when a permanent monitoring system
was installed. The new system used a sparse array of sensors only on the ceilings of B1 (immediately
above the isolation layer), 3F, 6F, 9F, and 13F. To install the sensors on the ceiling was for the ease of
cabling in the office space. Three channels were arranged on each floor, one in the x-direction and two
in the y-direction (Figure 3). The same 941B sensors were used in the new system but they were set to
the acceleration mode, and the sampling rates were set to 102.4 Hz.

2.3 Translational displacements of floor diaphragms along primary axes

Five-minute segments of the ambient vibration data in both 2012 and 2022 are taken as the basis for
the following analyses. For the ease of comparison with the 2012 data, the data collected in 2022 by the
941B sensors in their acceleration mode were first converted to displacement via double integration. The
numerical integration was performed in the time domain using the trapezoidal rule. A high-pass 4"-order
Butterworth filter with a cutoff frequency of 0.25 Hz was applied to the signal after each integration to
eliminate low-frequency noise (Boore et al., 2012).

In light of the symmetric plan layout of the building, only the translational movement of the floor
diaphragms along the two primary axes of the structure, that is, the x- and y-direction in Figure 3, is
considered in the following analysis. When two channels were available along the same direction of a
floor, the signals were averaged to represent the translation of the floor in that direction. For the data in
2012, the translational displacements of a floor in the x- and y-directions are

uy = (ugy + ux2)/2 (la)

uy = (uyy +u5,)/2 (1b)
where Uy, Uy,, Uy, and uy, are the measured displacement time-histories by the sensors of x7, x3,
y;,and y; in Figure 3, respectively.

For the data in 2022, the translational displacement of a floor in the x-direction is represented by
the displacement double integrated from the measured acceleration of the sensor x in Figure 3, while that
in the y-direction is taken as the average of the two sensors in the y-direction:

uy = (uys +uy,)/2 )
Where uy; and uy, are the measured displacement time-histories by the sensors of y; and y,,

respectively.
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Figure 5 The x-direction displacement responses in 2012 and 2022: (a) time histories, (b) Fourier
spectra.

The thus-obtained translational displacements along the x-direction of the building are illustrated in
Figure 5 in both the time- and the frequency-domain. The root-mean-squared displacement urms as
defined in Eq. (3) was 0.0034 mm on the 1* floor (1F) of the building in 2012, and was moderately
amplified to 0.0055 mm on top of the floor. In contrast, the urms of the 2022 dataset was only 0.0006

mm on the 1% floor, but was significantly amplified by more than ten times to 0.0086 mm at the top.
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Upms = A3)
where #1 and 1, are the time instances of the start and end of the dataset. In this study, t, —t; = 300s.
In the frequency domain, a considerable discrepancy of the fundamental periods of the building in
2012 and in 2022 is clearly seen from the Fourier amplitude spectra of both datasets. Such a variation of
the dynamic property of the building over the decade will be discussed in better detail in the following

sections.

3 Methods of Modal Identification
The enhanced frequency domain decomposition (EFDD) method (Brincker et al., 2001) and the
data-driven stochastic subspace identification (SSI-DATA) method (Van Overschee & De Moor, 1996)

are among the most commonly used operational modal analysis methods in the frequency- and the time-



domain, respectively. They are used to identify the modal properties of the base-isolated buildings from
their ambient responses ten years apart, and are compared to validate the results. The open-source toolkit
PyOMA was used to implement EFDD and SSI-DATA for the modal identification (Pasca et al., 2022).

3.1 EFDD

EFDD estimates the system's modal properties through singular value decomposition (SVD) of the
cross-power spectral density (CPSD) matrix derived from the measured ambient responses of the system.
The CPSD was calculated by Welch's method with a Hanning window function. Before calculating the
CPSD, the data of ten minutes record length (Magalhaes et al, 2010) were linearly detrended. The power
spectral density function of each single-degree-of-freedom system corresponding to a singular value was
identified on the spectra of singular values by modal assurance criterion (MAC) analysis with a MAC
threshold of acceptance of 0.85 (Figures 6(a) and (b)). It was then transformed back into the time domain
by inverse Fourier transform for the identification of the natural frequency and damping ratio of the
respective mode by estimating crossing times and logarithmic decrement (Figure 6(c)) (Brincker et al.,
2001; Rainieri et al., 2010; A. Hasan et al., 2018).
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Figure 6 Identification method of the EFDD processing x-direction in 2012 and 2022 years

3.2 SSI-DATA

A block row parameter of 15 was selected to construct the Hankel matrix, and the maximum model
order was set to the product of the block row parameter and the number of recorded channels. A set of
stability criteria (Peeters and De Roeck 2001) was applied to evaluate the convergence of poles across
model orders, including thresholds on frequency variation (1%), damping variation (5%), and mode
shape consistency (MAC difference < 2%). Figure 7 depicts the steady-state diagrams for identifying the
first three modes of the building in the x-direction from data in 2012 and 2022 by SSI-DATA algorithm.
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Figure 7 Stabilization diagrams resulting from SSI-data for the x-direction in (a) 2012 and (b) 2022.

4. Identified modal properties

The identified first three natural periods of the structure were presented in Table 4. In 2012, the first
modal period in the x-direction ranged from 2.242 to 2.267 s using both methods, with a difference of
1.1% between the maximum and minimum values. The first model period in the y-direction was 2.406
to 2.593s, with a 7.2% difference. The discrepancy in the second and third modal periods of the structure
using both methods is within 1%, except for the second mode in the y-direction. In 2022, the modal

periods identified by both methods were generally consistent, with less than 5% differences.

Table 4 Identified natural periods (unit: s)

x-direction y-direction
Mode I 2nd 3rd I 2nd 3rd

EFDD 2.242 0.617 0.340 2.593 0.751 0.366

2012 SSI-DATA 2.267 0.612 0.342 2.406 0.690 0.363
Difference 1.1% 0.8% 0.6% 7.2% 8.1% 0.8%

EFDD 1.532 0.482 0.271 1.634 0.507 0.273

2022 SSI-DATA 1.526 0.499 0.272 1.626 0.503 0.279
Difference 0.4% 3.5% 0.4% 0.5% 0.8% 2.2%

Figure 8 compares the identified periods of the first three modes by both the frequency- and the
time-domain methods. While both methods show consistent results for both the x- and y-directions, the
periods of the buildings exhibit a considerable reduction over the decade. In both the horizontal directions,
the fundamental periods are reduced by more than 30% from 2012, when the building was just completed
to 2022 when it has served for 10 years. The 2" and 3™ mode periods also sustain 20% to 30% reduction

over the years.
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Figure 8 Natural periods variation from 2012 to 2022 in (a) x-direction and (b) y-direction.

Along with the considerable reduction in the periods is the significant changes in the mode shapes
(Figure 9). Both identification methods provide very similar results for the first three mode shapes. The
identified mode shapes in 2012 feature a concentrated displacement at the base of the building, which is
a unique property of seismically base-isolated buildings. They are also compatible with the theoretical
mode shapes of base-isolated buildings in the textbook (Chopra, 2022). However, the mode shapes in
2022 differ significantly from those in 2012 by the absence of a base displacement. They are more like

the mode shapes of a conventional fixed-base building.
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Figure 9 Identified the first three mode shapes in (a) x- and (b) y-directions by EFDD and SSI methods.

Unlike the consistent performance in identifying the natural periods and mode shapes, the two
methods give quite different estimates of the damping ratios, especially for the modes in the x-direction
(Table 5). The largest difference between the methods reaches 105.3% and takes place for the 2" mode
damping ratio in the x-direction, when the EFDD estimates a 4.4% damping ratio but SSI gives a 9.0%
estimate. Considering the well-known challenges and uncertainties associated with damping
identification in modal analysis (Catbas et al., 2013), Figure 10 combines the different identified damping
ratios by both methods in both directions to give a box plot describing the likely ranges of the damping
ratios. Despite the large scattering, the identified damping ratios of the building exhibit a significant

reduction over the decade from 2012 to 2022, especially for the first two modes.



Table 5 Identified damping ratios of first three modes (%)

x-direction y-direction
Mode I 2nd 3rd I 2nd 3rd
EFDD 5.7 4.4 3.5 6.0 5.8 2.0
2012 SSI-DATA 8.0 9.0 4.9 59 5.7 2.5
Difference 40.7% 105.3% 41.0% 1.0% 1.8% 26.8%
EFDD 2.4 2.8 2.2 1.1 1.7 2.6
2022 SSI-DATA 1.6 1.0 1.5 0.9 1.0 2.9

Difference 35.9% 63.7% 32.9% 15.1% 41.6% 10.4%
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Figure 10 Identified damping ratios for the first three modes in 2012 and 2022.

5 Causes of the varied dynamic properties

The isolated building in the x-direction for example is simulated by a simplified lumped-mass shear
model as shown in Figure 11 to assist in analyzing the causes of the varied natural periods and mode
shapes in a quantitative manner. Based on the design documents, the superstructure is assumed to have
identical mass m = 880.42 ton for all the stories above ground and a mass n = 1391.06 tons for the floor
immediately above the isolation layer, which processed thicker floor slabs and larger RC piers and beams.
During construction, samples of the isolators were approved by qualification tests, which provided
reliable initial stiffnesses of each type of isolator (see Figure 4). The initial stiffnesses of all the isolators
add to kgr=168.3 kN/mm, which is considered a good estimate of the lateral stiffness of the isolation
layers back in 2012. Assuming a uniform distribution of lateral stiffness across the superstructure, and
given all the masses and the identified fundamental period of 2.267s in 2012, it can be determined that &
= 1294 kN/mm, which is 7.7 times the initial stiffness of the isolation layer. Figure 12 compares the
corresponding mode shapes of the thus-determined simplified model with the identified mode shapes by
the 2012 data to show a close fit.

10
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Figure 11 Simplified lumped mass model of the building in the x-direction.
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Figure 12 Identified and numerically simulated mode shapes of the building in the x-direction in 2012.

The owner of the building confirmed that the building has been occupied as a design institute since
its completion and did not sustain any significant modifications or alterations, except that the B1 story
that hosts the isolation layer was decorated and occupied as an exhibition hall and printing rooms. For
this purpose, 200-mm-thick masonry infills of aerated concrete blocks were built to separate the interior
space. Figure 13 depicts the plan layout of the added masonry infills and a photo of the appearance of
the basement in 2022, in which a rubber bearing was intended to be exposed for exhibition. If ideally
detailed in accordance with code requirements to separate them from the primary structure with intended
gaps, the masonry infills are not supposed to hinder the movement of the isolation layer. However, poor
or careless detailing in the real construction practice may have somehow made them interact with the
primary structure and significantly increase the initial stiffness of the supposedly flexible isolation layer,
which is not rare in real-world base-isolated buildings (Qu et al., 2022; Qu et al., 2023). Therefore, the
significant variation in the structure’s natural periods was likely attributed to the increased lateral

stiffness of the isolation layer because of the added masonry infills.

11



o
>
Ot = 5 & £
o
>
©r4—u £ S| - Upper pier
o
~ R 7o
, . S| N & 5 = ~=—= Masonry infill —
@ RC pie;r Masonry infill ~ Masonry infill —
- 3 5 i o & ,
84 , 84 . 84 |, 84 |, 8. -

X 3 4
@O @ 6 o 66 6o
Figure 13 Decoration of basement B1 that hosts the isolation layer: (a) plan layout of masonry infills,

and (b) photo of a corner of the decorated interior space.

To check the above hypothesis on a quantitative basis, the required additional lateral stiffness of the
isolation layer is estimated by the lumped-mass shear model in Figure 11. Assuming that all other
parameters except kg are the same as in 2012, the isolation layer needs to exhibit a lateral stiffness kg1 =
5595kN/mm so that the fundamental period of the numerical model matches the 1.526s period identified
by the 2022 dataset. It is over thirty times greater than the kg = 168.3kN/mm in 2012 estimated by the
sum of the experimental stiffnesses of the isolators, and four times greater than the derived uniform story
stiffness £ = 1294 kN/mm of the superstructure. The corresponding mode shapes of the numerical model

of the updated kgr match well with the identified mode shapes as shown in Figure 14.
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Figure 14 Identified and numerically simulated mode shapes of the building in the x-direction in 2022.

The question remains whether the added masonry infills were stiff enough to provide the necessary
additional lateral stiffness to the isolation layer, which amounts to 5427 kN/mm as per the above
calculation. The in-plane stiffness of squat walls of aspect ratio less than unity can be estimated by Eq.
(5) proposed by Zhang et al. (1998). According to Huang (2011) and Xie (2020), the shear modulus G of
aerated concrete block infills may scatter from 1180 to 3102MPa. All the 16 pieces of infills in the x-
direction of the isolation layer may therefore provide a lateral stiffness roughly ranging from 4555 to
11975 kN/mm as per Eq. (5). It is quite possible for the added masonry infills to provide the necessary
additional lateral stiffness for the isolation layers to shorten the fundamental period of the isolated
building by 33%.

GA

Ky = —
° Ehy

(6))
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where G is the shear modulus of masonry, 4 is the net horizontal cross-sectional area of the wall; hy, is
the height of the wall, and ¢ is a shear stress distribution coefficient that accounts for the non-uniformity
of shear stress, and is recommended to take 1.2 for rectangular sections.

It is worth noting that, when subjected to moderate or strong earthquake excitation, the infill walls
may sustain damage, leading to a reduction in their effective stiffness. Consequently, the dynamic
characteristics of the building may differ from those identified under ambient vibration monitoring. In
particular, the instantaneous dynamic properties of a structure under earthquakes may depend on the
amplitude and frequency characteristics of the ground motions. The possible effect of the nonstructural
infills on the seismic performance of the isolated building remains a topic of future study through
observations during actual earthquake events.

Another possible source of additional stiffness may be the hardening of the rubber because of aging
(Itoh & Gu, 2009; Cardone et al., 2011). A set of natural rubber bearings that had been serviced for 22
years in a three-story building was taken apart for mechanical testing, it was discovered that the
horizontal stiffness increased by almost 10% (Hamaguchi et al., 2009). A significant increase of
approximately 40%-70% in the effective horizontal stiffness has been observed in Neoprene annular
steel-reinforced elastomeric isolators aged over 30 years. However, the maximum observed increase in
the lateral stiffness of rubber bearings was 72% over 30 years of service (Van Engelen and Kelly, 2015).
Such a possible range of stiffness change does not compare to the identified stiffness increase in this case.

Although it seems confident to attribute the change in the dynamic properties of the building
primarily to the increased stiffness of the isolation layer by the added nonstructural infills, the above
deterministic analysis of the system parameters can hardly address the uncertainties related to the
variation in the stiffness of the infills and to how predominately they determine the system’s dynamics
over other possible issues such aging or straining of the rubber bearings. More advanced probabilistic
methods may provide valuable tools for further investigations (Javidan and Kim, 2022a, 2022b).

6. Conclusions

This study analyzes the monitoring data of the ambient vibration of a 14-story base-isolated building
at two distinct time instances of ten years apart. Both frequency- and time-domain methods are employed
to identify the building’s dynamic characteristics, including the natural periods, mode shapes, and
damping ratios. The following conclusions are drawn from the investigation.

(1) Compared with ordinary fix-based structures, isolated buildings are more vulnerable to changes
in dynamic properties because of the presence of a flexible isolation layer at the base, magnifying the
effectiveness of structural health monitoring for proper maintenance of the buildings. For the isolated
building of concern in this study, the first three modal periods in both the transverse and longitudinal
directions were shortened by approximately 20%, while the fundamental period was 30% shorter after
ten-year service. The mode shapes also exhibit significant changes that suggest local stiffness increases,
which are consistent with the period shortening. In contrast, the changes in the damping estimates are
less informative and provided limited engineering significance.

(2) Regarding operational modal analysis, frequency-domain approaches such as EFDD used in this
study are simpler and computationally more efficient over time-domain methods such as SSI-DATA,
while the latter may be used as complementary tools for validation. Nonetheless, both categories of
methods provided highly consistent results for the natural periods and mode shapes. Regarding the
monitoring systems, cost-effective domestic sensors are shown to be adequate for monitoring the long-
term changes of the periods and mode shapes of buildings.

(3) The changes in the global dynamics properties identified by modal analyses need to be translated
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to the changes in localized structural properties such as story stiffnesses before they make sense to
maintenance decision making. Simple structural models such as the lumped-mass shear-spring model
used in this study are adequate to serve this purpose. It shows that the estimated stiffness of the real
isolation layer, including not only the rubber bearings but also the nonstructural elements, is as high as
5495 kN/mm, 33 times greater than the total initial stiffness kg1 = 168 kN/mm of rubber bearings alone
at the time of construction. Such significant increase in stiffness is in the same order of magnitude with
the possible lateral stiffness of the nonstructural infills added to the isolation layers during the service of
the building without consulting a structural engineer. It explains the notable changes of periods and mode
shapes, and therefore informed maintenance decisions of the owner.

The above results present a realistic case of how nonstructural elements in the isolation layer may
significantly alter the dynamic properties of an isolated building, and how structural monitoring can help
identify such changes. As it is common in real-world isolated buildings in China, if not in other parts of
the world, to have unintended or un-engineered nonstructural elements in the supposedly flexible
isolation layer, it deserves further investigation into the possible impacts of such elements on the seismic

performance of the isolated building in future earthquakes.
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