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ARTICLE INFO ABSTRACT
Keywords: For a comprehensive diagnosis of base-isolated buildings, the superstructure should be moni-
Base-isolated structure tored. The modal parameters are crucial evidence for structural assessment. This paper develops a
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novel method to identify the natural frequency of the superstructure using a transformation
function that depends on the responses of the isolation story, eliminating the need for sensors
installation in the superstructure. The transformation function of the isolation layer is defined as
the ratio of the inter-story drift to the absolute acceleration of the story. The formulation is
initially derived under linear conditions through a substructural approach, and it is extended to a
nonlinear case using a generalized frequency response function. This function can identify the
modal parameters of the superstructure. Numerical simulations of a base-isolated structure are
performed to investigate the influence of nonlinearity. The method is validated using three real-
world structures: (i) a scaled structure in a laboratory under linear conditions; (ii) a full-scale
reinforced concrete (RC) structure with sliding bearings (tested at E-Defense); and (iii) a real-
life base-isolated building equipped with bearings and dampers. Subspace identification (SI) is
used for comparison. The results confirm that all the modes can be accurately estimated for a
linear structure. When the isolation system behaves nonlinearly, the position of the poles of the
superstructure is not affected, and the first two modes are identified, whereas the poles corre-
sponding to higher modes cannot be observed. Hence, the natural frequencies of the first two
modes extracted using the proposed approach are accurate and consistent with the SI results.

1. Introduction

Installing base isolation bearings in buildings can reduce structural damage during an earthquake. This seismic isolation system can
alter a structure’s first natural frequency from the dominant frequency of the seismic load, thereby reducing the building’s structural
responses [1,2]. Moreover, the inter-story drift of the isolation story should be measured by displacement sensors [3] or emerging
measurement techniques [4,5] to assess whether the isolation system is effective under external forces, as a large displacement may
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disable the bearings and dampers [6-9]. Despite the utilization of the seismic isolation and the incorporation of the supplemental
passive [10-12], semi-active [13,14], or active energy dissipation devices [15,16], the superstructure vibrates due to ground motion
and could be damaged during a strong earthquake [17,18]. Hence, monitoring the superstructure of seismically isolated buildings is
necessary.

Structural diagnosis based on responses recorded by monitoring system is convenient, with various types of evidence extracted
from the structural responses for assessment [19-21]. For this reason, characteristics such as modal parameters are very suitable since
they are directly related to structural properties [22]. Generally, a monitoring system is composed of sensors and the associated data
acquisition, transmission, and processing devices [23]. Wired data transmission still is a common practice, and an autonomous wiring
arrangement allows for the proper functioning of the sensing system for extreme events [24]. However, the installation and main-
tenance of these sensors on multiple floors is tedious and expensive. Therefore, in this work the use of a simplified sensing system for
the modal identification of the superstructure in a base-isolated building is investigated.

To date, the modal identification of base-isolated structures has been extensively studied [25-29]. High damping bearings with
supplemental dampers are typically employed for energy dissipation and shock absorption, as the use of the elastomeric isolator alone
will increase base displacement [30,31]. As a result, the behavior of the isolation layers becomes nonlinear. In such cases, modal
information can be identified by considering the whole building as a system, where the seismic wave is the input and the responses of
the base and floors are the output; the following two components of this system are obtained: (i) the characteristics of the isolation
system; and (ii) the dynamic properties related to the superstructure [32,33]. However, these two components are coupled to each
other, making it difficult to determine the state of the superstructure from these modal parameters. For example, the natural frequency
of the superstructure is different under earthquakes of different intensities; consequently, identifying whether the change originated
from the nonlinearity of the bearings and dampers or from structural damage is challenging.

A fixed-base structure system model can be used to make an accurate structural estimation of a superstructure [18,34]. In this
model, the response of the base is the system input, whereas the responses of the other stories are the system output. However, the
absolute responses cannot be directly used for output-only methods because the hysteretic information of the isolation system has not
been disaggregated from the superstructure responses. This suggests that the sensors deployed on the base and the floors of the su-
perstructure are required. A building can experience diverse damage modes [35,36]. In the event of significant time-varying char-
acteristics, extended Kalman filters [37-39] and unscented Kalman filters [40-42] can be used to track the varying structural
parameters. The Kalman-type algorithms require structural mass distribution, and a rough mass estimate will not provide accurate
results. In contrast, time-frequency domain analyses, such as the Hilbert-Huang transform [43,44] and the wavelet transform [45,46],
do not require the structural mass data and can reflect varying structural information, if floor responses relative to the base can be
obtained. Furthermore, a combination of a short-time transfer function and a subspace identification (SI) method is presented to
improve the accuracy of the identification of the natural frequency of a superstructure [18]. However, time-domain and
frequency-domain time-invariant identification studies (e.g., the transmissibility function) of full-scale buildings and real-life struc-
tures, which use the time-history responses of common structural damage to buildings, can afford satisfactory results [32,47-50]. For
example, the natural frequency identified by the time-invariant identification method will decrease when the extent of the structural
damage increases for common buildings. Therefore, the time-invariant identification method can provide a reliable assessment of the
structural condition with higher identification accuracy and operational convenience. However, the aforementioned identification
methods require both the structural responses of the base and superstructure. For this, sensors must be installed on the superstructure
in addition to the base. In particular, a sufficient number of sensors must be distributed in a superstructure with multiple floors to
ensure a high identification accuracy [51]. This could increase the cost of the structural monitoring system.

To address the abovementioned issues, this paper focuses on the modal identification of a superstructure using a simple monitoring
system. This method requires only the measured absolute acceleration and inter-story displacement of the isolation layer. A sub-
structural approach is used to derive a linear transformation function of the isolation story, which is defined as the ratio of the inter-
story drift to the absolute acceleration. Subsequently, a generalized frequency response function is adopted to extend the trans-
formation function to nonlinear conditions. This transformation function is used for the modal identification of the superstructure. As
mentioned before, the isolation system has to be monitored with an accelerometer and displacement meter that are mounted at the
base. The proposed method makes full use of the responses collected by the two sensors and requires no additional sensors for the
superstructure. The two sensors, along with other equipment, can be placed in a single location within the seismic isolation building,
which reduces the wiring requirements and minimizes spatial waste, thus significantly lowering monitoring costs.

The reset of this paper is organized as follows: Section 2 describes the development of the transformation function for modal
identification under linear and nonlinear conditions. Section 3 discusses the influence of the degree of nonlinearity on the trans-
formation function-based modal identification through numerical simulations. Section 4 presents the validation results of the proposed
algorithm when it was applied to a scaled steel structure in the laboratory, a full-scale reinforced concrete (RC) structure with sliding
bearings (tested at E-Defense, a part of the Japan’s National Research Institute for Earth Science and Disaster Resilience), and a real-life
base-isolated building with nonlinear bearings and dampers. Different column sizes are investigated in the first case, and seismic waves
with multiple intensities are applied to the latter two cases. Finally, Section 5 summarizes our findings and discusses the potential
applications of the proposed method.

2. Methodology

A schematic of the motion of a base-isolated structure is shown in Fig. 1. The equation of motion of the whole structure subjected to
earthquakes can be expressed as follows:
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Mz(t) + Cz(t) + Kz(t) = —Mriiy(t) (€D)
where M, C, and K are the mass, damping, and stiffness matrices that consists of [m, m; -+ my], [c, ¢1 -+ ¢p), and
[ky ki - kn],respectively; z(t) is the response relative to the ground; ( -) is the time derivative; ig is the seismic acceleration; and r

is an all-one vector.

To propose a modal identification method for the superstructure of the base-isolated structures based solely on the absolute ac-
celeration and inter-story drift of the isolation layer, the linear case is investigated first as an initial study. This is followed by an
investigation of a general nonlinear condition.

2.1. Linear condition: analysis of whole structure

In this section, suppose that the isolation layer behaves linearly during earthquakes. Then, Equation (1) can be expressed in the
frequency domain as follows:

Z(0) =Hyj . (0)M“ Ug(w) (2-1)
Z(0) = Hyjo (0)M“ Uy() (2-2)
Z(w) = Hjji ()M Uy(w) (2-3)
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Hl(}/hole ((1)) :jElezole(w) = 7EHwhole ((1))
Hp(w) Hp(w) - Hyp(w) - Hp(o)
Hlb(a)) H11 ((1)) Hh-(a)) Hln((lJ)
HS}iule(w) =
Hib(a)) Hil (0)) Hii(w) Hm (CU)
Hy@) Ho@) - Hy@) - Hu@)d
—0*my + (ky + k1) +jolcy + 1) —ki —joc 0 N
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where Z(w) and U(w) are the Fourier transforms of z(t) and i(t), respectively; HE | (o), H'S . (), and HAC, (w) are the displacement,
velocity, and acceleration frequency response function, respectively, of the whole building; and j is the imaginary unit.

The inter-story drift Z,(w) of the isolation layer is described as follows:
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Fig. 1. Schematic of the motion of a base-isolated building.
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Zb (w) = [ — mbeb (a)) — mlel (a)) — see — miHbi (w) — e — mngn (a))]Ug(w) (3)
The absolute acceleration U,(w) of the base can be written as follows:
Up(w) = — [ — mpHyp (@) — myHy (@) — -+ — MiHpi(@) — -+ — MpHpn(0)]Ug (@) + Ug() (€]

Consequently, the ratio of the inter-story displacement to the absolute acceleration of the isolation story can be expressed in the
frequency domain as follows:
Zb(a)) [ — mbeb(a)) — mlel (w) — eee — miHbi(w) — eer — m,,an (a))}

Up (o) - —w?[ — myHy, (@) — myHpy (@) — -+ — miHpi(w) — -+ — MuHpn (0)] + 1 ®)

2.2. Simplified formulation: substructural analysis

Equation (5) affords the response analysis of the whole structure. However, interpreting this complex expression is difficult.
Therefore, a substructural analysis is applied to simplify the formulation [52]. The equation of the motion of the superstructure is given
as follows:

M,x(t) + C;x(t) + Kex(t) = —M,riip(t) (6)

The equation of motion for the structural base is expressed as follows:

mbib (t) + CbZ.b (t) + ka(t) = — mbiig(t) Jrfmp(t) (7)
where the subscript ‘s’ indicates the matrices of the superstructure that are composed of [m; -+ my], [c1 -+ c¢cn], and
[ki - kn); x(t) is the response relative to the base; i, is the absolute acceleration of the base, and fy,, (t) is the force exerted by the
superstructure.

Similar to Equation (1), which describes the whole structure, Equation (6) describes the superstructure and can be expressed in the
frequency domain as follows:

X(w) =Hyp ()M Uy () (81
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where X(w) is the Fourier transform of x(t); Hf,ﬂ;(w), H;’lzl,(a)), and H(w) are the frequency response functions of the superstructure;
and H(w) is the element of Hgli;(a)).

Equation (7) characterizes the structural base and can be converted into the frequency domain as follows:
Yy (@) = Hy(w)Fy(w) = Hp(@) | — mp Ug(w) + Fyp (@) 9

1

H(o)=—
b(w) —w?my, + jwcy, + ky

F, ((j)) = rsup (w)Ub (w)



K. Xu et al. Journal of Building Engineering 100 (2025) 111791

Ysp(@) = (jociyn +kiy)[ — mi+lﬁ(i+l)(i+l)(w) e mnﬁ(m)n(w)]

where Hj(w) is the frequency response function of the base, Fj(w) is the total force applied to the base, and Fy,(w) is the Fourier
transform of fo,(t).

Consequently, the transformation function 7'y (), which is the ratio of the inter-story displacement to the absolute acceleration of
the isolation story, can be formulated as follows:
B Yo(w) —my + Yop()

= 10)

2 -
b (w) Ub(a)) jwcb =+ kb

H(w) is the element of the displacement frequency response function Hfui; () of the superstructure. Hence, the modal characteristics
of the superstructure are reflected by these elements. For example, those curves have peaks at the natural frequencies of the super-
structure. Consequently, ¥y, (o) is relevant only to the parameters of the superstructure and can indicate the modal information of the
superstructure as well. Furthermore, the denominator of Equation (10) contains no zeros in the common frequency range and hence
does not result in new poles. Thus, the transformation function I'y(w) curve will have a similar feature to that of Y,(®) in the
numerator. In other words, the natural frequency of the superstructure can be determined from the transformation function through
the peak-picking method.

2.3. Extension to general case

Isolation devices with nonlinear characteristics typically show superior energy dissipation and seismic mitigation performance.
Hence, they are more frequently adopted in the isolation layer, which exhibits nonlinear behavior during major earthquakes. Assuming
that the superstructure behaves linearly during the vibration. Previous studies [53-55] have presented the concept of a generalized
frequency response function to describe nonlinearity, such as piecewise linearity and hysteresis nonlinearity, using a rational poly-
nomial function, where the polynomial coefficients denote the nonlinear properties. For instance, when the stiffness nonlinearity is
considered, the motion of the base can be expressed as follows:

My (6) + oy (6) + Y Ky (6) = —mitig(£) + fup (0 an

where the subscript p is the order of nonlinearity.

Furthermore, as shown in Equation (12), the nonlinear inter-story drift of the isolation layer in the frequency domain can be divided
into first-order and higher-order responses. The first-order response is the product of the frequency response function Hy(w) of the base
under linear conditions and the system input. The higher-order responses can be computed by the higher-order frequency response
functions and the input. In particular, any higher-order frequency response function can be described as a polynomial function of the
structural parameters.

Zb(w) :Hb (a))Fb(a)) + Z:szuncp (a), my, Cp, kb17 ey kbp,Hb (a)), Fb(w)) (12)

where func( - ) denotes the functional relationship.
The expression of the transformation function of a nonlinear isolation layer can be approximately obtained by substituting Equation
(9) for Equation (12):

_ Zp(w) . —my + YVap(@)

= = 13
Up(w)  jocy +ky + func(w,mb,cb, ko1, -+, kep, "’kbp) (13)

Fb(a))

The denominator of Equation (13) contains two components: (i) the first two terms are the same as those in the linear case, and (ii)
the function term associated with nonlinearity. The contribution of the nonlinear term is significantly smaller than that of the linear
part. Therefore, the denominator does not undergo a sign change within the frequency range of interest. Hence, the poles of the
transformation function are consistent with those of Yy, (®). Even when the stiffness and damping nonlinearity of the isolation system
are considered simultaneously, the result remains the same.

Notably, for a nonlinear single-degree-of-freedom (SDOF) structure, additional poles appear except for that of the natural frequency
in the linear case. In contrast, no extra poles appear in the transformation function because the term —w?m; in the denominator is
eliminated. In addition, according to Equation (10), under linear conditions, the transformation function of the isolation layer will
remain constant when the structure is excited by different seismic waves. However, under nonlinear conditions, the amplitude of the
transformation function will differ at the same frequency, as the nonlinear parameters reflected by the polynomial coefficients will
vary under different loads. In summary, the natural frequency of the superstructure can be determined from the transformation
function of the isolation layer, i.e., the ratio of the inter-story drift to the absolute acceleration, and the identification process is
illustrated in Fig. 2. Therefore, the superstructure can be monitored by an accelerometer and a displacement sensor installed on the
isolation story.
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3. Numerical simulations

To investigate the influence of the nonlinearity of the isolation layer on the modal identification of the superstructure using the
transformation function, simulations on a three-story base-isolated shear structure were conducted. The lumped mass and the inter-
story stiffness of the superstructure and the base are shown in Fig. 3. The widely used Bouc-Wen hysteresis model [56,57] was
adopted to simulate the hysteresis of the energy dissipation and seismic isolation devices. Even though this model does not fully align
with the plasticity theory and may occasionally predict negative energy dissipation, it is widely applied in the seismic engineering
field. The equation governing the Bouc-Wen model is expressed as follows:

D,w=Auy, — (ysgn(wity) + f)|w|"tp a4
The hysteretic force Fy, of the isolation story can be obtained by the following equation:

Fyn= FyW (15)

where w is a dimensionless hysteretic variable, and D, and F, are the yield displacement of the energy dissipation and seismic isolation
equipment, respectively. In this simulation, we used a D, of 1.5 mm and an F, of 655.4 kN. A, f, 7, and n characterize the shape of the
hysteresis loop and were set to 0.0029, 0.6, 0.4, and 1.0, respectively.

Gaussian white noise signals with different amplitudes (1 %, 10 %, 25 %, 50 %, 75 %, and 100 %) were used to excite the base-
isolated structure. The hysteretic force inter-story displacement curves of the isolation story are shown in Fig. 4. When the struc-
ture was subjected to the load with 1 % amplitude, it behaved linearly because of the minor excitation. The device exhibited varying
extents of nonlinearity as the amplitude of the load increased. The transformation function of the isolation layer can be determined by
the absolute acceleration and the inter-story drift of the isolated story. Fig. 5 shows the transformation function of the isolation layer
under all situations. In all the cases, the pole corresponding to the first mode was significant, and the second pole was small yet
noticeable. However, the higher modes did not appear because the contribution of nonlinearity becomes comparable to, or even larger
than, that of the linear part in the denominator of Equation (13) as the frequency increases. Consequently, the original poles of the
higher-order modes are obscured by nonlinearity-induced fluctuations. In addition, the amplitudes of the transformation function are
different under different excitations. For example, the values of the function became larger near the first peak. This implies that, in the
denominator of Equation (13), the nonlinear term has the opposite sign to that of the linear term, and its magnitude increased as the
hysteresis loop became more pronounced. Furthermore, the natural frequencies of the first two modes of the superstructure were
extracted from the function curves, and the errors relative to the analytic values were computed. These results are listed in Table 1. As
can be observed, the first two natural frequencies of the superstructure were accurately identified by the transformation function, and
the identification of these parameters were not affected by the nonlinearity. In summary, the nonlinearity of the isolation layer
influenced the amplitude of the transformation function but did not affect the position of the poles. This nonlinearity also results in the
inability to observe the poles corresponding to the higher modes (>3) in the function curve.

Start

Installing accelerometer and displacement sensor
on isolation layer

v

Measuring absolute acceleration and inter-story
drift of isolation layer during earthquakes

'

Calculating transformation function
using Fourier transform

v

Extracting natural frequency of superstructure
by peak-picking method

End

Fig. 2. Procedure of modal identification by the transformation function.
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Fig. 3. Three-story base-isolated structure.
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Fig. 5. Transformation function of the isolation layer under loads with different amplitudes.

4. Validation

Three scenarios were used to validate the applicability of the transformation function of the isolation layer for the modal identi-
fication of the superstructure. In Section 4.1, the application of the transformation function to a scaled steel frame in laboratory under
linear conditions is discussed. Section 4.2 describes the application of the proposed algorithm to a full-scale RC structure tested at E-
Defense, where cast iron supports were used at the base. In Section 4.3, the responses of a real-life building under two earthquakes with
different intensities are used. In particular, the isolation layer of the building was equipped with rubber bearings and oil dampers. For
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Table 1
Identified parameters of the superstructure and relative errors to the analytic values
(Analytic value: First natural frequency = 11.99 rad/s; second natural frequency = 31.40 rad/s).

Amplitude of loads First natural frequency (rad/s) Relative error (%) Second natural frequency (rad/s) Relative error (%)
1% 12.03 0.34 31.37 0.10
10 % 12.03 0.34 31.37 0.10
25 % 12.03 0.34 31.37 0.10
50 % 12.03 0.34 31.55 0.47
75 % 12.03 0.34 31.55 0.47
100 % 12.03 0.34 31.55 0.47

comparison, the subspace identification (SI) [58] was applied to identify the natural frequency in all three cases. Finally, the results are
discussed in Section 4.4.

4.1. Laboratory experiment: linear case

The proposed identification method was applied to recognize the modal parameters to a scaled structure in a linear case. As shown
in Fig. 6(a), this scaled structure had five floors. Assuming that the first story is an isolation layer that is composed of linear members.
Thus, the first floor was considered the base, and the superstructure was considered a four-degree-of-freedom (four-DOF) structure.
The bronze columns had dimensions of 0.0025 x 0.03 x 0.24 m® and a Young’s modulus of 1 x 10!! N/m?, which resulted in an inter-
story stiffness of 1.3563 x 10* N/m. The structure was excited using a conventional electrodynamic vibrator. SS-1 model acceler-
ometers (Tokyo Sokushin) were used to capture the structural responses of the isolation story and superstructure. The inter-story drift
of the isolation layer was calculated from the acceleration responses measured from the top and bottom of the story.

A sinusoidal sweep wave was used to vibrate the scaled structure. The transformation function of the isolation layer can be
determined by the recorded absolute acceleration and the computed inter-story displacement, as plotted in Fig. 7(a). The poles
correspond to the natural frequencies of the superstructure. Notably, the anti-resonance frequencies in the transformation function are
solely related to the parameters of the superstructure. However, they are not identical to the anti-resonance frequencies observed in the
superstructure’s frequency response function. The For comparison, the SI was employed to identify the natural frequency of the su-
perstructure. The acceleration responses of the superstructure (from the second to the fifth floors) were considered the output, and the
absolute acceleration of the top of the isolation story (the first floor) was considered the input. To obtain a reliable estimation, the
parameters was identified using different model orders, from 2ng,, to 60 at steps of 2, where ng,, is the number of the DOF of the
superstructure. The most similar parameters between two adjacent model orders were considered valid parameters. For each mode, the
valid parameters identified across all model orders were averaged after excluding any outliers to obtain the natural frequency cor-
responding to that mode. The valid parameters are shown as red solid circles in Fig. 7(a). Intuitively, the natural frequencies were
accurately identified under different model orders and were consistent with the poles of the transformation function. The natural
frequencies of the first, second, third, and fourth modes identified by the SI were 19.1, 60.3, 92.4, and 113.9 rad/s, respectively. The
peak-picking method was used to determine the natural frequencies from the transformation function, relative errors in the two ap-
proaches of the SI and the transformation function were computed, as shown in the top panel of Fig. 8. The modal identification by the

Superstructure

Isolation layer

(a) Scaled structure (b) Original (left) and weak (right) column

Fig. 6. Experimental setup.
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Fig. 7. Transformation function of the isolation layer and natural frequencies identified by SI
(Note: Curve in figures is transformation function).

proposed approach was consistent with that of the SI owing to the recognizable acute peak in the function curve.

As shown in Fig. 6(b), a column with a small size of 0.003 x 0.006 x 0.24 m® was used to simulate the structural damage. In the first
case, two original columns of the isolation layer were substituted by the weak columns, and the superstructure remained intact. In
theory, the modal parameters of the superstructure will not be affected. The damaged structure was excited, and the transformation
function of the isolation layer was determined by the recorded responses of this story (the turquoise curve in Fig. 7(a)). The trans-
formation function underwent only a vertical shift when the stiffness of the isolation layer decreased, while the location of the poles
remained unchanged. In the second case, the columns of the bottom story of the superstructure were replaced, imitating the damage to
the superstructure. Similarly, the SI was applied to extract the eigenvalues from the measured absolute responses. The identified data
and the valid parameters are shown in Fig. 7(b). The average values of the first, second, third, and fourth natural frequencies were 17.4,
55.9, 90.4, and 113.3 rad/s, respectively, which exhibit a decreasing tendency as the inter-story stiffness decreased. The trans-
formation function was computed using the absolute acceleration and the inter-story drift of the isolation story. Compared to the
curves in Fig. 7(a), the transformation function in Fig. 7(b) shifted to the left owing to the changed parameters in the superstructure.
The overlap of the poles of the function curves is evident with the frequency points identified by the SI. In particular, as shown in the
bottom panel of Fig. 8, the natural frequencies extracted from the curve by the peak-picking method have minor errors compared with
the parameters identified by the SI. In summary, for a linearly vibrating structure, the poles corresponding to all modes of the su-
perstructure were obvious, and all the natural frequencies of the superstructure were accurately determined from the transformation
function.

4.2. E-Defense test

The proposed algorithm was applied to a full-scale RC structure. The data was obtained from E-Defense Experimental Data Archive
(ASEBI). The structure was tested at E-Defense as part of the project titled “Experimental Study on Collapse Mechanism of 10-story RC
Frame Based on Current Seismic Design Code and Advanced High Seismic Technology”. As shown in Fig. 9(a), the superstructure had
10 stories, and the dimensions of the floor were 13.5 m in the long direction (Y direction) and 9.5 m in the short direction (X direction).
The heights of the first, second-to-fourth, fifth-to-seventh, and eighth-to-tenth stories were 2.8, 2.6, 2.55, and 2.5 m, respectively. The
frame structure was along the Y direction and had dimensions of 4.0 m x 3. To reduce the external forces acting on the superstructure
during earthquakes, 16 cast iron supports were used between the bottom concrete and the base of the superstructure (Fig. 9(b)). The
cast iron supports were 40 mm thick, out of which 20 mm was embedded in the bottom concrete. When the superstructure was placed
on the cast iron supports, they are expected to function as sliding supports. TA-25E accelerometers (Tokyo Keiki) and displacement
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Fig. 8. Relative errors of natural frequencies identified by the transformation function and SI
(Top part: Superstructure is healthy; Bottom part: Superstructure is damaged).
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Base of
superstructure

Cast iron

(a) Photograph of a full-scale structure (b) Section view of the structural base

Fig. 9. Shaking table test of a ten-story RC frame.

sensors were placed on a shaking table, the bottom concrete, and the base and all floors of the superstructure to record the structural
responses. Both potentiometer- and laser-type displacement sensors were used to provide distinct measurement ranges and precision
levels, which would afford more accurate displacement data. In this study, the responses along the Y direction were focused on.

First, a Gaussian white noise with a root-mean-square of 0.075 m/s?> was used to excite the structure. Then, the JMA Kobe
earthquake waves (NS component) with amplitudes of 25 %, 50 %, and 100 % were applied sequentially. The time-history and
normalized power spectral density of the external loads are shown in Fig. 10. The measured inter-story drift of the isolation layer is
plotted in Fig. 11(a). No foundation slip under the excitation of the white noise was observed. However, as the amplitude of the seismic
loads increased from 25 % to 50 %, the foundation slip increased from approximate 50 mm-160 mm. At a 100 % amplitude, the
vibrational amplitude of the inter-story drift increased but the final sliding displacement decreased. Furthermore, the restoring force of
the first story of the superstructure was employed to reflect the structural state. The restoring force consists of two components: the
rigid inertial force of the superstructure and the inertial force of the lumped floors [34]. The floor mass was obtained from the
experimental report, and the acceleration responses of all the floors were measured. Then, the restoring forces in the four excitation
cases were computed (Fig. 11(b)). The superstructure behavior was linear under white noise. A slight hysteresis appeared at 25 %
seismic excitation. The nonlinear behavior intensified as the load amplitude increased. Correspondingly, the column and the
beam-column joint damage at the first story of the superstructure had been observed, and the results of restoring force correlated well
with these observations.

The SI was applied to determine the natural frequency of the superstructure at 50 % seismic excitation. The absolute acceleration of
the base of the superstructure was the system input, whereas the recorded responses of all 10 floors were the system output. The
parameters were extracted under model orders from 20 to 60, as shown in Fig. 12(a). In the 0-120 rad/s frequency range, the natural
frequencies of the first six modes are listed in Table 2. The standard deviations for the valid parameters of the first two modes under
different model orders were small, indicating their reliability. To investigate the influence of the number of outputs on the SI, the
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Fig. 10. External excitation.
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Fig. 11. Structural behavior under different excitations (Load 1: Gaussian white noise; Load 2: 25 % earthquake wave; Load 3: 50 % earthquake
wave; Load 4: 100 % earthquake wave).

modal parameters were determined considering only the absolute acceleration responses of the fifth and top floors as the system
output. As displayed in Fig. 12(b), the parameters identified using two sensors were comparable to those obtained using ten accel-
erometers; however, the standard deviations of the valid parameters estimated using two sensors became larger for higher modes,
indicating the unreliability of this data. Furthermore, the transformation function was computed using the recorded absolute accel-
eration and inter-story drift of the isolation layer (Fig. 12). The pole corresponding to the first mode was sharp, whereas that associated
with the second mode was less pronounced. The curve peaks exhibited visual correlation with the valid parameters obtained from the
SL In addition, the extraction of information regarding higher modes from the transformation function is extremely difficult. The
natural frequencies of the first two modes identified from the transformation function were 7.62 and 26.27 rad/s, respectively. The
relative errors of the parameters obtained by the SI and the transformation function were 1.94 % and 0.75 %, respectively. These
results are also listed in Table 2. This indicates that the proposed algorithm afforded accurate modal identification, regardless of the
nonlinear behavior of the superstructure.

The transformation functions of the isolation layer under four different excitations were calculated (Fig. 13). In the case of the
Gaussian white noise, the second mode was difficult to extract, likely because of the minor amplitude of the load. The natural fre-
quencies of the first mode subjected to white noise and 25 %, 50 %, and 100 % earthquake waves were 8.71, 8.50, 7.62, and 7.04 rad/s,
respectively. The identified parameters of the second mode subjected to 25 %, 50 %, and 100 % earthquake waves were 28.73, 27.27,
and 23.47 rad/s, respectively. The first natural frequencies of the superstructure excited by the white noise and the 25 % seismic wave
were comparable, indicating only minor damage. As the earthquake intensity increased, the natural frequencies of the first two modes
were expected to decrease, which indicates more severe damage. The findings are consistent with the restoring forces shown in Fig. 11.
Notably, as the load amplitude increased, the pole corresponding to the second mode became more prominent, facilitating its
extraction. Therefore, the use of the first two natural frequencies makes this structural damage assessment more reliable.
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Fig. 12. Transformation function of the isolation layer and parameters identified by SI subjected to a 50 % earthquake wave.
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Table 2
Natural frequencies identified by SI and transformation function.
Method Order
First Second Third Fourth Fifth Sixth
SI using 10 sensors (rad/s) 7.48 26.47 47.79 68.23 93.73 114.24
Transformation function (rad/s) 7.62 26.27 - - - -
Relative error (%) 1.94 0.75 - - - -
40 - - :
N —Gaussian white noise
N —25% Earthquake wave
30 50% Earthquake wave

—100% Earthquake wave
¥rPole of first mode
O Pole of second mode

Amplitude
(3]
S

10

20 30 40 50
Frequency (rad/s)

Fig. 13. Transformation function under different excitations.

4.3. Real-life base-isolated building

The proposed algorithm was applied to a base-isolated office building at the Hiyoshi campus of Keio University, Japan. Its su-
perstructure was a concrete-filled steel tube frame structure of seven stories, reaching a height of 30.95 m. The isolation layer
comprised three types of equipment: 6 oil dampers, 55 high-damping rubber bearings with diameters ranging from 750 to 900 mm, and
9 elastic sliding bearings. These energy dissipation and seismic isolation devices can reduce the extent of structural damage during
earthquakes. A sensing system was deployed to monitor the structural status. As shown in Fig. 14 and Table 3, totally 16 acceler-
ometers at 7 places and 3 displacement meters at 2 places were installed in the building. In detail, #1 was located at the bottom of the
isolation layer to measure the excitation of the structure, #2 and #3 were placed at the bottom of the superstructure (i.e., the top of the
isolation story) to record the absolute acceleration of the base, #4 was located at the bottom of the fourth floor, and #5, #6, and #7
were installed on the top floor to detect the acceleration responses. The inter-story displacement was measured by sensors at #102 and
#103.

The proposed modal identification method was validated using two earthquake waves. The structural responses to the two seismic
inputs along the X direction were larger than that along the Y direction. Hence, the responses along the X direction recorded by the
sensors at #2, #4, #5, and #102 were focused on. The building is regular, so the inter-story deformations can be considered
approximately uniform. The time-history and power spectral density of the two seismic waves along the X direction are illustrated in
Fig. 15. The first wave had a seismic intensity of 3 in Japanese standard. The maximum peak value along the X direction was 0.075 m/
s2, and the energy was in the range of 0-30 rad/s. The second seismic excitation had a seismic intensity of 5-; the peak value along the X
direction reached 0.701 m/s?, with an energy distribution in the range of 0-40 rad/s. Hysteresis loops were used to determine the
status of the energy dissipation and seismic isolation devices. The mass of all the floors was obtained from the design documents, and
the input at the bottom of the superstructure was measured. However, the contribution of the inertial force of each floor to the
restoring force cannot be directly obtained, as only the responses of the two floors of the superstructure were recorded. To overcome
this issue, the mode shape expansion was employed [34]. First, the mode shapes of the two floors with the sensors were identified.
Then, the Guyan static expansion was recommended in this study due to its simplicity. Consequently, all the floor responses can be
determined approximately by using modal coordinates. The restoring forces in the isolation layer of the structure subjected to the two
earthquakes are shown in Fig. 16. The devices in the isolation layer behaved linearly under the first earthquake because of its minor
amplitude, whereas hysteresis was observed under the second seismic wave. However, the hysteretic behavior of the first story in the
superstructure could not be computed, as the responses of the bottom of the second story which are necessary to calculate the restoring
forces of the first story were not measured.

The SI was applied to extract the natural frequency of the superstructure. The acceleration responses measured at #2 were
considered the input, and the absolute responses at #4 and #5 were considered the output. In the case of earthquake 1 (Fig. 17 (a)), the
parameters in the first two modes were identified, while the effectiveness of the identification for the higher modes was poor. When the
building was subjected to an earthquake with a seismic intensity of 5-, as shown in Fig. 17 (b), the standard deviation of the valid
parameters in the first two modes decreased as the amplitude of the loads increased; however, the parameter estimation for the higher
modes remained challenging. In summary, only the first two modes of the real-life building were reliably identified by the SI, and the
accuracy of the estimation improved with an increase in the seismic intensity of the earthquake. Furthermore, the transformation
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Fig. 14. Structural elevation views and sensor placement.

Table 3
Details of the sensing system.
Direction X Y z
Accelerometers #1, #2, #4, #5 #1, #2, #3, #4, #5, #6 #1, #2, #3, #5, #6, #7
Displacement sensors #102 #102, #103
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Fig. 15. Two seismic waves along the X direction.
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Fig. 16. Hysteretic curves of the isolation layer.
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Fig. 17. Transformation function of the isolation story and parameters identified by SI.

function was computed using the measured inter-story displacement at #102 and acceleration at #2 which are plotted in Fig. 17. The
pole corresponding to the first mode was prominent, whereas that of the second mode was inconspicuous in both cases. In addition, the
parameter of the second mode of the superstructure under the earthquake 2 was easier to identify than that under the earthquake 1,
presumably because the higher amplitude of the responses reduced the influence of noise. This phenomenon is consistent with the
results of the E-Defense test. The natural frequencies of the first two modes identified by the SI and the transformation function with
their relative errors are listed in Table 4. The errors in the first natural frequency were within 3 %, and the errors became minor for the
second mode, indicating the applicability of the proposed method for modal identification. The natural frequencies of the first two
modes for earthquake 2 were smaller than that for earthquake 1, indicating slight damage to the superstructure during earthquake 2.

4.4. Discussion

The proposed transforamtion function successfully identified the natural frequencies of the superstructure. When the whole
structure behaved linearly and a sinusoidal sweep wave that covers all the modes of the superstructure was used for excitation, the
poles corresponding to all the modes of the superstructure were clearly observed in the transformation function curve. However, in the
cases of a full-scale structure and a real-life building experiencing an earthquake, the proposed method could identify only the first two
modes. This could be attributed to the following reasons: (i) the frequency band of the earthquakes in a certain energy range does not
fully cover all the modes; and (ii) the nonlinearity of the isolation system prevents the appearance of the poles of the higher modes of
the superstructure. In particular, the peak of the first mode was pronounced, whereas the peak of the second mode was more easily
identifiable with increasing earthquake intensity. The first two natural frequencies can indicate the presence of damage in a structure,
while further damage localization and quantification require additional information [19]. It is worth noting that the observability of
modal poles depends on the frequency variable. Compared to multi-story buildings, high-rise structures exhibit more modes within the
same frequency range. As a result, the transformation function can extract more natural frequencies for high-rise buildings. For
comparison, the SI was utilized. The SI accurately identified all the modal parameters of linear structures. Notably, higher-order modes
of the superstructure under seismic excitation were identified in the E-Defense test; however, the estimation accuracy began to decline.
In the case of a real-life building, SI identified only the first two modes, where the effectiveness depended on the amplitude of the
external input. This is consistent with the transformation function-based identification. Overall, the results from SI and the trans-
formation function were comparable. An interesting observation is that the relative errors of the identified parameters of the second
mode are smaller than those of the first mode, but no clear theory supports this phenomenon. Moreover, when calculating the
transformation function using the Fourier transform, the choice of window function types has little effect on the results. Although the
assumption that the superstructure remains linear despite damage did not strictly hold, these time-invariant approaches accurately and
reliably identified the different natural frequencies of the superstructure at varying levels of damage. In addition, the proposed al-
gorithm could not extract the damping characteristics and mode shapes of the superstructure at this stage. However, the identification
of the first two natural frequencies can provide crucial evidence of damage to the superstructure.

From the perspective of a sensing system, the transformation function can be determined from the acceleration and displacement

Table 4
Natural frequencies identified by the two methods.

Earthquake 1 (Intensity 3) Earthquake 1 (Intensity 5-)

SI (rad/s) Transformation function (rad/s) Relative error (%) SI (rad/s) Transformation function (rad/s) Relative error (%)

First mode 7.64 7.42 2.94 7.10 6.92 2.65
22.76 22.76 0.01 21.56 21.54 0.07
Second mode
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responses of the isolation layer. In other words, only an accelerometer and a displacement sensor installed at the top of the isolation
layer are sufficient to calculate the transformation function. For instance, only the sensors at #2 and #102 in the real-life building were
sufficient for modal identification. This is a significant result, as installing equipment on the same floor can reduce labor cost and
expenditure. In contrast, at least two accelerometers on different floors and one sensor on the bottom of the superstructure were
required for the SI method. For instance, the sensors at #2, #4, and #5 in the real-life building were required for modal identification.
Hence, the sensing system for the SI method requires more space in the building and has higher installation and maintenance costs than
those of the proposed method. Therefore, the proposed method can significantly simplify the monitoring system while ensuring the
effectiveness of structural assessment.

5. Conclusion

In this study, we developed a novel modal identification algorithm for the superstructures of base-isolated buildings by using a
transformation function. The transformation function can be computed by only the absolute acceleration and the inter-story drift of the
isolation layer. This method requires only an accelerometer and a displacement sensor on the base (i.e., it does not require sensors on
the superstructure), facilitating a simple and inexpensive monitoring system. The transformation function was initially developed
using a substructural approach under linear conditions and then was extended to the more common nonlinear conditions using a
generalized frequency response function. Subsequently, numerical simulations of a base-isolated structure were conducted using a
Bouc-Wen hysteresis model to investigate the influence of the different degrees of nonlinearity. Next, the proposed algorithm was
validated by applying it to three real-world examples: a scaled steel structure in the laboratory, a full-scale RC structure equipped with
sliding bearings at the base, and a real-life base-isolated building equipped with bearings and dampers. Various column sizes were used
to simulate the damage in the first case, and excitation loads with different amplitudes were investigated for the last two cases.

The main conclusions can be obtained by the results.

e The magnitude of the inter-story stiffness of the isolation layer had no impact on the position of the poles of the transformation
function under linear conditions, and all the modes of the superstructure were accurately estimated by the proposed algorithm
when these modes were sufficiently excited.

e When the isolation system exhibited nonlinearity, the extent of the nonlinearity did not change the horizontal coordinates of the
poles of the superstructure.

e The peaks corresponding to the first two modes depended on the amplitude of the external load, whereas information on higher-

order modes could not be determined from the function curves owing to the nonlinearity. The first two natural frequencies were

accurately identified from the transformation function, regardless of the type of the devices installed on the isolation level.

The identified natural frequencies of the base-isolated building varied with earthquakes of different intensities (i.e., the building

experienced varying degrees of damage), even though the assumption that the superstructure exhibited linear behavior did not

strictly hold.

The results of the proposed method were consistent with that of the SI method, which confirms the effectiveness of the trans-

formation function-based modal identification.

In the future, the following directions hold significant research value.

The proposed method can be integrated with time-frequency analysis to monitor the real-time variations of the natural frequencies

of the superstructure, providing more critical evidence for damage recognition.

e When the base-isolated building is irregular, the torsional modes play an important role on the structural assessment. In this case,
multiple pairs of acceleration and displacement sensors can be placed on the control points, and the single-input, single-output
transformation function can be extended to a multiple-input, multiple-output form for the identification of complex modes.

e The transformation function is derived under seismic loading, and thus, this method is not applicable to cases involving wind loads.

The modal identification of the superstructure based on the transformation function under different types of loads requires further

investigation.
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