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Abstract: Nonlinear characteristics in the dynamic behaviors of civil structures degrade the
performance of damage detection of the linear theory based traditional time- and frequency- domain
methods. To overcome this challenge, the present paper proposes a damage detection approach for
nonlinear structures based on Variational Mode Decomposition (VMD). In this approach, the
measured dynamic responses from nonlinear structures under earthquake excitations are adaptively
decomposed into a finite number of mono-components by using VMD. Each decomposed
mono-component represents an amplitude modulated and frequency modulated (AMFM) signal
with a limited frequency bandwidth. Hilbert transform is then employed to identify the
instantaneous modal parameters of the decomposed mono-modes, including instantaneous
frequencies and mode shapes. Based on the identified modal parameters from the decomposed
structural dynamic responses, two damage indices are defined to identify the location and severity
of structural damage, respectively. To validate the effectiveness and accuracy of the proposed
approach, a nonlinear seven-storey shear building model with four different damage cases under
earthquake excitations is used in the numerical studies. In experimental verifications, data from
shake table tests on a 12-storey scaled reinforced concrete frame structure with different earthquake
excitations are analysed with the proposed approach. The results in both numerical studies and
experimental validations demonstrate that the proposed approach can be successfully applied for

nonlinear structural damage identification.
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1. Introduction

Civil engineering structures may accumulate local or global damage when subjected to
extreme operational conditions, i.e. earthquakes, typhoons, and other extreme loading conditions.
Under these circumstances, non-stationary structural dynamic responses are obtained and structural
vibration characteristics vary over time. Condition monitoring based on measured structural
dynamic responses is critical to assist engineers in evaluating the operational safety of structures in
a cost-effective strategy. Damage detection techniques based on structural vibration responses have
been widely studied in the literature [1-3]. The basic idea behind these strategies is based on the
relationship between the vibration characteristics, i.e. modal parameters, and structural physical
properties. Changes in structural physical parameters (i.e. structural mass, stiffness, and damping)
will cause the changes in vibration characteristics. Numerous modal information based damage
detection methods have been developed for linear structural damage identification in the past
several decades [4-8]. However, for nonlinear structures, with the nonlinear characteristics due to
the hysteretic stiffness and damping force, structural vibration characteristics of these structures
cannot be predicted accurately by using the linear theory and the traditional time domain and
frequency domain methods. Since the real-world structures may have nonlinear behavior even
under the healthy state, to detect the existing structural damage under the effect of initially
nonlinearity based on the linear theory is not feasible and accurate.

In recent years, damage detection and time-varying/nonlinear system identification by using the
time-frequency analysis techniques have received significant attention. Various time-frequency
analysis methods reported in the literature [9-10] include Short-time Fourier transform (STFT),

Wigner-Ville distribution (WVD), Wavelet Transform (WT) and Hilbert-Huang Transform (HHT).



Among these mentioned time-frequency presentation methods, the WT and HHT methods may be
the two most popular time-frequency analysis tools, which have been applied to track the varying
dynamic behavior of structures subjected to external excitation. For instance, Ruzzene et al. [11]
used complex WT to estimate natural frequencies and viscous damping ratios from structural
dynamic responses under ambient vibrations. Xin et al. [12] proposed an improved Empirical
Wavelet transform (EWT) approach for time-varying system identification, and the method was
successfully applied to track the varying dynamic characteristics of a highway bridge under heavy
traffic loads. Daubechies et al. [13] developed a synchrosqueezed wavelet transform (SSWT)
method for system identification, which significantly improved the time frequency resolution of
classical wavelet transform and enabled precise signal reconstruction. HHT is an alternative
time-frequency representation technique, which was first introduced for the signal processing of
non-linear and non-stationary processes by Huang et al. [14, 15]. Wang et al. [16] proposed a
recursive HHT method to identify the time-varying dynamic properties of shear-type building
structures under base excitations. Bao et al. [17] developed an improved HHT algorithm for
non-stationary and nonlinear dynamic response analysis with closely spaced modes. However, the
mode mixing still exists when using HHT method for strong non-stationary signal analysis. More
recently, a novel adaptive filter algorithm, Variational Mode Decomposition (VMD) has been
developed [18] and successfully applied for signal decomposition and instantaneous frequency
identification of stationary/non-stationary signals [19-21].

For nonlinear or time-varying systems, the identified instantaneous modal parameters, i.e.
instantaneous natural frequency and mode shape, can be further employed to evaluate structural

damage. For instance, Ditommaso et al. [22] designed an S-Transform based band-variable filter for



non-stationary signal decomposition, and then the modal curvature of the decomposed fundamental
mode shape was derived for structural damage localization of time varying structures. In Ref. [23],
the degree of nonlinearity was considered as a damage index to evaluate the damage of structures
by using Hilbert transform.3 In addition, the SSWT method was employed to identify the
instantaneous modal parameters of the time-varying structures subjected to external excitations [24],
and the identified instantaneous modal parameters were further used to construct a time-varying
damage index.

In this study, the VMD method with Hilbert transform is applied for instantaneous modal
parameter identification of nonlinear structures subjected to seismic excitations. The identified
modal parameters of the decomposed mono-components are further employed to define two damage
indices for damage localization and quantification of nonlinear structures. Responses of a nonlinear
seven-storey shear building structure with four damage cases subjected to earthquake excitations are
calculated and analyzed to demonstrate the feasibility of the proposed approach. Experimental
verifications are conducted with the benchmark testing data on a shake table test of a 12-storey
scaled reinforced concrete (RC) frame structure to demonstrate the efficiency and performance of
the proposed nonlinear structural damage identification approach. Although the VMD method and
Hilbert transform have been successfully used for instantaneous parameter identification in Ref.
[20], the innovation of this work is mainly on extending the identified instantaneous parameters for
nonlinear structural damage detection based on the defined damage indices.

The remainder of this paper is organized as follows. In section 2, the background of the VMD
method and Hilbert transform is first introduced, and then, two developed damage indices based on

the identified instantaneous modal parameters are described. Numerical studies on a seven-storey



nonlinear shear building structure with various damage conditions subjected to earthquake
excitations are applied to verify the feasibility of using the proposed damage indices for nonlinear
structural damage identification in Section 3. Then measurement data from shake table tests on a
scaled RC frame structure under earthquake excitations are used to further validate the capability of

the proposed approach in Section 4. Finally, the conclusions are summarized in Section 5.

2. Theoretical Background
2.1. Instantaneous modal parameters identification based on VMD
For an n degree-of-freedom (DOF) nonlinear system subjected to ground motions, the equation
of motion of the system can be written as
M{x(0)} + F{x(t)} + Fs{x(0)} = —MLX,;(t) (1)
where the mass matrix is defined by M, F.{x(t)} and F¢{x(t)} denote the damping force and the
nonlinear restoring force vectors, respectively; x(t), x(t) and X(t) represent the displacement,
velocity and acceleration response vectors of the nonlinear system; Xj(t) is the applied ground
motion record, and L denotes the mapping vector of the applied excitation to the associated DOFs
of the structure. For a nonlinear structure, Equation (1) can also be further transformed into [25]
M()x(t) + C(t)x(t) + K(t)x(t) = —MLX4(t) (2)
in which, M(t), K(t) and C(t) denote the time-varying mass, stiffness and damping matrices of
the nonlinear structure, respectively. In Equation (2), since structural dynamic responses consists of
several individual components x(J(t) with time-varying frequencies and amplitudes [25], the
vibration signals x(t) can be further expressed as a combination of these individual components
x(t) = X, xO(0) (3)
For a nonlinear structure, the frequency components may change with time during structural

vibration. The VMD with an adaptive filter [18] can be performed to decompose the individual



components from the structural vibration signals. The theoretical background is briefly described

herein.

The signal decomposition using VMD method can be considered as a constrained variational
problem, and the corresponding objective function is described as
min i . Y
fonj = {x(i)}{@}{zgﬁl |oc[(8¢6) + L) «xP(0)] e let”z} )
subjected to
x(t) = X7, xO(0) (5)

in which * is the convolution symbol, § denotes the Dirac function, {x(i)} = {x(l),x(z), ., x(m)}
and {®;} = {w,, Wy, ..., Wy} represent the different modes of the target signal x(t) and the
corresponding center frequencies, respectively.

By using the Lagrangian multipliers A and a quadratic penalty term, the optimization with the
objective function in Eq. (4) can be further transferred into an unconstrained optimization problem
as follows

L((x), @3,2) = BT [0 [ (60 + L) » xO@)] et ||| + ||z, xO0) - xO @2 +

2
(D), x(1) = T2, x P (®)) 6)
where [ is the regularization coefficient, depending on the data fidelity constraint. A quadratic
penalty term is introduced to accommodate the noise effect, and A1 is commonly selected as the
enforcement constraint. By introducing these two terms, the convergence properties and the strict
enforcement of the constraints in Eq. (6) will be improved.

To solve Eq. (6), an alternate direction method of multipliers (ADMM) [26] algorithm is used.

The different modes and the corresponding center frequencies of a target signal x(t) can be

obtained by a sequence of iterative sub-optimizations. The decomposed mode can be expressed as
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in which x®(w) denotes the Fourier Transform (FT) of the ith mode of signal x(t).

Using VMD for signal decomposition can be considered as an optimization problem, and the
main process includes three steps:

Step 1: Intrinsic mode calibration.

The mode x,, +1(a)) is first calibrated in the spectral domain by using Eq. (8), and then x,, +1(t)

is obtained from the inverse FT, which is expressed as follows

(0 2(0)~Tpei x99, (@) ~Tpeni X ”(w)+u"(w>/z) .
= =12,..,
Xppq(@) = P ( m) (8)
x, (6) = Re [F71 (x; ()| 9)

in which, the terms of F~1(.) and Re[.] denote the inverse FT and the real part of an analytic
signal, respectively.

Step 2: Center frequency calibration.

®

The center frequency of the ith individual component @, , is the center of gravity of the

corresponding mode’s power spectrum, which can be expressed as

2
—) _ w|xn+1(w)| dw

e f§°| i (@)

(i=12..,m) (10)

Step 3: Dual ascent.
For all frequency components w > 0, the Lagrangian multipliers A"*1(w) can be calculated
by using the dual ascent to enforce the exact signal reconstruction until the defined convergence

criteria is satisfied.

(W) = M(w) + T(x(a)) " xfjil) (11)

® (i>||2
< ¢ (12)



The decomposed ith mono-component x () (t) by VMD can be further expressed as

VA= x(i)(t) + H[x(i)(t)] — Ai(t)e—jei(t) (13)

A() =/ xO@)2 + HxO@®)]? , 6;(t) = arctan <%> (14)

where H[ | denotes the Hilbert transform; A;(t) and 6;(t) are the instantaneous amplitude and
phase of the analytical signal Z!, respectively. The instantaneous frequency of the i-th

component x((t) can be obtained by calculating the derivation of ;(t)

ae;(t)

fi(t) == (15)

2ndt

For structural vibrations under earthquake excitations, the identified instantaneous frequency of
the nonlinear structure by Hilbert transform includes a slowly-varying frequency component and a
fast-varying frequency component. Under this circumstance, the natural frequencies of the target

signals are usually obtained by filtering out the fast-varying component [27-28].

2.2. Damage detection for nonlinear structures

As mentioned in a previous study [1], damage assessment can be designated to four different
levels: 1) The first level is to detect whether damage has occurred; 2) The second level is to detect
the damage location; 3) The third level is to identify the damage severity; and 4) The fourth level is
to evaluate the remaining life of the damaged structure. Generally, a higher level of damage
detection means more information and computational demand are required. To realize an effective
damage identification for nonlinear structures, the third level damage detection is conducted in this
study.

For civil structures under operational conditions, acceleration responses are usually easier to be

measured than displacement and velocity. Therefore, nonlinear structural damage identification



based on the measured acceleration data will be studied in this section. Y is defined as a set of the
measured dynamic signals from a nonlinear structure under earthquake excitations during a time

period t = [tq, ty, +, t,,], which is expressed as

y1(t) yi(t) yi(tz) - yi(tn)

YS(t) ys(.tl) YS(.tZ) ys(.tn)

in which y,(t,,) denotes the measured acceleration data from the s-th measurement location at the
time instant ¢,,.
VMD is performed to decompose the measured vibration signals into several individual

components, which can be written as

nP® @@ - 1™
yve = |72 (1)(t) ¥, (2)(t) yz(”f)(t) (17)
IR IORTE

where y,(™(t) denotes the m-th mono-component of the s-th acceleration response. When the
mono-components are obtained from the measured acceleration signals, the Hilbert transform is
employed to calculate the instantaneous frequencies and normalized mode shapes of the
decomposed modes. The identified ith instantaneous modal parameters, such as instantaneous
frequency and mode shape, are respectively presented as
@O () = [0O(t), 0O (), 0O (t,)] (18)
e0(®) = [0, 0,0 (®), . 0, 0B (19)
In Eq. (19), @@ (t) represents the ith-order mode shape obtained from the measured structural
dynamic responses.
Considering that the modal curvature is strongly correlated with structural damage, it has been
developed for structural damage localization in previous studies [29-32]. For damage detection in

10



engineering structures, when the variation of modal curvature at a specific sensor location is
significantly larger than those at other locations, this location can be considered as the identified
damage area in structures. Therefore, based on the estimated modal curvature, a new damage index
is developed for structural damage localization, which is described as follows.

Modal curvature of each mode shape can be evaluated by using the second-order central

difference of the fundamental mode shape [29-30], which is described as

i @ —20.® ®
7 Ps—1"Y(tn) =205V (tn) + s (tn)
05" (ty) = 2= e (20)

in which ¢,®(t,)) denotes the ith-order mode shape of the sth location at the time instant t,,, and
(ps”(i)(tn) is the obtained modal curvature of the ith-order mode shape; 4 denotes the physical
distance between two adjacent sensors, and in this study it is the height of each floor when a
building model is used as an example structure. Based on Eq. (20), the modal curvatures of each
mode can be derived by using the time-varying normalized mode shape. The new damage index DL

1s defined as

DLyt = 230 [|(0s P )" = (9P t) @

2
.
where the subscript ‘ref’ denotes the ‘reference state’ of a nonlinear structure, m is the number of the
identified modes from structural dynamic responses. The location with the maximum value of DL
can be identified as a damage location of the structure.

When the damage locations are determined based on Eq. (21), to further evaluate the damaged

severity of the nonlinear structures, another damage index DQ based on the identified instantaneous

modal parameters is defined, which can be expressed as
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i=1 (w(i) (L‘))

m [ws(i>(t)r
1=1 (U(L) ®

ref

DQs(t) =1— (22)

in which @, (t) is the time-variant normalized mode shape of the sth location. Based on Eq. (22),
the damage severity of the nonlinear structure can be quantified by using the defined damage index
DQ with a range from 0 (undamaged) and 1 (completely damaged). From Equations (21) and (22),
it can be observed that the defined damage indices can be used to locate and quantify the
time-variant damage of nonlinear structures. Fig. 1 describes the flowchart of the proposed
nonlinear structural damage identification approach. Based on the process of the proposed approach,
the damage localization and quantification can be simultaneously performed by using two indices

DL and DQ as described in Eq. (21) and (22).

1 1
! Instantaneous : Damage quantification
o £ ! mode shapes ! Do,
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s ! |
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Fig. 1. Flowchart of the proposed approach (HT denotes Hilbert Transform)

3. Numerical Simulation

In this section, a building structure model is developed to investigate the reliability and

accuracy of using the proposed approach for damage detection of nonlinear structures.
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3.1 Instantaneous modal parameters identification based on VMD
In this section, a 7-DOF nonlinear shear building model, as shown in Fig. 2, is developed in
MATLAB [34]. As shown in Fig. 2, the total height of the building model is 21m with 3m for each
floor. In this building model, the mass m; (i = 1,2,:--,7) of each floor of the building is defined as
1200kg; the initial elastic stiffness k; (i = 1,2,---7) of each floor is set as 3.0x10° N/m, and the
damping matrix element c; (i = 1,2,---7) of each floor is set as 1600N.s/m. To simulate structural
nonlinear dynamic responses subjected to earthquake excitations, Bouc-Wen hysteretic models are
included in each floor of the building to define the hysteretic characteristics. The equation of motion
of the nonlinear structure with Bouc-Wen model [28, 35] can be expressed as
Mii(t) + Cu(t) + Kz(t) = —ML%,(t) (23)
in which M, C and K are the mass, damping and stiffness matrices of the model, respectively; it(t)
and u(t) represent the acceleration and velocity responses, respectively; z(t) denotes the
hysteretic restoring force vector. z;(t)(i = 1,2,---7), is the ith hysteretic restoring force and is

modeled by the Bouc-Wen nonlinear differential equation [36], which is further expressed as

{ z; = W; — Bilig| ()™ (z) + vl (z)™, (0 = 1)
z; =W — W — Byl — w4 |(Z)™ 7 (zy) + yilwy — 4| (2)™), (i =2+ 7)

(24)
where [§ and y are the hysteretic parameters of the Bouc-Wen model, n determines the transition
from the linear to nonlinear ranges. Based on Eq. (24), it can be observed that the hysteretic force is
depending on the past time history of the structural deformation. Therefore the dynamic responses
of the building model are non-stationary and nonlinear under the strong external excitations.

In this simulation, the parameters of the Bouc-Wen model are set as 8; = y; = 500, n; = 2,
respectively. The 1940 El Centro ground motion record, shown in Fig. 3, is used as the input to the
building model, and nonlinear dynamic responses of the structure are calculated by using the

fourth-order Runge-Kutta method built-in MATLAB [34]. Seven accelerometers, with locations

shown in Fig. 2, are assumed to record the acceleration responses in the horizontal direction of the
13



nonlinear building structure with a sampling rate of 50Hz. Before the dynamic analysis of the
nonlinear structure under earthquake excitations, modal parameters of the structure in the initially
linear state are obtained by using eigenvalue analysis. The first three natural frequencies of the
structure are 1.67Hz, 4.92Hz and 7.96Hz, respectively. Acceleration responses of the nonlinear

model under the earthquake excitation are obtained with a time duration of 30s.
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Fig. 2. A nonlinear seven-storey building structure with Bouc-Wen model.

0.5

Acceleration(g)
S

0.5 1 1 1 1
0 5 10 15 20 25 30
Time(s)

Fig. 3. The El Centro ground motion record.

Simulated acceleration responses of the shear structure model under the ground motion

excitation are used to identify the instantaneous modal parameters of the nonlinear structure with
14



the proposed approach. According to the procedure described in Section 2.1, the measured structural
dynamic responses are adaptively decomposed by the VMD method, and the first two modes of the
acceleration response at the top floor of the building are shown in Figs. 4(a) and (b). The Hilbert
transform is then applied to identify the instantaneous modal parameters of the decomposed
mono-components, which are shown in Fig. 5. It can be observed that the identified instantaneous
frequencies of these two mono-components fluctuate quickly over time, and the slowly-varying
frequency component can be extracted by filtering these oscillation components [27]. As observed
in Figure 5, the instantaneous frequency of the signal includes fast-varying portion with significant
fluctuations. This is the reason why the identified instantaneous frequencies by Hilbert transform
significantly fluctuate over time, especially at the beginning of the vibrations, as shown in Figure 5.
In addition, it can be seen from Figure 4 that the amplitude of the decomposed acceleration
response is very small (close to zero) at the beginning of the time series, which will cause more
significant fluctuations when Hilbert transform is performed. However, if the identified slowly
varying frequency components in Figures 5(a) and (b) are closely observed, the initial values of
natural frequencies are approximately equal to the modal analysis results of the nonlinear system.
This means that the identified slowly varying frequency components can identify the time varying
frequencies of the structure. The corresponding slowly-varying frequency components are shown in
Fig. 5(a) and (b), respectively. They are gradually reduced during the large structural vibrations,
which mean that dynamic characteristics of the nonlinear model subjected to external excitation are
time-variant. The normalized mode shapes of the nonlinear structure can be identified by using the
identified instantaneous amplitudes of the measured acceleration signals from seven accelerometers.
The identified normalized mode shapes at 2.48s are displayed in Figs. 6(a) and (b) for the first and
second modes, respectively. Once the instantaneous modal parameters of structural dynamic
responses are obtained by using VMD and Hilbert transform, the proposed approach will be further

used for nonlinear structural damage localization and quantification in the next section.
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Fig. 6. Identified normalized mode shapes at 2.48 second: (a) The first mode; (b) The second mode.

3.2 Damage detection based on the instantaneous modal parameters

In this section, the identified instantaneous modal parameters are further used for damage
identification of nonlinear structures. To validate the effectiveness of the proposed approach, four

damage cases (Case 1 - Case 4) listed in Table 1 are assumed for this initially nonlinear building

structure. As can be observed from Table 1, Cases 1 - 3 have a single damage location, but with
different stiffness reduction severities and patterns. Two patterns are considered. The first one is the
sudden stiffness reduction at a specific time instant, and the second one is the linear stiffness
reduction over a certain time span. Two damage locations are defined in Case 4 with the both
patterns. In all the damage cases, structural damage is modeled by reducing the stiffness
coefficient k; at the special floors with a certain pattern. To identify structural damage under the
effects of the initial nonlinear behaviors by using the proposed approach, dynamic responses
measured from the undamaged seven-storey building with nonlinear Bouc-Wen model described in

17



Section 3.1 are considered as the reference data.

Table 1. Damage cases in the numerical study

Damage
Damage location Stiffness reduction
Case
Case 1 The 2™ floor Stiffness reduces suddenly 30% at the time instant 6s
Case 2 The 2™ floor Stiffness reduces linearly 30% over a period from 6s to 12s
Case 3 The 2™ floor Stiffness reduces suddenly 40% at the time instant 6s
The 2™ floor Stiffness reduces suddenly 30% at the time instant 6s
Case 4
The 5 floor Stiffness reduces linearly 40% over a period from 8s to 16s

Acceleration responses of seven floors of the building under the above four damage cases
subjected to the El Centro earthquake excitation are used for damage identification. In addition, to
verify the performance of the proposed approach under the effect of measurement noise, 5%
Gaussian white noise is added to the simulated acceleration data. The instantaneous modal
parameters including natural frequencies and normalized mode shapes are respectively identified by
using VMD method with Hilbert transform. Once the instantaneous frequencies and normalized
mode shapes of the decomposed modes are obtained, damage identification of the nonlinear
structure is conducted based on the proposed procedure as described in Section 2.2. It can be
observed from Egs. (20)- (22) that these damage indices are defined based on the identified modal
parameters over time, and then damage detection can be performed during structural vibrations.
Considering that the changes in the instantaneous frequency are strongly linked with structural
damage severity, in this simulation, the obtained modal curvatures at the time instant of the

minimum frequencies are selected for nonlinear structural damage localization. It is possible to
18



select more data points or all the points, however, to simplify the damage quantification process and
reduce the computation demand, 15 specific data points of the instantaneous modal parameters are
used to identify structural damage during vibration period. The selected point of the first component
of the acceleration response from Case 1 is shown in Fig. 7, which is used for structural damage
localization. Those 15 specific data points as shown in Fig. 8 are used to conduct structural damage
quantification. It should be noted that the proposed approach is developed based on the obtained
vibration responses, and is not a real time method.

The identified normalized mode shapes of the first decomposed component are used for
nonlinear structural damage localization, while the identified two primary mono-components are
applied for structural damage quantification. The normalized mode shapes identified from the
instantaneous amplitudes at the time instant t,, of four damage cases are shown in Fig. 9(a), and
the corresponding modal curvatures estimated by using Eq. (20) are presented in Fig. 9(b). Then,
DL values of four damage cases are calculated by using Eq. (21), and the results are shown in Fig.
10. It can be observed from Fig. 10 that for the single damage cases, i.e. Case 1, Case 2 and Case 3,
damage location can be determined by the maximum DL value at the 2™ floor compared with all the
other sensor locations; when multiple damages are simulated, the local maximum DL values can be
considered as damage locations. For Case 4, two local maximum DL values are observed at the 2
and 5™ floors. These results indicate that the defined damage index DL is effective for nonlinear
structural damage localization under earthquake excitations. When damage locations are determined,
damage quantification can be performed based on Eq. (22). The damage quantification results for
Cases 1-3 are shown in Figs. 11(a)-(c), respectively, and the results of Case 4 are described in Fig.

12. As observed from Figs. 11 and 12, the defined damage index DQ can clearly reflect the
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occurrence of damage in Case 1 and Case 3 at the time instant of 6s, and the accumulation of
damage from 6s to 12s in Case 2, and from 8s to 12s in Case 4 at the 5™ floor. These observations
are well matched with the predefined damage cases in Table 1. It can also be noticed that the
calculated DQ values for these cases are slightly fluctuant over time, which can be caused by the
varying hysteretic characteristics of the Bouc-Wen model due to the stiffness reductions. To better
quantify the severity of structural damage, the mean values of the calculated DQ are presented in
Table 2. The results indicate that the severity of damage under different cases is effectively
quantified by the proposed damage index. In summary, the identification results in the numerical
simulations demonstrate that the proposed approach is feasible for nonlinear structural damage

localization and quantification.

Table 2. Damage index values under different damage cases

Casel Case2 Case3 Cased
Second Second Second Second Fifth
Location
floor floor floor floor floor
DQ 0.17 0.17 0.23 0.17 0.23

N
<
>
Q
=
Q
5 :
= 151 I
!
1'4 | | 1 | | |
0 5 10 15 20 25 30
Time(sec)

Fig. 7. The data point selected from the identified instantaneous frequency of the first main

component.
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4. Experimental verification

To further examine the effectiveness of using the proposed approach for nonlinear structural
damage identification, a 12-storey 1/10 scaled RC frame structure is built in the laboratory as shown
in Fig. 13. The total height of the frame structure is 3.6m with 0.3m of each storey, and the
dimension of the slab at each floor is 0.6mx0.6m. The detailed physical and geometrical parameters
of the experimental testing structure can be found in [37]. The shake table tests were conducted at
Tongji University and the testing data were shared for benchmark studies. During the tests, 23
accelerometers were employed to record the tri-axial dynamic responses of the RC structure under
earthquake excitations. Totally, 61 cases were conducted to investigate the seismic performance of
the RC structure under the various earthquake excitations. In this study, the measured dynamic
responses under the single directional seismic loads are used for nonlinear structural damage
identification, and the layout of seven accelerometers is shown in Fig. 14. The four cases selected
for this study consider that the experimental structure was excited by the single directional
earthquake excitations. The corresponding input ground motions in the shake table tests were the
regenerated 1940 El Centro ground motion with four peak ground accelerations (PGA). The input
time histories EQ1, EQ2, EQ3 and EQ4 are presented in Figs. 15(a)-(d), with the PGA values equal to
0.09¢g, 0.258g, 0.388g and 0.517g, respectively. The acceleration responses of the top floor under
the four earthquake excitations are shown in Fig. 16, and their Fourier spectra are illustrated in Fig.
17. It can be observed from Fig. 17 that the fundamental natural frequencies of the RC structure
under these four cases are different. This is mainly caused by the substantial damage in the RC

structure during the testing. Before damage detection of the RC structure, the measured acceleration
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responses under EQ; are used for modal identification of the initial linear structure. Based on the
results of using the autoregressive power spectrum approach [38], the identified first and second
natural frequencies of the RC structure are 3.98 Hz and 14.82Hz, respectively. According to the
testing report [37], although no visible cracks are observed on the tested structure under EQ>, the
identified natural frequencies of the RC structure under EQ; are lower than those under EQi, as
evidenced by Fig. 17. This phenomenon is likely due to the nonlinear dynamic behaviors of the
tested structure during strong ground motion excitations, therefore the measured dynamic responses
under EQ> can be considered as a reference structure with nonlinear dynamic characteristics. In this
study, two damage cases when the tested RC structure is subjected to EQs and EQ4 excitations are

studied herein for nonlinear damage identification.

Fig 13. The experimental structure
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For the building structure under EQ3 and EQ4 excitations, the instantaneous modal parameters
of the fundamental mode are identified by using VMD method with Hilbert transform, and the
decomposed fundamental mode of the measured acceleration signals at the top floor are shown in
Fig. 18. The corresponding instantaneous fundamental frequencies of these two damage cases are
also displayed. Then the damage indices are calculated based on the slowly-varying components of
the identified instantaneous frequencies under the various earthquake excitations. In this
experimental verification, the estimated modal curvatures of the fundamental mode are used for
structural damage localization. The identified normalized mode shapes and the corresponding
modal curvatures under three earthquake excitations EQ>, EQ3; and EQ4 are shown in Fig. 19. Based
on Eq. (21), the calculated damage index DL values of damage cases under EQs and EQ4 are
displayed in Figs. 20(a) and (b), respectively. From Figs. 19 and 20, the results indicate that the
fourth floor of the RC structure is identified as the location with the most severe damage during
these two strong external excitations. Based on the testing report released by Tongji University [37],
after the excitation of EQ3, several vertical cracks were observed at the beams from the third floor
to the sixth floor. The largest crack was located at the fourth floor, with a width of 0.15 mm
approximately. Then, a stronger earthquake load EQ4 was subsequently applied to the RC structure.
The damage extent of the building structure was accumulated, and the range of the cracks was
gradually extended to other floors. Hence, it can be shown that the identified results based on the
proposed damage index DL are consistent with the testing observations. Once the damage locations
of the tested RC structure are determined, the damage index DQ defined in Eq. (22) is further used

to quantify the damage severity during the vibration period. Unlike the damage cases in the
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numerical studies, for the tested RC structure, damage is substantially accumulated during the
strong earthquake excitations. In Figs. 16(c) and (d), 8 local peaks of the measured acceleration
responses at the top floor between Os and 8s are selected for structural damage quantification. The
mean values of the calculated damage index DQ for the cases under EQ3 and EQ4 are listed in
Table 3. According to the experimental report [37], the tested RC structure has moderate damage
under EQs; (PGA=0.388g), and severe damage under EQs4 (PGA=0.517g). As can be seen from
Table 3, the calculated damage index is capable of representing the severity of damage during two
earthquake excitations. Experimental results demonstrate that the proposed approach can be

successfully applied for structural damage quantification and localization in nonlinear systems.

Table 3. Damage quantification results under two different cases

EQs EQ4
DO 0.51 0.72
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5. Conclusions

This paper proposes using VMD with Hilbert transform for nonlinear structural damage
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localization and quantification subjected to earthquake excitations. The measured dynamic
responses from a nonlinear structure under earthquake excitations are adaptively decomposed into
individual components by VMD method, and then the instantaneous modal parameters including
instantaneous frequencies and mode shapes of the decomposed modes are identified by Hilbert
transform. When these modal parameters are identified, two damage indices are defined for
nonlinear structural damage localization and quantification, respectively. In the numerical studies, a
seven-storey nonlinear building model with four damage cases under earthquake excitations is
developed to examine the feasibility of the proposed method. In the experimental verifications, the
proposed approach is further used for nonlinear structural damage identification with the shake
table test data of a 12-storey scaled RC frame structure under seismic loads. The calculated damage
index values identify the damage location and severity in the structures subjected to earthquake
loads, which matches well the experimental testing observations.

Based on the damage identification results of the defined cases in both numerical studies and
experimental validations, it can be concluded that the proposed approach can be successfully
applied for nonlinear structural damage quantification and localization. However, it should be
noticed that dynamic responses of all floors are required to be observed when using the proposed
indices for damage detection of nonlinear structures. For the large-scale and complex structures,
further studies on how to use alimited amount of structural responses for nonlinear structural

damage detection can be conducted.
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