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Abstract: Nowadays, the accurate identification of natural frequencies and damping ratios
play an important role in smart civil engineering, since they can be used for seismic design,
vibration control, and condition assessment, among others. To achieve it in practical way, it is required
to instrument the structure and apply techniques which are able to deal with noise-corrupted and
non-linear signals, as they are common features in real-life civil structures. In this article, a two-step
strategy is proposed for performing accurate modal parameters identification in an automated manner.
In the first step, it is obtained and decomposed the measured signals using the natural excitation
technique and the synchrosqueezed wavelet transform, respectively. Then, the second step estimates
the modal parameters by solving an optimization problem employing a genetic algorithm-based
approach, where the micropopulation concept is used to improve the speed convergence as well as the
accuracy of the estimated values. The accuracy and effectiveness of the proposal are tested using both
the simulated response of a benchmark structure and the measurements of a real eight-story building.
The obtained results show that the proposed strategy can estimate the modal parameters accurately,
indicating than the proposal can be considered as an alternative to perform the abovementioned task.

Keywords: smart civil structures; modal parameter estimation; synchrosqueezed wavelet transform;
optimization problem; genetic algorithms; micropopulation

1. Introduction

Over the last years, retrieving information about the behavior of civil structures under different
scenarios is a task of paramount importance, since an inadequate design may not be able to stand the
normal vibrations produced by the operational conditions, causing economic, structural, and human
catastrophes. In this regard, the estimation of modal parameters, such as natural frequencies and
damping ratios, of civil structures has become an important tool because they can reflect their dynamic
behavior under natural and artificial excitations. Modal parameters are widely used in applications
such as seismic design for civil and earthquake engineering [1–3], vibration control [4], condition and
damage assessment [5–7], and development or update of analytical models [8,9]. Hence, their accurate
estimation allows providing more reliable and suitable information of the structure, improving the
performance and results of the aforementioned applications.
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In order to obtain the modal parameters of a civil structure, it must be excited either using
human-made equipment or naturally-produced vibrations. The former involves the utilization of
hammers, drop weight or shakers; however, the in-test structure must be closed in order to allow the
realization of the tests. Moreover, the energy available from these sources limits their utilization in
real-life structures. For these reasons, the utilization of natural sources (e.g., vibrations produced by
wind, traffic loadings, and small seismic waves) is usually preferred because: (i) they can properly excite
a civil structure regardless of its size; (ii) the normal operation is not interrupted; and (iii) they are the
typical vibrations that every civil structure is subjected during its service period [10]. In this regard,
as these types of sources are of a non-stationary nature, producing a noisier response than the one
obtained using human-made equipment, the modal parameter identification (MPI) becomes a challenging
task, since the noise levels compromise the results accuracy [11] if classical algorithms are employed.

During the last two decades, a branch of algorithms have been specifically designed for performing
the MPI of civil structures using ambient vibrations, including fast Fourier transform (FFT)-based
methods [12,13], the autoregressive model-based models [14,15], random decrement technique
(RDT) [16], natural excitation technique combined with the eigensystem realization algorithm
(NExT-ERA) [17,18], and stochastic subspace identification (SSI) methods [19,20], among others.
Despite the excellent results obtained using the abovementioned techniques, some difficulties remain
unsolved. For example, FFT-based methods have problems when they process non-stationary and noisy
signals; further, the detection of closely-spaced modes is troublesome. The use of autoregressive models
requires an appropriate selection of the algorithm to estimate the model coefficients, since the accuracy
of the estimated results relies on the coefficients [21]. Regarding RDT, the accuracy of the technique
might be affected when non-stationary signals are processed [22]. On the other hand, although SSI and
NExT-ERA can deal better with noise-corrupted signals, the detection of closely-spaced modes usually
requires selecting a higher order in the estimated model, which might generate false or spurious
frequency components [23,24], making necessary the utilization of further stages to detect and separate
the real frequencies from the fictitious ones.

In order to lessen the abovementioned difficulties, other advanced approaches such as the wavelet
transform (WT) and the empirical mode decomposition (EMD) have been explored to perform the
MPI of civil structures. WT has become an important tool in MPI, because it can be used to analyze
nonlinear and non-stationary signals, characteristics found in the measured signals [25,26]; however,
a carefully selection of the mother wavelet and its parameters must be done in order to ensure
a good time-frequency resolution. Moreover, it is sensitive to noisy signals [26]. On the other hand,
the EMD method is an adaptive scheme, which is designed to process nonlinear and non-stationary
signals according to the frequencies contented in the time-series signal. Its utilization, however,
is limited in the MPI because of the so-called mode mixing effect, which is the assignment of more than
one frequency to each frequency band, limiting the accurate estimation of the modal parameters [27].
Although different improvements to the EMD method have been proposed to mitigate this effect [27,28],
the developed techniques still have problems when they deal with noisy signals. From this point of
view, other signal processing techniques should be explored in order to perform the MPI in an accurate
and reliable way. MPI of real-life structures, especially large ones, is complicated; in fact, a single
computational technique may not be sufficient. The works developed by [28–31] show that the
utilization of multi-paradigm approaches can lead to develop methodologies capable of dealing
with noisy signals, as well as to improve accuracy, efficiency, and stability of the resulting algorithm.
Recently, a methodology based on the utilization of the synchrosqueezed wavelet transform (SWT) in
combination with Hilbert transform (HT), and Kalman Filter (FK) is proposed for MPI [11]. The work
proposed in that article uses SWT to decompose the signal into its individual modes; then; for each
mode, and it is applied HT to obtain its instantaneous amplitude, which is used to estimate both the
natural frequency and damping ratio. It should be pointed out that the methodology has to make use of
KF in order to smooth the obtained instantaneous amplitude since any imperfection in this signal could
potentially cause a miscalculation of these values. KF requires setting different parameters to obtain
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the best possible result, making necessary to design a procedure to find out these values, which change
depending on the nature of the sensors used to acquire the signal. Evidently, sometimes they can
be difficult to reach in a practical way, thus deteriorating the accuracy and reliability of the modal
parameters value. For these reasons, it should be desirable to develop a new methodology that does
not require designing calibration procedures to ensure the best possible result, and also to improve
the accuracy of the modal parameters values. In particular, as the damping ratios usually have
a very small value, the accurate estimation of the damping ratio is a complicated issue [32]. In the
literature, many problems that involve the search and selection of the best-suited parameters for
specific models have been solved by means of optimization algorithms, where genetic algorithms (GA)
have demonstrated to be an efficient tool for solving these problems [33].

Taking advantages of the multi-paradigm approaches, this paper proposes a new methodology
based on the utilization of the SWT fused with GA to identify natural frequencies and damping ratios
of civil structures. In general, it uses two steps to estimate the modal parameters of civil structures.
In Step 1, the mode extraction is performed by using the NExT and SWT algorithms, where NExT
converts the measured response into a free-decay one and SWT decomposes the converted signal into
its fundamental components. In Step 2, the natural frequencies and damping ratios of every mode are
calculated using a GA-based approach, where a fusion of novel objective functions for the estimation
of natural frequencies and damping ratios is proposed. It is worth noting that the appropriate selection
of the search space and the utilization of the micropopulation concept will reduce the required time to
estimate the optimal solution, allowing its obtaining in a practical way. In order to validate the efficacy
and performance of the proposed methodology, two study cases are carried out. For the first one, the
benchmark of the International Association for Structural Control American Society of Civil Engineers
Structural Health Monitoring (IASC-ASCE SHM) Task Group, which consists of a four-story 2 × 2 bay
3D steel frame structure is used, where the simulated response obtained from a finite element analysis
(FEA) model is processed to obtain its modal parameters. The obtained results are compared with
other methodologies [11,34,35]. Regarding the second study case, the real measurements obtained
from an eight-story steel frame subjected to white noise input in a shaking table test are also processed
to estimate its modal parameters.

2. Methodology

Figure 1 shows a schematic diagram of the proposal to perform the MPI of civil structures.
The proposal is based on two steps. In Step 1, the measured vibration signal is converted in
a free-decay response and separated into individual mono-components using the NExT and SWT
methods, respectively. In Step 2, the natural frequency (NF) and damping ratio (DR) of each individual
component is calculated in an automatic manner using an optimization scheme solved by a GA-based
approach. The fundamental concepts of the aforementioned techniques and their use in the proposal
are described in the following subsections.
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2.1. Step 1: Estimation of the Individual Modes

2.1.1. Free-Decay Form Estimation

NExT method was proposed by James et al. [36] to estimate and extract the response (a free-decay
one) produced broadband dynamic excitations using the acquired response samples. It presents
a slightly improved capability to deal better with noisy signals, which allows obtaining better free-decay
responses unlike random decrement technique [37]. For this reason, NExT method has been employed
in this work and in several applications, such as health monitoring [38–40]. This method assumes
that any civil structure, subjected to broadband signals as excitation source, can be represented by the
following motion equation:

M
..
Rxy(τ) + C

.
Rxy(τ) + KRxy(τ) = 0 (1)

where M, C, and K are the mass, damping, and stiffness matrices, respectively; x and y are the
measurement positions. Analyzing the aforementioned equation, it is seen that the cross-correlation
function

..
Rxy(τ) fulfills the homogenous equation of motion; hence, it can be treated as the free-damped

response of the structure.
..
Rxy(τ) is estimated by using the following equation:

..
Rxy(τ) =

1
N

N

∑
n=0

x[n]y[n− k] (2)

where x and y are the reference signal and the in-test signal, respectively, N is the length of the signals,
and k is the variable index that goes from 0 to 2N−1.

2.1.2. Mode Extraction

Once the free-decay vibration of measured signal,
..
Rxy(τ), is obtained using the NExT method,

the SWT is employed to decompose it in its individual mono-components, xi(t), which correspond
to the excited modes of the analyzed structure. SWT is capable of analyzing nonlinear, transient,
and non-stationary signals. Further, it has been proven to be a reliable tool to detect components in
highly noisy environments without compromising the quality of the retrieved individual modes [11,41].

In general, the SWT of a time signal is obtained in four steps [42]. Firstly, the continuous WT
(Wf(a,b)) of the signal is calculated; secondly, using the obtained wavelet coefficients, the phase
transform,ωf, is employed to estimate the instantaneous frequency of the in-test signal by means of:

ω f (a, b) =


−j

W f (a,b)
∂[W f (a,b)]

∂b

∣∣∣W f (a, b)
∣∣∣ > 0

∞
∣∣∣W f (a, b)

∣∣∣ = 0
(3)

where Wf, a, and b are the wavelet coefficient, scale and time offset, respectively. Later, the calculated
wavelet coefficients Wf(a,b) are reassigned to the time-frequency domain. Hence, every point (a,b) is
converted to another point (ωf(a,b),b) using an operator named synchrosqueezed (Tf). This operation
allows enhancing the frequency location and is defined as:

Tf (ωl , b) = ∆ω−1 ∑
ak :ω f (a,b)∈[ωl−∆ω/2,ωl+∆ω/2]

W f (ak, b)a−3/2
k (∆a)k (4)

where ∆ω =ωl − ωl−1 and ∆a = ak − ak−1.
Finally, each individual mono-component, xi(t), of the original signal, detected in the previous

step, is recovered as follows:

xi(t) = 2R−1
ψ Re

(
∑

l
Tf

)
(5)
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where R−1
ψ is a constant calculated as:

Rψ =
∫ ∞

0

ψ̂(ξ)

ξ
dξ (6)

where ψ is the wavelet mother selected and ˆ denotes the Fourier transform of ψ. An in-depth
explanation of SWT can be found in [42]. It should be pointed out that if the frequency value of the
mode is desired, tools like the Fourier or Hilbert Transforms must be used [11].

2.2. Step 2: Modal Parameters Identification

Once divided the time signal into its fundamental modes or mono-components using SWT,
a mathematical expression, which describes the behavior of each obtained mode is necessary.
The obtained mono-components present a free-decay response; hence, the following equation can
be used:

xi(t) = Aie−2πζi fit cos
(

2π fi

√
1− ζ2

i t
)

(7)

where Ai, fi, and ζi are the amplitude, frequency and damping ratio values of the i-th mode, respectively.
In general, the search of these parameters for modeling a real signal can be solved by proposing
an optimization scheme.

GA is one of the most employed methods to solve optimization problems, since global optimal
solutions can be found [30]. A flow chart of the stages required for implementation of the GA is shown
in Figure 2. In Step 1, the initial population is generated, usually randomly, to ensure a diversity of
potential solutions. In Step 2, the population is evaluated in one or more objective functions in order
to find the best individuals and their fitness values, which are used in the next Step 3. In this step,
it is checked if the population fulfills the criterion established to end the algorithm execution. If the
population cannot be considered as the solution, an additional step (Step 4) must be executed, where the
genetic operators (reproduction, crossover, and mutation) are applied to obtain a new population.
The reproduction employs the best individuals, which have the highest fitness value, to be part of
the new population. On the other hand, the crossover operation uses the current best individuals
to create new ones employing several crossover points, at the same position in the used individuals.
The delimited parts are swapped to create the new individuals. A crossover probability value is used to
select the order of swap. Finally, the mutation modifies specific position values according to a mutation
probability value. It should be noticed that the abovementioned operators manipulate the individuals
in bit manner, i.e., the operations are performed in a bit-to-bit basis. Once the new population is
created, they are evaluated and tested until the stop criterion is reached. When the algorithm finalizes
its execution, the final population is designated as the problem solutions (Step 5).Appl. Sci. 2017, 7, 111 6 of 17 
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GA uses many potential solutions or individuals, usually about 100, to estimate the solution [43].
This can produce a low convergence speed in the best scenario, or can cause a premature convergence
or stagnation, which means that the estimated value is close enough to the solution (not an optimal
solution); but its value does not change through the generations [33]. In order to lessen the
abovementioned limitations, the concept of micro-GA has been presented by [44], which consists of
utilizing a very small population, usually four or five individuals per generation [45]. This allows
ensuring that the used time to evaluate the population is less than the required by the classical GA;
further, the convergence and the diversity required are guaranteed by using the same operators than
the classical GA. For this reason, micro-GA is used in this work.

Figure 3 illustrates the graphical description of the micro GA-based approach proposed for
performing the MPI. Employing the advantages of micro-GA, in this work, four individuals are used
since they provide an adequate compromise between diversity and computational time required to
find the solution. On the other hand, the design space, i.e., the values that the natural frequencies and
damping ratios can take, is also set. Table 1 summarizes the range of possible values for both the natural
frequency and damping ratios, which will be estimated by the proposed micro-GA scheme. It should
be noticed that in these ranges the natural frequencies and damping ratios values of civil structures
can be found [46]. Thus, this range will allow obtaining the optimal solutions. Each individual has
a length of 32 bits, the first 16 bits are used for the candidate natural frequency, whereas the last 16 bits
contain the candidate damping ratio. The initial values of the population are generated randomly,
ensuring that they are in a normal distribution in order to guarantee a diversity of potential solutions.
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Table 1. Range of values used for every modal parameter.

Modal Parameter Minimum Value Maximum Value

Natural Frequency (Hz) 0.01 100
Damping Ratio (%) 0.01 20

Once generated the initial population, the next step is to evaluate their performance.
Recalling Equation (7), it is observed that the produced signal depends of two variables: frequency and
damping ratio. The amplitude of each mode is taken as the first value of the recovered signal,
which corresponds with the maximum amplitude of signal. Therefore, it is necessary to use different
functions to evaluate the impact of the subtle changes in the values of frequency and damping ratio in
the final solution. For evaluating the natural frequency value, the following equations are proposed:

f1 = corr(ym, y) (8)

f2 = corr(gm, g) (9)
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f3 = hist(y)− hist(ym) (10)

where f 1 represents the correlation of each mono-component estimated by the micro-GA (ym) using
Equation (7) and by SWT (y); and f 2 is the correlation of the envelopes of each mono-component
obtained by the micro-GA (gm) and by SWT (g). The envelope of each signal is obtained as follows:

g =
√

y2 + y2
h (11)

where yh is the Hilbert Transform of y [47]. Finally, f 3 represents the histograms difference of the
signals y and ym.

It is important to mention that the correlation measures the similarity between two signals and
the histogram gives the shape and distribution of the signal. Therefore, the combination of these
equations provides useful information for the detection of the subtle changes that are produced when
the estimated values are close to their exact counterparts. For this reason, the following objective
function is proposed to optimize the natural frequency value:

J1 = w1 f1 + w2 f2 + w3 f3 (12)

where w1, w2, and w3 are ponderation weights used to set a level of importance of each function, fi,
of the objective function. It was found, from previous experimentations, that 0.5, 0.45, and 0.05 for
w1, w2, and w3, respectively, were the best values since they allow estimating the natural frequency
value with the lowest error, indicating that correlation between the two signals provides the most
information to obtain an accurate frequency value.

On the other hand, in order to evaluate the damping ratio value, the envelope of the in-test signal
and the one constructed are employed. Thus, the following evaluation function is proposed:

f = corr(gm, g) (13)

Therefore, Equation (13) allows setting the following objective function:

J2 = f (14)

Once the obtained values with the proposed objective functions in Equations (12) and (14) are
evaluated, the next step is to verify the criterion for stopping the generation of new populations. In this
regard, it is used the maximization criterion of the objective functions, since it is desired to calculate
the highest correlation value, because it will indicate that the signal, constructed with Equation (7),
has the most resemblance with the mono-component obtained by SWT. If the criterion is not achieved;
then, it is necessary to create a new population based on the current one. To this purpose, the best
individual, the one that produces the signal with the highest correlation value with respect of the
in-test one, is used directly as the first individual of the new generation. The other individuals are
created using the crossover operator with the best individual of the former generation and the two
remaining individuals. After investigating the number of different crossover points, the four-point
crossover is used in this paper with a small mutation probability value, since this value must reflect its
real-life counterpart [48,49]. Further, both the crossover and mutation probabilities are usually selected
according to the desired application [50]. In this work, it is found that 0.5 and 0.007 are the crossover
and mutation probability values that allow obtaining the best results. The abovementioned procedure
is repeated until no improvements of the correlation value in a certain value of iterations, and for each
retrieved mode by SWT. It should be pointed out that the combination of the abovementioned objective
functions, Equations (12) and (14), allows avoiding the utilization of schemes to smooth the envelop,
since it is only used for comparison purposes in the proposed approach, unlike the work presented
in [11], which uses it as a fundamental part of the estimation of the modal parameters formulas,
making the proposal inherently more robust to the aforementioned variations of the envelop form.
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3. Numerical Assessment of the New Methodology Performance

The validation of the efficacy and performance of the proposed methodology for identifying and
quantifying the modal parameters (NF and DR), the phase I of the benchmark problem developed by
the IASC-ASCE structural health monitoring task group is used [51]. It consists of a FE-based code
of a four-story 2 × 2 bay 3D steel frame constructed at the University of British Columbia (UBC),
located at Vancouver, the British Columbia, Canada. Figure 4 shows the overall dimensions of the
structure and the location of the sixteen sensors used to measure vibration data during the excitation.
The structure was excited using broadband input signals applied in both horizontal directions (x and y).
Using a sampling frequency of 1000 Hz, 20 s of the structure response were acquired resulting in
20,000 samples. Every mode has a damping ratio of 1%. The measured vibration response of sensors
7 (x-direction) and 6 (y-direction) are selected to carry out the analysis. Figure 5 depicts the acquired
signals in the x- and y-directions by the abovementioned sensors, respectively.
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Following the proposed methodology, which is implemented in MATLAB, the measured vibration
signals of sensors 7 and 6 are converted to their free-decay response employing NExT method.
Recalling from Section 2, the method uses reference signals. Caicedo [52] suggests that these signals
should be far away of the in-test ones. In this regard, sensors 15 (x-direction) and 14 (y-direction)
fulfill with the aforementioned suggestion and, hence, they are used as the references. In this example,
only 2000 samples of obtained signal are selected because they allow obtaining the free-decay response



Appl. Sci. 2017, 7, 111 9 of 17

correctly; thus, the original signal transformed to a new signal of 2.0 s. Figure 6 shows the obtained free
responses for the x- and y-directions. Then, the obtained free-decay responses in the x- and y-directions
are separated in individual modes using the SWT, each with a single frequency corresponding to
one modal response. The Gaussian wavelet is employed as wavelet mother since it provides the best
time-frequency resolution [11].

Appl. Sci. 2017, 7, 111 9 of 17 

this example, only 2000 samples of obtained signal are selected because they allow obtaining the free-
decay response correctly; thus, the original signal transformed to a new signal of 2.0 s. Figure 6 shows 
the obtained free responses for the x- and y-directions. Then, the obtained free-decay responses in the 
x- and y-directions are separated in individual modes using the SWT, each with a single frequency 
corresponding to one modal response. The Gaussian wavelet is employed as wavelet mother since it 
provides the best time-frequency resolution [11].  

 
Figure 6. Estimated free damped response in the: (a) x- and (b) y-directions. 

Once the individual modes using the SWT are obtained, the natural frequencies and damping 
ratios are calculated using the micro-GA approach. Figures 7 and 8 illustrate the convergence graphs 
for the NF, DR, and correlation value for the x- and y-direction, respectively. It is seen that the 
estimated values reach the optimal solution when the correlation values are 0.9, indicating that modes 
estimated by SWT-micro-GA scheme are remarkable similar to the ones extracted by SWT. Further, 
it is seen that for all the modal parameters, their values are reached within 80 generations, indicating 
that the convergence rate is fast, making evident that the proposed objective functions, along with 
the micropopulation concept, allows increasing the convergence rate. A graphical illustration of the 
similarities is shown in Figure 9, where it is confirmed in a visual way that both modes are  
very similar. 

 

Figure 7. Convergence graphs of the: (a) natural frequency; (b) damping ratio; and (c) correlation 
value for the x-direction modes. 

Figure 6. Estimated free damped response in the: (a) x- and (b) y-directions.

Once the individual modes using the SWT are obtained, the natural frequencies and damping
ratios are calculated using the micro-GA approach. Figures 7 and 8 illustrate the convergence graphs
for the NF, DR, and correlation value for the x- and y-direction, respectively. It is seen that the estimated
values reach the optimal solution when the correlation values are 0.9, indicating that modes estimated
by SWT-micro-GA scheme are remarkable similar to the ones extracted by SWT. Further, it is seen
that for all the modal parameters, their values are reached within 80 generations, indicating that
the convergence rate is fast, making evident that the proposed objective functions, along with the
micropopulation concept, allows increasing the convergence rate. A graphical illustration of the
similarities is shown in Figure 9, where it is confirmed in a visual way that both modes are very similar.
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Table 2 summarizes modal parameters calculated using the proposal and the ones estimated
by the FEA model. Additionally, the estimated natural frequencies and damping ratios using the
methodologies proposed by Li et al. [34], Amini and Hedayati [35], and Perez-Ramirez et al. [11]
are presented. In general, the results presented in this table show that the proposal can identify and
estimate the first eight modes detect by the FEM model in an accurate way. In particular, the NF value
is very close to the theoretical one, as the maximum deviation is found to be about 0.5%. These results
show that the objective function, described by Equation (12), can be considered as an adequate
maximization function. On the other hand, the results obtained by Perez-Ramirez et al. [11] and
Li et al. [34] show that the same eight NF are also found with their proposals. It is worth noting
that the former uses the complex mode indicator function as a signal processing tool; however,
the maximum deviation was found to be about of 23%, indicating that this function may not be able
to deal with noisy and time-variant signal properly. On the contrary, the results estimated by the
former show that this methodology can be considered as accurate, as the deviations are quite similar
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to the ones obtained by the proposal. Even when the maximum deviation (0.33%) is lower than the
one obtained with this proposal, more NF modes have a significant lower deviation compared with
the aforementioned methodology. The work reported by Amini and Hedayati [35] use the sparse
component analysis, a blind source separation technique, to analyze the response. It is evident that
they cannot estimate the third NF of the y-direction. By the presented results, it is seen that this
methodology cannot be considered as accurate, as the maximum deviation is higher than 10%. It is
important to mention that they only analyze the y-direction; hence, the other four natural frequencies
of the x-direction are not considered.

In addition, the obtained results allow to affirm that the damping ratios values estimated
by the proposal are more accurate than the ones calculated by Amini and Hedayati [35] and
Perez-Ramirez et al. [11], since a maximum error for the proposal and the other two works are: 6%,
12% and 15%, respectively. In particular, the proposal outperforms the methodology of the former
reference by achieving an error reduction of over 50%. This reduction can be achieved as the proposal
uses the envelope values in a qualitative way, that is, how similar are the two envelopes, making them
inherent more robust to any slightly spike that can be presented. On the contrary, the methodology
of Perez-Ramirez et al. [11] is more susceptible to these spikes, as the value is an integral part of
the equations used to obtain the DR value. It can be seen that the approach used by Amini and
Hedayati [35], show that the used methodology can successfully estimate the DR with a reasonable
accuracy, indicating that their methodology has a better performance to estimate the aforementioned
values. The main objective of Li et al. [34] is to find the best FE-based model; thus, the authors
do not estimate the damping ratios of structure. From these works, it is evident that the ones that
use multi-paradigm approaches lead to better estimations of the modal parameters. Further, it is
worth noting that Su et al. [53] mentioned that for obtaining an accurate value, it should be present
a maximum error of 2% and 20% for natural frequency and damping ratio, respectively. In this regard,
the proposed methodology contributes to demonstrate the abovementioned statement, as the obtained
results can be considered as accurate.

In summary, the obtained results demonstrate that the proposal is an excellent tool to identify and
quantify the NF and DR. This is proven as the errors between the obtained values and the theoretical
counterparts do not exceed 0.5% and 0.6%, respectively. Moreover, the validity of the proposed
objective function is also demonstrated, as the correlation value of the estimated modes compared to
the original ones is higher than 0.9.

Table 2. Identified modal parameters of the benchmark structure shown in Figure 4. (FEA: finite
element analysis.)

Mode (Direction)
Natural Frequency (Hz) (Error %)

FEA Li et al. [34] Amini and Hedayati [35] Perez-Ramirez et al. [11] New Methodology

1 (y) 9.410 8.48 (9.88) 10.62 (12.86) 9.407 (0.03) 9.39 (0.21)
2 (x) 11.79 9.03 (23.41) - 11.82 (0.20) 11.72 (0.59)
3 (y) 25.54 23.07 (9.67) 25.39 (0.59) 25.55 (0.03) 25.59 (0.20)
4 (x) 32.01 25.45 (20.49) - 31.95 (0.20) 32.03 (0.06)
5 (y) 38.66 36.32 (6.05) - 38.61 (0.13) 38.67 (0.03)
6 (y) 48.01 41.81 (12.91) 47.97 (0.08) 47.97 (0.08) 48.05 (0.08)
7 (x) 48.44 46.57 (3.86) - 48.50 (0.10) 48.65 (0.44)
8 (x) 60.15 56.09 (6.75) - 60.35 (0.33) 60.16 (0.02)

Mode (Direction)
Damping Ratios (%) (Error %)

FEA Li et al. [34] Amini and Hedayati [35] Perez-Ramirez et al. [11] New Methodology

1 (y) 1.0 - 1.03 (3) 0.90 (10) 1.02 (2)
2 (x) 1.0 - - 0.96 (4) 1.06 (6)
3 (y) 1.0 - 0.88 (12) 0.88 (12) 0.98 (2)
4 (x) 1.0 - - 0.85 (15) 0.94 (6)
5 (y) 1.0 - - 0.86 (14) 1.01 (1)
6 (y) 1.0 - 0.90 (10) 1.04 (4) 0.95 (5)
7 (x) 1.0 - - 1.0 (0) 1.0 (0)
8 (x) 1.0 - - 1.10 (10) 1.04 (4)
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4. Application to an Eight-Story Building

In order to evaluate the performance of the proposed methodology under real-life conditions,
the eight-story steel frame experimental data are used to estimate its natural frequencies and damping
ratios. A graphical illustration of the structure is shown in Figure 10. The building has H-shaped
columns with dimensions of 1.5 m × 1.1 m × 9.44 m (width, length, and height). Additionally,
lead plates of 250 kg are piled on each floor; hence, each floor has a total mass of 325 kg. The base of the
building was subjected to white noise excitation in the long-span direction. This structure is located in
the National Center for Research on Earthquake Engineering, Taiwan, and is also used by Su et al. [53].
The responses were measured using eight velocity sensors distributed on the eight stories and located
at the center of each floor. The sensor employs a sampling rate of 200 Hz during 100 s, thus each signal
contains 20,000 samples. The measured vibration response of sensor 4 is used indistinctly to estimate
the modal parameters of the structure. Figure 11 depicts the signal measured by sensor 4.
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Using the proposal, the acquired vibration data are transformed to the to free-damped vibration
form using NExT method. In an analogous way to the previous example, sensor 8 is used as the
reference signal to estimate the free-decay response, since this sensor is far away from selected sensor
4 to estimate the modal parameters of structure. In this case, sensor 8 satisfies this specification
recommended by Caicedo [52]. In this example, 1000 samples signal are selected to estimate the
free-damped vibration form. This means that the original signal is converted to a new signal of 5.0 s,
as shown in Figure 12. This number of samples is sufficient to estimate the free-damped form. Then,
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once obtained the free-damped response, it is processed by SWT in order to extract the individual
modes contained in the signal, which are illustrated in Figure 13.
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Finally, the micro-GA approach is used to obtain the natural frequencies and damping ratios of
extracted modes, obtained in the previous step, of the analyzed building. Table 3 presents the values
of estimated natural frequencies and damping ratios values using the proposal and FEA. Further,
the estimated modal parameters of eight-story steel frame using the methodologies proposed by
Su et al. [53] and Perez-Ramirez et al. [11] are also presented. It is observed that these methodologies
present similar results to the estimated by FEA model, which indicates that they can be considered
as accurate; however, it is important to mention that the methodology proposed by Su et al. [53]
requires calibration for each structure analyzed, limiting an automatic estimation of the parameters.
On the other hand, it is also seen a slightly difference between the estimated DR values using the
methodologies proposed by Su et al. [53], Perez-Ramirez et al. [11], and the values obtained with
the proposal. It should be noticed that for this case, there are no reference values for the DR; thus,
the comparison is performed in a qualitative way, that is, how similar are the values obtained with
the different methodologies. In general, it can be seen that the proposal obtains similar values
compared with those obtained by Su et al. [53]. The difference between the values obtained by
Perez-Ramirez et al. [11] and the proposal is due to that the KF still delivers a signal with some spikes
that affect its quality, deteriorating the estimated results by HT, as the mathematical operations used
for obtaining the value (a derivative) can be affected by the spikes, even a slightly one. On the contrary,
the proposed methodology demonstrates to be efficient to perform the MPI of automatic manner,
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as neither requires the proper selection of the AR model number (Su et al. [53]) nor the fine tuning of
the KF parameters (Perez-Ramirez et al. [11]).

Table 3. Estimated natural frequencies and damping ratios of the eight-story steel frame.

Mode (Direction)

Natural Frequency (Hz)

FEA Su et al. [53] Methodology Proposed by
Perez-Ramirez et al. [11] New Methodology

1 2.01 2.11 2.10 2.15
2 6.49 7.00 6.98 7.03
3 12.38 12.86 12.84 12.95
4 19.80 19.15 19.14 19.53
5 26.46 25.89 25.90 26.17
6 34.36 33.42 33.39 34.16

Mode (Direction)

Damping Ratio (%)

FEA Su et al. [53] Methodology Proposed by
Perez-Ramirez et al. [11] New Methodology

1 2.01 1.40 1.69 1.57
2 6.49 0.90 1.28 0.95
3 12.38 0.70 0.75 0.65
4 19.80 0.40 0.41 0.33
5 26.46 0.90 0.95 0.98
6 34.36 1.0 0.89 1.11

5. Conclusions

In this work, a new methodology based the utilization of an optimization algorithm, the micro-GA,
fused with SWT for detecting and estimating the natural frequencies and damping ratios values of civil
structures in an automatic manner is presented. In order to demonstrate the efficiency of the proposal,
two study cases are presented: (1) a benchmark problem, a numerical model selected from the literature
with aiming at comparison with other methodologies; and (2) a real-life eight-story building.

The results for the numerical simulation show that the presented methodology is effective in
detecting and quantifying the modal parameters of structure, since the obtained errors for natural
frequencies and damping ratios have a maximum value of 0.5% and 6%, respectively. This is confirmed
since the proposed methodology detects all the modal parameters of the benchmark problem with
a remarkably improved accuracy, unlike the abovementioned methodologies, indicating that the
proposed novel objective functions that involve the use of the correlation, histogram, and envelope,
as well as its weights proved to be effective to solve the MPI. It is worth noting that the proposal
allows obtaining an error reduction of over 50% compared to the results presented in [11]. Particularly,
it should be pointed out that this proposal only uses the envelope in a quantitative way, i.e., to estimate
how similar is the proposed signal with the reference one, whereas the work presented in [11] uses the
envelope to directly estimate the modal parameters, making necessary the utilization of schemes to
smooth the envelope. On the other hand, by means of the micropopulation concept, the proposal also
demonstrated to be fast as only 80 generations were required to estimate the modal parameters values.

In the eight-story building example, the results show that the proposal is efficient for identifying
and estimating the ND and DR values of the building using dynamic vibrations, a challenging routine,
as the measured signals can be time-varying or transient, as well as noisy, confirming that proposed
objective functions are efficient to deal with this task. Additionally, the results show that proposed
methodology does not require a previous knowledge of structure or an initial value or specialized
calibration for estimating the modal parameters with accuracy unlike the methodology proposed by
Su et al. [53].
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As a future work, it is necessary to explore the convenience to adapt the proposed methodology to
analyze the response of building that have adaptive capabilities, such as smart structures or structures
that deal with varying loads.
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