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Featured Application: The proposed method can be used for monitoring the healthy condition of
civil structures.

Abstract: Truss-type designs are widely used in civil structures. Despite the fact that they are
robust and reliable structures, different kinds of damage can appear. In order to avoid human
and economic losses, the development and application of damage-detection methodologies are
paramount. In this work, a methodology based on the empirical mode decomposition (EMD) method
and the Shannon Entropy Index (SEI) to detect incipient damages associated with corrosion in a 3D
9-bay truss-type bridge is presented. As different EMD methods are presented in literature, the most
representative methods are investigated in order to evaluate their performance for this task. To this
end, the vibration signals generated in the truss-type bridge at different conditions are analyzed.
For the damage condition, four severity levels of simulated corrosion (1 mm, 3 mm, 5 mm, and
8 mm of diameter reduction) generated into the elements of truss-type bridge are considered. Results
demonstrate the effectiveness of the proposal in terms of detecting corrosion in its very early stage
(1 mm of reduction in the element).

Keywords: structural health monitoring; vibrations; empirical mode decomposition; truss structure;
Shannon entropy; incipient damage detection; corrosion

1. Introduction

Civil structures represent a pillar in the economy and modern life because they provide protection
to people and communication among different countries [1,2]. Among different kinds of civil structures,
truss-type designs are one of the most employed structures in the design of civil structures because
they offer great benefits such as ease of assembly and light weight. In this regard, this type of
design has been used to construct bridges, towers, cranes, roof supports, and building skeletons,
among others [3-5]. Nevertheless, they suffer continuous degradation or failure during their service
life because of excitations produced by human or natural hazards, such as earthquakes, tornadoes,
hurricanes, and wind, among others [6-8]. Hence, a continuous assessment of their structural integrity,
known as structural health monitoring (SHM), is of paramount importance, since any deterioration or
failure can be attended to early, in order to avoid potential human and economic losses.

In the past decade, several SHM schemes that make use of experimental procedures such as visual
inspections, acoustic emission, ultrasound, laser scanning, and image processing produced by X-rays
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and thermography, among others, are employed for assessing structural conditions [9-14]. However,
these procedures require a priori knowledge of the damage location, as well as an easy access to the
area to be evaluated, and in certain cases, it is required to temporarily close the structure during its
evaluation, which in real-life situations is not always possible [15]. For these reasons, a great deal of
research of SHM in recent years has been focused on the development of new procedures based on
vibration monitoring, because it has been demonstrated to be capable of detecting damages in hidden
areas before they can be identified by visual inspections. Further, a SHM scheme based on vibration
monitoring presents the advantages of being low cost and generating a continuous monitoring of
structure without interrupting its normal operation [16,17]. The main idea of using a vibration-based
SHM scheme is that damage in the structure affects its structural physical characteristics such as mass,
stiffness, and damping, among others, producing a change in the measured response, which depends
mainly on the severity level of damage. Particularly, the incipient fault produces slight modifications
in the properties of the measured signal when they are compared with the ones measured when the
structure was in a healthy condition [2]. Hence, a powerful signal processing technique or method
capable of estimating subtle features in the measured signals is of vital relevance to detect damage,
mainly in its incipient state, in order to schedule the corresponding maintenance in the civil structure.

In recent years, numerous signal processing strategies (SPS) that analyze vibrations to perform
damage detection in civil structures have been proposed, among which the Fast Fourier transform (FFT)
and its variants known as frequency response function (FRF) [18-22], multiple signal classification
(MUSIC) [3,23-25], Wigner-Ville distribution (WVD) [26,27], and statistical time series models
(STSM) [4,28-32] are the most employed. Nevertheless, although good results have been reported
using the aforementioned techniques, they present significant limitations. For instance, FFT, and its
variation FRF, cannot analyze signals that have non-linearity properties and a non-stationary (NS)
nature, which are generally encountered in the measured responses of civil structures. In addition,
they cannot adequately analyze noisy signals, producing errors in the estimated results [33,34]. On the
other hand, MUSIC method is an efficient tool to analyze noisy signals; however, the number of
frequencies that are present in the time signal must be known a-priori, which, in practical terms,
is not possible. Moreover, transient signals still cannot be processed correctly [35]. WVD provides
a time-frequency (TF) representation of transient and non-linear signals; however, cross-term items
(frequencies not contained into the time-series signal) appear in the representation, affecting the
technique’s ability to correctly estimate the instantaneous frequencies related to possible damages
in the structure [36]. STSM models such as AR (autoregressive), MA (moving average), or ARMA
(autoregressive moving average), among others, are used mainly to model the behavior of time
signals with linear or time-invariant properties; however, they present problems when modeling noisy
and non-linear (NL) structural responses, which are generally measured in structural responses [37].
In order to lessen the problems encountered when using the aforementioned techniques, other SPS are
employed for monitoring structure conditions, such as wavelet transform (WT) [2,38-43] and blind
source separation (BSS) [44,45]. In particular, WT is a TF strategy designed to handle non-linear and
non-stationary signals. Unfortunately, to ensure the best possible results using WT, an appropriate
selection of wavelet mother, as well as the decomposition level, is of vital importance to correctly
monitor the structure’s condition [46,47]. The BSS method is a relative new signal processing technique
employed for monitoring structure conditions, which is capable of exposing features that are blended
together in the measured response; nevertheless, it still presents problems in the analysis of signals
with non-stationary properties [48].

In recent years, empirical mode decomposition (EMD)-based methods have been introduced
for SHM of simple beams or few structural elements [28,49-52] and system identification [53-56].
EMD-based methods are capable of analyzing NL and NS time series signals according to their
frequency information [57], making them suitable tools for detecting damage in a structure, since the
measured signals include non-linear and non-stationary properties. It must be noted that the
aforementioned works have employed the EMD methods in civil structures to identify modal



Appl. Sci. 2018, 8, 2068 30f16

parameters such as natural frequencies, damping ratios, and modal shapes, among others, and
to detect mainly consolidated damages (damage levels from moderate to high), requiring a high
quantity of computational resources, because several indices such as energy, kurtosis, skewness,
among others, are employed, as well as a high number of sensors; in several cases, sensors are
placed next to damage, which is unrealistic in real-life situations. In addition, it should be noted that
some of the aforementioned works make modifications to EMD methods in an attempt to overcome
limitations, such as the capability of dealing with noisy signals, or improving the decomposition of
the signal. While the obtained results from the adapted techniques are good, the resulting algorithms
are application-specific, which might lead to sub-optimal results if the algorithms are not used for
the specific application for which they were designed. Hence, it is evident that more effort for
proposing low-complex and efficient methodologies based on the EMD methods, i.e., Ensemble-EMD
(EEMD), and Complete-EEMD (CEEMD), without specific personalization, and few sensors for damage
detection into civil structures mainly incipient damages (light damage level), a condition that slightly
modifies the features into the measured signal, are still required.

Considering the benefits that EMD methods can generate in a vibration-based SHM scheme,
in this article, a methodology based on both the EMD method and the Shannon Entropy Index (SEI)
for detecting incipient damages in a 3D 9-bay truss-type bridge is presented. The most representative
EMD-methods, i.e., EMD, EEMD, and CEEMD, are investigated in order to evaluate their performance
for this task. In order to evaluate the effectiveness of the proposal, an exhaustive experimentation
by considering four damage-severity levels produced by corrosion is carried out. The damages are
generated in the elements reducing their diameters by 1 mm, 3 mm, 5 mm, and 8 mm, respectively;
these values represent a reduction in stiffness from 10% to 66%, overcoming the recent work proposed
by An et al. [58] and Blachowski et al. [5], whose proposals are only capable of identifying a reduction
of stiffness starting from 24% to 40% in experimental cases. Results demonstrate that the EMD method
coupled with SEI is capable of detecting corrosion at a very early stage (1 mm of reduction in element),
regardless of the damage location, without complex or sophisticated modifications to the EMD method.

2. Theoretical Background

2.1. Empirical Mode Decomposition (EMD)

Proposed by Huang et al. [59], the EMD method is a suitable SPS to analyze time signals with NL,
transient, and NS properties. EMD can decompose a time signal in a set of frequency bands known as
intrinsic mode functions (IMFs). To obtain an IMF, it must satisfy two conditions: a) the number of
zero crossings and extrema into the time signal have to be either equal or different at most by one, and
b) the average value of the upper and the lower envelopes must be equal zero.

In order to obtain each IMF, a method known as the “sifting process” is carried out; this method
is described below:

1. Detect the extrema points (local maximum and minimum points) of the original time signal x(¢).
Connect the points estimated in (1), employing cubic-splines in order to obtain an upper- and
lower-envelope. The average of both envelopes is assigned as my, and it is subtracted from the
original time signal x(t) to obtain a new time signal /() as follows:

hi(t) = x(t) — ma(t) @

If hq (t) does not satisfy the previous conditions (a) and (b), steps (1) and (2) are repeated until
hy(t) satisfies both conditions; then, I (f) is considered as the first IMF, defined as:

c1(t) = hy(t) = IMFy 2
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3. Once the first frequency band or IMF; has been obtained, the signal c; () is subtracted from the
original time signal x(t) to calculate the residue signal r1(t) as follows:

r(t) = x(t) — () &)

4. Checkif rq(t) is a monotonic function, which would indicate that no more IMFs can be extracted.
If 1 (t) is not a monotonic function, it has to be treated as the original time signal and repeat the
steps (1) to (3) in order to estimate the other IMFs. The process is finished when r; (t) becomes
a monotonic function.

5. Once the process is stopped, the original time signal x(t) is decomposed into N intrinsic modes,
IMFs, and the last residue ry(t) as follows:

()= 3 cult) + () @
n=1

2.2. Ensemble Empirical Mode Decomposition (EEMD)

The EEMD method is known as a noise-assisted method, introduced by Wu and Huang [60],
for decomposing noisy time signals into their fundamental components. It is based on the following
steps:

1. Generate new time signals mixing the original time signal x(¢) and different white-noise series
n;(t) as follows:
xi(f) = x(t) +n;(t) fori =1,2,...,m )

where m represents the number of trials.
2. Decompose the new time signals generated in (1) using the EMD method described in Section 2.1.
3. Compute a true IMF, indexed with j, as follows

EEMD,(t) = %Z cij(t) (6)
i=1

where the IMF indexed with j for the trial i is represented by c;;(t). It is recommended that the
number of trials be as large as possible in order to obtain a suitable result.

2.3. Complete Ensemble Empirical Mode Decomposition (CEEMD)

Introduced by Torres et al. [57], the CEEMD method is known for being a variation of the EEMD
method. On one hand, in the EEMD method, a residue r;(t) for each trial is estimated. On the other
hand, in the CEEMD method is obtained as a unique first residue r;(t), which is described by:

n(t) = x(t) — IMFy )

where IMF is a frequency band or true IMF estimated in a similar manner to the EEMD method.
So, an ensemble of r; plus different realizations is performed to estimate the second frequency ban
or true IMF,. The near residue is estimated as rp(t) = r1(t) — IMF,. This process has to be recurrent
until all the frequency bands or true IMFs are calculated.

2.4. Shannon Entropy (SE)

The SE index (SEI), a nonlinear measurement in dynamic signals, provides a measurement of
the average information contents associated with the data randomness encountered in a signal or
event [61]. SEI can vary from 0 to the number of bits of the analog-digital converter (ADC) employed
to measure the input time signal, e.g., an ADC of 8 bits allows SEI values from 0 to 8, where a low value



Appl. Sci. 2018, 8, 2068 50f 16

indicates that a low level of randomness in the signal; on the other hand, a high SEI value indicates
that a high level randomness in the analyzed signal is present. Hence, the SEI can be a useful tool to
show changes in the measured signals associated with the structure condition.

SEI of a time signal x(t) is calculated as follows:

N
SEI = —; p(a;)log,[p(a;)] 8)

where «; denotes the values of a random signal x with N possible outcomes xg, x1, x2, ..., XN_1, can be
taken, p(a;) represents the probability of «; in the signal x, and log(.) is the binary logarithm.

3. Methodology

Vibration-based SHM has become an important topic in civil and structural engineering because
vibrations have been demonstrated to be sensitive to changes produced by damage in civil structures,
even when that damage is located in internal areas. Hence, vibration analysis is considered a powerful
tool for assessing the integrity of civil structures.

Figure 1 shows a schematic diagram of the proposed methodology for evaluating structure
conditions in order to identify if the structure is healthy or presents damage produced by corrosion.
It is based on four steps. In step 1, the vibrational response of the structure produced by a forced
excitation (electrodynamic shaker) is analyzed or decomposed by three EMD methods, i.e., the EMD,
EEMD, and CEEMD methods. In step 2, the decompositions or frequency bands (IMFs) estimated by
EMD methods are processed by SEI, a nonlinear measure, to identify features to be used for damage
detection. In step 3, the calculated SEI values for each IMF of the three EMD methods are evaluated
using the ANOVA (analysis of variance) method, a statistical analysis, in order to determine the most
discriminating values for assessing structural conditions. In step 4, the selected SEI values are classified
using a decision tree classifier (DTC) in order to assess the condition of the bridge in an automatic way.

™ Vibration
Signal
ﬁl |EMD'baSCdJ—>[ SEI ]W'ANOVAl—b[ DTC ] - Structure
methads condition
S— I
—_——
Proposed Methodology

Figure 1. Schematic diagram of the proposed methodology.

4. Experimentation

4.1. Experimental Setup

In order to validate the efficiency and usefulness of the proposal, the experimental data of
a 9-bay, 162-member truss structure in a bridge style, located at Autonomous University of Queretaro,
campus San Juan del Rio, are employed for assessing the healthy condition of the bridge, as well
as its damage condition produced by corrosion with different levels of severity. Figure 2 shows the
experimental setup. The bridge is made of aluminum and has the following dimensions: 6.4 m length,
0.71 m height, and 0.71 m width. It is subjected to white noise produced by an electrodynamic shaker
from Labworks model ET-126B powered by a Labworks Model PA-138 linear power amplifier in order
to simulate low-intensity ambient vibrations, i.e., a real-life situation [2], for assessing the bridge’s state.
A tri-axis accelerometer, Ax, Ay, and Az, from KISTLER model 8395A placed on the four bay is used
to measure the vibrational response of the bridge. It measures +10 g with a resolution of 400 mV /g
and a bandwidth from 0 to 1000 Hz. The vibration signals measured by the sensor are stored and
sent to a PC using a data acquisition system (DAS) from National Instruments model NI-USB-6001
with a 14-bit resolution analog-to-digital converter (ADC). A sampling frequency of 200 Hz is set into
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the DAS, since the excitation presents a bandwidth from 0 to 100 Hz. It is important to mention that
ambient vibrations are in this bandwidth or of low frequency [2]. The acquisition time for each test is
20 s, which results in 4000 samples. The experiment is repeated forty times for each condition (healthy
and corrosion to different levels of damage i.e., 1 mm, 3 mm, 5 mm, and 8 mm (a total of 1480 tests) in
order to generate statistical information.

Sensor

Truss structure (bridge) Electrodynamic Shaker

Figure 2. Experimental setup.

Initially, the vibration signals of the healthy bridge are acquired by using the sensor placed in
the four-bay of the structure, as shown in Figure 3; then, the proposed methodology is applied to
each axis of the vibration signals (Ax, Ay, and Az), where the nonlinear index (SEI), one for each axis
and for each test of the healthy structure, are obtained. Next, the different levels of corrosion are
applied to the bridge, and the measured vibration signals are proceeded by the proposal to estimate
the nonlinear indices that allow us to estimate the structure’s condition. In this sense, in the first-bay,
one of the elements is replaced by another with damage. By using the same location, the elements with
different levels of damage are applied. This procedure is repeated for all the bays of the bridge, and
their respective nonlinear indices are obtained. It is important to mention that the location of elements
with damage is selected randomly in each bay with the aim of demonstrating that the proposal can
detect damage regardless of the location of the damaged element. Figure 3 shows the location of the
damaged elements applied to the bridge. It is also important to note that only one sensor is required to
detect the damage regardless of the damage location, demonstrating the usefulness and effectiveness
of the proposed technique.

— — — Location of the replaced element to simulate the damages
@ Sensor location

Figure 3. Location of the bar elements with different damages applied to the bridge.

To exemplify the process, Figure 4 illustrates the measured vibration signal for healthy conditions
and incipient damage produced in the first-bay (1 mm of reduction in the diameter of the bar element)
in the all directions (Ax, Ay, and Ay), respectively. This figure shows that specific differences related
to the structure’s condition between the healthy and corrosion-damaged segments cannot be readily
observed. Hence, a method capable of revealing differences between a healthy and a damaged structure
is presented here.
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Figure 4. Measured vibration signals in Ax, Ay, and Az for (a) healthy condition and (b) incipient
damage in first-bay.

4.2. Study Cases

Corrosion is considered one of the main mechanisms that can damage a civil structure, especially
truss structures. It is characterized by degrading the materials, mainly metals, that constitute
a structure, resulting in weakness of the structural members, which can produce the collapse of
the structure in certain cases; hence, corrosion identification in its early stage is of vital importance [62].
Corrosion can take years to degrade the material; hence, in order to accelerate the process, the bar
element extremes of the bridge were immersed in hydrochloric acid, generating external corrosion
damage. The corrosion damage was produced gradually in the bar element with the aim of observing
the behavior of a bridge under four levels of damage. The healthy element presents a diameter of
19 mm. The damaged elements present reductions in their diameters of 1 mm, 3 mm, 5 mm, and
8 mm, representing incipient, light, moderate, and severe levels of damage respectively (see Figure 5).
It should be pointed out that the damage levels are selected considering the minimum and maximum
amount of diameter reduction that can be induced without compromising the member integrity, and
ensuring a uniformly-distributed separation [3,5,58,63].

19 mm Healthy Element [
SIRTIm. 25 19 mm ' 18 mm
‘M I

16 mm E 19 mm 16 mm
E 19 mm H
14 mm 'l : i i4_mm I
: : 199mm i
11 mm i : H 11 mm

Corrosion ey ool Corrosion
Damage : : Damage

Figure 5. Bar element with a healthy condition (19 mm of diameter in all sections) and bar elements
with the different levels of corrosion (1 mm, 3 mm, 5 mm, and 8 mm of reduction in the diameter).
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5. Results

Following the proposed steps in the methodology, the measured vibration response of the bridge
under different levels of damage is decomposed into its different frequency bands or IMFs using the
three EMD-based methods. Figure 6 shows the first seven IMFs obtained for healthy and incipient
damage conditions in Ax, respectively, using the EMD, EEMD, and CEEMD methods. From these
figures, it is evident that there are not significant visual differences in the obtained IMFs using the three
EMD-based methods; thus, it is necessary to perform a statistical analysis in order to determine both
the method and the IMF that can provide the most discriminate information, since this condition will
allow us to determine the structure’s condition in the most accurate way. It is important to mention
that the same situation (no visible differences) is found in the remaining axis (Ay and Az).

To perform the statistical analysis, the SEI values of all IMFs for each structure condition are
obtained; then, the one-way ANOVA is used to obtain the p-value, which is the probability that the
there are no significant differences between two sets of data. In general terms, the lower the p-value,
the better the differentiation between the two groups. In this way, the IMF 1 fused with SEI that has
the lowest p-value can be considered as the one that is the most discriminant for determining the
structure’s condition. Table 1 summarizes the p-values computed by the three EMD methods for the
first 7 IMFs of each axis. It is worth mentioning that the SEI values obtained by IMF 1 for all the three
methods have the lowest p-value. Moreover, it is should be also noted that the three EMD methods
have very closely p-values.

Table 1. P-values estimated by one-way ANOVA for different EMD methods and IMFs.

Ax Ay Az
EMD EEMD CEEMD EMD EEMD CEEMD EMD EEMD CEEMD
8.63 x 1.32 x 6.29 x 2.65 x 2.17 x 4.38 x 1.47 x 1.43 x 3.55 x

IMF1 10—98 10—97 10—98 10—91 10—91 10—91 10—91 10—97 10—98
IMF2 11'3§1§ 21'3905 21'§§0§ 51'g§off 0.00427  0.03355 21'8%(): 713?0)7( 61'§§0>7<
IMF3 4.45 x 1.95 x 3.46 x 3.47 x 1.13 x 1.52 x 9.78 x 4.10 x 1.51 x
10761 10769 10765 10723 10740 10751 10757 10772 10711
IMF4 1.31 % 7.14 x 2.52 x 1.60 x 1.26 x 3.46 x 4.55 x 2.85 x 2.33 x
10—65 10—74 10—63 10—49 10—63 10—62 10—55 10—54 10—81
IMF5 2.13 x 2.54 x 7.99 x 1.17 x 1.32 x 8.75 x 145 x 2.16 x 8.96 x
10783 10785 10737 10750 10758 10750 10744 10755 10751
IMF6 3.48 x 5.46 x 2.73 x 3.22 x 7.19 x 5.38 x 3.31 x 1.25 x 1.35 x
10773 10788 10792 10740 10749 10738 10731 10743 10745
IMF7 6.18 x 9.47 x 3.84 x 3.34 x 4.24 x 9.73 x 2.40 x 2.73 x 1.86 x

10 10% 100 10%®  10%  100% 107 10%  10¥

Note: ANOVA—analysis of variance, EMD—empirical mode decomposition, IMFs—intrinsic mode functions,
EEMD—ensemble-EMD, and CEEMD—complete-EEMD.
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Figure 6. The first seven IMFs obtained for the healthy and incipient damage conditions (damage
located in first-bay) in Ax, respectively using (a) EMD, (b) EEMD and (c) CEEMD methods.

Figure 7 shows graphically the SEI values for the healthy (H) and the incipient damage condition
encountered in each bay using the IMF 1 for Ax, Ay, and Az, and the three EMD methods, respectively.
It is possible to observe that the three EMD-based methods estimate similar results, as all the box plots
follow the same pattern, thereby justifying that the EMD method is suitable for the decomposition
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of the signals. Figure 8 shows the distribution of the estimated SEI values of the healthy condition
and incipient damage using the IMF 1 for Ax, Ay, and Az, and the three EMD methods, respectively;
however, in this case the SEI values calculated by IMF 1 for each axis and each bay of the incipient
damage have been joined in order to show that the EMD fused with SEI is capable of detecting damage
in the bridge regardless of the damage localization.

(a) EMD
98 Ax 8.4 Ay - Az
9.6 z 8.2 = 98 -
o w . g 7]
204 mE 4 e L A Tl 208 Le :
g 92 @ = | 18 g = g o8&
— = = — 2 — 94
= 9 = 7.6 o =
7 2 “ 92
8.8 7.4 -
8.6] = 72t ® 9
8.4 7 g8l T
H Bl B2 B3 B4 B5S B6 B7 B8 BY H Bl B2 B3 B4 B5B6 B7 B8 B9 H Bl B2 B3 B4 B5 B6 B7 B8 B9
(b) EEMD
9.8 Ax 8.4 Ay 10 Az
9.6 a 8.2 = 9.8 Lo
g 92 =) e g 78 = - ] = ==k
— = - — = = 94 =
5 9 @ 16 @ %
9.2
8.8 74 :
86| = 72 = 9
gal . . . . ... ] gl o L L
H B1 B2 B3 B4 B5 B6 B7 B8 B9 H BI1 B2 B3 B4 B5 B6 B7 B8 B9 H B1 B2 B3 B4 B5 B6 B7 B8 B9
(c) CEEMD
9.8 Ax 8.4 Ay 10 Az
9.6 - 82 = 98 =
89 &= 3 =R = | g
Ete - z 8 - = - 2 96 e *
> 92 = + > 78 - > = e
m b = = =] —~ 94
9 = 76 « =
8.8 7.4 4
86| = 72| ® 9
g4l . . . .. 7L R B R ——
H B1 B2 B3 B4 B5 B6 B7 B8 B9 H B1 B2 B3 B4 B5 B6 B7 B8 B9 H B1 B2 B3 B4 B5 B6 B7 B8 B9

Figure 7. Distribution of the estimated SEI values for the healthy (H) and the incipient damage
condition for each bay (B) using the IMF 1 for Ax, Ay, and Az, and the (a) EMD, (b) EEMD, and (c)
CEEMD methods, respectively.

Based on ANOVA results and Figures 7 and 8, the EMD method fused with SEI is capable of
identifying incipient damage; the other two EMD methods (EEMD and CEEMD methods) can be
discarded for this task because they are more computationally-intensive, as mentioned in Section 2.
In this way, the computational load used in the proposed methodology is kept at a minimum.
Therefore, the IMF 1 in the x-direction (Ax), obtained using the EMD method, is selected as the
most discriminant IMF.
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Figure 8. Distribution of the estimated SEI values for the healthy and the incipient damage condition
joining all the estimated SEI values for all the bays using the IMF 1 for Ax, Ay, and Az, and the (a)
EMD, (b) EEMD, and (c¢) CEEMD methods, respectively.

Once selected as the most useful method for evaluating the structure condition, it is used to verify
its efficiency under other levels of damage such as moderate, high, and severe, which are represented
by a reduction of diameter in the bar element of 3 mm, 5 mm, and 8 mm, respectively. Figure 9
illustrates the distribution of the SEI values estimated by using the IMF1 and Ax for healthy condition
and for all the damage levels of corrosion treated in this work (1 mm (I: incipient), 3 mm (L: light),
5 mm (M: moderate), and 8 mm (S: severe) of reduction in the bar element diameter). Observing this
figure, the obtained SEI values for the healthy condition and different levels of damage are completely
separated, allowing us to identify different levels of damage regardless of its location.

SEI values
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Figure 9. Distribution of the estimated SEI values using IMF 1 and Ax for healthy condition (H) and for
the four levels of corrosion, joining all SEI values estimated by all bays (1 mm (I: incipient), 3 mm (L:
light), 5 mm (M: moderate), and 8 mm (S: severe) of reduction in the bar element diameter).
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Finally, once all SEI values for the 5 conditions (healthy and four damage levels) have been
estimated, and based on one-way ANOVA, two intervals of analysis are established and introduced
to the DTC for the automatic evaluation of the structure condition. Interval 1 (healthy condition):
8.4 < SEI < 8.65 and interval 2 (damage condition): 8.69 < SEI < 9.8. Table 2 presents the classification
results in form of a confusion matrix, showing that the proposed methodology is efficient and reliable
for assessing the structure’s condition, because 100% accuracy is obtained.

Table 2. Results of the DTC (confusion matrix) based on the estimated intervals using ANOVA of the
estimated SCI values for all bays.

Structure Condition Healthy Corrosion Effectiveness (%)
Healthy 100 100 100
Incipient (1 mm reduction)
. Light (3 mm reduction)
Corrosion Moderate (5 mm reduction) 100 100 100
Severe (8 mm reduction)
Total Effectiveness 100%

It is important to mention that the proposed method can become a useful tool for evaluating
the condition of civil structures because (a) it can be considered of low computational complexity,
allowing the implantation in hardware such as field-programmable gate arrays (FPGAs), digital signal
processors (DSPs), etc, (b) it requires only a sensor to determine the structure’s condition, and (c) it
detects the presence of incipient damage in the structure regardless of its location, overcoming the
recent work proposed by An et al. [58] and Blachowski et al. [5], where their proposals are only capable
of identifying damages starting from a moderate level; in addition, they require more than one sensor.

6. Conclusions

This paper proposes a new methodology to perform the SHM in truss-type civil structures.
It consists of the integration of the EMD method coupled with SEI to analyze the vibration structure
response in order to obtain the features that can determining a given structure’s condition. In this
regard, a statistical analysis using the one-way ANOVA is performed to determine the IMF number as
well as the axis that has the most discriminate features. The IMFs obtained using three EMD-based
methods (EMD, EEMD, and CEEMD) are compared. From Figure 6 and Table 1, it is shown that the
three methods estimate very similar results, being also necessary to select the method that has the
lowest computational burden [64]. In this way, EMD is the one that uses the fewest resources; therefore
it is chosen as the signal processing technique in this proposal. In this way, the computational resources
employed are kept at a minimum. On the other hand, the SEI was shown to be an effective and reliable
index to detect damage, since an effectiveness of 100% was obtained using a low-complexity DTC.
From Table 1, it is seen that IMF 1 has all the information required to detect damage, regardless of its
severity. It should be pointed out that IMF 1 is a high-frequency mode; thus, failure is found in the
high-frequency region.

The obtained results show that the proposal can detect a reduction of 1 mm in the bar diameter,
which is a useful advantage in SHM applications. On the other hand, if the ADC resolution is increased,
a more detailed signal can be acquired, which for noisier signals, can be useful; this can allow us to
better estimate features using the SEI, possibly resulting in a lower p-value. Further, it must be noted
that the proposed method can detect damage regardless its location, which is also a desirable feature,
as it can be used in situations where the number of sensors is limited. Thanks to the moderate usage of
computational resources, a real-time signal processing platform, such as a field programmable gate
array, can be used to implement the proposal, as efficient implementations of the EMD and Shannon
entropy methods have been developed [65,66], allowing for the development of the proposed strategy
for the continuous assessment of truss structure integrity, by executing the proposal in specific time
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intervals, and comparing the obtained results with previous ones. Hence, the results presented allow
us to affirm that the proposal can be considered as a solid alternative for SHM-based methodologies,
where computational resources as well as the number of sensors are limited.
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