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ABSTRACT 
 

Corrosion of steel reinforcement in concrete structures is one of the causes of structural deterioration in 

the form of cracking of the concrete cover which may lead to more ingress of moisture and further 

damage the rebars. Early detection of corrosion induced cracks using non-destructive techniques can be 

beneficial with regard to scheduling of maintenance activities. In this paper, we present an ultrasonic 

imaging technique for assessing changes in the concrete subsurface, during various stages of rebar 

corrosion. An accelerated corrosion setup is developed to induce corrosion in a rebar embedded in a 

concrete slab specimen; a tied-together pitch catch mode of ultrasonic scanning is performed on a set of 

grid points on the test specimen. A variant of the Synthetic Aperture Focusing Technique (SAFT) is 

used to produce images of horizontal slices through the slab at various depths. The effect of limited 

directivity of the transducers is incorporated in the algorithm for image generation. The study shows 

that with progress of corrosion, the rebar signature disappears from the SAFT image, which can be a 

useful diagnostic indicator for rebar corrosion. In realistic corrosion afflicted structures, the proposed 

technique can provide useful inputs towards scheduling of further inspections, repair and maintenance 

activities.  
 

1. Introduction 
 

Reinforced Cement Concrete (RCC) structure is one of the most commonly used load bearing structural 

material all over the world. Corrosion of reinforcements (rebars) in these structures is one of the major 

problems, which involves material degradation and reduction in the material strength, durability and 

service life. Since rebars are located close to the exposed surface of the concrete, the durability of the 

cover zone is especially critical, since it protects the rebar from corrosion damage. Environmental 

exposure and the quality of construction are the main causes behind rebar corrosion, which further leads 

to cracking or delamination in the concrete. The damaged concrete cover leads to further ingress of 

moisture and deleterious chemicals, which accelerates the deterioration process. The generation of 

expansive corrosion products leads to cracks and delamination in the concrete [1]. Sometimes the cracks 

originate at the surface and progress inwards, and in some other cases, the cracks may originate from 

the rebar and progress towards the surface. They may be visible after substantial corrosion damage has 

occurred in the structure. There is no established technique for early detection of corrosion induced 

damage in concrete structures, which necessitates development of new diagnostic tools for detection.  
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There are several corrosion monitoring techniques available for RCC structures: half-cell potential 

measurement, galvanostatic pulse polarization, concrete resistivity measurement, linear polarization 

resistance (LPR) measurement, electrochemical impedance spectroscopy (EIS), embeddable corrosion 

monitoring sensor, cover thickness measurements, ultrasonic pulse velocity technique, X-ray, Gamma 

radiography measurement, infrared thermography, Ground Penetrating Radar (GPR) etc. [2-4] These 

techniques are mainly used for the detection of corroded area or quantification of percentage of corrosion. 

However not much research has been carried out on detection of corrosion induced crack or 

delamination. Complementary NDT techniques viz. Impact-Echo, ultrasonic imaging, GPR etc. are 

generally used for the detection of defects, voids and anomalies in concrete structures [5]. Among these 

techniques, ultrasonic imaging can be applied effectively to monitor changes in the concrete medium, 

since multiple modes such as compressional, shear or Rayleigh wave modes [6] can generate 

complementary information regarding the condition of the concrete subsurface, where corrosion damage 

usually occurs. Therefore, application of body waves may be a natural choice for corrosion inspection 

of concrete structures.  

 

Many researchers have reported their research on imaging of concrete structures using body waves by 

applying the Synthetic Aperture Focusing Technique (SAFT) algorithm [7-8]. Deboning in rebars, tendon 

ducts, voids and defects in concrete have been detected by application of this algorithm [9-11]. Ultrasonic 

body wave based C-Scan imaging of post-tensioned concrete bridge structures has been reported in [12]. 

Guided wave and acoustic emission based detection of corrosion damage in rebars have been reported 

in [13] and [14]. Recently a study has been presented by the authors for detection of fine surface breaking 

corrosion cracks in concrete using a variant of the algorithm [15].  

 

In the current work, we present a compressional wave based SAFT for detection of near surface damage 

in concrete, induced by an accelerated corrosion process imposed on an embedded rebar in a concrete 

slab specimen. Tied-together ultrasonic scanning is performed using a high frequency (250kHz) normal 

contact transducer (instead of the conventional frequency range between 50 and 100 kHz). The 

waveforms are acquired at various stages of the corrosion process and horizontal slice images at various 

depths of the slab are created using the SAFT algorithm. Corrections are applied to account for limited 

directivity of the transducers. It is observed that the rebar image starts disappearing with progress in the 

corrosion process. The developed technique is efficient since the tied-together scanning methodology is 

found to be effective and the time consuming Full Matrix Capture (FMC) strategy is not necessary [9-11, 

16].  

 

2. Accelerated corrosion experiment 
 

Accelerated corrosion experiments on a Reinforced Cement Concrete (RCC) slab is designed 

based on the developments presented in [15]. The grade of concrete used is M30 (i.e., characteristic 

compressive strength = 30 MPa) and the proportion by weight of the constituents are presented in Table 

1.  

Table 1. Concrete mix design 

Material Cement Coarse aggregate Sand water 

Weight  1 2.77 1.7 0.45 

 

The dimensions of the slab are 400 mm x 400 mm x 100 mm. The sample is cured in water for 28 days 

after casting. A mild steel reinforcement of 10 mm diameter and 350 mm length is embedded in the 

concrete medium, as shown in Figure 1a. The cover around the reinforcement is kept as 45 mm from 

the top surface and 25 mm from the both ends. Wires are attached to the ends of the reinforcement bar 

and taken out from the slab and connected to a DC power supply. A bottle is filled up with 3.5 % NaCl 

solution and placed over the slab just above rebar center to induce accelerated corrosion at that location. 

A copper plate cathode is dipped into the NaCl solution and connected to the same DC power supply. 

A constant voltage of 20V is maintained throughout the experiment (Fig. 2). The experimental 

arrangement for tied together inspection, as shown in Figure. 1b is conducted at intermittent intervals 



 

 

 

on the 8th and 11th day. And observations are made to identify any visible sign of damage, the details of 

which are discussed in Section 3. 

 

 
 

Figure 1. a) Preparation of concrete slab and b) normal transducer inspection techniques  

 

 
Figure 2. Schematic diagram of accelerated corrosion set-up 

 
 

 No visible sign of corrosion activity is observed until the 10th day of the experiment. It is 

observed on the 11th day of corrosion that there is a sudden increase in the current flow in the circuit and 

a hairline crack is observable on the surface of the slab. Ultrasonic scanning is also carried out on the 

11th day.  

 

3. Inspection technique 



 

 

 

The ultrasonic compressional wave field is generated using the normal transducers in the concrete slab 

with an embedded rebar. Inspection is carried on the surface of the slab before and at intermittent 

intervals during the corrosion process (Figure 3). A grid of lines is marked on the slab. The lines are 

spaced at an interval of 10 mm along both the directions. In the Tied-Together Approach (TTA), a pair 

of transducers (source & receive) are placed next to each other and shifted in steps of 10 mm along the 

aperture after a reading is taken, until all the grid points are covered. The first aperture line is located at 

a distance of 40 mm from the nearest edge of the slab and consists of 26 inspection points: transmitter 

location: x (or y) =40 mm to x (or y) =300 mm at an interval of 10 mm. The receiver is placed at 60mm 

away from the transmitter and data is acquired in a tied-together manner (Fig. 3). Total 32 aperture line 

is cover on the slab: from 40 mm to 360mm at an interval of 10mm. A 200 Volts square wave signal 

originating from a pulser-receiver circuit is used as the input for the source and the received signals are 

digitized (by performing 128 averages) in an oscilloscope with sampling frequency of 5 MHz for a time 

window of 500 μs.  
 

 
Figure 3. Schematic diagram of compressional wave inspection for Horizontal Slice SAFT 

 

A pair of 250 kHz frequency transducers is used as the excitation source and reception. A petroleum 

jelly based coupling agent is applied to the surface to enable efficient transfer of energy from source to 

the sample. Images are generated in x-y plane using a variant of SAFT imaging approach.  

 

4. Synthetic Aperture Focusing Technique (SAFT) 

 

4.1 Horizontal Slice SAFT 
 

A variant of the SAFT algorithm, named as “Horizontal Slice SAFT” is applied for imaging the concrete 

medium. This algorithm creates images in the X-Y plane of the slab at specific depths using the 

compressional wave velocity of the medium.  



 

 

 

  
Figure 4. SAFT approach. 

 

Referring to Figure 4, the slab cross section (where imaging need to be done) is discretized in a square 

grid of pixels and each pixel is assumed to be a potential scatterer. One transmitter (𝑻𝒓) generates the 

compressional wave and the scattered field reaches the receiver position (𝑹𝒆). The Time of Flight (𝑇𝑂𝐹), 

corresponding to the travel path from 𝑻𝒓 to 𝑹𝒆 via pixel 𝑷(𝑚,𝑛) is calculated as: 𝑇𝑂𝐹 = (|𝑑𝑷𝑠 | + |𝑑𝑷𝑟 |)𝐶                                                                (1) 

where, |𝑑𝑷𝑠 | is the distance from source to pixel location, |𝑑𝑷𝑟 | is the distance from pixel to receiver 

location and 𝐶  is velocity of the compressional wave. The image value 𝐼(𝑚,𝑛)  at the pixel 𝑷(𝑚,𝑛) 
corresponding to 𝑀 tied-together positions for a specific aperture is calculated according to Equation 2: 𝐼(𝑚,𝑛) = ∑ 𝑓𝑖(𝑡 = 𝑇𝑂𝐹)𝑀

𝑖=1                                                          (2) 

where, 𝑓𝑖(𝑡 = 𝑇𝑂𝐹) is the amplitude of the A-scan acquired by the ith the transmitter-receiver pair and 𝑇𝑂𝐹 is given by Equation 1. The true scatterer gets higher amplitude due to superposition of amplitude.  

 

4.2. Directivity corrections 
 

Ultrasonic transducers have a limited directivity, however, in the conventional SAFT algorithm, it is 

assumed that it has omnidirectional directivity. This often generates a noisy SAFT image due to wrong 

mapping of amplitudes at various pixel locations. An experimental study is conducted to measure the 

directivity of transducer and it has been incorporated in the SAFT program. To measure the directivity, 

one transmitter is placed on one side of the slab and the receivers are placed on the other side of the slab 

along an aperture line. The amplitude of the direct transmission is considered to generate information 

regarding the directivity angle corresponding to the main lobe of the transducer. The schematic diagram 

of considered directivity in the program is shown in Fig. 5.  



 

 

 

 
Figure 5. The directivity of the transducers (shaded zone corresponding to transmitter and receiver 

directivity) 

 

The SAFT algorithm is applied only on those pixels that fall within the two cones (sky and 

purple colored) since the incident and reflected fields are expected to be higher amplitudes in 

this zone. 

 

5. Experimental results 
 

The horizontal SAFT algorithm is implemented in the MATLAB® environment. The data 

collection and imaging is performed for three stages 1) Before corrosion i.e. in the pristine 

condition 2) after 8 days of corrosion and 3) after 11 days of corrosion. 

 

5.1. Before corrosion  
 

The SAFT images are generated in the X-Y plane and at various depths (d), as shown in Fig. 6. 

It is observed at depth d = 45 mm (6a) the rebar is clearly visible, which corresponds to depth 

at which the top of the rebar is located. Below this depth no rebar image is observable at d= 75, 

as observed in Fig. 6b), which is expected. 

 

 



 

 

 

Figure 6. Pristine condition: SAFT image in X-Y plane at various depth. Colorbar represents the 

amplitude of the captured waveform. 

 

Therefore, the embedded rebar in the slab has been successfully imaged using the proposed 

SAFT algorithm.  

 

5.2. Intermediate corrosion 

The ultrasonic experiment is repeated and data collection is carried out in similar to the last exercise on 

8th day of corrosion. SAFT images in the X-Y planes are shown in Figure 7.  

 

 
Figure 7. Intermediate corrosion (8th day): SAFT image in X-Y plane at various depth. Colorbar 

represents the amplitude of the captured waveform. 

 

It is observed at depth d = 45 mm, (7a) a portion of the rebar is visible and most of the rebar is 

not observable compared to Fig. 6a.  
 

5.3. After corrosion 
 

The accelerated corrosion process is stopped on the 11th day of corrosion after appearance of a 

hairline crack on the surface. The SAFT images of X-Y plane of the slab at different depths are 

presented in Figure. 8.  
 



 

 

 

 
Figure 8. Final corrosion: SAFT image in X-Y plane at various depth. Colorbar represents the 

amplitude of the captured waveform. 

 

No rebar is appearing in the any of images at various depths. Therefore, it is observed that rebar 

signatures disappeared in the SAFT images, for significant corrosion.  

 

6. Discussion  
 

In this paper, it is demonstrated that the corrosion damage affecting a rebar in a concrete 

slab can be diagnosed, using compressional ultrasonic wave based “Horizontal Slice SAFT” 

algorithm.  

It is observed that, rebar image starts disappearing from the SAFT image as the corrosion 

progresses. In the pristine condition, when the slab has no corrosion, the rebar is correctly 

mapped. However, as the corrosion process progresses, the rebar starts disappearing and at an 

advanced stage, it disappears fully. This phenomenon happens possibly due to the fact that 

corrosion induced cracks and products scatter the incident ultrasonic waves in various 

directions. Additionally, the corrosion products attenuate the incoming waves, therefore, the 

remnant energy in the received waves is not sufficient for successful imaging of the rebars. The 

developed technique is considerably faster than the conventional body wave imaging 

techniques, due to application of the tied-together strategy.  

 

7. Conclusion 
 

The study presented in this paper demonstrates development of Synthetic Aperture 

Focusing Technique (SAFT) based horizontal slice imaging technique for the imaging based 

detection of rebar corrosion in concrete.  

i) Accelerated corrosion is applied on rebar embedded in a concrete medium and 

ultrasonic imaging is performed on the intact rebar and at various stages of the 

corrosion process.  

ii)  The Horizontal Slice SAFT algorithm is applied for visualization of the rebar and 

it is observed that in the pristine condition, the rebar is mapped correctly; with 

progress of corrosion, at intermediate stages, a portion of rebar disappeared, 

especially, the region where the accelerated corrosion process is applied; at an 

advanced stage, when corroded surface breaking crack appears, the rebar disappears. 



 

 

 

This is attributed to the scattering and attenuation of compressional wave by the 

corrosion product.  

iii) The proposed technique can be used to investigate RCC slabs etc, where the 

reinforcement layout is known.  

 

Further research will be carried out to investigate the capability of this technique for 

detection of various realistic damage scenarios in concrete. 

 

References 

[1] C Andrade, C Alonso, and FJ Molina, “Cover cracking as a function of bar corrosion: Part I-
Experimental test,” Materials and structures, 26(8), pp. 453–464, 1993. 

[2] HW Song, V Saraswathy. “Corrosion monitoring of reinforced concrete structures-A Review”. Int. 
J. Electrochem. Sci, pp. 1-28, 2007. 

[3] A Poursaee, “Corrosion measurement techniques in steel reinforced concrete”, Journal of ASTM 
International, 8(5), pp. 1-5, 2011. 

[4] A Poursaee (Editor), “Corrosion of Steel in Concrete Strcutures” Elsevier, 2016. 
[5] DM McCann, MC Forde, “Review of NDT methods in the assessment of concrete and masonry 

structures” NDT & E Int, 34, pp. 71-84, 2001. 

[6] IA Viktorov, “Rayleigh and Lamb waves-Physical theory and applications” Plenum Press, New 
York, 1967. 

[7] M Krause, F Mielentz, B Milman, W Müller, V Schmitz, and H Wiggenhauser, “Ultrasonic imaging 
of concrete members using an array system”, NDT & E Int; 34, pp. 403-408, 2001. 

[8] M Schickert, M Krause, and W Muller, “Ultrasonic imaging of concrete elements using 
reconstruction by synthetic aperture focusing technique” J Mater in Civ Engrg, 15(3), pp. 235-246, 

2003. 

[9] S Beniwal, A Ganguli, “Localised condition monitoring around rebars using focused ultrasonic field 
and SAFT”, Res in Nondestr Eval, 27(1), pp. 48-67, 2016. 

[10] K Hoegh, L Khazanovich, “Extended synthetic aperture focusing technique for ultrasonic imaging 
of concrete”, NDT & E Int, 74, pp. 33-42, 2015. 

[11] S Beniwal, D Ghosh, and A Ganguli, “Ultrasonic imaging of concrete using scattered elastic wave 
modes”, NDT & E Int, 82, pp. 26-35, 2016. 

[12] SR Iyer, SK Sinha, AJ Schokker, “Ultrasonic C‐scan imaging of post‐tensioned concrete bridge 

structures for detection of corrosion and voids”, Computer‐Aided Civil and Infrastructure 

Engineering, 20(2), pp. 79-94, 2005. 

[13] S Sharma, A Mukherjee, “Longitudinal guided waves for monitoring chloride corrosion in 
reinforcing bars in concrete”, Struct Health Monit, 9, pp. 555-567, 2010 

[14] A Sharma, S Sharma, S Sharma, and A Mukherjee, “Monitoring invisible corrosion in concrete 
using a combination of wave propagation techniques”, Cement and Concrete Composites, 90, pp. 

89-99, 2018. 

[15] D Ghosh, S Beniwal, A Ganguli, and A Mukherjee, “Reference Free Imaging of Subsurface Cracks 
in Concrete using Rayleigh Wave Structural Control and Health Monitoring”, 2018. (Accepted). 
https://doi.org/10.1002/stc.2246.  

[16] JN Potter, PD Wilcox, and AJ Croxford, “Diffuse field full matrix capture for near surface 
ultrasonic imaging”, Ultrasonics, 82, pp. 44-8, 2018. 

 

https://doi.org/10.1002/stc.2246

