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Abstract - This study numerically explores the feasibility of a 

capsule-like smart aggregate (CSA) for monitoring stress in 

concrete using an impedance-based approach. After a brief 

introduction to the core principles of impedance-based structural 

health monitoring (SHM), a finite element model of a concrete 

cylinder embedded with a CSA sensor is developed. Impedance 

responses are analyzed under varying levels of axial compressive 

stress. Variations in the CSA’s impedance response due to 

applied stresses are analyzed through shifts in the frequency and 

amplitude of resonant peaks and quantified using the Root Mean 

Square Deviation (RMSD) index. The results demonstrate that the 

CSA sensor exhibits clear sensitivity to compressive stress 

changes, confirming its feasibility for stress monitoring in 

concrete structures. 
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1. Introduction 

Concrete structures (bridges, buildings, dams, and 

tunnels) often have an inhomogeneous property, and are 

frequently subjected to a significant number of external 

factors during service life, such as temperature, humidity, 

erosion, and loading [1]. The structures have to bear severe 

conditions such as earthquakes, tsunamis, or hurricanes. 

These factors could be coupled with construction 

uncertainties, leading to initial structural deterioration. 

Therefore, early monitoring of the health of concrete 

structures is critical to ensuring their safety and long-term 

integrity while also improving the efficiency of 

maintenance efforts. 

Structural health monitoring (SHM) for concrete 

structures is a significant concern of many researchers and 

engineers [2-4]. Over the past decades, numerous global 

and local monitoring techniques have been developed and 

employed for the detection of structural damage in concrete 

elements [5-7]. Along with the development of monitoring 

methods, sensor technologies have also evolved to monitor 

the health of concrete structures [3]. 

Among local damage monitoring methods, impedance-

based SHM has emerged as a promising approach [8-12]. 

The theoretical foundation for this method was initially 

developed by Liang et al. [13], and has since been extended 

by numerous researchers [14-17]. A key feature of the 

technique is the coupling interaction between a 

piezoelectric sensor (typically lead zirconate titanate, PZT) 

and the monitored structure, enabling the acquisition of 

electromechanical impedance responses. These responses 

typically span high-frequency ranges, making them highly 

sensitive to structural changes. Variations in the impedance 

signatures before and after damage events are analyzed to 

detect early-stage deterioration in critical structural 

components. Based on this principle, the method has been 

widely applied to identify various types of damage, such as 

cracking, loose connections, corrosion, and loss of 

prestress force, in diverse structural systems [18-21]. 

To enable impedance-based health monitoring of 

concrete structures, the PZT sensors have been installed on 

the target structures in various ways. Generally, these 

installation approaches were categorized into two main 

groups: surface-bonded PZT sensors [22-26] and 

embedded PZT sensors [27-29]. Among the latest 

developments in embedded sensing, the capsule-like smart 

aggregate (CSA) sensor [30] has emerged as a promising 

solution. The CSA is designed to retain the advantages of 

traditional embedded sensors (i.e., coated PZT, smart 

aggregates (SAs), and spherical SAs), which include 

sensor protection and the ability to monitor internal 

damage within concrete [27]. In addition, the CSA 

addresses a key limitation of conventional SAs, which 

often rely on a trial-and-error approach to identify sensitive 

frequency ranges [31]. Unlike these earlier methods, the 

CSA operates within a predefined frequency range below 

100 kHz, enabled by a specially designed vibrating 

interface [30, 32]. This makes it particularly suitable for 

wireless impedance measurements [9, 33]. Similar to other 

embedded sensors, CSA sensors are typically installed in 

critical regions of the structure, such as load paths and 

areas prone to stress concentration, rather than being 

uniformly distributed throughout the monitored structures. 

While CSA sensors provide localized impedance-based 

measurements, their effectiveness can be enhanced by 

combining them with other types of sensors (e.g., 

accelerometers) to enable a more comprehensive 

assessment of overall structural behavior [34]. 

Laboratory-scale experiments have been conducted to 

evaluate the practicality and effectiveness of the CSA 

sensor for monitoring compressive stress in concrete 

cylinders [30, 35]. However, to date, no numerical studies 

have been reported on CSA-based compressive stress 

monitoring. Such studies are essential to further explore the 

CSA’s potential for impedance-based sensing. A validated 
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finite element (FE) model can be developed and later 

updated using experimental results [35], enabling more 

comprehensive damage analysis, including stress variation 

and crack detection. Moreover, the updated model can 

facilitate the generation of large datasets for integration 

with deep learning models (e.g., CNN-based models), 

ultimately improving the accuracy of concrete damage 

monitoring [35, 36]. 

This study numerically explores the feasibility of using 

a CSA sensor for impedance-based stress monitoring in 

concrete structures. A brief overview of the underlying 

principles of impedance-based SHM is provided. A FE 

model is constructed to simulate a concrete cylinder 

embedded with a CSA sensor subjected to varying levels 

of axial compressive stress. The sensor’s responses are 

analyzed by examining shifts in the resonant frequency and 

amplitude of the impedance spectrum, and quantified using 

the Root Mean Square Deviation (RMSD) index. The 

findings confirm that the CSA sensor is capable of 

detecting stress-induced changes, highlighting its potential 

as an effective tool for localized stress monitoring in 

concrete structures. 

2. Fundamentals of impedance-based method 

2.1. Basic theory of impedance-based SHM 

Liang et al. [13] developed the concept of 

electromechanical impedance (EMI) using a piezoelectric-

actuator mechanical system. Figure 1 shows this concept. 

A PZT patch is attached to the surface of a structure to 

acquire EMI signals from the coupling interaction between 

the PZT and the structure. As illustrated in Figure 1a, an 

applied harmonic voltage 𝑉(𝜔) induces a mechanical 

strain represented by a force 𝐹(𝜔) on the PZT through an 

inverse piezoelectric effect. The force 𝐹(𝜔) is assigned to 

the local area of the host structure. Instantaneously, the 

structural response is transferred back to the PZT, 

generating a corresponding voltage signal through a direct 

piezoelectric effect. This electromechanical coupling 

between the PZT and the structure can be represented by a 

one-degree-of-freedom (1-DOF) impedance model [37], as 

illustrated in Figure 1b. The resulting EMI response is 

characterized by the ratio of the input harmonic voltage 

𝑉(𝜔) to the output electric current 𝐼(𝜔), and is expressed 

as follows: 

𝑍(𝜔) =
𝑉(𝜔)

𝐼(𝜔)
= {𝑖𝜔𝐴𝑝𝑧𝑡 [𝜀3̂3

𝑇 −
1

𝑍𝑝𝑧𝑡(𝜔)/𝑍𝑠(𝜔)+1
𝑑31

2 𝑌̂11
𝐸 ]}

−1

 (1) 

where 𝑖 is the imaginary unit; 𝜔 denotes the excitation 

frequency; 𝐴𝑝𝑧𝑡 is the PZT’s geometric constant; 𝜀3̂3
𝑇  is the 

complex dielectric constant at zero stress; 𝑑31
2  is the 

piezoelectric constant in 1-direction at zero stress; 𝑌̂11
𝐸  is 

the complex Young’s modulus of the PZT at zero electric 

field; 𝑍𝑝𝑧𝑡(𝜔) and 𝑍𝑠(𝜔) are the structural mechanical 

(SM) impedances of the PZT patch and the host structure, 

respectively. 

Since the SM impedance of the host structure is a 

function of its physical properties (i.e., stiffness 𝑘, mass 𝑚, 

and damping 𝑐), any damage-induced changes in these 

properties result in corresponding variations in the 

impedance signals. In this context, the SM impedance of 

the PZT patch is typically assumed to remain constant. The 

structural damage can therefore be detected by comparing 

the post-damage impedance response to the baseline 

(pristine) signal. 

 

Figure 1. Interaction between PZT sensor and structure [13, 37] 

2.2. Damage index using impedance signals 

To detect structural damage, various statistical metrics 

are commonly employed for damage quantification. Sun et 

al. [14] introduced a statistical method based on the RMSD 

of impedance signatures. Subsequently, Raju [38] 

proposed the use of the correlation coefficient (CC) to 

assess signal similarity. Furthermore, Zagrai and 

Giurgiutiu [39] conducted a comprehensive evaluation of 

multiple statistical classification techniques for damage 

detection, including RMSD, mean absolute percentage 

deviation (MAPD), covariance change, and correlation 

coefficient deviation (CCD). 

Among these statistical metrics, the RMSD index is 

most commonly adopted in studies for quantifying damage 

in concrete structures, owing to its high sensitivity to 

structural changes and damage progression [24, 31]. 

Therefore, in this study, the RMSD index is employed. It 

quantifies the variation between impedance signals and is 

calculated as follows: 

𝑅𝑀𝑆𝐷(𝑍, 𝑍∗) = √
∑ [𝑍∗(𝜔𝑖)−𝑍(𝜔𝑖)]𝑁

𝑖=1

2

∑ [𝑍(𝜔𝑖)]𝑁
𝑖=1

2   (2) 

where 𝑍(𝜔𝑖) and 𝑍∗(𝜔𝑖) are the real parts of impedance 

signals measured before and after the damage occurrence 

at 𝑖𝑡ℎ frequency point, respectively, and 𝑁 denotes the 

number of frequency sampling points in the sweep. 

3. CSA-based compressive stress monitoring using 

numerical impedance signals 

3.1. Capsule-like smart aggregate sensor 

 

Figure 2. Prototype of CSA sensor 

Figure 2 illustrates a general prototype of a CSA sensor. 

A PZT patch, with dimensions of 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑤𝑖𝑑𝑡ℎ ×
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 𝑙𝑝𝑧𝑡 × 𝑤𝑝𝑧𝑡 × 𝑡𝑝𝑧𝑡, is bonded to a vibration 

interface of size (𝑙𝑖 × 𝑤𝑖 × 𝑡𝑖) using a thin bonding layer. 

This PZT-interface assembly is installed at the center of a 

hollow encapsulation box, forming the complete CSA 
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sensor with overall dimensions of (𝑙𝑐𝑠𝑎 × 𝑤𝑐𝑠𝑎 × 𝑡𝑐𝑠𝑎). 

Detailed specifications and fabrication methods of the CSA 

components are described in the study by Pham et al. [30]. 

3.2. Finite element model of concrete cylinder embedded 

CSA under compression 

Figure 3 illustrates a three-quarter view of the FE model 

of a concrete cylinder installed with the CSA. The CSA 

(thickness 2 mm) consists of a PZT-5A patch (10 × 10 ×
0.51 𝑚𝑚), an interface (21 × 21 × 1.5 𝑚𝑚), and a 

hollow box (25 × 25 × 11 𝑚𝑚). Assuming that the PZT 

is perfectly mounted to the interface by using an adhesive 

layer [32] with a thickness of 0.1 mm, as reported in 

previous studies [24, 32]. The effect of the adhesive layer 

(i.e., thickness, degradation [40, 41]) has not been 

considered in the numerical model. 

Aluminum material is used for the interface and the 

box. The CSA is placed at the center of the concrete 

specimen (with a diameter of 𝜙𝑐𝑦 = 100 𝑚𝑚 and a height 

of ℎ𝑐𝑦 = 200 𝑚𝑚). As part of a preliminary study on the 

feasibility of CSA-based impedance monitoring, the EMI 

responses of the CSA are recorded under a sequence of 

applied axial compressive stresses S [31, 35]. The material 

properties of the concrete cylinder and the CSA’s 

components are presented in Tables 1 and 2. The 

compressive strength of the concrete (𝜎𝑐 = 25.38 𝑀𝑃𝑎) 

was determined through uniaxial compression tests on 

three standard concrete specimens (100 × 200 mm) after 28 

days of curing. For the impedance analysis, both the 

concrete and the CSA components are assumed to behave 

as linear elastic materials, following the approach in [24]. 

Table 1. Material properties of PZT-5A 

Parameters Symbol Value Unit 

Young’s modulus 𝐸 62.1 GPa 

Mass density  7750 kg/m3 

Poisson’s ratio  0.35 - 

Damping loss factor  0.0125 - 

Dielectric loss factor  0.015 - 

Dielectric constant 𝜀3̂3
𝑇  1.53 × 10−8 Farad/m 

Coupling constant 𝑑31 −1.71 × 10−10 m/V 

Table 2. Material properties of concrete, aluminum, 

 and bonding layer 

Parameters Concrete Aluminum Bonding layer 

Young’s modulus,  
𝐸 (GPa) 

25.47 70 5 

Poisson’s ratio, 0.20 0.33 0.38 

Mass density,  

 (kg/m3) 
2400 2700 1700 

Compressive strength, 

 𝜎𝑐 (MPa) 
25.38 - - 

The FE model was carefully meshed to balance 

computational efficiency and numerical accuracy. A trial-

and-error approach was employed to determine an 

appropriate element size, based on the observed differences 

in stress variation under applied compressive stresses. This 

method ensured that the selected mesh minimized 

numerical artifacts while maintaining reasonable 

computational cost. As shown in Figure 3, three-

dimensional (3D) elements are modeled for the concrete 

cylinder and the CSA. The FE model has 15690 elements, 

including 14930 for the concrete cylinder and 760 elements 

for the CSA. The CSA meshing has 100, 100, 140, and 420 

elements for the PZT, the bonding layer, the interface, and 

the aluminum box, respectively. Quadratic hexahedral 

elements are used for the CSA’s components. Quadratic 

tetrahedral elements are used for the concrete domain. Axial 

compressive stresses S are applied to the top surface of the 

concrete cylinder as a uniform pressure, gradually 

increasing in increments to simulate loading stages. The 

bottom surface of the concrete cylinder is fully constrained 

in all directions (fixed support). Contact conditions between 

the PZT, interface, and aluminum encapsulation are 

modeled as perfectly bonded to simplify initial analysis. At 

this stage, the interfacial slip between layers is not 

considered. This assumption will be examined in future 

studies using cohesive contact elements or frictional 

interfaces to evaluate potential debonding effects. 

To evaluate the feasibility of the CSA sensor, the 

applied stresses are designed to ensure the linear 

characteristic of the concrete material under compression 

[42, 43]. The compressive behavior of concrete is 

characterized by its stress-strain relationship. This 

relationship is linear when the stress is between (0𝜎𝑐) and 
(0.4𝜎𝑐), and becomes nonlinear as the stress increases 

from (0.4𝜎𝑐) up to 𝜎𝑐 [43]. In this study, six loading 

scenarios (applied stresses S1-S6) [35] are simulated on the 

CSA-cylinder to obtain impedance signals. The 

compressive stresses are increasingly applied in a series 

from S1 = 0 MPa (0𝜎𝑐) to S6 = 10.15 MPa (0.4𝜎𝑐) with an 

interval of 2.03 MPa (0.08𝜎𝑐). 

To conduct the impedance analysis, a harmonic voltage 

of 1 V is applied to the top surface of the PZT patch, while 

the bottom surface is grounded to serve as the reference 

electrode. The impedance signatures of the CSA sensor are 

initially examined over a frequency range of 5-95 kHz, 

using 901 frequency sampling points, under the no-load 

condition S1, to identify the sensitive frequency band. Once 

identified, this selected frequency range is used to analyze 

the variations in impedance responses under the 

subsequent applied compressive stress levels. 

 

Figure 3. FE model of CSA-concrete cylinder under stresses 
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3.3. Compressive stress monitoring using numerical 

impedance features 

Figure 4 presents the impedance response of the CSA 

sensor in the frequency band of 5-95 kHz under no applied 

stress (S1 = 0 MPa). It can be observed that there is only 

one impedance resonant frequency peak at 25.3 kHz. The 

highest peak is contained in the frequency range of 20-30 

kHz. It is well established that specific frequency ranges in 

the impedance spectrum capture the most significant 

structural information [31, 44, 45]. Therefore, the 

frequency range of 20-30 kHz (801 points) is selected to 

investigate the changes in impedance signals under 

compression. In the real-world application, impedance 

signals of CSA sensors will be monitored by using 

impedance analyzers (e.g., HIOKI 3532 or Agilent 4294A) 

with very fast responses, and the time for measuring will 

be in a very short period. In this way, the impedance signals 

of CSAs under compression are less likely to be influenced 

by ambient conditions. Noise-free impedance responses of 

CSA sensors under varying compressive loads have been 

demonstrated in the study by Ta et al. [35]. 

 

Figure 4. Impedance signal of CSA in frequency range 5-95 kHz 

Figure 5 presents the changes in the impedance spectra 

of the CSA sensor under various axial compressive stresses 

ranging from 0 MPa (S1) to 10.15 MPa (S6) in the selected 

range (i.e., 20-30 kHz). As the compressive stress increases, 

the impedance signals exhibit a rightward shift, indicating 

the sensitivity of the CSA sensor to stress changes. 

 

Figure 5. Impedance signal of CSA in frequency range 20-30 

kHz under compressive stresses 

Figure 6 illustrates the shift in the resonant frequency 

peak of the CSA sensor’s impedance signal under 

increasing axial compressive stress. The resonant 

frequency remains constant between the initial loading 

stages, S1 (0 MPa) and S2 (2.03 MPa). A slight upward shift 

is observed from 25.325 kHz to 25.338 kHz between S2 

(2.03 MPa) and S3 (4.06 MPa). Beyond this point, from S3 

to S6 (4.06 MPa to 10.15 MPa), the resonant frequency 

stabilizes, showing no significant variation. This trend 

suggests a slight sensitivity of the frequency of the peak of 

the CSA sensor to axial compressive stress. 

 

Figure 6. Frequency of peak of CSAs under compressive stresses 

Figure 7 shows the variation in the magnitude of the 

peak frequency of the CSA sensor’s impedance signal 

under increasing axial compressive stress. As the stress 

increases from S1 (0 MPa) to S6 (10.15 MPa), the peak 

magnitude gradually decreases from approximately 

5665 Ω to 5605 Ω. This downward trend demonstrates the 

sensitivity of the impedance amplitude to axial 

compressive stress and suggests that the peak magnitude 

can serve as a potential indicator for estimating the 

compressive stress. 

 

Figure 7. Magnitude of peak frequency of CSAs under 

compressive stresses 

Figure 8 shows the RMSD indices, which are quantified 

from the impedance signals in the range (20-30 kHz). The 

RMSD magnitudes are gradually increased under stress 

variations. The progressive increase in RMSD values 

(from 0% to 4.54%) confirms the CSA sensor’s sensitivity 

to stress-induced changes in the host concrete, indicating 

its capability for early-stage damage or stress monitoring. 

 

Figure 8. RMSD indices of CSAs under compressive stresses 
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3.4. Discussion and limitations 

The numerical results of this study demonstrate that the 

CSA sensor exhibits clear sensitivity to axial compressive 

stress when embedded in a concrete cylinder. Both the shift 

in resonant frequency and the reduction in impedance 

amplitude confirm a strong correlation between the applied 

load and the sensor’s electromechanical response. Notably, 

the RMSD index shows a progressive increase with 

increasing stress, reinforcing the CSA sensor's ability to 

detect stress-induced changes within the host structure. 

In the current model, the CSA sensor is centrally 

embedded within the concrete specimen. The transition 

from concrete to aluminum, along with the change in 

cross-sectional geometry at the concrete-CSA interface, 

leads to localized stress concentrations at the sensor 

boundary. These stress concentrations may influence the 

impedance signals and will be systematically investigated 

in future studies. To better capture these effects, the 

application of the Concrete Damaged Plasticity (CDP) 

model [31] is proposed. This nonlinear constitutive model 

can account for material heterogeneity, boundary effects, 

and damage evolution under uniaxial compression, 

offering a more realistic simulation of concrete behavior 

under stress. 

Furthermore, environmental influences such as 

temperature variation, humidity, and aging can 

significantly impact both the mechanical characteristics of 

concrete and the electromechanical behavior of the PZT-

based CSA sensor [41, 46]. While these factors are not 

explicitly modeled in this initial study, future work will 

incorporate them. For instance, moisture effects can be 

simulated by adjusting concrete stiffness and damping 

properties, as well as the dielectric and piezoelectric 

constants of the PZT material. 

It is also recognized that actual concrete structures are 

subject to complex loading conditions, including eccentric 

compression, bending, shear, and combined stress states. 

These can generate non-uniform stress fields, induce 

cracking, and alter the sensor-structure interaction in ways 

that significantly affect the impedance response. 

Accordingly, future extensions of this research will include 

simulations under such realistic loading scenarios to more 

thoroughly evaluate the CSA sensor’s performance and 

reliability under practical conditions. 

Moreover, although the present study focused on 

resonant frequency shifts and impedance amplitude 

changes, other spectral features such as peak broadening or 

attenuation were not explored in detail. These 

characteristics, however, may provide valuable insights 

into energy dissipation, material damping, and 

microstructural changes in concrete. In future work, a 

deeper spectral analysis will be conducted, including the 

evaluation of peak width or attenuation to better understand 

the interaction between the CSA sensor and the 

surrounding concrete matrix. This would enhance the 

interpretation of impedance signals beyond simplified 

scalar indices like RMSD or peak magnitude. 

4. Conclusion 

This study presented the numerical investigation into 

the use of the capsule-like smart aggregate (CSA) sensor 

for impedance-based stress monitoring in concrete 

structures. The detailed finite element model of the CSA-

embedded concrete cylinder was developed to simulate the 

sensor’s electromechanical response under applied 

compressive stress. Some findings are as follows: 

- The CSA sensor shows detectable variations in 

impedance signatures under different compressive stress 

levels, confirming its stress sensitivity. 

- The resonant frequency shift is insignificant while the 

impedance amplitude exhibits monotonic trends across the 

full loading range (up to 10.15 MPa), highlighting its 

effectiveness for stress detection. 

- The RMSD index proves effective in quantifying 

impedance changes and is a reliable metric for identifying 

stress-induced variations. 

The results support the feasibility of using CSA sensors 

for localized stress monitoring in concrete structures. 

Future work will focus on incorporating nonlinear material 

behavior, environmental influences, and complex loading 

conditions to improve model accuracy. In addition, a more 

comprehensive spectral analysis will be conducted to 

extract deeper diagnostic features from impedance data. 

These enhancements will enable broader and more reliable 

applications of CSA-based systems in real-world structural 

health monitoring (SHM). 
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