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Abstract: This study focuses on identifying damage in reinforced concrete (RC) beams using time-
domain modal testing and wavelet analysis. A numerical model of an RC beam was used to generate
various damage scenarios with different severities and locations. Acceleration time histories were
recorded for both damaged and undamaged structures. Two damage indices, DI_ MW and DI_SW,
derived from the wavelet analysis, were employed to determine the location and severity of the
damage. The results showed that different wavelet families and specific mother wavelets had varying
effectiveness in detecting damage. The Daubechies wavelet family (db2, db6, and db9) detected
damage at the center and sides of the RC beams due to good time and frequency localization. The
Biorthogonal wavelet family (bior2.8 and bior3.1) provided improved time—frequency resolution. The
Symlets wavelet family (sym2 and sym?) offered a balanced trade-off between time and frequency
localization. The Shannon wavelet family (shan1-0.5 and shan1-0.1) exhibited good time localization,
while the Frequency B-Spline wavelet family (fbsp2-1-0.1) excelled in frequency localization. Certain
combinations of mother wavelets, such as shan1-0.5 with the DI_SW index, were highly effective
in detecting damage. The DI_SW index outperformed DI_MW across different numerical models.
Selecting appropriate wavelet analysis techniques, particularly utilizing shan1-0.5 in the DI_SW,
proved effective for detecting damage in RC beams.

Keywords: damage localization; damage severities; modal excitation responses; time domain;
reinforced concrete beams

1. Introduction

Contemporary societies face risks posed by aging civil constructions, natural disas-
ters, environmental factors, and extreme loads. Structural health monitoring (SHM) has
become an essential aspect in ensuring structural integrity, safety, and cost-effective mainte-
nance [1,2]. SHM systems have been widely used to detect and monitor “damage-sensitive
characteristics” for timely assessments and continuous evaluation. The goal is to achieve
comprehensive system state awareness from construction to retirement [3,4].

Structural damage can decrease the load-bearing capacity of buildings, disrupt normal
operations, and eventually lead to structural collapse. Therefore, in recent decades, the
field of structural safety has placed significant emphasis on identifying potential struc-
tural failures. The development of effective methods for evaluating damage to structural
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members is crucial for preventing catastrophic engineering incidents. To this end, several
techniques have been developed recently to detect structural flaws by analyzing modifi-
cations in structural response parameters, for instance, changes in static shear energy [5].
Typically, changes in damage-sensitive characteristics are measured using “damage indi-
cators”. Examples of such indicators include the T2 gauge [6] and the modal assurance
criterion (MAC) [7], which are mathematical functions that are based on these properties
but do not have a clear physical interpretation. Varying with the technique implemented for
damage identification and the available data, damage can be recognized at varying degrees
of sophistication. This includes the detection, quantification, and localization of damage [8].
Damage localization and quantification provide supplementary information regarding
the position and severity of the damage, respectively, while damage detection provides a
binary outcome by indicating whether the damage is present or not. Novel methods, such
as Multiple Linear Regression, Linear PCA, Local PCA, and others, are commonly used for
detecting damage in civil structures, like bridges. These methods often provide a binary
outcome [6], historical landmarks, and particular structural components [7].

By modifying the Power Spectral Density (PSD) configuration, the features stated by
Le-Ngoc et al. [9] were modified by Le-Ngoc and his team to indicate structural degradation.
The researchers noted alterations in the power spectrum resulting from the vibrations
of beams that had experienced structural damage as a result of moving loads. These
findings have led to the proposal of monitoring measures for the detection of structural
deterioration. In addition, Le-Ngoc and his team reasoned that employing PSD shape
changes will improve the capability to discover the damage in beam-like structures, a
long, slender construction used for support and load distribution [9]. In the study of Peng
and Yang [5], a static shear energy approach was introduced for inspecting destruction in
beam-like structures and identifying the specific locations of the damage. According to
the energy release theory, when structural damage occurs, the strain energy of a damaged
section quickly changes. Hanumanthappa [10] asserted that the utilization of natural
frequencies and mode shapes is prevalent in identifying structural degradation due to
their precise measurement capabilities and sensitivity to regional damage. The accuracy
of damage localization might be jeopardized by measurement mistakes, which can make
it challenging to determine mode shapes. Hanumanthappa [10] put up the Generalized
Flexibility Quotient Difference method for cantilever beams as a fresh solution to this
problem. This approach can accurately detect damage in both individual and multiple
beam components, distinguishing between two levels of damage severity. It achieves
this detection with only two stages. The suggested damage index is calculated by using
the stiffness matrix of the undamaged component rather than the stiffness matrix of the
damaged part. The effectiveness of the proposed damage detection technique was tested
using six different damage scenarios. Nguyen [11] proposed a new indicator for assessing
structural changes, which is based on changes in the center position of the probability
spectrum of a vibration signal, referred to as the change in the probability spectrum
center (C-PSD). The author argued that this approach can improve the sensitivity of the
model to structural changes. Furthermore, a distinctive aspect of the methodology is its
reliance on the natural frequency center as the sole criterion for evaluating the damaged
structure, deviating from the conventional approach that incorporates multiple natural
frequencies. Therefore, this more sensitive indicator based on C-PSD is expected to be more
effective in analyzing and detecting structural damages than previous indicators presented
just based on basic statistical parameters, including the average and standard deviation.
Huang et al. [12] used a mechanics-driven statistical moment feature of wavelet transform-
processed dynamic responses to suggest a technique for detecting various kinds of damage
in beam-type structures. CWT, which stands for continuous wavelet transform, is used to
represent the feature of analyzing the second-order strain statistical moment (SSSM). Data
fusion technology and the Three-Sigma Rule in statistics are utilized to create a damage
index by collecting and enlarging the damage singularities brought on by damage using a
CWT at an every-order SSSM curve. Damage is present when the damage index abruptly



Buildings 2023, 13, 1955

3of44

changes. The study demonstrated that the suggested characteristic, even under roughly
uniform spectral excitations, is resistant to noise and can correctly detect a large number
of fractures without the requirement for baseline data on the undamaged counterpart.
Pooya and Massumi [13] developed a damage detection approach specifically designed
for beam-like structures that can locate the damage, utilizing just the dynamic data of the
damaged structure. As a marker for the damage location in the beam’s constituent elements,
the discrete segments used in a finite element analysis, the technique determines the actual
difference between a coefficient of the modal strain energy of one element and then a
coefficient of the modal kinetic energy of either that component or another component of
that beam. Neither mechanical nor geometric information from the cracked beam or the
base model is used in the proposed technique; rather, just modal movements and the length
of the damaged beam sections are needed. A finite element model of damaged beams with
varied geometries and boundary conditions was used to show the method’s capacity to
identify the damage, and the findings were confirmed using dynamic testing.

Vibration-based structural health monitoring (VSHM) is a method used to evaluate
the occurrence, position, and magnitude of harm in composite structures, such as buildings.
This is achieved by examining the vibration information obtained from the structure [14-16].
The VSHM technique estimates the vibrational changes caused by damage by utilizing
diverse vibration attributes, such as mode shapes, the modal damping ratio, and modal
frequencies. Different VSHM methods are developed based on the diversity and combina-
tion of vibration parameters, such as modal flexibility, modal stiffness, and strain energy.
However, all VSHM approaches rely on the principle that any alteration in a structure’s
mechanical or geometrical features will affect its dynamic characteristics [17]. VSHM
techniques are non-destructive and have the ability to identify the precise location and
intensity of damage without requiring any prior knowledge. Several VSHM techniques
have been proposed, including those focused on a structure’s modal characteristics, for
instance, mode shapes [18] and natural frequencies [19], as well as those that use frequency
response functions (FRFs) and vibration response in the time or frequency domain [20]. The
techniques used in VSHM can be broadly classified into two categories: model-based and
non-model-based methods [21]. Model-based approaches involve comparing observed and
simulated vibration responses to identify damage and minimize the difference between the
two. In contrast, non-model-based approaches do not depend on models or assumptions
about a structure’s vibratory response. Instead, they solely rely on the measurement of
vibration response using techniques, like pure data analysis, time series analysis, and/or
natural frequencies [22].

The experimental investigation of a vibration-based damage diagnosis system for a
2.5-dimensional composite structure was conducted by Ooijevaar et al. [23]. The researchers
employed the modal strain energy damage index (MSEDI) technique, which integrated
both bending and torsion modes in its methodology. Based on experimental data obtained
from a measurement device used to assess the dynamic behavior, it was observed that
bending vibrations can lead to delamination in a composite T-beam structure, which can
be detected using the MSEDI method. Changes in the natural frequencies of bending
modes serve as a reliable indicator for the presence of delamination within a structure. The
fourth- and higher-order bending mode shapes, along with the damage index algorithm,
can also forecast the location and magnitude of the damages. The research conducted by
Loendersloot et al. [24] investigated an FE-based numerical model for a vibration-based
damage detection technique for a thin-walled slender composite structure. An analysis
was performed on the linear dynamic response of a 16-layer unidirectional carbon fiber-
reinforced PEKK T-beam that was both intact and partially delaminated. Using the bending
and torsion modes of the structure, the MSEDI algorithm’s ability to locate and detect
delamination was evaluated. Jyrki et al. [25] investigated the VSHM of a (FE) model of a
simply supported beam that contained pre-existing cracks. They employed a sensor array
to monitor the structure, which measured transverse acceleration in response to random
stimulation. The primary objective was to ascertain the minimum crack length that could
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be detected and identified. Additionally, the effect of sensor placement was investigated.
Following the Generalized Likelihood Ratio Test (GLRT), principal component analysis
(PCA) was utilized for damage identification in the time domain. It was discovered that a
crack could be seen at the bottom of the beam’s center when its length approached 10%
of the beam’s height. Using the monitoring data, the precise location of the crack was
determined. In an experimental study, Ho and Thanh-Cao [26] introduced intelligent
techniques utilizing vibration and impedance for structural health monitoring (SHM) of
prestressed concrete (PSC) beams. The following methods were employed to accomplish
the goal or aim. Primarily, the hardware and embedded software of intelligent sensors were
specifically engineered to facilitate the surveillance of vibration patterns and impedance
characteristics. The design proposed a novel sensor network, how to place the sensors on
the surface of the structures, for measuring the dynamic strain measured by piezoelectric
transducers (PZT). The experimental recordings of vibration and impedance responses
from a PSC beam were analyzed to validate the viability of smart sensors for SHM. At least
two behavior patterns of the PSC beam were investigated: (1) the relationship between the
vibration of the girder and the vibration of the cable and (2) the impact of wind velocities
on the beam’s vibration and impedance behavior.

The majority of traditional damage detection techniques in structural health moni-
toring (SHM) rely on analyzing the frequency characteristics and structural stiffness. The
fast Fourier transform (FFT) is commonly employed for this type of analysis. However, in
recent years, the wavelet transform has gained prominence as being highly promising for
SHM. This technique, which is an improvement over the traditional Fourier transform, has
demonstrated its efficacy in SHM applications [27]. The capability of wavelet transform
to analyze vibration signals was first identified by Newland [28]. Several researchers,
including Wang and McFadden [29] and Surace and Ruotolo [30], applied the wavelet
transform in the time domain for damage identification through vibration signal analysis.
Salehian et al. [31] recently used the wavelet method to detect abruptly induced structural
damage in a plate. The response data were collected at multiple sensor points after simulat-
ing the damage as an impulse signal, and the wavelet transform was used to determine
the travel times from the impact location to the sensor locations to locate the damage.
Yan and Yam [32] investigated delamination damage in a composite laminated plate by
utilizing embedded piezoelectric patches. The wavelet analysis was used to define the
energy fluctuation in the dynamic response of the structure, and damage was detected
based on this fluctuation. Y. Huang et al. [27] conducted a study where they developed a
distributed method for two-dimensional (2D) continuous wavelet transform (CWT). This
method effectively monitors structural deterioration by utilizing information from discrete
sets of nodes. It provides continuous spatial changes in the parameters associated with the
structural response. This method can be utilized for SHM by coupling it using a network
of embedded sensors capable of supplying signals of nodal responses.

The authors emphasized the algorithm’s merits, which encompass its reliance on local
data, its ability to provide spatially continuous information, and its minimal requirements
in terms of connectivity and computational resources. The damage locations and intensity
can be accurately identified and qualitatively evaluated. To demonstrate the potential use
of a three-dimensional (3D) CWT for structural health monitoring (SHM), Shi and Yu [33]
examined a 3D data scenario involving a 2D spatial signal with time history. Additionally,
Shi and Yu [33] explored the use of the combination of artificial neural networks (ANNs)
and wavelet analysis to create a smart and adaptable system for detecting structural dam-
age. Fallahian et al. [34] proposed a system for detecting structural damage that employed
a combination of the discrete wavelet transform (DWT) and a series of pattern recognition
models. The data from vibrations were decomposed using the discrete wavelet trans-
form, and principal component analysis was applied to reduce the decomposed data. The
compressed and decomposed vibration data along with damage data were subsequently
employed to train separate damage models of the building. They utilized pattern recogni-
tion models based on deep neural networks and coupled sparse coding. The individual
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damage models were combined into a single model using a majority voting approach, in
order to predict the position and severity of structural damage. The algorithm was found
to accurately detect initial damages in many locations, even in complex structures and
beam-column connections, in situations where uncertainty, such as noise and temperature
fluctuations, was present. Kaur et al. [35] proposed a comprehensive approach for iden-
tifying, evaluating, and localizing structural damage using an unsupervised adversarial
autoencoder and wavelet transform. The authors trained the adversarial autoencoder
model using only vehicle acceleration data obtained from a healthy bridge state. They
employed an estimated reconstruction error-based damage detection index and utilized
signal averaging and spectrum filtering pre-processing techniques to improve the model’s
performance. Additionally, wavelet transform and signal pre-processing methods were
used to predict the locations of detected defects. The proposed method was demonstrated
to be effective in identifying damages of varying degrees and accurately localizing them.
Pradeep et al. [36] proposed a method based on wavelet transform to detect structural
damage in plates. The authors utilized a continuous wavelet transform to detect signal
discontinuities in mode shape displacement. Their approach enabled the identification
of damage sources on a plate structure at any location in the building. Moreover, the
method yielded a dependable output for damage identification using a single-mode shape,
compared to frequency analysis. Ruan et al. [37] utilized artificial neural network (ANN)
models to find the relationship between the responses of the structures and the amount
of stiffness reduction caused by damages. In their study, random acceleration and dis-
placement were considered as the input parameters and the severities of the damages
were the output parameters in the proposed ANN models. Their proposed ANN models
successfully detected the damage severities in a five-story building structure.

2. Research Significance

Most of the research on damage detection has utilized a frequency-domain analysis of
modal data, as revealed by the literature review conducted in the fields of damage detection
and structural health monitoring. Although the modal data in the frequency domain are
more compatible with the mechanical properties of structures and are easier to analyze,
due to their accurate representation of mode shapes, they are highly preferred for damage
detection and structural health monitoring applications, facilitating frequency-dependent
analysis, exploiting the linearity assumption, and exhibiting high sensitivity to structural
changes. Meanwhile, the transmission from the time domain to the frequency domain can
be performed accurately, as analyzing the intact modal data in the time domain provides
more precise outcomes for assessing the damage status of structures. This approach
eliminates potential uncertainties and assumptions associated with frequency-domain
transformations, allowing for a direct assessment of the structural response. This paper
proposes an automated approach for damage detection in a reinforced concrete (RC)
beam using a combination of time-domain modal testing and wavelet transform analysis.
The method aims to overcome the limitations of traditional approaches by providing
an accurate and efficient means of damage localization and severities in RC beams. By
using a numerical model of an RC beam, different damage scenarios with varying degrees
of severity were created to simulate the effects of structural deterioration. During the
modal test, acceleration time histories were recorded. The inputs for the wavelet analyses
included data obtained from time-domain modal testing for both the structures with and
without damage. The proposed approach uses 14 wavelet families with a total of 84 mother
wavelets. It calculates two damage indices, DI_MW and DI_SW, based on the maximum
values of detail coefficients and the area under the detail coefficients diagram obtained
from the wavelet transform. These indices help determine the location and severity of the
damage scenarios. Eventually, the best mother wavelet was selected based on the capability
to identify the location and quantify the severity of impact for all damage scenarios at
different locations.
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3. Selected Wavelet Families

Wavelets, which are mathematical functions, are employed in signal processing to
analyze signals by using variable-sized windows through a time transformation process.
This method prioritizes brief time periods for high-frequency elements and extended time
periods for low-frequency elements, allowing for the accentuation of local changes in
the signal [38]. Instead of frequency, in wavelet transform, a reciprocal scale factor (s) is
employed to modulate the wavelets utilized in the decomposition of the input function
ensemble into a succession of progressively scaled and translated wavelets, with each
wavelet referred to as a mother wavelet, denoted by (x) [39]. The wavelet transform
employs a mathematical function ¢ (t,a,b) to rescale and shift the mother wavelet:

1 t—>
¥(t,s,b) = S’l’<s) M

In Equation (1), the parameters s and b denote the scaling and translational transforma-
tions, respectively, and the transformation can be parameterized by scaling and translating
the wavelet coefficients. An example of wavelet scaling is the modification of the wavelet’s
length through compression or stretching; when a wavelet is translated, it will initiate
with a time delay [39]. The continuous wavelet transform (CWT), also referred to as the
wavelet transform, consists of multiplying the whole signal by the wavelet function and
then applying scaling and translation operations to ¢(t,4,b):

(e )
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The wavelet coefficients establish a connection between the wavelet function and the
original signal, indicating the extent to which they are alike or resemble each other. As
coefficients increase, the shape of the wavelets becomes more similar to that of the input
signal. The wavelet transformation involves decomposing the signal into different scales
and positions, resulting in a multi-resolution analysis. At each scale, the wavelet coefficients
capture the details and characteristics of the signal within that particular scale. As a result,
the calculation of coefficients generates a substantial amount of data, regardless of the scale;
the reduction in scale can be achieved through the utilization of dyadic scales and positions
that effectively harness the exponential power of two, commonly known as dyadic scales
and positions. The discrete wavelet transform (DWT) is a method for examining discrete
data. Mallat’s research [38] established that filter analysis, commonly referred to as fast-
transforming wavelets, has emerged as a prominent technique. By utilizing this technique,
which utilizes the initial signal as an input, it becomes possible to produce the wavelet
coefficient as the resulting output. As a result, this transformation produces the wavelet

function: )
t— 2k

W) = Z=9() =272 p -k ©

Equation (3) determines the decomposition level j, using both time t and scale 2/ as
input parameters. The discrete wavelet coefficients are computed based on Equation (4),
which includes the operation of multiplying the f(¢) signal by the translated and scaled
wavelet i x (t):

DWT(ik) = [ £(6)- yut)at @

—00

The discrete wavelet transformation involves applying a low-pass and high-pass filter
to the original signal. The filters are linear operators. Low-pass filters smooth out signal
singularities, while high-pass filters highlight singularities and reduce smooth regions [40].
Considering approximation coefficients as low-frequency signals with a higher scale and
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regarding high-scale components as details can be a beneficial approach. By utilizing a
wavelet to filter the primary signal, it is feasible to isolate these components, and the process
of decomposing the approximation coefficients can proceed in a sequence. As a result of
this process, a considerable number of components are obtained, which are isolated from
the original signal. Important information can be obtained by decomposing the wavelet tree
which is a binary tree data structure that efficiently represents the frequency components of
a sequence or array, enabling wavelet-based operations and computations. At each level of
the tree, coefficients for signal approximation and details can be discovered. In the DWT, a
non-continuous wavelet pattern is created by a linear combination of the wavelet function
(t) with the scaling function ¢(x). This is in contrast to the CWT, where only the wavelet
function is utilized. The scaling function is associated with low-pass filters, while high-pass
filters are associated with the wavelet function. Using the scaling function is analogous
to utilizing the wavelet function. Wavelet coefficients furnish a detailed depiction of the
primary signal, whereas scaling coefficients produce an approximate depiction. There are
no scaling functions for the wavelets other than the orthogonal ones [41].

As reported in Table 1, wavelets can be categorized into several families, in which
each family contains mother wavelets based on their features relevant to signal processing,
for instance, the degree of smoothness, and symmetry [38]. The wavelet families including
Gaussian, Mexican, Shannon, and Morlet do not possess distinct wavelet properties in
their i function. They also lack a scaling function @, which prevents the conversion of
discrete wavelets and their reconstruction. On the other hand, Haar, Daubechies, and
Coiflet wavelets, among other families, do not have a prominent ¥ function. However, they
include a scaling function ¢, allowing for the use of discrete wavelets. These wavelets are
slightly asymmetrical and exhibit moderate regularity. On the contrary, the Biorthogonal
wavelets and Reverse Biorthogonal wavelets are types of wavelets that are capable of
being reconstructed with symmetrical and precise properties. Furthermore, Biorthogonal
wavelets and Reverse Biorthogonal wavelets have two separate wavelet and scaling func-
tions. Typically, before determining which wavelet to utilize, a process of trial and error is
required.

Table 1. The wavelet families and their related mother wavelets.

Wav.e!et Nomenclature Mother Wavelets
Families
Daubechies db db1 = haar, db2, db3, db4, db5, db6, db7, db8, db9, db10
Symlets sym sym2, sym3, sym4, symb5, sym6, sym7, sym8
Coiflets coif coifl, coif2, coif3, coif4, coif5
BiorSplines bior biorl.1, biorl.3, biorl.5, bior2.2, bior2.4, bior2.6, bior2.8, bior3.1,
bior3.3, bior3.5, bior3.7, bior3.9, bior4.4, bior5.5, bior6.8
ReverseBior tbio rbiol.1, rbiol.3, rbiol.5, rbio2.2, rbio2.4, rbio2.6, rbio2.8, rbio3.1,
rbio3.3, rbio3.5, rbio3.7, rbio3.9, rbio4.4, rbio5.5, rbio6.8
Meyer meyr meyr
Dmeyer dmey dmey
Gaussian gaus gausl, gaus2, gaus3, gaus4, gausb, gaus6, gaus’, gaus8
Mexican_hat mexh mexh
Morlet morl morl
Complex Gaussian cgau cgaul, cgau2, cgau3, cgaud, cgaub
Shannon shan shan1-1.5, shanl-1, shan1-0.5, shan1-0.1, shan2-3
Frequency B-Spline fbsp fbsp1-1-1.5, fbsp1-1-1, fbsp1-1-0.5, fbsp2-1-1, fbsp2-1-0.5, fbsp2-1-0.1
Complex Morlet cmor cmorl-1.5, cmorl-1, cmorl-0.5, cmorl-0.1

In this paper, as presented in Table 1, 14 wavelet families including 84 mother wavelets
were selected to identify damage scenarios in RC beams by analyzing the modal excitation
forces obtained from the numerical models conducted based on selected experiments from
a previous study conducted by Baghiee et al. [42]. Table Al in Appendix A outlines the
characteristics of all the wavelet families and mother wavelets considered in this paper.
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4. Assessing the Location and Severities of Damage Scenarios
4.1. Experimental-Based Numerical Models

In this paper, one of the RC beams tested previously by Baghiee et al. [42] was se-
lected to build the numerical model. In their study, the experimental procedure involved
subjecting the specimens to incremental static bending tests to induce gradual damage,
and after each set of static loading, modal analysis was utilized to obtain the dynamic
characteristics with the specimens suspended to mitigate the impact of support and floor
vibrations. In the conducted experiments, the independent variables were determined
along the principal axis of the specimen’s top surface. These variables were spaced at fixed
intervals of 100 mm, resulting in a total of 23 variables. They were referred to as degrees
of freedom (DOFs) [42]. In the process of conducting modal tests, the frequency response
functions (FRFs) were acquired through the utilization of time-domain measurements of
the impulse force and the responses of the specimens, which were then projected onto the
frequency domain. The impact forces were measured by designated sensors positioned atop
the impact hammer. The recorded output measurements were obtained via piezoelectric
sensors that were attached to the structural component to capture the vibratory reactions.
Although the impact hammer was exerted on all degrees of freedom, the affixed sensor
could be immobilized at a particular location on the structural member. The geometric
and mechanical properties of the aforementioned RC beam are detailed in Figure 1. More
details regarding the experimental tests can be found in [43].

2200 mm

Figure 1. The geometrical and mechanical properties of the RC beam numerical model, including
different damage scenarios perpendicular to the x-axis: (a) single, (b) double, and (c) triple.

Using ABAQUS software [44], a computational simulation of the experimental RC
beam specimen was developed utilizing a 3D approach. The geometrical and mechanical
properties of the numerical model are illustrated in Figure 1, including the height of cracks
(he), compressive strength of concrete (f'c), and yield stress of steel bars (f,). In this model,
the modulus of elasticity, density, and Poisson ratio for the concrete and steel materials
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were considered to be 17 and 200 GPa, 2400 and 7850 kg/ m3, and 0.17 and 0.3, respectively.
The boundary conditions in the computational model were hypothesized to be congruent
with the suspended condition test, and the frequencies of the numerical investigation and
experimental specimen exhibited a high degree of similarity, which are, respectively, 114.28
and 114.28 Hz for the first mode, 298.42 and 304.89 Hz for the second mode, and 560.24 and
563.19 Hz for the third mode. More finite element method (FEM) details of the numerical
model as well as its verification based on the experimental RC beam can be found in [43].

As presented in Table 2, Three damage scenarios indicated as single (S), double (D),
and triple (T) were created in the model by applying artificial cracks (slots) with a constant
width (5 mm) and variant height values () located at the left (L), middle (M), and right
(R) of the RC beam. Three distinct height values, namely, 3 mm, 6 mm, and 10 mm, were
examined and designated as C, (crack ratio). These values were determined based on their
respective ratios to the cross-sectional height of the beam (200 mm), resulting in percentages
of 15%, 30%, and 50%. As a result, three individual damage scenarios were identified,
positioned on the left, middle, and right sides of the RC beam, respectively, named S_L,
S_M, and S_R, and three double-damage scenarios located on the left and right, left and
middle, and middle and right sides of the RC beam, respectively, named D_LR, D_LM, and
D_MR, and a triple-damage scenario, named T_LMR, were studied.

Table 2. The features of damage scenarios.

Damage Scenario Crack (Slot) Location x (mm) Abbreviations
Left 500 S_L
Single Middle 1100 S_M
Right 1900 S_R
Left and Right 500 and 1900 D_LR
Double Left and Middle 500 and 1100 D_LM
Middle and Right 1100 and 1900 D_MR
Triple Left, Middle, and Right 500, 1100 and 1900 T_LMR

As illustrated in Figure 2, the degrees of freedom (DOFs) were arranged uniformly at
intervals of 100 mm, in accordance with the modal tests performed during the experiment.
Consequently, the numerical model of the selected RC beam comprised a total of 23 DOFs.

3

0 cm

Figure 2. Considered degrees of freedom (DOFs) on the numerical RC beam model.

This paper aimed to evaluate the attributes of the numerical models for modal testing
on the RC beam through impact hammer simulations. In this study, percussive impacts
were applied individually to each degree of freedom (DOF). Moreover, in addition to
calculating and simultaneously measuring the magnitude of forces generated on each DOF
by the hammer, a piezoelectric sensor was utilized to record the accelerations resulting
from the applied impacts, specifically at DOF number 17 (x = 160 cm). As illustrated in



Buildings 2023, 13, 1955

10 of 44

Figure 3, the force-time diagram applied by the impulsive hammer in the Pappalardo and
Guida investigation [45] was utilized for this objective. The force of the impact hammer
was applied on each DOF of the RC beam and, subsequently, the resulting accelerations for
each DOF were ascertained using the unique sensor.

3 T T T T T

Force (N)
o
i

_2} |

0 5 10 15 20 25 30
Time (s)

Figure 3. Time history of the impact force reported in the research of Pappalardo and Guida [45].

4.2. Damage Localization

This study proposes two novel damage indices to identify the damage location. The
proposed indices rely on the analysis of acceleration time histories of the RC beams in both
damaged and undamaged states. To determine the optimal wavelets for the proposed
indices, a trial-and-error approach was employed, wherein 14 wavelet families including
84 mother wavelets, previously reported in Table 1, were analyzed and compared. The
proposed damage indices, named DI_MW and DI_SW, were computed for each DOF (Nj)
for both the damaged and undamaged conditions. This was accomplished by utilizing
each of the mother wavelets to process the corresponding time histories of acceleration.
The DI_MW and DI_SW were computed by taking into account the discrepancy between
the peak values in the damaged (MWp) and undamaged (MW(;) status and the integral of
the corresponding detail coefficients plot for the damaged (SWp) and undamaged (SWy;)
status, as represented by Equations (5) and (6):

(MWp — MWy)

(DI_MW),, = ©)
N max((MWu)Ni)
(DI_SW)NI, _ (SWD - SWU)N,‘ (6)
max((SWu)Ni)

The results obtained from utilizing the suggested damage indices DI_MW and DI_SW
across all numerical models are reported in Appendix A. The outcome values of the
suggested damage indices for single-, double-, and triple-damage scenarios are documented
in Table A2, Table A3 and Table A4, respectively.

The authors of the current study conducted an investigation designed to assess the
efficacy of distinct wavelet families and their related mother wavelets in identifying dam-
age scenarios by utilizing the suggested damage detection indices, DI_MW and DI_SW.
The results indicate that certain mother wavelets belonging to various families exhibited
superior performance in identifying damages of the modeled RC beams in the current
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study, as summarized in Table 3. Specifically, the db10 and fbsp1-1-0.5 mother wavelets,
respectively, from the Daubechies and Frequency B-Spline wavelet families, demonstrated
robustness in detecting damages when using DI MW. This study’s scientific rigor, reliance
on established methodologies, and consideration of various wavelet families and damage
scenarios enhance the generalizability of its findings. By employing finite element simu-
lations, analyzing acceleration responses, and evaluating different mother wavelets, this
study provides valuable insights applicable to a wide range of structures. Concerning
DI_SW, some mother wavelets from the Daubechies wavelet family including db2, db6,
and db9, as well as some mother wavelets from the Symlets wavelet family including
sym2 and sym?7, and some mother wavelets form the Biorthogonal wavelet family named
bior2.8 and bior3.1 were observed. The db10 and fbsp1-1-0.5 mother wavelets from the
Daubechies and Frequency B-Spline wavelet families, respectively, exhibited higher ef-
fectiveness in detecting a greater number of damage scenarios compared to other types
of mother wavelets. Furthermore, the results highlight the effectiveness of the shan1-0.5,
shan1-0.1, and fbsp2-1-0.1 mother wavelets from the Shannon and Frequency B-Spline
wavelet families for both damage indices, DI_ MW and DI_SW, as their values exceeded the
corresponding values among other studied mother wavelets in the current study. This evi-
dence emphasizes the significance of meticulously choosing a suitable wavelet to guarantee
the precise identification of impairments using suggested damage indices.

Table 3. Selected best mother wavelets for damage detection based on number of detected cracks.

Damage Index Proper Mother Wavelets
DI_MW db10, fbsp1-1-0.5
DI_SW db2, db6, db9, sym?2, sym?7, bior2.8, bior3.1
DI_MW and DI_SW shan1-0.5, shan1-0.1, fbsp2-1-0.1

Numerous research studies have suggested that employing a threshold, determined
through the statistical analysis of index values [46—48], can be beneficial in effectively
indicating the location of identified damages when utilizing damage indices [48-50]. To
this end, this paper adopts a damage threshold for improved damage location presenta-
tion. By setting a damage threshold, it is possible to differentiate between acceptable and
unacceptable levels of damage and improve the accuracy of damage identification. The
proposed threshold is a numerical value that serves as a cutoff point, beyond which the
magnitude of the damage indices is deemed significant. The utilized damage threshold,
denoted by Tra, is presented below [51]:

) )

Equation (7) defines the mean () and standard deviation (c) of the damage index
value. It also states that the standard normal distribution, represented by Z,, has a mean
of zero and a standard deviation of one. Furthermore, the cumulative probability of Z,
is equal to 100 times (1 — o) percent. To enhance the precision of identifying the location
of damage and eliminate anomalies in the damage indices, this investigation calculates
the threshold parameter (Tr,) with a 95% confidence level (« = 0.05). The Trx parameter
acts as a threshold for determining the severity limit of damage scenarios, and any DOF in
which the value of the damage index surpasses the threshold is regarded as being damaged.
Figure 4 depicts an example of the application of the threshold value on the damage index.
The incorporation of a threshold value is an effective strategy to mitigate the impact of noise
and other external factors on the damage identification process, enhancing the reliability of
the results.

In this paper, the suggested damage threshold (Tr,) was applied to the proposed
damage index values for single-, double-, and triple-damage scenarios based on the damage
index values, and the best mother wavelet was selected and considered as the most sensitive
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mother wavelet to damage identification. The presented values of proposed damage indices
in Tables A2-A4 revealed that among the 84 mother wavelets tested from 14 wavelet
families, shan1-0.5 was identified as the most effective in detecting damage scenarios
using both proposed damage indices DI_MW and DI_SW. Figures 5-11 illustrate the
results achieved by implementing the suggested damage indices with the shan1-0.5 mother
wavelet, followed by the implementation of the damage threshold (Tr,) on all numerical

models of the RC beams.
2
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Figure 4. A sample of applying the threshold value (Tr,) on damage indices: (a) DI_MW and
(b) DI_SW.
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Figure 5. Results of utilizing shan1-0.5 on the numerical models with S_L damage scenario in the
proposed damage indices: (a) DI_MW and (b) DI_SW.
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Figure 6. Results of utilizing shan1-0.5 on the numerical models with S_M damage scenario in the
proposed damage indices: (a) DI_MW and (b) DI_SW.
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Figure 7. Results of utilizing shan1-0.5 on the numerical models with S_R damage scenario in the
proposed damage indices: (a) DI_MW and (b) DI_SW.
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Figure 8. Results of utilizing shan1-0.5 on the numerical models with D_LR damage scenario in the
proposed damage indices: (a) DI_MW and (b) DI_SW.
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Figure 9. Results of utilizing shan1-0.5 on the numerical models with D_LM damage scenario in the
proposed damage indices: (a) DI_MW and (b) DI_SW.
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Figure 10. Results of utilizing shan1-0.5 on the numerical models with D_MR damage scenario in the
proposed damage indices: (a) DI_MW and (b) DI_SW.
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Figure 11. Results of utilizing shan1-0.5 on the numerical models with T_LMR damage scenario in
the proposed damage indices: (a) DI_MW and (b) DI_SW.

Figures 5-11 demonstrate the results of the damage identification process, where the
identified DOFs exceeding the threshold value are considered damaged. By utilizing the
specific mother wavelet and the damage threshold, the location and severity of damage
can be accurately identified. The incorporation of the damage threshold added an extra
layer of accuracy and reliability to the damage identification process, ensuring that only
significant DOFs were classified as damaged.

As previously reported in Table 3, the shan1-0.5, shan1-0.1, and fbsp2-1-0.1 mother
wavelets from the Shannon and Frequency B-Spline wavelet families showed their effec-
tiveness in identifying damage locations for both proposed damage indices, DI_MW and
DI_SW. Herewith, an analytical comparison was conducted to investigate the results of
utilizing the three selected mother wavelets, shan1-0.5, shan1-0.1, and fbsp2-1-0.1, in the
proposed damage indices, DI_ MW and DI_SW, for which its outcomes for single-, double-,
and triple-damage scenarios were revealed in Figures 12-14, respectively.
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Figure 12. Comparison of the damage severities for the single-damage scenario in the proposed
damage indices.
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Figure 13. Comparison of the damage severities for the double-damage scenario in the proposed
damage indices.
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Figure 14. Comparison of the damage severities for the triple-damage scenario in the proposed
damage indices.

Figure 12 shows a comparison of the damage severities for a single-damage scenario
in the proposed damage indices. The damage scenario considered was single cracks with
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depth ratios of Cr 15%, Cr 30%, and Cr 50% located at the left (L), middle (M), and right (R)
sides of the RC beam. The presented results in Figure 12 show that both damage indices
can detect the location of the left, middle, and right cracks, and their values increased as
the crack depth of the damage scenarios increases from Cr 15% to Cr 50% which can be
considered as a severity detection ability for the proposed indices. Moreover, DI_SW using
the shan1-0.5 obtained higher values for all damage scenarios compared to DI_MW and
the other mother wavelets. Furthermore, as the attached sensor location to the RC beam
(x = 1900 mm) was near the considered location of the right-side cracks (x = 1600 mm) in
comparison to the location of the left-side (x = 500 mm) and middle-side (x = 1100 mm)
cracks, near the placement of the sensor with respect to the damage locations, it causes
higher values of acceleration, and as a result, the values of the proposed damage indices
for the right-side cracks were greater than the corresponding values for the middle and
left-sided cracks.

Figure 13 shows the comparison of damage severities for double-damage scenarios
using the suggested DI_MW and DI_SW damage indices. The considered damage scenarios
included double cracks with depth ratios of Cr 15%, Cr 30%, and Cr 50% located at the LR,
LM, and MR of the RC beam. The results depicted in Figure 13 demonstrate that similar to
the single-damage scenario, the shan1-0.5 mother wavelet exhibited the highest sensitivity
in detecting double-damage scenarios. It was followed by the shan1-0.1 and fbsp2-1-0.1
mother wavelets.

Additionally, the DI_SW damage index exhibited greater differences and higher accu-
racy compared to the DI_ MW damage index for all damage scenarios. This observation
suggests that the DI_SW index is more effective in detecting damage. Moreover, it can be
observed that as the crack depth ratios increased from Cr 15% to Cr 30% to Cr 50%, the
damage indices values increased as well, suggesting that the proposed damage indices can
effectively ascertain the severities of cracks in double-damage scenarios.

Figure 14 presents a comparative analysis of the proposed damage indices in iden-
tifying the triple-damage scenario consisting of cracks located simultaneously at the left,
middle, and right (LMR) sides of the RC beam, with the same depths of Cr 15%, Cr 30%,
and Cr 50%. The analysis was conducted using three different mother wavelets, shan1-0.5,
shan1-0.1, and fbsp2-1-0.1, and comparing the results obtained from the DI_MW and DI_SW
damage indices. The results in Figure 14 reveal that both damage indices can successfully
detect the damage scenarios, and their values increased in proportion to the crack depths.
Moreover, as the same outcome driven from the single- and double-damage scenarios, in
the triple-damage scenario, the proposed damage index DI_SW using the shan1-0.5 mother
wavelet demonstrated higher sensitivity in detecting damage scenarios than the proposed
damage index DI_ MW and other mother wavelets.

Overall, the results of Figures 12-14 show that the proposed damage indices were
shown to be effective in identifying single and multiple damage scenarios. The results of this
study provide support for the effectiveness of the suggested damage indices in identifying
the damage locations as well as describing the severities of damages in reinforced concrete
beams modeled in the current study.

5. Conclusions

In summary, this study proposed a methodology, based on wavelet transform, for
identifying damages in reinforced concrete beams modeled in the current study using
vibration-based damage indices and statistical analysis, including mean and standard
deviation to introduce the damage thresholds. The proposed methodology consisted of
several steps. First, finite element simulations were conducted using ABAQUS software.
These simulations encompassed single-, double-, and triple-damage scenarios, each with
three different severities. Next, various wavelet transforms were applied, specifically
14 wavelet families consisting of 84 mother wavelets. Two damage indices were computed
based on the acceleration responses of the RC beams. The first index, named DI_MW, was
derived from the maximal values of detail coefficients obtained from the wavelet transform.
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The second index, named DI_SW, was calculated as the area under the graph of the detail
coefficients of the wavelet transform. In summary, the methodology involved conducting
finite element simulations, utilizing multiple wavelet transforms, and computing two
distinct damage indices, DI_MW and DI_SW, based on the acceleration responses of the
RC beams. The application of a damage threshold based on statistical data was introduced
to enhance the accuracy and reliability of the damage identification process. The following
outcomes were obtained in this paper:

e  The study’s results implied that the use of DI_SW showed superior effectiveness in
detecting damage across different numerical models compared to DI_MW.

e  Specific types of mother wavelets, including db2, db6, and db9 from the Daubechies
wavelet family, sym2 and sym? from the Symlets wavelet family, as well as bior2.8
and bior3.1 from the Biorthogonal wavelet family, were found efficient in detecting
damage scenarios via the DI_SW damage index. Furthermore, it was observed that
db10 and fbsp1-1-0.5 were adequate for DI_MW to identify the damage scenarios.
Some of the mother wavelets from the Shannon and Frequency B-Spline wavelet
families, including shan1-0.5, shan1-0.1, and fbsp2-1-0.1, were also effective in both
the DI MW and DI_SW damage indices.

e Among all the tested mother wavelets, the shan1-0.5 wavelet was found to be particu-
larly effective in detecting damage scenarios using the DI_SW damage index.

e  Asthe attached sensor location to the RC beam was near the considered locations of
the right-side cracks in comparison to the locations of the left-side and middle-side
cracks, the values of the proposed damage indices for the right-side cracks were greater
than the corresponding values for the middle and left-side cracks.

e  The results showed that both damage indices can detect the location of the left, middle,
and right cracks for the single-, double-, and triple-damage scenarios. It was also
observed that as the crack depth ratios increased, the damage indices values increased,
suggesting that the proposed damage indices could effectively ascertain the severities
of cracks in all damage scenarios.

Author Contributions: Conceptualisation, A.S., H.J. and M.R.; methodology, A.S., H.J. and M.R;;
software, A.S. and H.J.; validation, H.]. and M.R,; formal analysis, A.S. and H.J.; investigation, A.S.,
H.J. and M.R,; resources, A.S., HJ., M.R.,, EEM., M.B. and A/].; data curation, A.S. and H.J.; writing—
original draft preparation, A.S., H.J.,, M.R., EEM., M.B. and A.].; writing—review and editing, A.S.,
HJ., MR, EEM., M.B. and A.].; visualisation, A.S. and H.J.; supervision, H.J. and M.R.; project
administration, H.J. and M.R,; funding acquisition, M.R. and A.J. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

This Appendix lists the characteristics of the 14 wavelet families and their 84 related
mother wavelets applied to the numerical models of the selected RC beams. These char-
acteristics are described by the waveinfo function in MATLAB® and further information
on each family can be found in the references listed in Table A1l. Tables A2—-A4 report the
results of applying proposed damage indices on the numerical models of RC beams.
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Table A1. The applied wavelet families and their corresponding wavelet mothers in the current study.
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Table A2. The values of proposed damage indices for single-damage scenarios.

Single-Damage Scenario
Left (S_L) Middle (S_M) Right (S_R)
Cr15% Cr 30% Cr 50% Cr15% Cr 30% Cr 50% Cr15% Cr30% Cr 50%
Wavelet Families DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW | DI_SW
C}glar_ 1.082 1.208 0.995 1.204 1.406 1.247 1.553 1.6
db2 1.02 1.139 1.227 117 1.272 1.378 1.428 1.563 1.548
db3
db4 0.859 0.959 0.818 0.965 1.11 1.033 1242 1.265
db db5 1.047 1.158 0.952 1.153 1.357 1.172 1.479 1.528
dbé 0.799 0.961 1.035 0.958 1.06 1.183 0.6565 1.158 1.317 1.326
db7
dbs 0.639 0.6486 0.731 0.742
db9 0.798 1.066 1.158 0.996 1.169 1.348 1.213 1.477 1.505
db10 0.91769 0.7017 0.861 0.7096 0.951 0.9385 0.752 0.8117 0.938 0.7593 1.133 1.1666 0.918 0.9462 1.221 0.7939 1.274
sym2 0.868 0.969 1.044 0.995 1.083 1.172 1.215 1.33 1.318
sym3
sym4 0.599 0.633 0.697 0.69
sym symb 0.874 0.944 0.813 0.947 1.091 0.985 1211 1.246
Ssymo6 0.5307
sym7 0.86 1.034 1.101 1.028 1.135 1.259 0.5798 1.192 0.5456 1.387 1.405
sym8 0.49848 0.6389
coifl 0.51153 0.5297 0.523 0.517 0.516 0.7088 0.688 0.647 0.596
coif2 0.5888
coif coif3 0.6148
coif4
coif5
biorl.1
bior1.3 0.54322 0.547 0.734
biorl.5 0.54456 0.5528 0.7438
bior2.2 0.503
bior2.4 0.512 0.625 0.629 0.582
bior2.6 0.532 0.572 0.573 0.586 0.693 0.7 0.656
bior2.8 0.539 0.549 0.585 0.628 0.629 0.66 0.719 0.755 0.707
bior bior3.1 0.916 1.225 1.328 0.5548 1.142 0.5681 1.34 0.6021 1.539 0.7837 1.373 0.7563 1.686 0.7096 1.722
bior3.3 0.5611 0.5663 0.5835 0.563 0.6206 0.65 0.7973 0.572 0.776 0.708 0.7307 0.727
bior3.5 0.5739 0.5765 0.5963 0.6355 0.8094 0.7922 0.577 0.7474 0.592
bior3.7 0.5856 0.5869 0.6083 0.649 0.8215 0.807 0.536 0.7624 0.55
bior3.9 0.5969 0.5977 0.6202 0.6618 0.834 0.8212 0.7763 0.531
biord.4 0.6316
bior5.5 0.5574
bior6.8
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Table A2. Cont.

Single-Damage Scenario
Left (S_L) Middle (S_M) Right (S_R)

Cr15% Cr 30% Cr 50% Cr 15% Cr 30% Cr 50% Cr 15% Cr 30% Cr 50%
Wavelet Families DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_ MW | DI_SW
rbiol.1
rbiol.3 0.5589 0.5721 0.6063 0.7887 0.7611 0.714
rbiol.5 0.7377 0.6792 0.6242
rbio2.2
rbio2.4 0.5104
1bi02.6
rbio2.8 0.4922
rbio rbio3.1 0.7185 0.8785 0.8755 0.562 0.8373 0.574
1bio3.3
rbio3.5 0.7114 0.7127 0.8014 0.8944 0.9814 0.9683
rbio3.7 0.7741 0.7179 0.6628
rbio3.9 0.7303 0.631 0.5623
rbio4.4 0.5717
rbio5.5
1bi06.8
meyr meyr
dmey dmey
gausl 0.885 0.972 0.803 0.97 1.137 0.981 1.237 1.277
gaus2
gaus3
gausd
gausb
gaus6 0.5374
gaus’
gaus8
mexh mexh 0.517 0.522 0.608 0.567 0.678 0.683
morl morl
cgaul 0.8087 0.7862 0.7959 0.633 0.562 0.694 0.714
cgau?2
cgau cgau3

cgaud 0.53962 0.5468 0.7328

cgaub
shanl-1.5
shanl-1

shan2-3

fbsp1-1-1.5
fbspI-1-1
fbsp fbsopsl - 0.7452 0.9887 1.0583 0.586 0.9053 1.0705 0.582 1.2497 0.691 1.0826 0.573 1.3511 0.741 1.3734 0.772

fbsp2-1-1
fbsp2-1-0.5

gaus

cmorl-1.5

cmorl-1 0.5409
cmorl-0.5 0.806 0.9174 0.8849 1.1165 0.8344 1.1819 1.2502
cmorl-0.1 0.9941 1.1065 0.725 0.8188 1.0732 0.715 1.3302 0.866 0.991 1.3994 0.904 1.4888 0.954

cmor
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Table A3. The values of proposed damage indices for double-damage scenarios.
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Table A3. Cont.
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Table A3. Cont.
Double-Damage Scenario
Left Right (D_LR) Left_Middle (D_LM) Middle_Right (D_MR)
Cr15% Cr 30% Cr 50% Cr15% Cr 30% Cr 50% Cr 15% Cr 30% Cr 50%
Wavelet | DI_ MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW
Families L R L R L R L R L R L R L M L M L M L M L M L M| M R M R M R M R M R M R

<t
E gl 8 g @ gl © gl 8
7 =} =} =) < e < S IS
g z| 3 £ & 2 8 g & g g g8 2| E I al &
) =] — — — — — =) (=) — — — — S — — — — —
e
g
&
~ D~ o~ — — o Ne) o) 0 <0} 0 Ne) o 30} o~ —
= = N = ) <t 1o} ol O 1) 0 = a — [ < — S 1)
g S| g a = Al 4 | = SRS ol ISHRS o o S in
(7} — i — — i — — i i — — i i — i
© N o [3) foN © [39)
gl S| = X B Rl X
S ] o ) o ) o
@ = o o = = o

o N N ) Ire)
S S S o S S =g o o =g S S i S S S S




Buildings 2023, 13, 1955

28 of 44
Table A3. Cont.
Double-Damage Scenario
Left_Right (D_LR) Left_Middle (D_LM) Middle_Right (D_MR)
Cr15% Cr 30% Cr 50% Cr 15% Cr 30% Cr 50% Cr15% Cr 30% Cr 50%
Wavelet DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW
Families L R L R L R L R L R L R L M L M L M L M L M L M M R M R M R M R M R M R
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Table A3. Cont.
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Table A3. Cont.
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Table A3. Cont.

Double-Damage Scenario

Left_Right (D_LR) Left_Middle (D_LM) Middle_Right (D_MR)
Cr15% Cr 30% Cr 50% Cr 15% Cr 30% Cr 50% Cr 15% Cr 30% Cr 50%
Wavelet | DI MW DI_SW DI_ MW DI_SW DI_MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW
Families | L R L R L R L R L R L R L M L M L M L M L M L M| M R | M R | M R | M|R | M R | M R
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Table A3. Cont.

Double-Damage Scenario

Left_Right (D_LR) Left_Middle (D_LM) Middle_Right (D_MR)
Cr15% Cr 30% Cr50% Cr 15% Cr 30% Cr 50% Cr15% Cr 30% Cr 50%

Wavelet | DI MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW DI_MW DI_SW
Families L R L R L R L R L R L R L M L M L M L M L M L M| M R M R M R M R M R M R
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Table A3. Cont.
Double-Damage Scenario
Left_Right (D_LR) Left_Middle (D_LM) Middle_Right (D_MR)
Cr15% Cr 30% Cr 50% Cr 15% Cr 30% Cr 50% Cr15% Cr 30% Cr 50%
Wavelet | DI MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW
Families | L R L R L R L R L R L R L M L M L M L M L M L M| M R | M R | M R M| R | M R | M R
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Table A3. Cont.
Double-Damage Scenario
Left_Right (D_LR) Left_Middle (D_LM) Middle_Right (D_MR)
Cr15% Cr 30% Cr 50% Cr15% Cr 30% Cr 50% Cr 15% Cr 30% Cr 50%
Wavelet | DI MW | DI_SW DI_ MW DI_SW DI_ MW | DI_SW DI_ MW DI_SW DI MW | DI_.SW | DI. MW DI_SW DI MW | DI_.SW | DI. MW DI_SW DI_ MW | DI_SW
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Table A3. Cont.
Double-Damage Scenario
Left_Right (D_LR) Left_Middle (D_LM) Middle_Right (D_MR)
Cr15% Cr 30% Cr 50% Cr15% Cr 30% Cr 50% Cr15% Cr 30% Cr 50%
Wavelet | DI_ MW DI_SW DI_MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW
Families | L R L R L R L R L R L R L M L M L M L M L M L M| M R | M R | M R| M| R | M R | M R
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Table A3. Cont.

Double-Damage Scenario

Left_Right (D_LR) Left_Middle (D_LM) Middle_Right (D_MR)
Cr15% Cr 30% Cr 50% Cr 15% Cr 30% Cr 50% Cr 15% Cr 30% Cr 50%

Wavelet | DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW DI_ MW DI_SW
Families | L R L R L R L R L R L R L M L M L M L M L M L M| M R | M R | M R| M| R | M R | M R
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Table A3. Cont.
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Table A4. The values of proposed damage indices for triple-damage scenarios.

Triple-Damage Scenario
Left_Middle_Right (T_LMR)
Cr15% Cr 30% Cr 50%
Wavelet Families DI_ MW DI_SW DI_ MW DI_SW DI_MW DI_SW
L M R L M R L M R L M R L M R L M R

dbl =

haar 0.957 | 1.214 | 1.401 1.387 | 1.468 | 1.745 1.549 | 1.715 | 1.798
db2 1.308 | 1.426 | 1.605 1.461 | 1.552 | 1.756 1574 | 1.68 | 1.74
db3

db4 0.795 | 0.997 | 1.161 1.101 | 1.176 | 1.396 1.23 | 1.354 | 1.421

db db5 0.943 | 1.161 | 1.317 1.343 | 1.406 | 1.661 1.485 | 1.654 | 1.717

db6 1.025 | 1.168 | 1.302 1232 | 1.293 | 1.48 1.327 | 1.442 | 149
db7

db8 0.5973 | 0.5971 | 0.7288 0.705 | 0.779 | 0.834
db9 1.023 | 1.215 | 1.362 1.366 | 1.425 | 1.66 1.484 | 1.644 | 1.692
db10 1.1765 | 1.1445 | 1.3107 0.8996 | 0.9899 | 1.0631 | 1.104 | 1.143 | 1.371 | 0.9097 | 0.926 | 0.892 | 1.219 | 1.382 | 1.432
sym2 1.113 | 1.214 | 1.366 1243 | 1.32 | 1.494 1339 | 143 | 1.48
sym3
sym4 0.615 | 0.671 | 0.784 0.685 | 0.731 | 0.775

sym symb 0.855 | 0.991 | 1.106 1.121 | 1.155 | 1.361 121 | 133 | 14

symo6
sym7 1.102 | 1.254 | 1.339 1.326 | 1.385 | 1.559 1.411 | 1.536 | 1.579
sym8 0.6391 | 0.5977 | 0.7178
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Table A4. Cont.

Triple-Damage Scenario

Left_Middle_Right (T_LMR)

Cr 15%

Cr 30%

Cr 50%

Wavelet Families

DI_MW

DI_SW

DI_MW

DI_SW

DI_MW

DI_SW

M

R

M

coif

coifl

0.6558

0.6459

0.7964

0.614

0.63

0.669

coif2

0.5773

0.54

0.6616

coif3

0.6198

0.5733

0.6908

coif4

coif5

bior

biorl.1

biorl.3

0.6964

0.667

0.8248

biorl.5

0.6982

0.6742

0.8357

bior2.2

bior2.4

0.597

0.625

0.654

bior2.6

0.611

0.697

0.779

0.623

0.698

0.786

0.682

0.715

0.737

bior2.8

0.691

0.765

0.807

0.704

0.768

0.848

0.75

0.804

0.794

bior3.1

1.175

1.393

1.542

1.571

1.635

1.895

0.6992

0.7343

0.7973 | 1.703

1.877

1.934

bior3.3

0.664

0.686

0.796

0.7193

0.7568

0.821 | 0.716

0.793

0.817

bior3.5

0.6127

0.7272

0.8901

0.7357

0.775

0.8398 | 0.583

0.646

0.665

bior3.7

0.627

0.7419

0.9067

0.7508

0.7914

0.8566

bior3.9

0.6411

0.7563

0.9227

0.7653

0.8071

0.8723

bior4.4

0.6223

0.5807

0.7096

bior5.5

bior6.8
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Table A4. Cont.

Triple-Damage Scenario

Left_Middle_Right (T_LMR)

Cr 15%

Cr 30%

Cr 50%

DI_ MW DI_SW

DI_ MW

DI_SW

DI MW

DI_SW

Wavelet Families
L M R L M

M

R

M

R

rbiol.1

rbiol.3

0.7039

0.7393

0.8022

rbiol.5

0.6195

0.6442

0.7013

rbio2.2

rbio2.4

rbio2.6

rbio2.8

rbio rbio3.1

0.8252

0.8763

0.9408

rbio3.3

rbio3.5

0.7267

0.8691

1.1027

0.9121

0.9773

1.088

rbio3.7

0.6465

0.6686

0.7447

rbio3.9

rbio4.4

rbio5.5

rbio6.8

meyr meyr

dmey dmey
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Table A4. Cont.

Triple-Damage Scenario

Left_Middle_Right (T_LMR)

Cr 15%

Cr 30%

Cr 50%

Wavelet Families

DI_ MW

DI_SW

DI_ MW

DI_SW

DI_ MW

DI_SW

R

M

R

M

R

gaus

gausl

0.801

0.979 | 1.102

1.135

1.183

1.389

1.247

1.386

1.435

gaus2

gaus3

gaus4

gausb

gaus6

gaus’

gaus8

mexh

mexh

0.596

0.637

0.762

0.662

0.742

0.768

morl

morl

cgau

cgaul

0.636

0.666

0.78

0.699

0.772

0.803

cgau2

cgau3

cgau4

0.6918

0.6668

0.8234

cgaud

shan

shanl-1.5

shanl-1

shan1-0.5

0.9554

1.104

1.2164

0.995

1.209 | 1.342

1.2676

1.3055

1.518

1.436

1.48

1.737

1.3568

1.5241

1.5432

1.567

1.757

1.809

shan1-0.1

0.9562

1.1054

1.2201

0.973

1.186 | 1.32

1.2659

1.3055

1.5193

1.413

1.457

1.712

1.3557

1.5231

1.542

1.544

1.733

1.786

shan2-3
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Table A4. Cont.
Triple-Damage Scenario
Left_Middle_Right (T_LMR)
Cr 15% Cr 30% Cr 50%
DI_MW DI_SW DI_ MW DI_SW DI_MW DI_SW
Wavelet Families
L M R L M R L M R L M R L M R L M R
fbsp1-1-
1.5
fbsp1-1-1
fbsp1-1-
05 0.9554 | 1.104 | 1.2164 1.2676 | 1.3055 | 1.518 | 0.689 | 0.71 | 0.833 | 1.3568 | 1.5241 | 1.5432 | 0.752 | 0.843 | 0.868
fbsp -
tbsp2-1-1
fbsp2-1-
0.5
fbsp2-1-
. 0.9497 | 1.0996 | 1.2136 | 0.983 | 1.196 | 1.328 | 1.262 | 1.3009 | 1.5144 | 1.425 | 1.468 | 1.725 | 1.3523 | 1.5193 | 1.5392 | 1.556 | 1.747 | 1.799
cmorl-1.5
cmorl-1
cmor
cmorl-0.5 1.0334 | 1.0792 | 1.328 1.1762 | 1.3616 | 1.4047
cmorl-0.1 1.2745 | 1.3088 | 1.5724 | 0.865 | 0.872 | 1.016 | 1.4186 | 1.6222 | 1.6728 | 0.929 | 1.056 | 1.072
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