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ABSTRACT 7 

In this paper, the chloride-induced corrosion progression of a corner located steel bar in 8 

concrete is investigated by X-ray computed tomography (i.e., X-CT). Corrosion of steel bar is 9 

accelerated by placing the reinforced specimen in a wetting and drying cyclic corrosive 10 

environment, rather than by the impressed current method. 3D X-CT images are obtained and 11 

processed to characterize the different material phases, consisting of, steel bar, mortar, 12 

corrosion products and voids/cracks. The corrosion products expansion and concrete cracking 13 

are analysed and discussed. It has been found that pitting corrosion is prone to appear around 14 

the voids close to the steel bar, mainly due to the pre-existing supply of oxygen and moisture. 15 

In addition, a distinct transverse crack has been identified which is caused by non-uniform 16 

corrosion along the reinforcing steel bar. Within the cross-section, corrosion has also been 17 

found non-uniformly distributed, with the maximum rust layer pointing to the corner edge of 18 

the sample. Moreover, the corrosion rust distributions are used to parameterize a recently 19 

developed non-uniform corrosion model. This experimentally validated non-uniform corrosion 20 

model can be applied to corrosion-induced concrete cracking problems with confirmed 21 

accuracy. The combination of the use of wetting and drying cyclic corrosive environment and 22 

the X-CT scanning can provide a new method to the non-destructive investigation of corrosion 23 

process, rust distribution and corrosion-induced concrete cracking in the reinforced concrete 24 

structures. 25 
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1  INTRODUCTION 29 

Corrosion of the reinforcement in concrete structures is arguably the most significant durability 30 

problem, affecting the serviceability and safety of civil engineering structures and 31 

infrastructures. It is estimated that the global cost of corrosion is 2.5 trillion US dollars, 32 

equivalent to roughly 3.4 percent of the global Gross Domestic Product (GDP) [1]. Corrosion 33 

can cause cracking of concrete and de-bonding between the reinforcement and concrete, which 34 

may destroy the integrity of concrete cover, reduce the reliability of concrete and lead to 35 

premature failure of the structures and infrastructures. Under the climate change, the aging 36 

infrastructure will face exacerbated deterioration which warrants new research in 37 

understanding the corrosion in civil engineering.  38 

 39 

In light of the significance of the problem, over the last few decades, considerable researches 40 

have been conducted in understanding the corrosion mechanism [2-4], predicting the structural 41 

effect [5-10], preventing the corrosion initiation and propagation [11-14], etc. In particular, a 42 

variety of experiments have been carried out in understanding the corrosion phenomena of the 43 

reinforcement and the corrosion-induced concrete cracking [15-21]. González et al. [15] 44 

investigated the ratio of the maximum pitting penetration to average general penetration for 45 

reinforced concrete samples and claimed this ratio could be useful for estimation of the residual 46 

life of concrete structures. Moreover, they found the ratio ranged from about 4 to 8 in natural 47 

condition and 5 to 13 in electrochemically accelerated corrosion testing condition. Andrade 48 

[16] indicated that a negligible loss (e.g., 20 µm) of the cross-section of the reinforcing bar in 49 

concrete could lead to a crack width of 0.05-0.1 mm, based on accelerated corrosion tests. 50 

Stewart et al. [19, 22] investigated concrete cracking induced by corrosion of multiple 51 

reinforcing bars based on electrochemically accelerated corrosion tests. Caré et al. [20] carried 52 

out experiments to predict the time to cracking of mortar beams induced by corrosion of 53 
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reinforcement. Furthermore, Kashani et al. [21] and Zhang et al. [18] used a 3D optical or laser 54 

measurement technique for stochastic corrosion analysis of reinforcing bars. However, in most 55 

of these studies, corrosion is accelerated by the impressed current method. In fact, chemical 56 

compositions, mass properties and corrosion distribution of the rust are significantly affected 57 

by the corrosive environment [3, 23]. The mechanisms of reinforcement corrosion and 58 

corrosion-induced concrete cracking in natural environment can be rather different with those 59 

corroded by impressed current in electrochemically accelerated corrosion test. 60 

 61 

To accurately investigate the corrosion development around the steel bar in concrete, more 62 

realistic testing method to accelerate corrosion should be adopted. Wetting and drying cyclic 63 

test with the use of chloride solution is the main approach to generate the same corrosion in 64 

reinforced concrete as in real environment, especially for coastal reinforced concrete structures 65 

which are naturally subjected to wetting and drying cyclic corrosion. Li [24] designed a 66 

comprehensive test program to determine the initiation of chloride-induced reinforcement 67 

corrosion in concrete structures under salt spray and simultaneous service loads. Fu et al. [25] 68 

studied the corrosion characteristics of reinforcement in a 4-year naturally corroded concrete 69 

beam. Vidal et al. [26] and Zhang et al. [27] analysed corrosion pattern of reinforcements and 70 

surface cracks maps of beams exposed to chloride environment over several years. Yuan and 71 

Ji [28] conducted corrosion tests by using artificial environmental chamber and found the 72 

corrosion products distribution around the reinforcement is in a semi-elliptical shape. Zhao et 73 

al. [29-31] carried out wetting and drying accelerated corrosion tests on reinforced concrete 74 

samples and proposed a Gaussian non-uniform corrosion model to quantitatively define the 75 

corrosion products distribution. In addition, Ye et al. [32] studied the rust distribution of corner 76 

located rebar by accelerating corrosion in artificial environmental chamber. Further, Wong et 77 

al. [12] carried out wetting and drying accelerated corrosion tests and found that corrosion 78 
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products were preferentially deposited in large cracks rather than pore spaces in the cement 79 

paste.  80 

 81 

However, to examine the corrosion development within the reinforced concrete samples, 82 

almost all existing studies used destructive observation. The destructive observation means the 83 

corroded reinforced concrete samples were cut to physically expose the cross section for 84 

analysing the corrosion progression between the steel bar and the concrete. It was usually 85 

followed by crush of the samples for weighing the mass of the corroded steel to calculate of 86 

corrosion degree. This approach has been widely used to help understand the rust properties 87 

and distributions [28, 33, 34], the corrosion effect on the steel-concrete interface [35, 36] and 88 

the corrosion products expansion behaviour [12, 25, 37] coupled with digital optical 89 

microscope, scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy 90 

(EDS). However, the microstructures of the reinforced concrete samples are very likely to be 91 

affected or interfered by the cutting, grinding and polishing processes [35]. Moreover, the 92 

technician skills, processing procedure and measuring method are also very likely to affect the 93 

results.  94 

 95 

Recently, a non-destructive experimental method using X-ray computed tomography (i.e., X-96 

CT), has been applied in medicine and material science research [38, 39]. Meanwhile, the X-97 

CT technique has also been used for studying fracture, pore structures and permeability of 98 

concrete [40-43]. The distinct advantage of X-CT test on corrosion of reinforced concrete is 99 

the corrosion development, e.g., initiation, propagation and rust distribution, can be imaged 100 

without any physical cut or smash. Beck [44] perhaps first applied the X-CT method to 101 

investigate the corrosion process of the reinforcing steel in a mortar cylinder with a height of 102 

90 mm and a diameter of 40 mm. Michel et al. [45] employed X-CT to study the corrosion 103 
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products and the formation and propagation of cracks in a reinforced mortar prism sample with 104 

a resolution of 75 µm. Šavija et al. [46] investigated the corrosion induced cover cracking in a 105 

mortar cylindrical specimen with a diameter of 34.1 mm by X-CT scanning with a resolution 106 

of 16 µm. Dong et al. [47] observed the development of steel corrosion, corrosion products 107 

formation, as well as the subsequent initiation and propagation of corrosion-induced cracks by 108 

X-CT. Itty et al. [48] compared the difference in morphology of corrosion deterioration in the 109 

case of carbon steel or stainless steel reinforcement in mortar cylinders.  110 

 111 

A comprehensive literature review suggests that (1) within the limited studies using X-CT for 112 

analysing corrosion in concrete structures, all accelerated corrosion tests employed impressed 113 

current approach which can generate significantly different corrosion products and distribution; 114 

(2) very limited data was presented on corrosion of the corner located reinforcing bar in 115 

concrete which had made the modelling work in corrosion of corner located reinforcement hard 116 

to be validated; and (3) no non-uniform corrosion model was parameterised based on non-117 

destructive experimental test results, as the destructive approaches might change the structure 118 

of the cross section and thus result in inaccurate corrosion distribution.  119 

 120 

This paper investigates the corrosion progression of a corner located steel bar in concrete by 121 

X-CT test, under the accelerated wetting and drying cyclic corrosion. X-CT images with rich 122 

65,536 grey levels are obtained and then processed by in-house scripts, to reliably characterize 123 

the different material phases, consisting of, steel bar, mortar, corrosion products and 124 

voids/cracks. The corrosion products expansion behaviors are analysed and discussed; the 125 

corrosion degree and the maximum and average radial losses of steel bar along the longitudinal 126 

direction are then evaluated. Further, the corrosion progression data obtained from analyzing 127 

the X-CT results are used to parameterize a non-uniform corrosion model. This non-uniform 128 
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corrosion model can then be applied to modelling the corrosion-induced concrete cracking 129 

problems with confirmed accuracy.  130 

 131 

2 X-CT EXPERIMENTATION  132 

2.1 Specimen 133 

In this paper, a cubic mortar specimen with a steel bar located in the corner is designed as 134 

shown in Figure 1. The dimensions of the specimen are 20 mm×20 mm×20 mm and the 135 

diameter of the steel bar is 2.94 mm. The thickness of cover from both sides is 4 mm. The 136 

specimen mixture proportions are shown in Table 1. Sodium chloride that accounted for 5% 137 

by weight of the cement was mixed into the specimens to accelerate the corrosion of steel bar 138 

[49]. The specimens were casted into the purpose-made moulds and taken out of the moulds 139 

after the initial 24 hours for curing of 28 days. To ensure the oxygen and chloride diffuse from 140 

the two sides with the least cover thickness, the other sides were surface treated with protective 141 

sealant.  142 

 143 

The specimen was placed into a wetting and drying cyclic environment, which consists of 144 

soaking the specimen into 5.8 wt.% sodium chloride solutions for 4 hours and drying for 20 145 

hours under about 20% humidity; every 24-hour is a cycle. The temperature for both dry and 146 

wet environments is 48 ℃.  147 

 148 

2.2 X-CT Technique 149 

The corroded specimen was scanned with the Nikon Metrology X-ray micro CT system with 150 

225 kV X-ray source (as shown in Figure 2). The X-CT scanning technique is based on the fact 151 

that the material can attenuate the X-ray passing through it. The attenuation rate depends on 152 
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the X-ray energy and the composition of the object. The X-ray system generates a range of 153 

energy spectrum (polychromatic beam) and it is not attenuated uniformly when passing through 154 

an object. For example, when passing through the centre area of the steel bar, the X-ray would 155 

be enhanced compared with that passing through the edges. As such, the edge of the steel bar 156 

in the reconstructed image has brighter voxels. The difference of grey value of the voxels at 157 

different locations of the steel bar is not caused by the density of the material but the technique 158 

itself; such an artefact is known as “beam hardening” or “cupping artefact” [46]. The beam-159 

hardening is impossible to eliminate while it could be reduced by placing a surrounding metal 160 

as filter between the X-ray source and the object. The filter can not only reduce the soft X-ray 161 

from the source but also reduce the scattering effect. In this study, a 0.25 mm copper filter was 162 

used to reduce the effect of beam hardening. Scan parameters were 3141 projections (per scan, 163 

angular step 0.1146 degrees), 150 kV, 77 μA, 1000 millisecond exposure. A single scan took 164 

about 1 hour with achieved resolution of 16.25 μm.  165 

 166 

3   X-CT IMAGE PROCESSING AND SEGMENTATION 167 

A 3D structure was numerically reconstructed using the filtered back projection algorithm from 168 

Nikon XTekCT software version 4.3.4. The specimens were first scanned to ensure no initial 169 

crack existing. Figure 3 shows the reconstructed images of the specimen exposed to the 170 

corrosive environment for 112 days. It can be seen that the 3D images of the specimen obtained 171 

are not in parallel with the analysing coordinate system. This is very common and these initial 172 

images will need to be geometrically reconfigured. In this study, all initial 3D images were 173 

geometrically rotated and the air regions were cropped to reduce possible edge effect. Figure 4 174 

shows the geometrically processed X-CT images for the corroded sample.  175 

 176 
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The X-CT attenuation value is quantified on a grey value scale with 65,536 levels (i.e., 16-bit 177 

image), which provide higher quality presentation than 256 levels (8-bit image). In the 178 

meantime, the 16-bit image data is much larger than an 8-bit image. Since steel, corrosion 179 

products, mortar and voids or cracks have different densities, the attenuation of X-ray will 180 

produce different grey values, possibly in a wide range. Figure 5 illustrates the grey values 181 

along a probing line which pass through mortar, voids, steel and the corrosion products. 182 

Depending on the densities of the materials, the X-CT pictures show different grey value for 183 

each of the material phases; the denser material shows the brighter in the X-CT image and has 184 

the higher grey value. In Figure 5 (b), the grey values are plotted along the probing line passing 185 

all phases, i.e., steel, corrosion products, mortar and voids or cracks. It should be noted that 186 

corrosion products are mixed materials consisting of FeO , 2 3Fe O  and 43OFe  respectively in 187 

terms of oxides, , of which the densities vary between 3.3-5.2 g/cm3. In this study, we used trial 188 

and error approach coupled with manual check-up to identify the phases at some suspicious 189 

points. Once the thresholds are determined, they are then used for segmentation of the raw 190 

images.  191 

 192 

By using the segmentation thresholds, the 3D images of the corroded reinforced mortar sample 193 

can be separated and recognized in terms of the mortar, steel bar, corrosion products and 194 

voids/cracks. Figure 6 shows the 3D images of (a) mortar, (b) steel bar after corrosion, (c) 195 

distribution of corrosion products and (d) distribution of voids and cracks around the corner. 196 

In Figure 6(a), clearly, there are 2 longitudinal cracks presenting; most interestingly, a 197 

transverse crack close to the bottom of the sample also appears. The transverse crack takes 198 

place where the most corrosion products are accumulated along the longitudinal direction. This 199 

changes our usual understanding that corrosion induced concrete cracking is normally 200 

longitudinal cracking, whilst transverse cracks can also be induced by reinforcement corrosion. 201 



9 

 

Moreover, it has been found that the transverse crack initials from the concrete surface and 202 

propagates towards the steel bar. From Figure 6(b) it can be seen the corrosion of the steel bar 203 

is non-uniform along both the longitudinal and the circumferential directions. Figure 6(c) 204 

shows the accumulation of corrosion products along the reinforcing bar; it should be noted that 205 

the thickness of the cylindrical wall significantly varies, though it cannot be clearly observed 206 

from this figure and especially the current viewing angle. Figure 6(d) illustrates the pore voids 207 

and cracks due to corrosion expansion.   208 

 209 

To better analyze the spatial distribution of corrosion, the 3D structure of the corroded sample 210 

is cut vertically (i.e., cross section) and longitudinally at a number of locations.  Figure 7 shows 211 

three typical cross section images around the steel bar at different locations. Some useful 212 

observations have been obtained, i.e., (i) pitting corrosion was initiated around voids (Figure 213 

7(a)), (ii) corrosion products penetrated or flowed into the cracks (Figure 7(b)) and (iii) 214 

corrosion rust layer was separated (Figure 7(c)). Given abundant supply of oxygen and water 215 

which were pre-existed in the voids, corrosion was more prone to occur at the location of the 216 

steel bar in contact with large voids. Moreover, the corrosion products had penetrated into the 217 

cracks and/or voids during the accumulation process of the rust. Figure 7(c) presents the image 218 

for a slice taken from the 3D structure where there was minor corrosion compared with other 219 

locations in the same sample at the same time. In this slice, corrosion rust layer separation is 220 

observed. Such a separation phenomenon of rust is caused by the stronger expansion in adjacent 221 

places.  222 

 223 

As shown in Figure (6b), though the concrete cover and the water/oxygen ingress are the same 224 

along the reinforcing bar, the corrosion degree varies in the longitudinal direction. This should 225 

be commonly expected because, in macro-cell corrosion, some part of the steel bar works as 226 
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cathode and thus is prohibited of oxidation. To obtain the longitudinal distribution of corrosion, 227 

the 3D structure of the sample is vertically cut in a number of angles along line AO, BO, CO 228 

and DO as shown in Figure 8. The corner part of the sample has the most severe corrosion and 229 

thus these longitudinal cuts in the corner present typical corrosion distribution images along 230 

the reinforcement. In Figure 8, the corrosion products are not uniformly distributed along the 231 

steel bar. Moreover, a transverse crack is propagated from the surface to the inside. This 232 

corrosion-induced transverse crack has probably not been identified before, to the knowledge 233 

of the authors. Transverse cracks are usually considered as applied load-induced cracks. In fact, 234 

because the corrosion process is non-uniform along the reinforcing bar, other than the well-235 

known longitudinal cracks, a transverse crack is also initiated by the pressure of corrosion 236 

expansion. The mechanism is, under the unbalanced pressure in the longitudinal direction, the 237 

surface of the concrete around the maximum corrosion location is subjected to tension which 238 

causes cracking at the surface first. This mechanism is also evidenced by the fact that the crack 239 

is initiated on the surface and then propagated to the inside, as illustrated in Figure 8. This 240 

finding indicates that corrosion-induced concrete cracking is a typical three-dimensional 241 

fracture process.  242 

 243 

4   ANALYSIS OF THE X-CT RESULTS 244 

4.1 Quantification of the Corrosion Loss  245 

By measuring the residual area of the steel bar after corrosion, corrosion degree of the steel bar 246 

at any given location can be calculated as follows: 247 
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248 

where 0W is the original mass of the steel for any given cross section and 
rW is the residual 249 

mass of the steel for the same cross section of the reinforcing bar.  250 
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 251 

Figure 9 illustrates the corrosion degree along the longitudinal direction of the steel bar, 252 

calculated from 933 slices cut from the 3D CT reconstructed structure. 15mm length structure 253 

was chosen for analysis. Clearly, the corrosion degree of the steel bar varies along the 254 

reinforcement. The maximum corrosion degree is 7.5% while the minimum corrosion degree 255 

is only about 1%. It should be noted that, because the diameter of the steel bar is only 2.94 mm 256 

and thus W0 is quite small, the corrosion degree to concrete cracking should become very high. 257 

This explains why we have quite large corrosion degree values compared with previous 258 

macroscopic corrosion research [30]. 259 

 260 

The residual cross section of the steel bar significantly influences the failure probability of 261 

corroded RC members [17, 18]. The maximum and average radial losses of steel bar for any 262 

cross sections can reflect the non-uniform or pitting corrosion nature along the longitudinal 263 

direction. The maximum radial loss can be obtained as follows: 264 

                                                        )}(1{max
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where mlR
 
is maximum radial loss of the steel bar; reR is residual radius of the steel bar;   is 266 

the polar  angle within the cross section of the steel bar which varies from 0° to 360° by the 267 

increment of 1°. 268 

 269 

In addition, the average radial loss can be calculated as follows: 270 
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Some researchers have tried to describe the localised or pitting corrosion by a ratio of the 273 

maximum pitting penetration over the general corrosion depth [15]. A ratio   can be defined 274 

as follows [15]: 275 

                                                               

  
av

ml

R

R


                                                                  

(4) 276 

 277 

Figure 10 illustrates that the maximum and average radial loss along the reinforcement. The 278 

maximum radial loss considerably varies along the longitudinal direction. The maximum value 279 

of mlR  is 0.22 mm while the corresponding average radial loss is only 0.05mm which reflects 280 

severe non-uniformity. According to the definition, the average radial loss has a linear 281 

relationship with corrosion degree. Generally, the average radial loss and the maximum radial 282 

loss keep the same trend of change. Figure 11 shows the ratio of maximum radial loss to 283 

average radial loss of the steel bar along the reinforcement. It can be found that, the ratio varies 284 

from about 4 to 13, which has a good agreement with previous researches [15, 50, 51]. In 285 

particular, it has been found that, for the cross sections with larger corrosion degree, the ratio 286 

is relatively smaller. This is probably because pitting corrosion plays a more important role at 287 

the beginning which is mainly induced by pre-existing supply of water and oxygen in 288 

surrounding porous zone; as the diffusion ingress proceeds, the general corrosion dominates.  289 

 290 

4.2 Measurement of the Rust Distribution  291 

The corrosion rust progression towards the concrete cover drives the cracking mechanism of 292 

the cover. Therefore, the rust distribution around the reinforcement is very important in 293 

assessing and predicting the critical corrosion degree to concrete cracking [29, 52]. Most 294 

researchers selected several locations around the rust and approximately measure the rust 295 

boundaries [28, 31, 33]. We developed an automatic measuring method for the boundaries of 296 
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the rust with better accuracy. As shown in Figure 12(a), the original cross section image was 297 

first cropped with the steel bar placed in the centre. Then the pixel image was converted to a 298 

binary image by choosing the threshold values for corrosion products as shown in Figure 12(b). 299 

Some noise in the original image would lead to some small particles or holes presenting in the 300 

binary image, which should be filtered. This involves removing some small dots and filling 301 

some small gaps (Figure 12(b) – (c)). Further, “closing” algorithm was used to connect close 302 

objects and smooth the edge with the least destructive effect to the original boundary shape. 303 

The “closing” algorithm performs a dilation operation followed by an erosion operation using 304 

a predefined neighbourhood or structuring element [53].  305 

 306 

The processed binary images were then used for rust thickness measurement. As shown in 307 

Figure 13, a polar coordinate system was built with its origin located in the centre of the steel 308 

bar. The rust thickness was calculated by measuring the distance between the first two points 309 

at the black and white boundaries along the radial line. This radial line was rotating against the 310 

origin for 360° to obtain the thickness for the whole circumference of the steel bar. The 311 

measurement approach was achieved by an in-house script written in Python. It should be noted 312 

that the corrosion products flowed into the surrounding cracks were not counted. Figure 13(b) 313 

illustrates the radial thickness distribution of the rust. This measurement approach can provide 314 

an effective and accurate way to analyze the rust distribution.  315 

 316 

5   NON-UNIFORM CORROSION MODEL   317 

A non-uniform corrosion model has recently been developed by the authors based on von Mises 318 

distribution which is a continuous probability distribution on a circle [52]. This model describes 319 

the non-uniform distribution of corrosion rust around the steel bar as a modified function of 320 

von Mises distribution. The model is simply composed of three parameters including the 321 
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corrosion degree indicator λ, the non-uniform coefficient k and the location of the maximum 322 

thickness of the corrosion layer μ. In this paper, the non-uniform corrosion model is 323 

parameterised by the experimental data obtained from the novel X-CT analysis. The corrosion 324 

rust layer thickness )(clT  around the reinforcing steel bar is formulated as follows: 325 

)(2
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0

)cos(
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T

k
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                                                      (5) 326 

where λ is a corrosion degree indicator,  is the location where the maximum thickness of 327 

corrosion layer appears, k is the non-uniform corrosion coefficient. )(0 kI is the modified 328 

Bessel function of order 0, which can be expressed as follows: 329 
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Detail of the derivation of the non-uniform corrosion model is not repeated in this paper but if 331 

of interest the readers are suggested to refer to the previous study [52]. 332 

 333 

Figure 14 schematically presents the regression analysis of the von Mises corrosion model 334 

fitted with the X-CT data for a few chosen locations. In total, we have fitted the corrosion 335 

model for all the cross sections along the longitudinal direction of the sample which has 933 336 

slice cuts. Figure 15 shows the coefficient of determination R2 of the fitting for all these 933 337 

slices. For some part of the sample, the corrosion degree of the steel bar is relatively smaller 338 

and pitting corrosion is more significant, the fitting accuracy is not good at all; R2 is below 0.8 339 

after the cross section with the slice number 486. This is the limitation of the derived von Mises 340 

non-uniform corrosion model which is mainly focused on the general corrosion. The localised 341 

pitting corrosion at very early stage cannot be well interpreted by this model. Having said this, 342 

for the cross sections with a large corrosion degree, most values of R2 are larger than 0.9 which 343 

demonstrates reasonably good fitting accuracy. Moreover, importantly, the corroded part of the 344 
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steel bar with large corrosion degree controls the cracking of concrete. Therefore, the von 345 

Mises model can well describe the general non-uniform corrosion of corner located steel bar. 346 

The fitted non-uniform corrosion model will be very helpful in simulating the corrosion-347 

induced concrete cracking, as a validated analytical representation of the boundary condition.  348 

 349 

The first 486 slice cuts with good fitting results were used for parameterising the von Mises 350 

corrosion model. The parameter k is defined as the non-uniform corrosion coefficient. The 351 

larger the k is, the corrosion is more non-uniform [52]. Figure 16 shows the fitted parameter k 352 

along the longitudinal direction. The maximum value of k is about 10.6 and the minimum value 353 

of k is about 2.0 and k significantly varies along the reinforcing steel bar. By counting all the 354 

values of k along the longitudinal direction of the whole sample, Figure 17 illustrates the 355 

frequency/distribution of k. It can be found that, k in a range of 3-3.5 accounts for 32% of the 356 

total cut cross sections. Also, k in a range of 3-4.5 accounts for 64% of the total cut cross 357 

sections. The number of cross sections with k larger than 5 is very small. This finding suggests 358 

that the non-uniform corrosion coefficient k might fall within a small realistic range, affected 359 

by chloride content, geometry of the RC structures, corrosion degree and surface crack of 360 

concrete. More experimental study would be necessary to clarify the effects of different 361 

underlying parameters on k and ideally to formulate an analytical function for k. The 362 

experimental results and the parameterised von Mises corrosion model can be applied to civil 363 

engineering practice in predicting the corrosion induced concrete cracking problems. 364 

 365 

The parameter µ describes the location where the maximum thickness of rust appears. Figure 366 

18 illustrates the value of µ at every cross section of the steel bar. The mean value of µ is 1.017 367 

π and the standard deviation is 0.021. The parameter µ is very close to π, which indicates that 368 

the maximum thickness of rust is facing the concrete corner. For the specimen with corner 369 
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rebar, chloride can diffuse into the mortar/concrete from both sides. Previous studies on two-370 

dimensional chloride diffusion have indicated that, the chloride concentration near the corner 371 

is larger than that at other locations [54, 55].  372 

 373 

It has been theoretically derived that the parameter λ has a linear relationship with corrosion 374 

degree η [52], shown as follows: 375 

 R                                                               (7) 376 

where   is the ratio of rust expansion to corroded steel bar, R is the radius of steel bar.  377 

 

 378 

Figure 19 shows the parameter λ along the longitudinal direction. It can be found that, the 379 

maximum value of λ is about 0.95 and the minimum value of λ is about 0.3. The fitted value 380 

of λ varies with the locations. To verify the relationship between the parameter λ and corrosion 381 

degree η, a linear regression was performed based on measured corrosion data. Figure 20 382 

illustrates the fitting result between the corrosion degree η and λ. The fitting function can be 383 

obtained as follows: 384 

                                                             

115.0112.0                                                       (8) 385 

The parameter λ has a linear relationship with the corrosion degree. The coefficient of 386 

determination R2 is 0.78. The fitting accuracy for λ is not very good and the main reason could 387 

be the amount of corrosion products penetrating into the cracks is not considered in the von 388 

Mises model.  389 

 390 

6   CONCLUSIONS 391 

In this paper, the corrosion of corner-located steel bar in mortar was investigated by X-ray CT 392 

scanning. A realistic and accurate algorithm was developed to analyse the corrosion rust 393 
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distribution around the steel bar. A true wetting and drying cyclic environment was utilised for 394 

the accelerated corrosion process. 3D images with advanced 65,536 grey levels (16-bit) were 395 

obtained and segmented in terms of concrete, steel bar, corrosion products and voids or cracks. 396 

It has been found that pitting corrosion is prone to appear around voids close to steel bar 397 

because the pre-existing supply of oxygen and moisture. Moreover, corrosion has been found 398 

varying considerably along both the longitudinal direction of the sample and the cross sections. 399 

Also, the ratio of maximum to average radial loss of the steel bar differs from about 4 to 13 400 

along the reinforcing bar. The rust distribution in the cross sections obtained has been used to 401 

parameterise the von Mises corrosion model. The non-uniform coefficient which represents the 402 

non-uniformity of the rust distribution has been found tending to fall in the range of 3 – 4.5. 403 

The experimentally validated non-uniform corrosion model can be applied to corrosion induced 404 

concrete cracking problems with confirmed accuracy. The combination of the use of wetting 405 

and drying cyclic corrosive environment and the X-CT scanning can provide a new method to 406 

the non-destructive investigation of corrosion process, rust distribution and corrosion-induced 407 

concrete cracking in the reinforced concrete structures.  408 
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Figure 6 Three-dimensional views of (a) mortar, (b) corroded steel, (c) corrosion products 601 

and (d) cracks and voids 602 

  603 



31 

 

 604 

  605 
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Figure 10 Maximum and average radial losses of the steel bar along the longitude direction  617 
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Figure 12 Image processing procedures for rust distribution analysis 625 
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Figure 13 Radial thickness measurement of the rust along the circumference of the steel bar 631 
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