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Abstract 
In the last years, aiming at increasing the reliability and safety of complex civil and mechanical 
structures, methods of structural health monitoring (SHM) have been developed to verify the 
integrity of these systems. One of the methods that has attracted the attention of a number of 
scientists and engineers is the method based on the electromechanical impedance of the system. 
For this aim, both the direct and inverse properties of piezoelectric transducers (such as the 
PZT) that are installed along the structure are used. However, there is a need for refining the 
technique with respect to its application in concrete structures. It is known that concrete 
reinforced with steel fibers may suffer micro cracking during manufacturing due to a 
combination of hydration residual stresses, creep, contraction, and temperature variation as the 
structure is submitted to mechanical stress. In the present contribution, an experimental 
procedure to evaluate the impedance based SHM technique to detect damage in a concrete 
structure was performed. Then, a prismatic sample of concrete reinforced with steel fibers - 
SFRC, with a compressive strength of the concrete with 40Mpa was tested. The steel fibers 
proportion corresponds to 60kg / m³ (0.77% in volume) including a proportion of cement, sand, 
gravel, water and additive. This sample was subjected to toughness flexural testing for prismatic 
beams to produce a damage. Measurements of the real part of the electromechanical impedance 
of the specimen were collected before and after performing the damage by using an impedance 
analyzer. Therefore, this paper is devoted to damage identification and characterization of 
concrete structures by using an impedance based SHM approach. In addition, the temperature 
effect was analyzed and compensated.  
 

Keywords: Smart structures, Structural Health Monitoring, Concrete structure, Industrial 
application 

 
1. INTRODUCTION 

 
In civil engineering, concrete structures are susceptible to various types of damage. In 

the early stage, for example, during concrete cure, cracks are initiated due to high mechanical 
stresses caused by the moisture diffusion and temperature fluctuation for hydration purposes. 
Furthermore, during the lifetime of these structures, crack growth may lead the structures to fail. 
It is important to notice that the durability of this type of structures are connected to mechanical, 
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physical and chemical deterioration, as follows: corrosion of reinforcing fibers, concrete 
carbonation, and large temperature differences. Therefore, in recent years, the techniques of 
structural health monitoring (SHM) are used to detect incipient damage with the objective of 
promoting timely maintenance and extending the operational life of the structures. 

In addition, structure failures can cause the loss of lives and property; furthermore, the 
large and complex nature of civil structures makes the inspection very expensive and sometimes 
unreliable. Hence, new techniques were developed and emerged for monitoring civil 
engineering structures [1]. One of the most significant techniques that has been tested for the 
detection of damage in civil, mechanical and aeronautical structures is the method based on the 
electromechanical impedance. However, this technique still requires further studies for its 
improvement regarding applications involving concrete structures. 

SHM based on the electro-mechanical impedance (E/M) is a simple and straightforward 
approach. The basic concept of the method is to verify changes in the mechanical impedance of 
the monitored structure and compare the scenarios with and without damage. The measurement 
of the mechanical impedance is performed indirectly through the electrical impedance 
measurement with the aid of piezoelectric transducers coupled to the monitored structure or 
incorporated to it. The measurements are performed both for the pristine condition (baseline) 
and during the lifetime of the structure. Considering the coupling properties between the PZT 
patch and the structure, the presence of damage can be verified by observing the change in the 
signal of the electrical impedance. This change can be quantified with the aid of properly defined 
damage metrics.  

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 of a prototype formed by a part of a bridge. This structure was made with 
reinforced concrete [1]. Other studies have also obtained promising results such as, for example, 
in detecting damage in concrete plates where the damage was produced from a cutting blade [2, 
3]. In another study, the influence of the concrete cure on the impedance signals was considered. 
For this aim, a piezoelectric transducer was introduced in the concrete plate during its 
manufacturing. It was found that the impedance signals change as the samples were subjected 
to compression; however, the authors did not conduct more detailed studies in the presence of 
incipient damage during the tests [4]. A study about the influence on the impedance signals of 
the detachment of the piezoelectric transducers was also performed. In this case, the sensors 
were bonded to the steel fibers used to reinforce concrete structures [5]. In another study, the 
technique was used to detect carbonation in this type of structures [6]. The influence of 
temperature and loading on the impedance signals of a piezoelectric sensor coated with a 
protection structure with cement and epoxy [7] was also investigated. 

In a recent work, a wireless monitoring system based on impedance signals was 
developed. The admittance signal module was used for damage prognosis in a reinforced 
concrete structure (RC-Beam). In this regard, a network of sensors was incorporated both in the 
inner and outer parts of the structure [8]; however, when using the admittance module, it should 
be considered that the impedance signals incorporate the imaginary part of the impedance signal 
since it depends of temperature variation [9, 10, 11]. Based on this last contribution, the 
objective of the present work is to develop an experimental test using the real part of the 
impedance signal to detect damage in a prismatic sample of concrete reinforced with steel fibers. 
This specimen was subjected to toughness testing, aiming at producing an incipient damage. In 
addition, the influence of temperature on the impedance signal was evaluated and compensated.  

 



2. IMPEDANCE ELETROMECHANIAL METHOD 

 The method of structural health monitoring based on electromechanical impedance was 
first proposed in 1994 [12]. The method uses piezoelectric transducers coupled to the structure 
to monitor changes in its stiffness, damping and mass. Due to the difficulty of obtaining the 
mechanical impedance of the structure, the electrical impedance measurements are obtained by 
using piezoelectric transducers coupled to the system. Assuming that the properties of the PZT 
patch (Lead Zirconate Titanate) do not vary over time, changes in the electrical impedance will 
be directly related to changes in the mechanical impedance, which is affected by the presence 
of damage [12,13,14,15]. The electromechanical model that describes and quantifies the 
measurement process is showed in Fig. 1. 
 
 

 
Figure 1. Electromechanical Model of the structural health monitoring method [12]. 

 

 Based on the system showed in Fig. 1, the admittance 桟岫�岻 of the piezoelectric 
transducer is the combined function between the mechanical impedance of the PZT actuator 燦珊岫�岻  and the structure 燦岫�岻, according to Eq. 1. The impedance is a frequency dependent 
complex function. 
 桁岫�岻 = �� = ��欠 峭綱戴̅戴脹 岫1 − �絞岻 − 岾 跳岫�岻跳岫�岻+跳尼岫�岻 穴戴�態 桁̂��� 峇嶌                         (1) 

 
where � is the voltage applied to the PZT patch, � is the current, 珊 is the geometric constant of 
the PZT patch, 桟̂���  is the complex Young modulus of the transducer with null electric field, ��� 
is the piezoelectric coupling constant with null strain, 資̅���  is the complex dielectric constant of 
the transducer and 諮 is the dielectric loss factor of the PZT patch.  

To obtain the electrical impedance, both the direct and inverse effects of the piezoelectric 
transducer are used. The direct effect (or sensor effect) is characterized by producing a voltage 
when the piezoelectric transducer is mechanically deformed in the elastic phase, and the inverse 
effect (or actuator effect) appears when a piezoelectric ceramic patch is subjected to a voltage, 
resulting a mechanical deformation [12, 13].  

2.1. DAMAGE METRIC 

 The detection and evaluation of the structure integrity is based on the comparison 
between the impedance function without and with damage. The simple visual comparison is not 
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enough, since it gives only a qualitative comparison; consequently, it is necessary the use a 
quantitative criterion. Thus, damage metrics are employed, i.e., scalar parameters are properly 
defined so that they are able to numerically represent the difference between the two signals 
(without and with damage) [16].  
 For the impedance based SHM approach, a number of damage metrics can be used to 
evaluate the integrity of the structure [17]. As an example, one of the most commonly used 
metric is the RMSD (Root Mean Square Deviation) and its definition is given by Eq. 2 [18,19]. 
 迎�鯨経 = √∑ {[眺勅(跳迭,�)−眺勅岫跳鉄,�岻]鉄津 }津�=怠 , (2) 

 
where 迎結(傑怠,�) is the real part of the impedance measure without damage (baseline) at the 
frequency i; 迎結岫傑態,�岻 is the real part of the impedance measurement at the frequency i for a new 
structure configuration; � is the total number of the 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 
both data sets (without and with damage). Its mathematical definition involves a difference 
between a coefficient of correlation between a measurement and a reference value, as given by 
Eq. 3 [20]. 系系経 = 1 − 系系, (3) 

where CCD is the deviation of the correlation coefficient and CC is the correlation coefficient 
calculated by Eq. 4. 系系 =  怠津 ∑ 岫眺勅(跳迭,�)−眺勅岫跳̅迭岻岻岫眺勅(跳鉄,�)−眺勅岫跳̅鉄岻岻聴二迭聴二鉄津�=怠 , (4) 

where 鯨跳迭 is the standard deviation of the reference impedance signal and 鯨跳鉄 is the standard 
deviation of the impedance signal to be compared with. When the correlation coefficient is equal 
to 1.0, the signals have 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 admittance signals. 

 

2.2. TEMPERATURE COMPENSATION 

 
The problems related with temperature effects are reported in literature as the most 

critical and challenging difficulty in the application of impedance based SHM techniques. The 
impedance measurements change as a function of temperature, in such a way that it may lead to 
false positives when evaluating damage metrics. That happens since some properties of the 
piezoelectric transducers are dependent on temperature, such as the dielectric constant (綱戴̅戴脹 ). 
There are some previous works in which the compensation of temperature is addressed. As an 
example, the Effective-Shift (EFS) through correlation analysis is an interesting approach for 
temperature compensation [10]. 



Analyzing the impedance signal for a fixed frequency range, the temperature effect could 
shift the signal on the horizontal and vertical axis; nevertheless, the presence of the damage on 
the signature is somewhat local and abrupt [11]. This feature allows us to separate the 
temperature effects. For this purpose, a global average difference from the two signals is 
obtained from Eq. 5. 
 ∆�= 怠津 [∑ R�岫傑態,�岻津�=怠 − ∑ R�岫傑怠,�岻津�=怠 ], (5) 

 
where Δv is the vertical shift; R�(Z怠,i) and R�(Z態,i) are the real parts of the measured impedance 
of the baseline and test measurement, respectively; n is the number of frequency points selected. 
 Afterwards, the frequency shift Δf is obtained through an iterative routine until the 
maximum correlation coefficient (ideally equal to one) is obtained, [21]. Thus, the correlation 
coefficient of the compensated signature is determined by using Eq. 6: 
 系系跳迭跳鉄 = 怠津 ∑ {[Re(跳迭,�)−Re岫跳̅迭岻]−[Re(跳鉄,�)−Re岫跳̅鉄岻]聴二迭,�聴二鉄,� }津�=怠 , (6) 

 
where R�岫Z̅怠岻 and R�岫Z̅態岻 are the average of the baseline and test measurement, respectively; SZ迭 and SZ鉄 are the standard deviations of the baseline and test measurements, respectively. 
 Then, the frequency shift Δf is obtained through an iterative routine until the maximum 
correlation coefficient (ideally equal to one) is obtained, [22]. Thus, the compensated signature 
is determined by using Eq. 7: 
 R�(傑頂墜��,�) =  R� 岾傑陳勅鳥�鳥銚,�±∆�峇, (7) 

 
where is the real part of the impedance corrected at frequency i, is the real 

part of the test measurement shifted by data points at frequency . In the frequency axis, 

the shift will be applied to the right if the temperature of the test is higher than the temperature 
of the baseline; otherwise, the shift will be oriented to the left. Therefore, it is of the upmost 
importance to have temperature readings for all measurements performed by transducers placed 
as close as possible to the piezoceramic sensors installed along the structure.  
 Finally, the corresponding damage metric is calculated for the compensated impedance 
signature. Thus, it is possible to minimize the temperature effect by determining the optimal 
values for ∆� and ∆捗. 
 

3. METHODOLOGY 

 
For the tests, a prismatic concrete specimen with steel reinforcement fibers was prepared, 

with the dimensions 150 x 150 mm2 in the transversal section and length of 500 mm, as showed 
in the Fig. 2.  
 The concrete mix used exhibits 40 MPa compressive strength (血頂�) applied for 28 days. 
The materials used in this specimen are specified in Table 1. 

 

Re Zcorr,i( ) Re Z2,i±Df( )
Df i ± Df



 

 
(a) (b) 

Figure 2: (a) Dimensions of the specimen with the two PZT patches (Dimensions in mm); (b) specimen. 

 After molding, densification and finishing, the specimen was placed in a moisture 
chamber for 48 hours. Then, the sample was uninformed and placed in submerged cure. Two 
piezoelectric transducers (diameter: 25 mm and thickness:2mm) were attached on the structure, 
as shown in Fig. 2 (a). 

Materials Quantity 

Cement CP II 40 (kg/m3) 447,00 
Thin sand (kg/m3) 250,32 
Medium sand (kg/m3) 464,88 
Crushed Rock 0 – maximum dimension 12,5 mm (kg/m3) 268,20 
Crushed Rock 1 - dimensão máxima 19,0 mm (kg/m3) 804,60 
Water (l/m3) 179,80 
Superplasticizer (l/m3) 2,34 
Steel Fiber (kg/m3) 60,00 
a/c factor 0,40 
Mass trace 1:4 

Table 1: Material used in the specimen. 

 To produce the damage in the structure, a flexural toughness test was performed after 47 
days of curing for the sample. The electromechanical servo hydraulic MTS machine with 100 
kN capacity to compression was used. The specimen was properly labeled in order to facilitate 
the alignment and positioning in the testing machine. It also facilitates the installation of the 
yoke device (Fig. 3 (a)). Figure 3 (b) shows the load application on the flexural toughness test 
(Fig. 3(b)). 
The measurements of the electrical impedance were made before and after the damage 
generation. The equipment used is the impedance analyzer Agilent 4294A (Fig. 4). Two 
frequency bands were used: 10kHz to 30kHz and 80kHz to 120kHz, with 401 points. These 
frequency ranges have been selected from the method of trial and error. 
 For the evaluation of the temperature effect, the specimen was placed inside a thermic 
chamber (Figs. 5(a) and 5 (c)). The chamber was tuned for three temperatures, namely 23° C, 
25°C and 27°C. An impedance analyzer (Agilent 4294A) was used in the monitoring scheme 
(Fig. 5(b)). The frequency band selected was 80kHz to 120kHz and 5000 frequency points of 
resolution were acquired. 

PZT 1 PZT 2 



  
(a) (b) 

 
Figure 3: (a) Specimen on the testing machine; (b) Test scheme. 

  

 

Figure 4:  Test instrumentation. 

 

   
(a) (b) (c) 

 
Figure 5. Temperature effect: (a) Thermal chamber, (b) Portable impedance meter device; (c) Specimen inside the 

thermal chamber. 
 

4. DISCUSSION AND RESULTS 

4.1. DAMAGE DETECTION 

 Using the methodology above, cracks have been created in the neighborhood of the 
center of the specimen as showed in the Fig. 6.  
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Figure 6: Specimen damaged. 
 
 Analyzing the results obtained from the PZT #1 for the first frequency band (10-30) kHz, 
it was observed that the real part of the impedance signal measured after the damage changed 
significantly as compared with the baseline (Fig. 7(a)). In order to quantify these changes, the 
impedance signals were numerically treated by using Eq. 2. Various damage metrics were used 
to perform a quantitative analysis; however, in the present work we present only two of them, 
since the results from the other damage metrics lead to similar results. Figure 7(b) shows the 
RMSD damage metric obtained. The six first states refer to the baseline signal versus baseline 
comparison and the other seven states refer to the baseline versus the damaged signal (cracked 
specimen).  
 Figures 8 (c) and 8 (d) show the boxplot of the RMSD and CCD damage metrics, 
respectively. The baseline versus baseline responses have small influence on the damage metric 
values since external noise and temperature effect are negligible. As can be seen on the results 
from the PZT 1, the frequency bands present the same behavior. Therefore, it can be concluded 
that the impedance method is capable of detecting damage in the structure. A similar behavior 
is found for the PZT #2 signal for the same frequency range (Fig. 9(a) and Fig. 9 (b)) 
 For the two piezoelectric transducers, the second band frequency, [80-120] kHz, the 
signals are capable of detecting the cracks; however, the results show that this frequency band 
is less sensitive to detect damage (Fig. 10 and Fig.11). It is import to notice that higher 
frequencies are less sensitive to external noise.  
 

(a) (b) 
 

Figura 7: PZT #1 ([10-30] kHz): (a) Impedance Re signal; (b) Damage Metric -RMSD. 



 
 

(a) (b) 
 

Figura 8: PZT #1 ([10-30] kHz): (a) Boxplot – RMSD; (b) Boxplot -CCD. 
 
 

  
(a) (b) 

 
Figure 9: PZT #2 ([10-30] kHz): (a) Impedance Re signal; (b) Boxplot – RMSD. 

 
 

  
(a) (b) 

 
Figure 10: PZT #2 ([80-120] kHz): (a) Impedance Re signal; (b) Boxplot – RMSD. 

 



  
(a) (b) 

Figure 11: PZT #1 ([80-120] kHz): (a) Impedance Re signal; (b) Boxplot – RMSD. 
 

4.2. TEMPERATURE EFFECT 

 
 Analyzing the Fig. 12(a), the impedance signal showed a small variation when the 
temperature varies considering the three different temperatures, namely 23.6 °C, 25.4 °C and 
25.4°C. By zooming the response, it shows that the impedance signal has a vertical and 
horizontal shift (Fig. 12 (b)). Consequently, in order to correct the signal and avoid false-
positives, temperature compensation was required.  
 After compensation the temperature effect, the impedance signal was updated, as showed 
in the Fig. 13. 
 

(a) (b) 
 
Figure 12: PZT #1-[80-120] kHz: (a) Impedance (Re) signature without temperature compensation; (b) Detail of 

the Impedance signal without temperature compensation.  
 

 Figure 14 shows the damage metric for the baseline versus baseline comparison, before 
and after temperature compensation. The first nine measurements represent the damage metric 
evaluation at 23.6° C, the next nine measurements represent the damage metric at 25.4°C and, 
finally, the last nine measurements represent the damage metric at 27.4°C. As can been seen in 
the results, temperature compensation is an effective way to obtain reliable SHM data. 

 



(a) (b) 
 

Figure 13: PZT #1 - [80-120] kHz: (a) Impedance (Re) signature with temperature compensation; (b) Detail of 
the impedance signal with temperature compensation.  

 
 

 
 

Figure 14: Damage metric comparison between the impedance signals with and without temperature 
compensation. 

5. CONCLUSION  

 
 In the present contribution, an experimental procedure to evaluate the impedance based 
SHM technique to detect damage in a concrete structure was performed. For this aim, a prismatic 
sample of concrete reinforced with steel fibers was tested. Measurements of the real part of the 
electromechanical impedance of the specimen were collected before and after performing the 
damage by using an impedance analyzer. The goal of this study was to identify and characterize 
damaged concrete structures by using an impedance based SHM approach. In addition, the 
temperature effect was analyzed and compensated.  
  The presented results permitted to conclude electromechanical impedance 
method is an interesting alternative for detecting damage in concrete structures. Temperature 



compensation is required to avoid false positives in the analyses. Further studies will be focused 
on real-world concrete structures. 
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