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Abstract 
Corrosion of the reinforcement is the most common degradation mechanism in reinforced concrete (RC) structures, causing large 
maintenance and repair costs. A lot of research has been done on the performance-based design of new RC structures, but there 
is still a lack of well-developed methods to assess the condition of existing RC structures. In order to develop reliable assessment 
tools for existing RC structures, an important link still needs to be resolved: the coupling between mechanical processes and 
structural performance. Therefore, a better understanding of the mechanical effects of corrosion-induced damage at the 
reinforcement-concrete interface is needed. X-ray computed tomography (CT) can be applied to reach this goal. The aim of this 
paper is to present the initial research results with micro-CT on small reinforced mortar cylinders. Micro-CT allows to visualize 
the formation of corrosion products and micro cracking from an early stage. In combination with other techniques such as the 
Acoustic Emission (AE) technique, it can result in a reliable visualization and characterization of the mechanical damage 
processes during the corrosion process. 
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1 Introduction 
As existing reinforced concrete (RC) structures are ageing, their structural stability becomes a concern since long-term 
deterioration can cause major structural problems. Corrosion of the reinforcement is hereby the most common deterioration 
mechanism in existing RC buildings and infrastructure causing large economic losses in terms of maintenance and repair costs. 
When the protective passive oxide layer around the steel is destroyed due to carbonation or chloride-ingress, a complex 
electrochemical process takes place. Steel dissolves causing a reduction of the bar’s cross section and iron ions combine with 
water and oxygen to form rust. Corrosion products occupy a greater volume than steel which results in tensile stresses in the 
surrounding concrete. The relative volume expansion is governed by the types of corrosion products that are formed, which 
depend on the process parameters (such as pressure, chloride content, etc.). This will lead to cracking and spalling of the concrete 
cover and a reduction of the bond between steel and concrete.  
 
In many cases, little or no maintenance is executed during service life of RC structures. Whenever existing buildings and 
infrastructure are re-used for new functions (adaptive re-use), subjected to unforeseen damage or deterioration, or their lifetime 
is extended simply because there is no budget for replacement, their structural safety and serviceability becomes a concern. The 
lack of efficient management schemes and accurate models for the assessment of existing structures, leads to higher repair costs 
and reduced structural reliability [1]. Although important research has been done on the durable design of new RC structures, 
there is still a lack of well-developed methods and tools to assess the condition of these existing RC structures. Therefore, 
dedicated research to quantify the effects of the degradation processes on RC member’s structural capacity and durability 
becomes challenging and timely.  
 
Initial empirical [2], analytical [3] and numerical [4] corrosion models that were developed to describe the mechanical behavior 
(cover cracking and spalling) only take into account the expansion of the reinforcement which induces an internal pressure on 
the surrounding concrete. These models often underestimate the time-to-crack initiation. Later research has shown that part of 
the oxides accumulate in the reinforcement-concrete interface. This mechanism was modelled as a “porous” or “diffusion” zone 
that acts as a buffer around the reinforcement [5] and was also called the corrosion accommodating region or CAR [6]. Improved 
modelling results were obtained when taking this into account [7] but there are still discussions about the size of this region [8]. 
Some investigations also detected that iron oxides are transported into cracks which reduced the stress even more. Models became 
even more accurate when incorporating this phenomenon [9, 10]. Still, there is a need for elaborate experimental data sets in 
order to determine to which extent these phenomena occur and to validate numerical models.  
 
X-ray computed tomography is a technique that allows to visualize the inner structure of a non-transparent specimen, based on 
the attenuation of X-rays [11], and can therefore be used to investigate the aforementioned phenomena in the lab. It has already 
been used to study the internal structure of porous building materials such as mortar, concrete paste, bricks and sandstone [12, 
13]. For research on corrosion-induced cracking in reinforced mortars, micro-CT was applied by Michel et al. [6] to visualize 
the development of corrosion products and to estimate the thickness of the corrosion accommodating region (CAR), however 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rt

ic
le

: 
ht

tp
://

w
w

w
.n

dt
.n

et
/?

id
=

20
80

2

mailto:charlotte.vansteen@kuleuven.be
mailto:martine.wevers@kuleuven.be


7th Conference on Industrial Computed Tomography, Leuven, Belgium (iCT 2017) 

2 

the averaging of the results over the specimen thickness and insufficient spatial resolution were a drawback of the 2D scanning 
setup. Savija et al. [14] applied micro-CT to monitor rust formation and cover cracking, in addition to results of other techniques 
such as nanoindentation. Also Cesen et al. [15] used micro-CT in combination with electrochemical techniques and SEM. These 
researches show the potential of the technique for corrosion monitoring in small scale samples. 

 
Electrochemical techniques are widely used to monitor corrosion but they might lack to provide precise information which 
increases the demand for calibration with other techniques. A technique that gives an earlier warning of micro-cracking is the 
Acoustic Emission (AE) technique. The AE technique is a non-destructive technique that allows to capture the corrosion 
initiation and crack growth. Local stress redistributions in the material, such as cracking, emit high frequency elastic waves 
which can be recorded by sensors at the surface [16]. Previous studies indicate that AE can detect concrete cracking due to 
reinforcement corrosion effectively [17-19]. Still, a lot of assumptions of AE trends are very common. Comparison with micro-
CT images can address these assumptions which will be valuable for upscaling towards the on-site use of the AE technique. 
 
This research aims at a better understanding of the mechanical effects of corrosion-induced damage at the reinforcement-concrete 
interface to support advanced numerical modelling and evaluate AE data at small scale. In the present study, mechanical effects 
such as rust transport, cracking and section reduction are visualized with 3D X-ray micro-CT to study the occurring mechanisms 
in detail. The technique will be used in combination with AE measurements during accelerated corrosion testing. Efficiency of 
the micro-CT analysis will allow the study of corrosion under varying conditions and materials. The AE technique will also 
allow upscaling to the structural level in a later stage of the research.  

2 Experimental approach 

2.1 Materials and specimen preparation 
Cylindrical mortar samples with a diameter of 27.7 mm and an height of 58 mm were made. The mortar composition is given in 
table 1. No chlorides were added to the mixture. A smooth steel rod was used as reinforcement (ST37-2K). Both ends of the 
rebar were coated with a heat shrink to prevent crevice corrosion. Only the middle part of the bar, with a length of 2 cm, was not 
coated. The bar was weighed before casting in order to be able to measure the weight loss after testing with the gravimetric 
method. Two samples were made to compare the test results. The two samples were cast in a plastic mould with a 1 cm thick 
metal ring at the bottom which allowed to place the rebar in de middle and keep it straight while casting. The mould was filled 
to one-half and then placed on a vibrating table for 30 seconds. Then, the rest of the mould was filled and was again placed for 
30 seconds on a vibrating table. Also six mortar beams with no reinforcement were made in the same way to determine the 
mortar’s flexural and compression strength. The two small samples and the six mortar beams were left in a curing room (20°C 
and 95% relative humidity) for 7 days. On the 7th day, all the specimens were demoulded. The mortar beams were tested. It was 
found that the mortar had an average flexural strength of 3.54 MPa and an average compression strength of 29.24 MPa after 7 
days. On the same day, the two cylindrical samples were fully immersed for 24h in a 5% sodium chloride (NaCl) solution. 
Accelerated corrosion and AE monitoring started on the 8th day for both cylindrical samples. 

2.2 Accelerated corrosion 

The corrosion process was accelerated by an imposed direct current. A constant current density of 100 µA/cm2 was chosen 
because this was found to be the maximum current density occurring in natural conditions [20]. Different corrosion products will 
be formed when using a higher current density. Also the internal pressure will be build up too quickly since the corrosion products 
will have no time to fill the pores [21]. The rebar was connected to the positive side of the DC regulator and acts as an anode. A 
stainless steel plate was connected to the negative side and acts as a cathode. During exposure, the specimen was partially 
immersed in a 5% NaCl solution to ensure electrical connectivity and chloride ingress.  

2.3 Acoustic emission (AE) technique 

During the accelerated corrosion test, started on the 9th day, AE was monitored continuously. As the sample size is restricted, 
AE sampling was performed at high frequencies. Two piezoelectric broadband sensors having an operating range of 50-2000 
kHz were attached on top of the specimen’s surface with hot melt glue and tape. Their wide frequency range allows a more 
reliable acquisition of different sources closer to their original frequency. The center to center distance was 2 cm. The sensors 
were connected to pre-amplifiers with 40 dB gain. These pre-amplifiers were connected to a Vallen AMSY-5 acquisition system 
with four AE channels. This setup allows a simultaneous monitoring of two samples. AE parameters and waveforms were then 
stored on a PC and the Vallen VisualAETM software was used to process the data in real time. The threshold was set to 38.5 dB 
to avoid emission due to liquid absorption and background noise. The setup to accelerate the corrosion process and perform AE 
monitoring is shown in Fig. 1. When using multiple sensors, source localization can also be performed. In this case, two sensors 
were attached on top of the specimen which will lead to 1D localized events.  

 

 



7th Conference on Industrial Computed Tomography, Leuven, Belgium (iCT 2017) 

3 

Table 1: mortar composition [weight %] 

CEM I 42.5 R HES Sand 0/4 water W/C 
18 70 12 0.66 

 
Figure 1: Setup to accelerate the corrosion process and to perform AE measurements 

2.4 X-ray Computed Tomography (micro-CT) 
X-ray images were made at intermediate stages during the accelerated corrosion process. The AE sensors were removed, the 
sample was taken out of the solution and put on the rotating stage of the scanning machine. A Phoenix Nanotom system was 
used for data acquisition. As the image resolution is related to the specimen size, test scans were performed to optimize the setup 
and obtain adequate resolution for observing the corrosion products and micro cracking from an early stage. Since there is a large 
density difference between the steel and the mortar, a 0.5 mm Cu filter was used in order to reduce artefacts, e.g. beam hardening, 
streak artefacts, etc. During each scan, 2400 images were taken over a rotation of 360°. The raw data consist of 2D projection 
images, which are applied to reconstruct the object as a 3D array of density values. Afterwards, 2D slices can be made which 
can be analyzed on the basis of the different density values (i.e. difference in gray scale) in order to distinguish pores, cracks, 
rust, mortar and steel. 
 
A single scan took about 90 minutes. The applied voltage and current were respectively 135 V and 200 µA. The achieved 
resolution was around 12.7 µm. Only the central portion of the sample, with a height of 30 mm, was scanned. Table 2 shows an 
overview of the performed scans, exposure time and total time since the start of the test. Exposure time is defined as the time 
that the samples were corroding and AE monitoring was performed. The total time is the time since the start of the test program 
and also takes into account the time needed to remove the AE sensors, to scan the samples and to place them back in the setup. 

Table 2: Overview of scans, exposure time [hours] and total time [hours] 

Scan Exposure time  Total time Scan Exposure time  Total time  
0 0 0 5 358.4 374.4 
1 134.4 134.4 6 402.4 422.4 
2 202.4 206.4 7 446.4 470.4 
3 246.4 254.4 8 514.4 542.4 
4 290.4 302.4    

3 Results and discussion 
Performing micro-CT scanning on reinforced mortar is difficult since there is a large density difference, which means a large 
difference in attenuation coefficients, between the cementitious material and the rebar. Unprocessed images are dark with the 
rebar as a very bright spot in the middle. In an initial stage, a selection of the most interesting sections was done and these images 
were processed manually using Adobe Photoshop. The images were inverted, the contrast and brightness were increased and rust 
was indicated in red. Fig. 2 shows the difference between an unprocessed and a processed image of scan 8 of sample 1. Different 
phases can be distinguished on the processed images: pores and cracks are white, the rebar is black, mortar is gray and rust is 
indicated in red. 
 
In Fig. 3, the micro-CT scans (scan 0-8) of sample 1 are shown. The orientation of the images is the same as the specimen’s 
placement in the setup (Fig. 2) which means that the sample is immersed in the NaCl solution at the bottom and the AE sensors 
are placed on top of the presented sections. An initial scan (scan 0, day 0) was made in order to visualize the already existing 
cracks (e.g. shrinkage cracks) in the specimen. It can be noticed in scan 1 (day 5.6) that rust first fills the pores and existing 
micro-cracks. The formation of corrosion products starts at the bottom part of the rebar, i.e. the part of the rebar closest to the 
NaCl solution. Chlorides will enter the specimen through pores and cracks and therefore reach this area of the rebar first.  
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Figure 2: Unprocessed image (left) and processed image (right) 

 
Figure 3: Processed X-ray images of the sample; Sections (A-B), perpendicular to the rebar; orientation: AE sensors on 
top, NaCl solution at the bottom 
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On scan 2 (day 8.6), cracks can be observed meaning that the specimen started to crack between day 5.6 (scan 1) and day 8.6 
(scan 2). It can also be seen that rust has started to fill the main crack, relieving part of the pressure at the reinforcement-concrete 
interface. Also on scan 2, small pits can be noticed in the steel rod. Scan 3 (day 10.6) shows that a new crack has been formed. 
More rust has filled the pores around the rebar and the pits became larger. At day 12.6 of the experimental program (scan 4), the 
rust at the reinforcement-concrete interface almost completely fills the pores, cracks have become wider. At day 17.6 (scan 6) a 
new crack has been formed. The first crack is completely filled with rust products in scan 7 (day 19.6). Rust is also starting to 
fill the other cracks. In scan 8 (day 22.6) it can be seen that the pores and pits are entirely filled with rust products. The depth of 
the deepest pit is 0.78 mm. 
 
The micro-CT results of sample 1 were then related with AE monitoring, performed during the accelerated corrosion process. In 
Fig. 4, AE energy and cumulative AE energy are presented as a function of time. The scanning moments are indicated by a red 
cross. Between day 13 and 15, the sensors loosened because of the specimen becoming too wet so no AE events are recorded 
during that period. This is indicated with a red * and the red line. Different phases that could be noticed on the micro-CT images 
are indicated in different gray scales. In phase 1 (white) rust was filling the existing pores and cracks and no cracking could be 
seen on scan 1 (Fig. 3). Cracking started between scan 1 and 2 (Fig. 3) which is indicated in light gray on Fig 4. Between scan 2 
and 8, more cracks started to grow and more rust was formed at the reinforcement-concrete interface (phase 3, dark gray). 
Results show an increase in AE energy when cracking starts (phase 2). The AE events that are detected just before scan 1 are 
likely caused by cracking initiation that was not observed on the micro-CT images due to the resolution limitations. Overall there 
is an increase in cumulative energy as damage is increasing and accumulating. 
 

 
Figure 4: Time history of AE energy and cumulative AE energy of sample 1 
 
In a next step, localized AE events were related to images of crack growth obtained by micro-CT. The AE system was able to 
localize some events after day 15. Fig. 5 shows a lateral cross section along the rebar of sample 1 during three scanning moments, 
i.e. scan 5 (day 15.6), scan 7 (day 19.6) and scan 8 (day 22.6). The sensors are indicated in black on top of the specimen, the 
mortar is indicated in gray, rust products in red, the rebar in black, cracks and pores in white and the rebar coating in blue. The 
1D location along the X-axis of the AE events is represented by red dots. The size of the dots depends on the amount of energy: 
the diameter of the dot increases as the amount of AE energy is larger.  
 
The located event in scan 5 (Fig. 5) is in good agreement with the location of the crack formation. Scan 7 and 8 in Fig. 5 show 
an increase in located events as the damage accumulates, i.e. more rust formation and crack growth. Also in these scans, the 
located events match with damage observed by micro-CT. It has to be mentioned that the AE system, which is connected to the 
top of the sample, is even able to locate damage at the bottom side of the rebar. These results are very promising for the 
technique’s on-site use as they are in good agreement with the CT images.  
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Figure 5: Lateral sections, along the rebar of the sample with indication of localized AE events in 1D (along X-axis); 
Location of the sections presented in Fig. 3 is indicated with (A-B) 

Scan 8 

Scan 7 

Scan 5 
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Figure 6: Processed X-ray images of sample 2; Sections (C-D), perpendicular to the rebar; orientation: AE sensors on 
top, NaCl solution at the bottom 
 
Results of sample 1 were compared with sample 2. Fig. 6 shows 3 processed sections of sample 2, namely scan 0 (day 0), scan 
6 (day 17.6) and scan 8 (day 22.6), of the section were the largest pit could be observed at the end of the experimental program. 
It can be noticed from the CT scans that the corrosion initiation phase of sample 2 took longer than in sample 1. A possible 
explanation can be found in the critical chloride content or chloride threshold value (Ccrit). Chloride induced corrosion can only 
start when the chloride content at the steel surface has reached a certain threshold. A large amount of different parameters 
influence the value of the critical chloride content but most of them are related to a difference in mixture composition (e.g. binder 
type, mineral admixtures, etc.), condition of the steel and environmental conditions [22]. As these parameters are the same for 
both samples, the longer initiation phase of sample 2 is likely due to the pore distribution and micro cracking caused by shrinkage. 
In chloride induced corrosion, free chlorides dissolved in water can permeate through sound concrete or reach the steel through 
pores and cracks. In that way, the chlorides have likely reached the rebar faster in case of sample 1. Shrinkage cracks can be 
observed on scan 0 for sample 1 (Fig. 3), leading to a faster depassivation of the protective layer. Overall, the same phenomena 
can be detected as in the case of sample 1: rust first started to fill the existing pores and micro-crack (scan 6) and rust then 
accumulated at the reinforcement-concrete interface causing a small crack (scan 8).  
 

 
Figure 7: Lateral section, along the rebar of sample 2 with indication of localized AE events in 1D and the position of 
section C-D 
 
The AE monitoring system was also able to localize some events, as shown in Fig. 7. Also in this case, the localization is in good 
agreement with the occurring damage. Only at sensor 4, an event with a small amount of energy was located and no damage 
could be seen on the micro-CT scanning. On the micro-CT images as well as from the located AE events, a more uniformly 
distributed corrosion initiation is observed, compared to sample 1. 
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Table 3: Porosity of sample 1 and sample 2  

Porosity [%] Sample 1 Sample 2 
Total of mortar around uncoated 
part of the rebar 

4.6 3.66 

% of pores in CAR 2.14 0.01 
% of pores in diffusion zone 97.86 99.99 

 
Previous findings were only obtained from 2D images by manual processing. In a second step, software packages were used to 
analyze the image stacks in 3D. 
 
From the previous results (Fig. 3-7) it was found that the initiation phase is shorter and the corrosion rate is higher in the case of 
sample 1 in comparison with sample 2. In order to verify if this is due to the pore distribution and existing micro-cracks, the 
porosity of the mortar of the uncoated part of the sample at day 0 was calculated for both samples. The software package CTAn 
was used to segment the CT-images and analyze them in 3D. It allows to distinguish the different phases (i.e. pores, steel and 
mortar). The results are shown in table 3. It can be seen that sample 1 has a higher total porosity (i.e. % pores in the mortar 
around the uncoated part) than sample 2 leading to a shorter initiation phase of sample 1. It was also calculated how much 
percentage of the pores were within the CAR (i.e. corrosion accommodating region) and outside this region (called the diffusion 
zone). A higher percentage of the pores can be found in the CAR of sample 1 as can also be seen in scan 0 of Fig. 3. Although 
rust can first fill the pores and relieve part of stress build-up in the surrounding concrete, sample 1 started to corrode earlier due 
to the higher porosity and presence of shrinkage cracks. The presence and formation of cracks is also the cause of the higher 
corrosion rate in sample 1. It can be concluded that porosity is an important parameter which can result in a statistical difference 
concerning corrosion initiation between samples. Nevertheless, care should be taken when analyzing these last results. The 
porosity is calculated using a computer algorithm. It could be noticed during the segmentation process that the images still 
contain a lot of metal artefacts (i.e. streak artefacts) as the steel rebar has a higher density than the mortar. The segmented images 
take only into account the larger pores. The initial shrinkage cracks were filtered out because the computer was not able to 
distinguish the cracks from the noise. Results can be improved by changing the parameters while scanning or using an extra 
filter. The further optimization of the scanning procedure will be a next research step. The values are also lower than expected 
since the pore observation is limited by the spatial resolution. Therefore, the segmentation software was not able to distinguish 
pores smaller than 12.7 µm. 
 
The software packages CTAn and CTVox also allow to gain other information from the CT images. Although a segmentation of 
the empty cracks was not possible, CTAn could be used to distinguish the steel from other materials. CTVox allowed to make a 
3D view of the rebar of sample 1 and 2 as can be seen in Fig. 8. It shows more localized corrosion in case of sample 1 and more 
distributed pits in case of sample 2. The weight could be calculated and compared with an accurate but destructive technique that 
is frequently used to determine the corrosion rate, namely the gravimetric method. In the gravimetric method the rebar is 
removed, cleaned and weighed. After testing, the specimens were placed in a 800°C oven for 2h in order to remove the mortar. 
The rebar was then brushed and cleaned with Clark’s solution, according to ASTM G1-76, up to the point that no more rust 
could be seen under the microscope. The rebars were weighed after every cleaning cycle in order to determine the actual weight 
loss. These results can also be compared with estimations according to Faraday’s law (Eq. 1). 
  

    
Figure 8: 3D model of rebar sample 1 (left), 3D model of rebar sample 2 (right) 
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∆m=(t x M x I)/(Z x F)  (Eq. 1) 
with  ∆m is mass loss [g],  

t is time [s] 
I is current [A],  
Z is valence with a value of 2  
F is Faraday’s constant with a value of 96487 C/mol 

 
Also the depth of the pits was measured in order to calculate the largest section reduction of sample 1 and 2. This was also 
compared with micro-CT images. Section reduction is defined as the difference between the original diameter of the rebar and 
remaining section at the deepest pit. 
 
Results of the gravimetric method and section reduction are given in table 4. The results obtained by Faraday’s law and by 
weighing are not in good agreement. Faraday’s law assumes that all current is applied to dissolve iron in the electrochemical 
reaction. Results obtained from micro-CT analysis on the other hand are in good agreement with the weighed values. Weight 
loss determined by Michel et al. [6] was of the same magnitude. 
Section reduction at the largest pit of sample 1 is larger than in the case of sample 2. This was also confirmed by the micro-CT 
images. There is a slight difference in measurements with a digital caliper and the micro-CT images because the caliper might 
not have reached the deepest part of the pit.  
The difference between the mass loss by weighing is rather small between sample 1 and sample 2 although sample 1 started to 
corrode earlier and has a higher corrosion rate. From observing the cleaned rebar and measurements of the largest section 
reduction of both samples, it can be concluded that the mass loss in sample 1 occurs more locally at the largest pit while smaller 
and more pits spread over the rebar’s surface could be found in sample 2.  
 
Table 4: Comparison of mass loss obtained by Faraday's law, by weighing and micro-CT analysis and section reduction 
by measuring and by micro-CT 
 

Test method Mass loss Sample 1 [g] Deviation [%] Mass loss Sample 2 [g] Deviation [%] 
Weighing 0.11 - 0.08 - 
Faraday’s law 0.21 47.62 0.21 61.90 
Micro-CT 0.15 26.67 0.08 0 

Test method Section reduction 
Sample 1 [mm] 

 Section reduction 
Sample 2 [mm] 

 

Measuring 0.65 - 0.17 - 
Micro-CT 0.78 16.67 0.21 19.05 

4 Summary and conclusions 
In this paper, the initial results of the combined use of two advanced techniques, i.e. X-ray computed tomography (micro-CT) 
and Acoustic Emission (AE), for corrosion monitoring were presented. In a first step, manual processing of the most interesting 
micro-CT images was performed and compared with localized events obtained from AE monitoring. The localized events are in 
good agreement with the CT-images which is very promising for the on-site use of the AE technique. The comparison between 
results obtained from sample 1 en 2 shows a statistic difference in the starting point of corrosion damage. This might depend on 
the critical chloride content which is reached earlier in sample 1 than in sample 2. In a second step, software packages were used 
to further investigate this phenomenon in detail. An analysis with the software package CTAn, which allows to distinguish 
different materials of the entire stack, was performed and CTVox was used to create a 3D model of the sample. Although a copper 
filter of 0.5 mm was used to avoid metal artefacts, it could be noticed that the algorithm was not able to distinguish the cracks 
properly as the images still contain noise from the rebar. The obtained porosity therefore does not take into account shrinkage 
cracks. CTAn was then used to distinguish the rebar from the mortar and to compare the weight and largest section reduction 
with results from the gravimetric method an measurements with a digital caliper. Results are in good agreement.  
Overall it can be concluded that micro-CT allows to visualize the corrosion process from an early stage. Comparison with AE 
monitoring can also avoid assumptions of AE trends. By combining them, a reliable characterization of the damaging 
mechanisms during the corrosion process in small samples can be obtained which is valuable information for numerical 
modelling. 
Further research will focus on: improving scanning parameters in order to reduce metal artefacts, further quantification of micro-
CT results, 3D localization with the AE technique and variations in sample composition and corrosion process parameters. 
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