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1. Introduction 

Reinforced concrete (RC) is widely used in civil infrastructure, including buildings, bridges, and pavements, due to 

its high compressive strength and cost-effectiveness [1]. However, the embedded steel reinforcement is susceptible to 

corrosion, particularly when exposed to moisture, chlorides, or carbonation [2], [3]. Corrosion leads to the formation of 

rust products that expand in volume, which causes internal stresses, cracking, and delamination of the surrounding 

concrete. This progressive deterioration reduces the load-carrying capacity and service life of RC structures. Globally, 

corrosion-related damage in civil infrastructure is estimated to cost about 3–4% of the annual gross domestic product, 

and in the United States alone, direct corrosion-related maintenance costs exceed USD 276 billion annually [4], [5]. As 

corrosion initiates internally and progresses slowly, visible signs of deterioration often appear only after significant 

damage has occurred. Therefore, early detection is critical to enable timely intervention, reduce maintenance costs, and 

ensure the long-term safety of RC infrastructure.  

Various nondestructive testing (NDT) techniques have been explored to monitor the condition of RC structures, such 

as half-cell potential measurement, ground-penetrating radar, acoustic emission, and ultrasonic testing [6], [7]. Among 

these techniques, ultrasonic-based methods have gained significant interest due to their ability to assess internal 

conditions without causing damage to the structure. Ultrasonic waves are highly sensitive to changes in material 

properties and interfaces, which makes them suitable for detecting cracks, voids, and delamination. Recent advances in 

sensor technologies, such as piezoelectric transducers and fiber optic sensors, have enabled the use of active ultrasonic 

sensing for structural health monitoring (SHM) in RC systems [8]–[10].  

Despite these developments, most existing studies focus on detecting corrosion at advanced stages, where significant 

section loss, visible cracks, or delamination have already occurred [11]–[13]. In these cases, ultrasonic signals commonly 

exhibit clear reductions in velocity and amplitude due to the presence of large voids and discontinuities. However, during 

the early stage of corrosion, the steel–concrete interface undergoes subtle degradation and the formation of micro-voids, 

which cause only minor changes in the acoustic impedance. These early-stage changes are much more challenging to 

detect, and the ultrasonic response mechanisms associated with them remain poorly understood. 
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Corrosion of steel reinforcement is a major cause of deterioration in reinforced concrete (RC) structures. 

It often starts at the steel–concrete interface and progresses silently, without any visible signs of damage, 

until significant deterioration has occurred. Early detection is therefore crucial to enable timely 

maintenance and extend service life. This study investigates the feasibility of using ultrasonic techniques 

to detect early-stage corrosion in RC through finite element (FE) simulations. A two-dimensional model 

was developed in COMSOL Multiphysics, with a steel rebar embedded within a concrete block. Early 

corrosion was represented as a thin annular layer with reduced stiffness and density surrounding the steel 

bar, and three cases were simulated: intact steel, 1 mm corrosion layer, and 2 mm corrosion layer. The 

simulation results showed that thicker corrosion led to reductions in wave amplitude, delays in arrival 

time, and distortion of the waveform, which indicates changes in acoustic impedance and scattering at the 

degraded interface. These findings demonstrate the potential of ultrasonic-based methods for detecting 

corrosion at its earliest stages and provide a foundation for developing more sensitive structural health 

monitoring techniques for RC infrastructure. 
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Finite element (FE) simulation has emerged as a powerful approach to investigate ultrasonic wave propagation in 

complex and heterogeneous concrete materials. Several studies have used FE modelling to examine wave scattering, 

reflection, and attenuation patterns in intact and damaged RC [14]–[16]. However, many of these works rely on complex 

post-processing techniques to interpret the ultrasonic signals, and only a limited number have attempted to numerically 

characterize the interaction between ultrasonic waves and corrosion-induced interface degradation at an early stage. 

To address this gap, this study aims to numerically investigate the ultrasonic response of reinforced concrete 

structures subjected to early-stage corrosion at the steel–concrete interface using finite element simulations. A two-

dimensional RC model was developed in COMSOL Multiphysics to simulate the propagation of ultrasonic waves through 

both intact and corroded specimens. Early corrosion was represented as a thin, degraded interfacial layer surrounding the 

embedded steel rebar. Two piezoelectric sensors were positioned on opposite sides of the concrete to actively generate 

and record the ultrasonic signals. The simulation results provide insights for assessing the feasibility of using ultrasonic 

techniques for early-stage corrosion detection. 

 

2. Methodology 

A two-dimensional finite element model was developed in COMSOL Multiphysics 6.0 to investigate the propagation 

of ultrasonic waves through reinforced concrete subjected to early-stage corrosion at the steel-concrete interface. The 

simulation employed the Pressure Acoustics, Solid Mechanics, Electrostatics, and Electrical Circuit physics modules 

under a time-dependent study. The Pressure Acoustics interface modeled wave propagation in the concrete medium, 

while the Solid Mechanics interface represented elastic behavior in the steel rebar and the concrete’s solid phase. The 

Electrostatics and Electrical Circuit interfaces were coupled to simulate the electrical excitation and piezoelectric 

response of the ultrasonic transducers. These physics modules were bidirectionally coupled through displacement and 

pressure continuity boundaries to replicate the actuation and sensing process of an active ultrasonic measurement system. 

The model geometry, as illustrated in Figure 1, consisted of a rectangular concrete block with a centrally embedded 

steel rebar, representing a simplified section of RC structural components. The concrete block was modelled with overall 

dimensions of 150 × 150 mm, while the steel rebar was represented as a smooth circular rod of 12.7 mm diameter. Surface 

ribs on the rebar were neglected to reduce computational complexity and focus on bulk wave behavior. Two piezoelectric 

sensors were defined in the model. The first one generated the ultrasonic pulse, while the second one at the bottom 

recorded the received wave signals. 

 

 
Figure 1. Simplified corroded RC model. 

 

Three cases, as illustrated in Figure 2, were simulated:  

 

i) Case 1: Intact steel reinforcement (no corrosion), 

ii) Case 2: Steel surrounded by a 1 mm-thick corrosion layer  

iii) Case 3: Steel surrounded by a 2 mm-thick corrosion layer 
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(a) (b) (c) 

Figure 2. The generated RC model for (a) Case 1, (b) Case 2, and (c) Case 3. 

 

The corroded layer was modelled as an annular region with reduced density and stiffness compared to steel to 

represent the degraded mechanical properties of rust. Concrete and steel were modelled as linear elastic isotropic 

materials.  

To represent common structural concrete, the concrete properties were based on a nominal mix proportion of 1:2:4 

(cement: sand: coarse aggregate volume) with a water–cement ratio (w/c) = 0.5, corresponding to a compressive strength 

of approximately 25–30 MPa. This composition reflects standard reinforced concrete commonly used in structural 

applications [17]. Concrete was assumed homogeneous and isotropic for simplicity. Table 1 summarizes the properties 

of steel and concrete. 

Table 1. Material properties used in the FE model 

 

Parameter Concrete Steel 

Density (kg/m³) 2000 7850 

Young’s Modulus (GPa) 30 200 

Poisson’s ratio 0.2 0.3 

Speed of sound (m/s) 3400 5900 

 

Figure 3 shows a finer mesh that was applied around the steel–concrete interface and within the corrosion layer to 

ensure accurate capture of wave interactions. In addition, low-reflection boundary conditions were applied at the outer 

boundaries of the concrete block to minimize reflections. Ultrasonic waves were generated using a single-cycle sinusoidal 

pulse with a central frequency of 200 kHz. The excitation was applied as a displacement boundary load at a point on the 

concrete surface directly above the steel bar.   

 

 
 

Figure 3. Detailed view of the finite element mesh in the vicinity of the steel–concrete interface. 
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The time-dependent solver in COMSOL was then used to simulate elastic wave propagation. It allows for direct 

comparisons between the intact, 1 mm-corroded, and 2 mm-corroded models. Changes in wave amplitude and the time 

delay of the first arrival were analyzed as potential indicators of early-stage corrosion around the steel reinforcement. 

The main COMSOL parameters and solver configurations are summarized in Table 2. 

 

Table 2. Simulation parameters and solver settings 

 

Parameter Description/Setting 

Software version COMSOL Multiphysics 6.0 

Physics interfaces 
Pressure Acoustics, Solid Mechanics, 

Electrostatics, Electrical Circuit 

Study type Time-dependent (transient) 

Time range 0 – 100 μs 

Excitation signal Sinusoidal pulse, 200 kHz 

Element type Quadratic triangular elements 

Mesh refinement 
Fine near the steel-concrete interface 

and corrosion layer 

Boundary condition Low-reflecting boundary 

Model type 2D plane, 150 mm x 150 mm 

Outputs 
Pressure wavefields, time-domain 

responses 

 

 

3. Results and Discussion 

Figure 4 illustrates the representative snapshots of the simulated wavefield for the three corrosion conditions at time 

30 μs. 

 

   

(a) (b) (c) 

Figure 4. Simulated pressure wavefield snapshots for (a) intact, (b) 1 mm corrosion, and (c) 2 mm corrosion conditions. 

 

For the intact model, the ultrasonic wavefront propagated across the steel–concrete interface with minimal distortion. 

In contrast, the presence of a corrosion layer produced noticeable scattering, and slight reflections were observed around 

the corrosion layer. These effects became more significant in the 2 mm corrosion case, where the wavefront was visibly 

delayed and distorted after crossing the degraded interface. These observations suggest that even a thin degraded layer 

significantly disrupts the transmission of high-frequency ultrasonic waves. Figure 5 presents the signals recorded at the 

receiver point for the three models. 
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Figure 5. Simulated time-domain for intact, 1 mm, and 2 mm corrosion conditions. 

 

The simulation results indicate that the presence of a corrosion layer at the steel–concrete interface introduces 

noticeable changes in the propagation of ultrasonic waves. In particular, the first arrival of the wave is delayed in corroded 

models compared to the intact condition, reflecting a reduction in the effective wave velocity. This slowing occurs 

because the corrosion layer exhibits lower stiffness and altered mechanical properties compared to the surrounding steel, 

which impedes the transmission of elastic energy. 

In addition to the delay in arrival, the amplitude of the transmitted wave is attenuated as the corrosion layer becomes 

more pronounced. This reduction in amplitude arises from partial reflection and scattering at the degraded interface, 

which diverts a portion of the wave energy away from the main propagation path. As a result, less energy reaches the 

receiver, and the waveform exhibits a decrease in peak intensity. 

The simulation results clearly demonstrate that early-stage corrosion around reinforcing steel significantly affects 

ultrasonic wave propagation. The corrosion layer causes delays in wave arrival, reductions in amplitude, and waveform 

distortion. This behavior highlights the potential of ultrasonic techniques to detect corrosion before it becomes visually 

observable or causes structural deterioration. 

 

4. Conclusions 

This study presented a finite element simulation approach to investigate the ultrasonic response of reinforced 

concrete (RC) structures subjected to early-stage corrosion at the steel–concrete interface. A simplified two-dimensional 

model was developed in COMSOL Multiphysics, which consists of a steel rebar embedded within a concrete block. The 

simulation results showed that the presence of a degraded interfacial layer caused measurable changes in the ultrasonic 

signals compared to the intact condition. In particular, increasing corrosion thickness resulted in a reduction in the peak 

amplitude, a slight increase in wave arrival time, and greater distortion of the waveform. These effects result from the 

reduced acoustic impedance and higher scattering at the corroded interface, which attenuate and delay the transmitted 

wave energy. The results demonstrate that ultrasonic techniques have the potential to detect significant interfacial changes 

associated with early corrosion before visible cracks or major damage occur. Future work will focus on refining the model 

to include more realistic conditions, including three-dimensional geometries, non-uniform localized corrosion patches, 

and surface ribs on the rebar. Experimental validation using physical RC specimens with controlled corrosion levels will 

also be conducted to verify the simulation predictions.  

 

Acknowledgment 

This study was funded by Universiti Teknologi Malaysia under UTM Fundamental Research Grant 

[Q.J130000.3823.23H04]. 



Journal of Tomography System & Sensors Application                                                                         Vol. 9, Issue 2, 2026  

www.tssa.com.my                                                                             e-ISSN: 2636-9133 

45 

 
Journal of Tomography System & Sensors Application 

References 

[1] A. S. Chahar and P. Pal, “Study on various properties of reinforced concrete – A review,” Materials Today: 

Proceedings, vol. 65, pp. 597-602, 2022, doi: 10.1016/j.matpr.2022.03.193. 

[2] Q. Wang, Z. Wang, C. Li, X. Qiao, H. Guan, Z. Zhou, and D. Song, “Research progress in corrosion behavior 

and anti-corrosion methods of steel rebar in concrete,” Metals (Basel), vol. 14, no. 8, pp. 862, 2024. 

[3] M. S. H. Mahi and T. A. Ridoy, “Corrosion Mechanisms in Reinforced Concrete: Causes, Effects, and Sustainable 

Mitigation Strategies,” Current Problems in Research, vol. 1, no. 1, pp. 52–66, 2025. 

[4] R. Bender, D. Feron, D. Mills, S. Ritter, R. Bäßler, D. Bettge, I. De Graeve, A. Dugstad, S. Grassini, T. Hack, 

and M. Halama, “Corrosion challenges towards a sustainable society,” Materials and Corrosion, vol. 73, no. 11, 

pp. 1730-1751, 2022, doi: 10.1002/maco.202213140. 

[5] R. Singh and D. Prasad, “Corrosion: Basics, economic adverse effects, and its mitigation,” Grafted Biopolymers 

as Corrosion Inhibitors: Safety, Sustainability, and Efficiency, pp. 1-10, 2023. 

[6] S. Hassani and U. Dackermann, “A Systematic Review of Advanced Sensor Technologies for Non-Destructive 

Testing and Structural Health Monitoring,” Sensors, vol. 23, no. 4, pp. 2204, 2023, doi: 10.3390/s23042204. 

[7] B. B. Tefera and A. G. Tarekegn, “Non-Destructive Testing Techniques for Condition Assessment of Concrete 

Structures: A Review,” 2025. 

[8] R. Soman, J. Wee, and K. Peters, “Optical fiber sensors for ultrasonic structural health monitoring: A review,” 

Sensors, vol. 21, no. 21, pp. 7345, 2021, doi: 10.3390/s21217345. 

[9] P. Jiao, K. J. I. Egbe, Y. Xie, A. M. Nazar, and A. H. Alavi, “Piezoelectric sensing techniques in structural health 

monitoring: A state-of-the-art review,” Sensors (Switzerland), vol. 20, no. 13, pp. 3730, 2020, doi: 

10.3390/s20133730. 

[10] A. Mardanshahi, A. Sreekumar, X. Yang, S. K. Barman, and D. Chronopoulos, “Sensing techniques for structural 

health monitoring: A state-of-the-art review on performance criteria and new-generation technologies,” Sensors, 

vol. 25, no. 5, pp. 1424, 2025. 

[11] A. Karpf, M. Selig, A. Alchaar, and M. Iskander, “Detection of cracks in concrete using near-IR fluorescence 

imaging,” Scientific Reports, vol. 13, no. 1, pp. 18880, 2023, doi: 10.1038/s41598-023-45917-3. 

[12] G. Zhao, D. Zhang, L. Zhang, and B. Wang, “Detection of defects in reinforced concrete structures using 

ultrasonic nondestructive evaluation with piezoceramic transducers and the time reversal method,” Sensors 

(Switzerland), vol. 18, no. 12, pp. 4176, 2018, doi: 10.3390/s18124176. 

[13] J. Taheri-Shakib and A. Al-Mayah, “4D evolutions of cracks, voids, and corrosion products in reinforced concrete 

materials,” Scientific Reports, vol. 13, no. 1, pp. 22455, 2023, doi: 10.1038/s41598-023-48058-9. 

[14] Y. Ohara, K. Kikuchi, T. Tsuji, and T. Mihara, “Development of low‐frequency phased array for imaging defects 

in concrete structures,” Sensors, vol. 21, no. 21, pp. 7012, 2021, doi: 10.3390/s21217012. 

[15] L. Kang, A. Feeney, and S. Dixon, “The High Frequency Flexural Ultrasonic Transducer for Transmitting and 

Receiving Ultrasound in Air,” IEEE Sensors Journal, vol. 20, no. 14, pp. 7653-7660, 2020, doi: 

10.1109/JSEN.2020.2981667. 

[16] J. Kim, Y. Cho, J. Lee, and Y. Kim, “Defect Detection and Characterization in Concrete Based on FEM and 

Ultrasonic Techniques,” Materials (Basel), vol. 15, no. 22, pp. 8160, 2022, doi: 10.3390/ma15228160. 

[17] A. O. Odumade, C. Ezeah, and O. O. Ugwu, “Cement saturation and the effect on stability and compressive 

strength of concrete,” Journal of Physics: Conference Series, vol. 1299, no. 1, 2019, doi: 10.1088/1742-

6596/1299/1/012013. 

 

 


