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Abstract

The goal of the present contribution is to test the effectiveness of an impedance-based structural health monitoring ISHM)
methodology to detect damage in steel fiber-reinforced concrete structures. For this aim, a piezoceramic sensor coated with
epoxy is used. A prismatic concrete specimen was evaluated for the case in which the damage condition was obtained from
compression testing. The impedance signatures were measured both before and after the compression testing for the speci-
mens placed inside an environmental chamber. An optimization procedure was applied to compensate for the temperature
effects that appear on the impedance signatures. For illustration purposes, the coated piezoelectric transducer was initially
bonded to the surface of an aluminum beam to detect damage induced by a loosening bolt. An impedance analyzer was
used to measure impedance signatures in the frequency range of 40-70 kHz for the procedure with the aluminum beam and
50-80 kHz for the prismatic steel fiber concrete specimen. An in-house portable impedance meter (SySHM impedance meter)
was used to measure the impedance signatures. The results encourage the use of the ISHM approach for health monitoring
of steel fiber-reinforced concrete structures.

Keywords Steel fiber-reinforced concrete structures - Impedance-based structural health monitoring (ISHM) - Temperature
compensation - Optimization - Piezoceramic sensor

1 Introduction The application of SHM techniques to civil engineer-

ing structures is not simple to be implemented since there

Failure in civil engineering structures can lead to consid-
erable economic losses. Therefore, many researchers have
been developing real-time nondestructive techniques to
detect incipient damage in steel fiber concrete structures, in
order to both improve their safety and increase their useful
life. Among various damage detection technologies, struc-
tural health monitoring (SHM) provides means to assess a
structure in real time, with promising features [1, 2].
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are limitations associated with the size of the structure, the
location of possible damages, and the cost associated with
the sensor array and signal processing [3]. The literature
brings several contributions on SHM techniques developed
for concrete structures that are based on vibration responses
[4, 5], optical fiber [6, 7], and the electromechanical imped-
ance approach [8—10]. The methods based on vibration data
normally use low frequencies in the analyses, and only major
damage can be detected [11]. The technique based on optical
fibers presents some disadvantages since the concrete is brit-
tle and heterogeneous (several sizes of aggregates). At a low
level of load, the structure cracks and may lead to a break
and debonding of the optical fiber [7]. It is worth mention-
ing that the impedance-based structural health monitoring
technique (ISHM) that is tested in the present contribution
is showing promising results [8—10]. It is observed that this
technique is widely applied to several types of structures;
however, this methodology has also some disadvantages
such as the influence of temperature on the impedance sig-
nals [11].
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The ISHM technique uses piezoelectric transducers that
are bonded on the surface of the structure or embedded into
it. As a smart material, a piezoelectric transducer works
simultaneously as sensor (inverse piezoelectric effect) and
actuator (direct piezoelectric effect). This technique has been
successfully applied to a wide variety of structures and con-
ditions, as reported in the literature. The basic concept of
ISHM is to look for modifications on the mechanical imped-
ance signatures of the monitored structure under the exist-
ence of damage. However, measuring the mechanical imped-
ance directly on the structure is not an easy task. Instead,
measurements of variations in the mechanical impedance
are performed by measuring the electrical impedance from
piezoelectric transducers [typically composed with lead zir-
conate titanate (PZT)] coupled to the host structure. Due to
the electromechanical coupling between the PZT transducers
and the structure, the existence of damage in the structure
can be perceived from the change between a baseline signa-
ture and the current test signature. This change is a result of
modifications on the dynamic properties of the structure as
caused by damage [12].

One of the first published reports on this subject for civil
structures showed that the electromechanical impedance
method was successful for crack detection in the context
of loading and unloading a prototype formed by a part of a
bridge of reinforced concrete [13]. Other studies have also
obtained promising results such as, for instance, on detecting
damage in concrete plates where the damage was produced
by a cutting blade [14, 15]. In [16], the authors analyzed the
influence of the concrete cure on the impedance signals. For
this aim, a piezoelectric transducer was embedded into the
concrete plate during its manufacturing stage. It was found
that the impedance signals change as the samples were sub-
jected to compression. However, the authors did not conduct
more detailed studies regarding the existence of incipient
damage. A study about the influence of sensor debonding on
impedance signatures was performed in [17]. In this case,
the sensors were bonded to the steel fibers used to reinforce
concrete structures. In [18] the ISHM technique was con-
ducted to detect carbonation in concrete structures.

Other studies evaluated the adhesive based on epoxy res-
ins; Lim et al. [19] analyzed the feasibility of the use of
ISHM and piezoelectric wave velocity methods to monitor
the cure of the structural adhesive using piezoelectric trans-
ducers; in addition, [20] used an analytical and numerical
modeling based on finite elements for piezoelectric wave
technique to monitor curing process of structural adhesives.
Besides, Gupta et al. [21] proposed a noncontact and non-
intrusive imaging technique to monitor the curing of epoxy
resins; for this aim, an electrical capacitance tomography
was employed to characterize changes in the distribution
of electrical permittivity of epoxy specimens during curing
process.
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As previously mentioned, the piezoelectric transduc-
ers used by the ISHM approach are brittle, which justifies
the development of a protective coat for the sensors [16,
22-25]. Thus, it is possible to embed the sensors into civil
structures. A simple method was presented by [20] to incor-
porate the PZT transducer into the concrete structure. The
protection of the sensors was provided by a wire mesh of
steel and cement paste [22]. The influence of temperature
and the loading on impedance signals using a piezoelectric
transducer coated with cement and epoxy resin was studied
by [24]. The authors of Liu et al. [25] proposed a method
to monitor freezing—thawing and crack damage in concrete
using PZT transducers packaged with cement, epoxy resin
and a hardener.

Finally, the impedance-based monitoring techniques have
also been employed in different damage detection applica-
tions, including corrosion [26], severity of debonding [27],
weak bond detection [28], and interfacial debonding [29].
Apart from damage detection and strength gain monitor-
ing, the impedance-based monitoring techniques are also
employed to detect the changes in structural stress [30, 31].

However, there is a clear need for refining the ISHM
technique with respect to its application on concrete struc-
tures. The main contribution of this paper is to evaluate the
ISHM technique using the piezoelectric transducer coated
with epoxy as a sensor and actuator embedded in a concrete
specimen to detect damage during structural damage pro-
gression. In addition, the behavior of the impedance sig-
nature is analyzed for the scenario in which temperature is
changing. Consequently, by analyzing the results obtained
in the present study, it is possible to demonstrate that incipi-
ent cracks can be reliably detected with the ISHM method
in association with a data normalization technique for tem-
perature compensation, In this context, the objective of the
present work is to test the effectiveness of a piezoelectric
transducer protected by an epoxy coating to detect damage
in civil engineering structures by using the ISHM approach.
In addition, an optimization method was implemented to
compensate for the temperature variation on the impedance
signatures.

2 Electromechanical impedance method:
areview

The ISHM technique uses piezoelectric transducers cou-
pled to the host structure. By using their sensor and actua-
tor properties to detect damage, these transducers monitor
changes on the stiffness, damping, and mass of the struc-
ture. The coupling to the structure permits the use of the
electromechanical coupling characteristics of piezoelectric
transducers. For this aim, an electrical impedance measure-
ment is acquired from the piezoelectric transducers due to
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the difficulty in obtaining the mechanical impedance of the
structure, directly. Typically, PZT (lead zirconate titanate)
transducers are used. Considering that the properties of the
PZT transducer do not vary over time, changes in the elec-
trical impedance will be directly related to changes in the
mechanical impedance, which is affected by the presence of
damage [12].

Figure 1 shows a single-degree-of-freedom (DOF) elec-
tromechanical model that describes the measurement pro-
cess of the impedance signal [12]. The piezoelectric trans-
ducer is bonded directly to the structure surface by using
a high-strength adhesive to ensure high electromechanical
coupling [13]. The dynamic properties of the monitored
structure are represented by the mass m, stiffness k, and
damping c. The piezoelectric transducer is excited by a sinu-
soidal voltage source V,(w) with amplitude V and frequency
. Consequently, from the actuator effect, the piezoelectric
transducer applies a force on the host structure. The cor-
responding vibration response of the structure induces a
strain on the piezoelectric transducer, which, from the sensor
effect, generates an output current / (w) with amplitude /,
frequency w, and phase ¢. The mechanical impedance Z,, ()
of the monitored structure is given by the relation between
the applied force F(w) to the structure and its response
velocity X(w). However, the measurement of the mechani-
cal impedance is demonstrated to be a difficult task. Mak-
ing an analogy to an electric circuit, the force and velocity
correspond to the voltage and output current, respectively,
resulting in the electrical impedance Z_(w). The electrical
impedance of the PZT transducer can be measured by using
an appropriate impedance meter. It is worth mentioning that
any deviation on the mechanical properties of the structure
(mass m, stiffness k, and damping c) of the PZT transducer
is directly related to changes in the mechanical impedance.
Consequently, faults can be detected by measuring the elec-
trical impedance of the PZT transducer.

Coupled Electromechanical admittance
Y(w) = Re(w) + jX(w)

» Adhesive Layer

e

.

Vi(w) = vsin(wt)

fmmmmmm————e

Structure I,(w) = i sin(wt +¢)

Mechanical Impedance Electrical Impedance
=F@) _Vilw)
D) D)

Fig. 1 A single-DOF electromechanical model of the ISHM [12]

It is worth mentioning that the direct piezoelectric effect
(or sensor effect) is characterized by producing a voltage
when the piezoelectric transducer is mechanically deformed
in its elastic phase. The inverse effect (or actuator effect)
appears when a piezoceramic transducer is subjected to a
voltage, resulting in a mechanical deformation [13].

Equation 1 shows the frequency-dependent electrical
admittance, which represents the wave equation of a piezo-
electric transducer coupled to the host structure [12]. Based
on the system shown by Fig. 1, the admittance Y(w) (inverse
of impedance) of the piezoelectric transducer is a combined
function involving the mechanical impedance of the PZT
actuator Z,(o) and the structure Z (w):

Iy(w)

Y(w) = R(w) + jX(w) = V@) "
U b N A CORN S
= jw . <£33(1 jA) Zs(a))+Za(a))d31Y11>

where R(w) and X(w) are the real part and imaginary part
of the electromechanical admittance, respectively, j is the
imaginary unit, @ is the angular frequency, b,, /,, and h,
are the width, length, and thickness of the piezoelectric
transducer, respectively, e; is the dielectric constant at zero
stress, A is the dielectric loss tangent to the piezoelectric
transducer, ds, is the piezoelectric coupling constant at zero
electric field, and ?]E] is the complex Young’s modulus of the
PZT transducer with zero electric field. The impedance is a
frequency-dependent complex function. To obtain the elec-
trical impedance, both the direct and inverse effects of the
piezoelectric transducer participate. In the ISHM approach,
trial-and-error tests should be previously performed aiming
at identifying the most sensitive frequency band with respect
to fault presence [13].

In the ISHM method, damages are detected based on the
comparison between the real part of the impedance signa-
tures acquired from both the healthy and faulty (or unknown)
structure conditions. A visual examination of the signals is
not enough for evaluation since it gives only a qualitative
comparison. Consequently, it is necessary to use adequate
damage metrics for defining quantitative criteria. Thus,
damage metrics are employed, which are properly defined
scalar parameters, so that they can numerically represent
the difference between the two signals (without and with
damage) [32]. Several damage metrics have been proposed
to compare impedance signatures [33]. For instance, one of
the most commonly used is the root-mean-square deviation
(RMSD) and its definition is given by Eq. (2) [34, 35]:

i [Re(ZU) —Re(Zzi)]2 v 2

Rc:(Z]i)2
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where Re(Z,;) is the real part of the impedance measure
without damage (baseline) at the frequency i. Re(Z,,) is the
real part of the impedance measurement at the frequency i
for a new (unknown) structural configuration, and 7 is the
total number of points used in the measurements.

Another important metric found in the literature is the
deviation of the correlation coefficient (CCD). This metric
is used to quantify and interpret the information contained in
datasets. Its mathematical definition involves the difference
between a coefficient of correlation between a measurement
and a reference value, as given by Eq. (3) [36]:

CCh=1-CC 3)

where CCD is the deviation of the correlation coefficient
and CC is the correlation coefficient, as calculated by Eq. 4:

co - 1 i [Re(Zn) - Re<21i>] - [Re(ZZi) - Re(zzl,)]

nia S7182

“
in which S, is the standard deviation of the baseline imped-
ance signal and S, is the standard deviation of the imped-
ance signal to be compared with. If the correlation coeffi-
cient is equal to 1.0, the signals have a full correlation. When
the difference between the two signals is higher, the value of
CC is smaller. It is worth mentioning that the value of CC is
also used to compare and quantify impedance signals.

3 Temperature compensation
through an optimization procedure

Temperature variation effects are known to change imped-
ance signatures. A review of temperature variation effects
and compensation methods can be found in [37, 38]. Fig-
ure 2 shows a flowchart to illustrate the proposed tempera-
ture compensation approach. The method starts by obtaining
the impedance signatures of the healthy system evaluated

Structure
Healthy structure (unknown
condition)
Objective
- Function
Baseline (Damage Impedance
signatures Metric) Signatures
Hybrid Effective
opt]n)nﬁxzat:ion frequency and
( o amplitude shift

Fig.2 Proposed temperature compensation flowchart
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(impedance: Z;; temperature: T} ,..ine)- The impedance sig-
natures of the system for an unknown condition (imped-
ance: Z,; temperature: Ty pnown 7 1 baseline) &I€ also required,
so that the optimizer is responsible for shifting both the fre-
quency and amplitude values. The impedance signature Z,
is compared with Z; by means of a given objective function,
i.e., a damage metric, as presented by Eqgs. (2) and (3). In
Fig. 2, if the procedure converges to a minimum value of the
objective function, the effects of temperature variation are
compensated through frequency shifts and vertical shifts of
the design variables. If this is not the case, the optimization
procedure continues the search for new frequency and ampli-
tude shifts. The optimization process continues iteratively
until convergence is achieved, which can lead to temperature
compensation (if the objective function is close to zero) or,
otherwise, represents a damage indication associated with
temperature compensation.

In the present contribution, a hybrid optimization tech-
nique is primarily devoted to minimizing the influence of
temperature variation during the impedance measurement
process. In the following, the proposed hybrid optimization
algorithm is briefly described. In this sense, the evolutionary
technique differential evolution (DE) [39] is devoted to the
global search for the optimum (i.e., the effective frequency
and amplitude shifts). It is worth mentioning that the DE
algorithm must be performed m times to avoid local minima.
The best result obtained by DE is then used as a starting
point for the classical direct method known as sequential
quadratic programming (SQP) to obtain the local and refined
optimal solution.

The DE algorithm is an optimization technique that
belongs to the family of evolutionary computation, which
differs from other evolutionary algorithms in the mutation
and recombination schemes. DE executes its mutation opera-
tion by adding a weighted difference vector between two
individuals to a third one. Then, the mutated individuals
will perform discrete crossover and greedy selection with
the corresponding individuals from the last generation to
produce the offspring. The key control parameters of DE are
the population size (NP), the crossover constant (CR), and
the associated weight (FDE).

The pseudocode of DE algorithm is presented in Fig. 3, in
which P is the population of the current generation, P’ is the
population to be constructed for the next generation, C[i] is
the candidate solution with population index i, C[{][j] is the jth
entry in the solution vector of C[i], and r is a random number
between 0 and 1. In [40], simple rules are given for choosing
the key parameters of DE for general applications. Normally,
NP should be about 5-10 times the dimension of the problem
(i.e., the number of design variables). As for FDE, it lies in the
range between 0.4 and 1.0. Initially, FDE=0.5 can be tried,
and then FDE and/or NP can be increased if the population
converges prematurely. In [41], various mutation schemes have
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Fig.3 Pseudocode of DE
algorithm

Differential Evolution

while (not done) {

Evaluate Cpg

Pog=Cpy
else
Pog = P}
P=P

}

Create candidate Cpy

Create initial candidate

if (r <CR)
Crigs) = C o)
else

Crijs) = Prp)

Initialize and evaluate population P

for (i=0;i<N; i++) {
Create candidate Cpg

if (Cyq is better than Pq)

Randomly select parents Py, Pa), and Pa)
where i, i1, i», and i3 are different.

C' = Py + FX(Pa)-Pa)-
Create final candidate Cpg by crossing over the genes of Py and C [ as follows:
for (j =0;j <N; j++) {

been proposed for the generation of new candidate solutions
by combining the vectors that are randomly chosen from the
current population. In the applications presented in this paper,
the rand/1 scheme was used.

According to [41], the SQP algorithm is a direct method
used for dealing with constrained minimization problems in
which the search direction S is found by solving a subprob-
lem with a quadratic objective function and linear constraints.
For this purpose, a quadratic approximation of the augmented
objective function (i.e., from the association of the Lagrange
multipliers A with an exterior penalty technique) and a linear
approximation for constraints are written, as shown in Eq. (5):

Minimize: Q(S) = F(X) + VF(X)'S + 3STBS
Subjectto: Vg;(X)'S+6,;(X) <0 j=1,m ®)
Vh(X)TS +6h(X) <0 k=1,1

where F(X) is the function to be minimized, X is the vector
of design variables, VF is the gradient of F, S is the search
direction vector, and B is initially an identity matrix that will
be updated on subsequent iterations. The parameters 6; and
5 are used to prevent inconsistencies between the linearized
constraints g; and / (i.e., typically 0.9 <§ <0.95). Vg; and
Vh,, are the gradients of g; and &, respectively. The param-
eter §; is defined as follows:

6 =1if gX)<0
<. . 6)
§=6if gX)>0 (

The one-dimensional search, described by Eq. (5), is a
quadratic programming problem, and various techniques are
available for its solution. The associated one-dimensional
search is written from the determined search direction S and
an exterior penalty function ¢, as given by Eq. (7):

m )
¢ =FX)+ Y u{max[0, ;1) + Y s, |0 (7)
j=1 k=1

where X=X, +a,s, u;=l 4,1 (j=1, m+1) in the first itera-
tion, u;=max [l /11» [,0.5 (u'j+| /11» )] for the subsequent itera-
tions, and u’j: u; from the previous iteration (g is the itera-
tion). In this case, the step length parameter is defined as
a,=1 (i.e., convergence parameter).

4 Statistical threshold determination

The concepts behind statistical process control allow for
establishing limits in a control chart so that a threshold can
be established using the upper control limit [37]. These lim-
its can be defined so that either 95.45% or 99.73% of data
from a normally distributed population remain if these con-
trol limits are defined as expressed in Eq. (8):

95.45% confidence
99.73% confidence

x+2s for

®)

x+3s for

@ Springer
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where x is the sample mean and s is the sample standard
deviation. Each sample x is determined by using the damage
metrics [see Egs. (2) and (3)].

In the ISHM approach, the upper control limit is used for
the threshold determination. Although the expressions in
Eq. (8) can provide the threshold calculation, it should be
noted that the mean values and standard deviations of the
samples are inferences from the population parameters (i.e.,
unknown values). Therefore, a more robust methodology is
proposed by using the upper limits of the confidence inter-
vals for the population mean and standard deviation accord-
ing to Egs. (9) and (10), respectively [42]:

— St — st
x—%ﬂSﬂx <x + U’a/2;1)=N—1 9)
N N
2 2
vs 2 vs?
7 _So S5 —w=N-l (10)
){v;a/Z ){vgl—a/Z

where px and crf, are the population mean and variance,
respectively, x and s are the sample mean and variance,
respectively, 7,., ,, has a student tzdistribution with v DOF, a
is the significance level, and ';Cv;oc/2 follows a Chi-square
distribution.

Hence, the upper limit of the confidence intervals was
used and the threshold for each PZT transducer was deter-
mined through Eq. (11):

PZTlhreshold = Himax + 3('Txmax (1 1)

where p,,,,, 1S the upper limit for the population mean and
Omax 18 the upper limit for the population standard deviation,
both obtained by choosing 5% for the significance level a.

5 Methodology

For the sake of clarity, this section presents experimental
applications of the ISHM technique to both an aluminum
beam and a sample of prismatic concrete. Initially, it will be
shown how the coated piezoceramic was produced. More
details can be found in [43].

The first experiment was carried out to observe the func-
tionality of the coated piezoceramic transducer on the alu-
minum beam. Considering the positive results, it was pos-
sible to mold the concrete sample with the embedded coated
piezoelectric transducer, in order to evaluate the efficiency
of the protection by applying the ISHM technique on the
concrete. Here, two different tests were carried out indepen-
dently. In the first set up experiment, the signals were meas-
ured before and after the damage was generated, since it
was not possible to introduce the damage inside the thermal

@ Springer

chamber without changing the boundary conditions of the
specimen. In the second experiment with this sample, the
signals were collected before, during and after the test that
generated the damage. In all cases, the frequency range was
determined experimentally by analyzing the peak density in
this region, which corresponds to a good electromechanical
coupling. The literature on this subject suggests that this
interval is usually sufficient to detect damage of the magni-
tude that was tested in this paper [11].

It is worth mentioning that the optimization procedure
was applied to compensate for the effects of temperature
on the impedance signatures in all experiments. This pro-
cedure searches for optimal shifts (in both frequency and
amplitude), which minimize the objective function (damage
metric). By doing so, the correlation of the signals is maxi-
mized, thus promoting the removal of the influence of shifts
on the signatures as caused by temperature change.

The process was performed according to the following
steps:

e Experimental setup: preparation of specimens and test
configurations;

e Impedance measurements;

e Obtain damage metrics and implement optimization pro-
cedure;

e Determine statistical thresholds and compute structural
diagnostics.

5.1 Coated piezoelectric transducer

As the nature of the experiment carried out in this study
promotes significant mechanical loading to the analyzed
concrete structure, a protective layer was designed in order
to ensure that the sensor would remain healthy all along the
inherent operational loadings. For this aim, an epoxy resin-
based adhesive was used to protect the sensor from possible
collapse within the concrete. The coating is a resin with
high adhesion capacity for bonding large smooth, porous,
and irregular surfaces, such as tiles, wood, glass, concrete,
stones, metals, and some rigid plastics, capable of withstand-
ing temperatures up to 80 °C and with greater resistance than
concrete (= 100 MPa).

Molding the coating requires a curing period of 24 h,
with four hours for the first layer on which the piezoelec-
tric sensor is located. At the end of this process, the coated
piezoelectric transducer has a final diameter of 40.0 mm,
thickness of 4.0 mm, and a mass of approximately 20.0 g
(Fig. 4). In this experiment, piezoelectric transducers known
as PZT’s (lead zirconate titanate) type SH model were used.
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(a)

(b)

(o)

Fig.4 Fabrication of the coated piezoelectric transducer: a mold, b epoxy resin and sensor in the curing process, ¢ coated piezoelectric trans-

ducer

Fig.5 Aluminum beam: a

(a)

geometry, b specnpen with the 0.30 Damace Coated Piezoelectric
coated piezoelectric transducer o & A
) i Transducer
0%
0,20 0.05
5.2 Aluminum beam
(a) (b)

A proof-of-concept experiment was designed to evalu-
ate the effectiveness of a piezoelectric transducer coated
with epoxy to detect damage through the electromechani-
cal impedance method. For this aim, this protected trans-
ducer was bonded on the surface of an aluminum beam
(300 x 38 x 3 mm?), as shown by Fig. 5a. A fixed bolt was
removed from the beam (distant 185 mm from the piezo-
electric transducer) to simulate the damage, as shown in
Fig. 5b. The specimen was properly positioned inside an
environmental test chamber (see Fig. 6a) to control the
temperature during the acquisition of the impedance sig-
natures. Three different temperatures were considered,
namely 15 °C, 25 °C, and 35 °C. A frequency range from
40 to 70 kHz with 3.000 frequency resolution points was
used in the tests. The 40-70 kHz band was determined
experimentally from the analysis of the peak density in
this region by performing a trial-and-error procedure,
looking for the ranges that correspond to the highest peak
densities since this characteristic is associated with better
electromechanical coupling [11].

An in-house portable impedance meter, SySHM imped-
ance meter [44, 45] (see Fig. 6b), was used to measure
the impedance signatures before and after the damage
existence.

Figure 7 shows the impedance signatures correspond-
ing to the pristine condition for three different temperatures
(15 °C, 25 °C, and 35 °C). As expected, the impedance sig-
natures changed according to the environmental tempera-
ture [39]. This behavior can be associated with changes in
the parameters of the PZT transducer [see Eq. (1)] and the

U g
Laboratéric de Mecknios de Estrotusds,

SySHM)

r l Anulisudor de
Impedincia o

"y

Fig.6 a Environmental test chamber, b portable impedance meter
device

properties of the material used in the coated piezoelectric
transducer.

Figures 8a, 9a, and 10a show the impedance signatures
obtained at 15 °C, 25 °C, and 35 °C by using the coated pie-
zoelectric transducer The healthy and damaged conditions of
the aluminum beam presented in Fig. 4 were considered. It
is clearly visible that the impedance signatures changed with
the existence of damage for the three evaluated temperatures.

Figures 9b, 10b, and 11b show the uncompensated RMSD
values (compensation OFF), compensated RMSD values
(compensation ON), and the thresholds obtained at 15 °C,
25 °C, and 35 °C. It is important to point out that 60 imped-
ance measurements were performed for each temperature.
The first 30 signatures were acquired for the healthy struc-
ture (pristine condition), and the remaining measurements
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Fig.7 Aluminum beam with the coated piezoelectric transducer:
impedance signal (pristine condition) for the three temperatures con-
sidered

were taken from the damaged beam. Note that the imped-
ance signatures were clearly modified due to the damage
existence. The RMSD damage metric was used to quantify

(@)
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G 300t

Q
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this modification, confirming the damage existence. The
applied threshold value guaranteed 99% confidence regard-
ing the probability of detection.

Figure 11a—c shows an unprotected piezoelectric trans-
ducer connected to an aluminum beam, the impedance
response, and the damage metrics obtained at 15 °C, respec-
tively. By comparing the impedance signal and the RMSD
values obtained using the PZT adhesive with and without
coating protection (see Figs. 8a, b, e, 11a, b), one can verify
the repeatability of the tests.

This result indicates that the sensitivity of the piezoelec-
tric transducer coated with epoxy decreases when the pro-
tection is used. However, even with lower sensitivity, the
epoxy-coated sensor was able to detect incipient damage in
the structure. From these previous results, it was possible
to conclude that the PZT transducer coated with epoxy is
effective for impedance measurements. Then, the technique
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Fig.8 Aluminum beam with the coated piezoelectric transducer, 15 °C: a impedance signal, b compensated damage metric RMSD and the

threshold value
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Fig.9 Aluminum beam with the coated piezoelectric transducer, 25 °C: a impedance signal, b compensated damage metric RMSD and the

threshold value
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Fig. 11 Piezoelectric transducer
attached to the aluminum beam:
a specimen, b impedance sig-
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was ready to be tested on concrete specimens, as described
in the following section.

5.3 Concrete specimen

In this work, the tested specimen was made of fiber-rein-
forced concrete, which is frequently used in recent civil
engineering constructions. The material is composed of
cementitious matrix reinforced with steel fibers. It is worth
mentioning that the number of publications dedicated to
the application of the proposed methodology to this type
of composite is low, which contributes to making this con-
tribution innovative in the area of dynamics of mechanical
systems.

55
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=
4
B
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£ 100
g
o
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S 50 ’
6 6.5 7 0 RARA AN AR RAR AR AR RN
I
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This composite material was made with Portland cement
concrete (cement paste, aggregates, and water) and steel
fibers. The steel fibers were distributed throughout the vol-
ume of the material, generating a more rigid and resistant
composite. A concrete specimen was used in the tests (pris-
matic shape). For each case, two coated piezoceramics were
embedded into the specimen. Details on the characteristics
and properties of the material used can be found in [43].

A 40 MPa compressive strength ( f,,) was obtained after
28 days of hydration process of the specimen. After mold-
ing, densification, and finishing, the prismatic specimen was
placed inside a humid chamber for 48 h. The samples were
then removed from the molds and placed under submerged
curing process along 37 days.
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5.3.1 Prismatic concrete specimen

In this context, a coated piezoelectric transducer was tested
for ISHM purposes in the prismatic concrete specimen
(500% 150 x 150 mm), as shown in Fig. 12a. Two coated
piezoelectric transducers were embedded into the prismatic
concrete specimen. The approximate positions of the trans-
ducers are depicted in Fig. 12b.

This experiment was performed according to two inde-
pendent stages. First, the monitoring of structural integ-
rity was made by measuring impedance signals before and
after the generation of damage in the prismatic specimen.
The influence of temperature was included at this stage.
Later, the monitoring was performed during the test that
generated the damage.

For the evaluation of the temperature effect, the speci-
men was properly positioned inside a thermal chamber, as
previously described. In this case, 2000 frequency points
resolution were acquired using the SySHM impedance
meter. A frequency band of 30-80 kHz was determined
experimentally for this case, for which a significant density
of peaks was observed on the impedance response.

For each condition, the impedance signatures were
acquired 30 times. The tests were performed for the fol-
lowing environmental temperatures: 10 °C, 25 °C, and
40°C. The damage was introduced in the prismatic con-
crete specimens through a flexural toughness test as based
on the [46]. A MTS Hydraulic Servo Bending Machine
was used to apply the required effort, for which the yoke
device was used (see Fig. 13). The tested structure in the
chamber can be observed in Fig. 14.

The impedance signatures obtained from PZT#1 (see
Figs. 15a, 16a, 17a) for both the healthy and damaged pris-
matic specimens are presented in these figures, in which
the responses measured at three different temperatures are
shown. Note that the real part of the impedance signal
measured for the damaged condition changed significantly
as compared with the baselines (pristine conditions for the
three temperatures considered).

5] a - Loading rollers

—Yoke frame

——Specimen

WWWWWW Support rollers

Fig. 13 Schematic representation of the test as based on the ASTM
method C1609

The damage metrics were used to quantify these
changes in the impedance signatures. Similar results were
found by using the damage metrics RMSD and CCD. Fig-
ures 15b, 16b, and 17b show the RMSD damage metric
obtained for the thermal chamber temperature fixed at
10 °C, 25 °C, and 40 °C, respectively. Note that false posi-
tive cases were obtained due to variation in the environ-
mental temperature. However, the compensation method
was able to eliminate the false positive cases.

The first 30 measures refer to the baseline, and the other
30 are associated with the damaged condition. Note that the
damage was successfully identified. The threshold was deter-
mined guaranteeing 99% confidence for the probability of
detecting damage. A similar behavior was found by using
the PZT#2. Once again, the temperature compensation was
efficient, thus avoiding neither false positives nor false nega-
tives during the monitoring diagnosis.

As specified earlier in this section, the second step of
the experiment consisted of measuring the E/M impedance
signals during the flexural toughness test, which generated
damages in the studied structure. Figure 18 shows the speci-
men on the MTS test machine. One can see the load applica-
tion system and the impedance meter SySHM connected to
the piezoelectric transducers.

To avoid tearing the fibers and a possible collapse of
the structure, the test was stopped as the deflection of the

(b)

75

I
I
0
150

75

250 150
500

3 Piezoelectric Transducer

Fig. 12 Prismatic specimen: a concrete specimen with coated piezoelectric transducer embedded, b scheme showing the positions of the trans-

ducers
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Fig. 14 a Prismatic specimen (a) (b)
inside the climatic chamber, b
detail of damage
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Fig. 15 Prismatic specimen with the coated piezoelectric transducer (PZT#1/10 °C): a impedance signal, b compensated damage metric RMSD
and threshold value
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Fig. 16 Prismatic specimen with the coated piezoelectric transducer (PZT#1/25 °C): a impedance signal, b compensated damage metric RMSD
and threshold value

structure reached approximately 2.0 mm. In addition to  load decreases and, as a result, the tenacity of the structure
ensuring the safety and integrity of the test machine, the  decreases. The role of the steel fibers in the concrete matrix
propagation of cracks in the center of the specimen was  is associated with the increase in the deformation due to the
considered as being sufficient for the monitoring. The load  ability of the fibers to cross the cracks and to work as trans-
peak of approximately 54 kN, seen in Fig. 19, indicates the ~ fer bridges between the edges of the cracks, thus increasing
instant for which the structure collapses and thereafter the
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Fig. 17 Prismatic specimen with the coated piezoelectric transducer (PZT#1/40 °C): a impedance signal, b compensated damage metric RMSD
and threshold value

Fig. 18 Specimen positioned on (a)
the MTS test machine during
the flexural toughness test and
the SySHM impedance meter
connected to the transducers
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Fig. 19 Standard ASTM C1609 test: a load versus deflection for a strain-softening behavior, b load versus time

the load capacity after the first crack. The total test time in ~ performed for characterizing the reference signal (base-
this case was approximately 45 min. line). Then, 48 measurements were performed during the

The SySHM impedance meter was properly config-  test, i.e., the measurements were made during the loading
ured, and before starting the test, four measurements were of the structure. Finally, nine measurements were made
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Fig.21 Coated piezoelectric transducer, PZT#2: a impedance signatures for real-time monitoring of the concrete prismatic specimen, b damage

metric RMSD

after the end of the test, totaling 61 measures. Figures 20
and 21 show the impedance signals and the damage metric
RMSD for the five different configurations of the sensors
PZT#1 and PZT#2.

e PH I (Phase I): Reference signal adopted (healthy struc-
ture).

e PH II (Phase II): Initiation of the test, from the fifth to the
20th measurement. Possibly, the formation of multiple
cracks occurred in this phase; the increase in the tenacity
of the structure was started.

e PH III (Phase III): During this part of the test (from the
21st to the 40th measurement), the test reached the load
peak (54 kN), resulting in the rupture and the maximum
tenacity of the structure.

e PH IV (Phase IV): During this phase (from the 41st to
52nd measurement), after the matrix rupture, the load

capacity of the concrete does not decrease very rapidly
and presents considerable tenacity.

e PH V (Phase V): After the end of the test (from the 53rd
to 62nd measurement), the structure is kept at the same
position, however free of loading.

It is worth mentioning that the ISHM technique was able
to detect the damage for part of the situation PH II and all
the other situations analyzed. Note that the RMSD values
obtained on Phase V (load removed) are higher than the
RMSD values obtained on phase I (healthy structure), thus
demonstrating that the damage was clearly detected. In
addition, as the threshold value was determined, 99% confi-
dence was granted for the probability of damage detection.
In addition, it observes a metric growth as the load and con-
sequently the damage increase (Phases II-1V). Finally, the
results above are very encouraging regarding the use of the
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coated piezoelectric transducer in the context of the applica-
tion of the ISHM technique. Further tests are scheduled on
existing civil engineering constructions.

6 Conclusions

This paper proposes a SHM technique dedicated to steel
fiber concrete structures using coated piezoelectric trans-
ducers embedded into the specimens to detect damage. In
this context, epoxy coating is used to protect PZT transduc-
ers that are incorporated into concrete structures. The main
advantage of this approach is related to the possibility of
obtaining a clear indication of the presence of damage in this
type of civil construction structure. It was observed that the
impedance signatures obtained from coated transducers are
sensitive to damage and temperature variation. In addition,
the temperature compensation method based on optimization
was successful on compensating for the influence of tem-
perature on the signals, thus minimizing false diagnostics in
the monitoring process. Other studies are under development
aiming at other types of concrete structures, particularly on
civil engineering constructions. In this case, continuous
online monitoring is required. The addition of a wireless
technology combined with the technique conveyed in this
paper has the potential for performing remote continuous
monitoring of large concrete structures.

Therefore, the main contribution of this work was to
evaluate the ISHM technique using the epoxy-coated piezo-
electric transducer as a sensor and actuator incorporated in
a concrete sample to detect damage during the progression
of structural damage. In addition, the behavior of the imped-
ance signature was evaluated for the scenario where tem-
perature is changing. Consequently, by analyzing the results
obtained in the present study, it was possible to demonstrate
that incipient cracks can be reliably detected with the ISHM
method in association with the proposed data normalization
technique for temperature compensation, together with the
technique for statistical determination of thresholds.
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