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Abstract 21 

Real-time and in-situ monitoring of the corrosion process of steel reinforcement 22 

covered by engineered cementitious composites (ECC) was conducted by using high-23 

resolution X-ray microcomputed tomography. The test results revealed vividly that the 24 

corrosion-induced rusts fill into the pores near the steel and extend along the radial 25 

cracks towards the sample surface. Compared to plain mortar, ECC exhibits a few more 26 

microcracks and uniform crack distribution. While massive leaching of rust is found in 27 

the plain mortar, a significant amount of rust remains in the cracks of ECC. Through 28 

the image segmentation method, the volume loss of steel in ECC can be quantitatively 29 

monitored. 30 

 31 
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1. Introduction 46 

Many aged steel-reinforced concrete structures undergo reduction in structural integrity 47 

and loss of serviceability, due to the electrochemical corrosion of reinforcing steel bar 48 

[1-3]. Once the corrosion has initiated it yields rust that causes stresses within the 49 

concrete, leading to cracking and even spalling of structural concrete cover away from 50 

the steel reinforcement [4]. In concrete structures, steel corrosion is a major factor 51 

accelerating the material deterioration as well as the loss of load resistance. To improve 52 

the sustainability of steel-reinforced concrete structures, the use of high performance 53 

fiber reinforced cementitious composite (HPFRCC) for replacing conventional 54 

concrete cover has become a solution that provides the structure with better resistance 55 

against corrosion [5, 6]. ECC is a special class of HPFRCC and possesses excellent 56 

tensile ductility with the strain capacity in the range from 3% to 8% [7-9]. The high 57 

ductility of ECC is attributed to the fiber bridging effect in the cementing matrix [10, 58 

11]. The role of fibers also leads to the formation of multiple and micro cracks in ECC 59 

in contrast to the few large cracks in ordinary Portland cement (OPC) concrete [12]. 60 

Due to the above characteristics, the use of ECC as the cover layer of OPC concrete 61 

structures has been increasingly applied [13, 14]. 62 

Although ECC holds great promise for providing steel-reinforced structures with 63 

physical protection and better durability, it is still a porous media which allows 64 

progressive penetration of aggressive substances (e.g. salt and moisture) from the 65 

external environment [15]. In other words, steel corrosion can still occur in ECC-66 

covered steel-reinforced structures, resulting in formation of cracking in ECC. Recently, 67 

researchers have discovered that cracked ECC has less resistance to the penetration of 68 

gas, water and chloride ions [16-18]. Therefore, understanding the corrosion process of 69 

steel reinforcement and its induced cracks in ECC is important for the structural 70 
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durability design. A previous study revealed that at least ten corrosion-induced 71 

microcracks (< 0.1 mm) were formed on the ECC surface, in comparison to a large 72 

longitudinal crack observed on OPC concrete surface [19]. In general, the crack width 73 

of OPC concrete keeps increasing with the evolution of corrosion [20]. In contrast to 74 

the OPC concrete with “localized” macro-cracks, when the internal steel corrodes, ECC 75 

remains nearly the constant tight crack width and exhibits a significant anti-spalling 76 

ability [21]. Yet, the underlying mechanism of corrosion-induced cracking process in 77 

ECC has been rarely clarified. It is considered that corrosion-induced cracking is 78 

interacted with rust production and expansion, pore filling effect, pore deformation, 79 

fiber bridging, and rust infiltration into crack space. It is also thought that the cracking 80 

behavior is closely related to the type of fibers mixed in ECC [22, 23]. An experimental 81 

and non-destructive monitoring of multi-phase evolutions related to steel corrosion in 82 

ECC can thus benefit the development of predictive corrosion-induced crack models in 83 

ECC. Furthermore, a comprehensive understanding of corrosion process and its 84 

induced cracking in ECC also benefits an optimal material design towards a more 85 

durable ECC application in reinforced concrete structures. 86 

Traditionally, the ink injection method, scanning electron microscope (SEM), and 87 

optical microscopy have been used for tracing existing cracks in concrete and other 88 

cementitious materials [24-27]. However, these methods need destructing the test 89 

sample during the observation (i.e., after stopping the corrosion) and thus cannot 90 

capture the continuous crack development in a single test sample. It is not possible to 91 

trace dynamically how the cracking is initialized and how the multiple phases (e.g. rust, 92 

pore) evolve and interact with each other during the corrosion process. The advantage 93 

of high-resolution X-ray microcomputed tomography (X-ray μCT) has proven to be an 94 

excellent means for in-situ and real-time monitoring of morphological, structural, and 95 
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topological changes in a material system, and elucidation of their underlying 96 

mechanism [28]. Recently, some studies had demonstrated that X-ray μCT has an 97 

ability to visualize the pore structure of cementitious composites [29-31]. The pore size 98 

distribution in hardened cement paste could be quantitatively determined through X-99 

ray μCT integrated with metal centrifugation porosimetry [32]. Besides, the evolution 100 

of pore structure during hydration of tricalcium silicate was visualized in a recent study 101 

[33]. The CT scanning was also applied for observing the damage of cement mortar 102 

under freeze and thaw actions. Based on the X-ray μCT data, a damage model of 103 

elasticity modulus of cement mortar was established and validated by the experimental 104 

results [34]. Furthermore, X-ray μCT has been confirmed to be a potential tool for 105 

studying cracking characteristics [35-37] and other aspects [38-40] of cement and 106 

concrete materials. 107 

The present research aims to investigate the corrosion process of steel embedded in 108 

ECC matrix for the first time and its induced cracking process through the X-ray μCT, 109 

particularly in terms of the complex interaction between corroded steel and surrounding 110 

ECC matrix. Two common types of ECC, namely the polyvinyl alcohol fiber-reinforced 111 

engineered cementitious composite (PVA-ECC) and the polyethylene fiber-reinforced 112 

engineered cementitious composite (PE-ECC), were investigated. OPC mortar was 113 

prepared as a reference system without fibers. 114 

 115 

2. Experimental program 116 

2.1 Material systems 117 

Three material systems, namely conventional plain cement mortar, PE-ECC and PVA-118 

ECC, which surrounded a corroding steel rod, were considered for this study. The 119 

conventional plain mortar was made as a regular cementing mixture with coarse sand 120 
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that does not contain fibers to be the reference. In practice, both polyvinyl alcohol (PVA) 121 

fiber and polyethylene (PE) fiber are commonly utilized to produce ECC, while they 122 

can lead to different ductility and cracking behavior of material in tension. Considering 123 

the fiber type affects corrosion-induced cracking, both PE-ECC and PVA-ECC were 124 

investigated. Table 1 lists the detailed mixture proportions of these three material 125 

systems. The ECC was synthesized with type I OPC, Class C fly ash, silica sand, fiber 126 

and superplasticizer. Besides, the PVA fiber had the density of 1.300 g/cm3, the tensile 127 

strength of 1600 Mpa, the elastic modulus of 48 GPa, the diameter of 40 μm, and the 128 

length of 12 mm. The PE fiber had the density of 0.970 g/cm3, the tensile strength of 129 

3000 MPa, the elastic modulus of 114 GPa, the diameter of 17 μm, and the length of 13 130 

mm. The total fiber volume fraction for PE-ECC and PVA-ECC was both fixed at 2%. 131 

The fine silica sand was adopted for producing both ECCs and had a maximum 212 μm 132 

grain size, in accordance with the previous research work [41]. A high-range water 133 

reducing agent (i.e., MasterRheobuild 1100 from BASF) was used as the 134 

superplasticizer for both PE-ECC and PVA-ECC fabrications. 135 

 136 

Table 1 137 

Mixing proportion of mortar, PVA-ECC and PE-ECC. 138 

Items 
Mortar PVA-ECC PE-ECC 

Mixing proportion 

Fly ash/cement 0 1.2 1.2 

Water/binder 0.26 0.26 0.26 

Sand/cement 0.36 0.36 0.36 

Water (Kg/m3) 361.6 365.0 365.0 

Cement (Kg/m3) 1390.9 638.0 638.0 
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Fly ash (Kg/m3) 0 765.6 765.6 

Sand (Kg/m3) 500.7 229.7 229.7 

Superplasticizer (Kg/m3) 0 19.1 19.1 

PVA or PE fiber (Kg/m3) 0 26 19.4 

Note: The plain mortar specimens were adjusted to have similar mechanical strength 139 

with the ECC specimens. However, the low sand/binder ratio was used for the 140 

specimens to facilitate easier filling of fresh mixture into the small steel-inserted mould 141 

and compacting on vibrating table. 142 

 143 

During ECC fabrication, the solid ingredients, including cement, fly ash and silica sand 144 

were first mixed for a period of approximately 2 minutes in a slow speed. Then, tap 145 

water was weighed, added and mixed into the precursor materials for another 4 minutes 146 

prior to the addition of superplasticizer. Incorporating fibers into the mixture was then 147 

conducted. It is worth mentioning that air pressure was applied to separate the bundles 148 

of fibers, with the aim of achieving good dispersion of fibers into the mixture following 149 

the previous literature [41, 42]. The whole mixing time took about 16 minutes. After 150 

mixing, all fresh mixtures were compacted via a mechanical vibrating table and cast in 151 

molds. A plastic film was used to cover the molded specimens for 24 hours in order to 152 

avoid cracks caused by dry shrinkage. After demolding, all specimens were cured in a 153 

moist condition (at 100% humidity and room temperature 20 oC) for the following 27 154 

days before the accelerated corrosion test. Regarding the mechanical tests, specimens 155 

for both 7- and 28-days curing periods were fabricated. 156 

 157 

2.2 Mechanical tests 158 

PE-ECC and PVA-ECC, cube specimens and dogbone-shaped specimens were 159 
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fabricated for compressive and tensile loading tests, respectively. The ECC cube 160 

specimens had the dimensions of 50 mm × 50 mm × 50 mm. Three identical specimens 161 

were tested for each type of material system and each type of mechanical loading and 162 

the results were averaged. Compressive strength of cube specimens of plain mortar, PE-163 

ECC and PVA-ECC was determined in accordance with ASTM C109 [43]. Uniaxial 164 

tension tests were conducted in accordance with the recommendation of Japan Society 165 

of Civil Engineers (JSCE) [44] and ASTM C1273-05 [45]. The tensile tests were 166 

conducted using universal testing machine where the load was applied by displacement 167 

control with a rate of 0.5 mm/min. Two linear variable differential transducers (LVDTs) 168 

were placed at both sides of dogbone-shaped specimen to measure the elongation over 169 

a gauge length of 80 mm, as shown in Fig. 1, to obtain the tensile strain. The tensile 170 

stress was obtained by dividing the load by the cross-section of the specimen. As a 171 

result, the tensile stress-strain curve of ECC was yielded.  172 

 173 

 174 

Fig. 1. Tensile tests: (a) dogbone-shaped specimens and (b) loading setup. 175 
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 176 

2.3 Accelerated steel corrosion test 177 

Besides the aforementioned specimens for mechanical loading tests, steel-inserted 178 

mortar (S-M), steel-inserted PE-ECC (S-PE-ECC) and steel-inserted PVA-ECC (S-179 

PVA-ECC) were fabricated for accelerated corrosion test and X-ray μCT scanning. All 180 

specimens were cylinders with a centrally placed steel rod and had the same dimension, 181 

as illustrated in Fig. 2(a). Prior to specimen casting, the weight of steel rod was 182 

measured and recorded for quantifying the mass loss due to corrosion. In order to 183 

fabricate the cylindrical steel-inserted sample, a special silica gel mould was designed 184 

where the steel rod could be easily inserted at first and then the mortar mixture was 185 

filled, as illustrated in Fig. 2(b). The curing condition of steel-inserted samples was 100% 186 

humidity and 20 oC. During the curing process, epoxy resin was coated on the steel 187 

outside the cylinder with the purpose to prevent corrosion. For each type of material 188 

system, three identical samples were made in the experiment. Fig. 2(c) gives the 189 

photographs of steel-inserted samples after demolding and curing. 190 

 191 

 192 
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Fig. 2. Sample preparation for accelerated corrosion test and X-ray μCT scanning: (a) 193 

dimension of steel-inserted cylindrical sample, (b) schematic representation of silica 194 

gel mold for casting of steel-inserted cylindrical sample, and (c) photograph of steel-195 

inserted mortar and steel-inserted ECC. 196 

 197 

Accelerated steel corrosion, based on the electrolyte corrosion technique, was 198 

employed to investigate the corrosion-induced cracking in plain mortar, PE-ECC and 199 

PVA-ECC. In this accelerated corrosion scheme, both the cylindrical specimen and the 200 

copper bar (as a counter electrode) were immersed into a 5% NaCl solution, as depicted 201 

in Fig. 3(a). The exposed part of the steel rod was connected to the positive terminal of 202 

a power source, and the top end of the copper bar was linked to the negative terminal. 203 

Such corrosion test scheme was widely used in previous studies [19, 35, 46, 47]. In the 204 

present test, the accelerated corrosion process was carried out by supplying a constant 205 

current of 0.001 A (i.e. corresponding current density of around 530 μA/cm2). Such 206 

level of output current density was commonly adopted and could effectively induce the 207 

steel corrosion [35, 48], while the test period could be reasonably shortened. A 208 

computer program was used to control the output current and the testing duration. 209 

Additionally, the total corrosion process started from 0 to 3000 minutes. Fig. 3(b) gives 210 

the photographs of the setup of accelerated corrosion test. 211 

 212 
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 213 

Fig. 3. Accelerated corrosion test for S-M, S-PE-ECC, and S-PVA-ECC: (a) schematic 214 

representation of accelerated corrosion test, and (b) photograph of setup of accelerated 215 

corrosion test. 216 

 217 

2.4 X-ray μCT scanning 218 

X-ray μCT probes the attenuation of X-rays transmitting through a material at 360o 219 

orientation, thereby reconstructing the cross-sectional radiographs that exhibit the 220 

spatial distribution of linear attenuation coefficient of the material under research  [49]. 221 

The amplitude of linear attenuation coefficient is correlated with chemical composition 222 

of material system and the emitted X-ray energy. X-ray μCT had been considered as an 223 

advanced characterization technique that can yield high-resolution representation of 224 

internal physical phases within porous media. In the present research work, S-M, S-PE-225 

ECC and S-PVA-ECC at the accelerated corrosion periods of 0, 1000, 2000 and 3000 226 

minutes were scanned by X-ray μCT instrument. The X-ray μCT facility mainly 227 

encompassed a microfocus X-ray transmitter, a receiver equipped with three multiple 228 

charge-coupled device (CCD) cameras, a 360° rotation stage for supporting specimen, 229 

and a computer program for data acquisition and analysis. Fig. 4(a) gives the schematic 230 

diagram of test principle of using X-ray μCT for material characterization. In addition, 231 
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Fig. 4(b) shows the arrangement of specimens and core devices in the X-ray μCT 232 

instrument. Planar X-rays were transmitted towards the sample, and some X-rays were 233 

absorbed. The un-absorbed portion of X-rays was then received by X-ray detector. The 234 

sample experienced a 360-degree rotation so that a slice of radiograph showing the two-235 

dimensional CT data was generated. In addition, the sample was shifted in the vertical 236 

direction step by step to acquire a set of slices. Stacking these image slices with a 237 

computational software was conducted to reconstruct the three-dimensional (3D) image 238 

of the sample under investigation. 239 

In order to get a high-resolution tomogram with the image size of 1012 × 1024, the X-240 

ray source excitation voltage and current were set as 85 kV and 117 μA, respectively. 241 

In addition, the optical magnification factor was set as 0.39, and the beam hardening 242 

value was set as 0.15 during reconstruction. It is also worth noting that the pixel size 243 

scanned by X-ray μCT technique is dependent of the dimension of specimen (i.e. 15-244 

mm diameter and 25-mm height). For scanning the whole specimen configuration, the 245 

corresponding pixel size down to 26.615 μm was adopted. 246 

 247 

 248 

Fig. 4. X-ray μCT scanning scheme: (a) principle of using X-ray μCT for material 249 

characterization and (b) photograph of sample and core instruments in X-ray μCT 250 
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scanning machine. 251 

 252 

3. Results and discussion 253 

3.1 Compressive and tensile properties of plain mortar, PE-ECC and PVA-ECC 254 

The mechanical properties of plain mortar, PE-ECC and PVA-ECC were tested after 7- 255 

and 28-day curing, respectively.  Both the compressive and tensile properties were 256 

tested, as described in Figs. 5(a) and (b). It is seen that the compressive strength and 257 

the first cracking strength of plain mortar were slightly higher than those of ECC 258 

mixtures. However, the tensile strengths showed an opposite trend, as shown in Fig. 259 

5(d). The increased tensile strength of ECC could be attributed to the role of fibers that 260 

bridged the cementitious matrix and brought about the strain-hardening effect. Besides, 261 

the ultimate tensile strain of 28-day cured ECC could reach over 3% (Fig. 5(e)), while 262 

the tensile strain of all plain mortar specimens was too small to be measured by LVDTs. 263 

Generally, ECC possesses a strain capacity several hundred times greater than that of 264 

normal OPC concrete, as documented in literature [5, 50]. Moreover, it is seen that both 265 

PE-ECC and PVA-ECC exhibited the strain-hardening behavior along with the multiple 266 

cracking characteristic under the tensile loading. Based on the observation of specimen 267 

after tensile failure, PE-ECC exhibited higher ductility and wider crack width compared 268 

to PVA-ECC. This difference is associated with the difference of hydrophilic properties 269 

between the PVA and PE fibers. In PVA-ECC, a strong frictional bonding between the 270 

fiber and matrix can be formed due to the hydrophilicity of PVA fiber [51, 52]. The 271 

strain capacity of PVA-ECC in the cracking process under tensile loading is limited, in 272 

comparison to that of PE-ECC. In the tensile stress-strain curve (see Figs. 5(f) and (g)), 273 

the strain capacity of PVA-ECC was about 3-4% while the strain capacity of PE-ECC 274 

exceeded 6%. The excellent strain capacity of ECC using PE fibers was also 275 
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demonstrated in previous studies [7, 23, 53]. 276 

 277 

 278 

Fig. 5. Compressive and tensile properties of plain mortar and ECCs: (a) schematic 279 

diagram of dogbone-shaped specimens for uniaxial tensile loading test, (b) schematic 280 

diagram of cube-shaped specimens for compressive loading test, (c) compressive 281 

strength, (d) tensile strength, (e) elongation, (f) tensile stress-strain curves of PE-ECC, 282 

and (g) tensile stress-strain curves of PVA-ECC.   283 

 284 

3.2 In-situ monitoring of corrosion and its induced cracking 285 

All of S-M, S-PE-ECC and S-PVA-ECC samples were subjected to the same 286 
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accelerated corrosion condition for comparing their corrosion resistance and cracking 287 

process. At the corrosion durations of 0, 1000, 2000 and 3000 minutes, the samples 288 

were scanned by the X-ray μCT technique. Fig. 6 displays the two-dimensional gray-289 

scale images of S-M, S-PE-ECC and S-PVA-ECC at different stages. To geometrically 290 

align CT scanned images at different corrosion periods, the image registration was 291 

conducted by feature matching and aligning a characteristic surface hole of the sample 292 

before corrosion. In these tomograms, voids, cracks, aggregates, cement paste, rust and 293 

steel are identified by different gray-scale colors. The gray-scale color reflects the 294 

atomic density intrinsic to each substance. The white color indicates the most highly X-295 

ray-attenuating material (i.e. steel) and the black color indicates the least attenuating 296 

one (i.e. air). The rust is highly X-ray-attenuating and displayed as bright grey around 297 

the steel rod, given that the corrosion product is in the form of fine particles of various 298 

iron oxyhydroxides and oxides. Consequently, direct qualitative evaluation on the 299 

corrosion-induced rust and cracking characteristics in the raw CT images can be 300 

achieved. 301 

As the corrosion proceeds, the rust was found to accumulate around the surface of steel 302 

rod. During the early corrosion period, the rust filled into the pores in the vicinity of 303 

steel (e.g. pore 3 in S-M, pore 7 in S-PE-ECC and pore 7 in S-PVA-ECC). Such 304 

observation coincides with the previous studies [54-56]. This phenomenon can be 305 

associated with the continuous rust accumulation that causes internal expansive stress. 306 

Due to the rust expansion, the steel corrosion induced cracks in plain mortar, PE-ECC 307 

as well as PVA-ECC. From the observation of tomograms in Fig. 6, the cracks tended 308 

to occur from the filled pores and then propagated radially towards the sample surface. 309 

During the crack propagation, the rust could even fill into the crack space (e.g. crack 2 310 

in S-M and crack 2 in S-PE-ECC). Such rust filling promoted the movement of crack 311 
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front towards the sample surface. Also, the rust filling also resulted in wider opening of 312 

cracks, and this effect was more remarkable in plain mortar. Once the crack arrived at 313 

the sample surface, the rust migrated outside and diffused into the external NaCl 314 

solution. 315 

Under steel corrosion, all the cylindrical S-M, S-PVA-ECC and S-PE-ECC samples 316 

presented radial cracks initiated from the central steel bar, but their propagation paths 317 

were different. It is interesting to find that crack (e.g. crack 1 of S-M) in plain mortar 318 

was prone to extend into the interfacial transition zone (ITZ) between the aggregate and 319 

the cement paste, which is usually regarded as the weakest region in mortar and 320 

concrete  [57, 58]. This behavior resulted in tortuous shape of crack in the plain mortar. 321 

Nevertheless, such cracking behavior was not evident in the ECC material system 322 

where the ITZ was densified due to the use of finer sand for ECC mixture. 323 

 324 
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 325 
Fig. 6. Two-dimensional gray-scale images (gray-scale value ranges from 0 to about 326 

65500) of three material systems: (a) S-M, (b) S-PE-ECC, and (c) S-PVA-ECC. 327 

 328 

As previously discussed in section 3.1, both PE-ECC and PVA-ECC showed the strain-329 

hardening behavior and multiple cracking compared to plain mortar. The difference of 330 

mechanical properties between mortar and ECCs gives rise to their variation in crack 331 
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growth during the corrosion process. Overall, during the corrosion process, ECCs 332 

exhibited smaller crack widths and larger number of cracks than plain mortar. The 333 

similar observation was found in another set of specimens of S-M, S-PE-ECC and S-334 

PVA-ECC at the corrosion time of 3000 minutes, as shown in Fig. 7. The behavior was 335 

also confirmed in reinforced ECC structural members subjected to steel corrosion [33, 336 

59]. Furthermore, in comparison to S-PVA-ECC, S-PE-ECC exhibits more cracks that 337 

extended to sample surface (highlighted with red in Figs. 6 and 7). This result can be 338 

reflected and elucidated by the difference of tensile strain between PE-ECC and PVA-339 

ECC, as shown in Fig. 5.  340 

 341 

 342 
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Fig. 7. Two-dimensional gray-scale images of other reproduced specimens at 1000, 343 

2000, and 3000 minutes’ corrosion time: (a) S-M, (b) S-PE-ECC, and (c) S-PVA-ECC. 344 

 345 

3.3 Quantitative estimation of corrosion process and its induced cracking 346 

With the time-series of tomograms scanned by X-ray μCT, it is possible to 347 

quantitatively analyze the corrosion process and its induced cracking characteristics. In 348 

this study, the physical characteristics of the mass loss of steel rod and the crack width 349 

inside the material were quantitatively investigated. To perform the quantitative 350 

analysis, image segmentation was commonly used to separate an image into different 351 

discrete phases (e.g. steel, cracks and cementitious material) and estimate the volume 352 

of each phase [60, 61]. The image segmentation technique determines the grey-scale 353 

threshold intrinsic to a region of interest (ROI) and outputs the discrete ROI where 354 

pixels within the threshold are added while others are removed [49, 62, 63]. By the aid 355 

of image segmentation technique, the volume of steel component at a specific corrosion 356 

period of t can be estimated as: 357 

 358 

V𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡) = 𝑁𝑁 × 𝑆𝑆          (1)                                                         359 

 360 

where Vimage(t) denotes the image-estimated steel volume at corrosion time t, N denotes 361 

the number of spatial voxels, S denotes the spatial voxel size. Hence, the mass loss of 362 

steel during different corrosion stages can be estimated by the following equation: 363 

 364 

𝛥𝛥𝛥𝛥𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡) = (V𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎(0) − V𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡)) × 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠            (2)      365 

 366 

where Δmimage(t) denotes the image-estimated mass loss of steel at corrosion time t, 367 
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Vimage(t) denotes the image-estimated steel volume at steel corrosion time t, Vimage(0) 368 

denotes the image-estimated steel volume before steel corrosion, ρsteel denotes the 369 

density of steel. To validate the reliability of estimated result from the image-based 370 

processing technique, the mass loss of steel was also theoretically determined by 371 

Faraday’s Law, as expressed in equation (3). Experimental measurement of actual mass 372 

loss was also conducted for comparison with the above two types of predicted results. 373 

 374 

𝛥𝛥𝑚𝑚𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡) =
𝑀𝑀
𝑧𝑧𝑧𝑧

× 𝐼𝐼𝐼𝐼          (3) 375 

 376 

In equation (3), Δmtheoretical(t) denotes the theoretically calculated mass loss (g) of steel 377 

at corrosion time t (seconds), M denotes the atomic weight of steel (56 g/mol), I denotes 378 

the corrosion current (A), z denotes the number of valence electrons (2 for steel), F 379 

denotes the Faraday's constant (F = 9.6487 × 10,000 C/mol). In the experimental 380 

measurement of steel mass loss, specimens S-M, S-PE-ECC and S-PVA-ECC were 381 

broken to acquire the steel rod after the whole process of accelerated corrosion test. For 382 

each type of specimen, the steel rod was cleaned by deionized water, dried under 40 oC, 383 

and scrubbed by a stiff metal brush to get rid of adhering corrosion products on the steel 384 

surface. Then, the steel rod was weighed, and the mass loss could be calculated as 385 

follows: 386 

 387 

𝛥𝛥𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡) = 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(0) −𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡)        (4) 388 

 389 

where Δmexperimental(t) denotes the experimentally measured mass loss of steel at 390 

corrosion time t, mexperimental(t) denotes the measured mass of steel at corrosion time t, 391 

and mexperimental(0) denotes the measured mass of steel before steel corrosion. The 392 
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measurement procedures of mass loss of steel can also be referred to previous study 393 

[19]. Apart from the steel mass loss, the crack width at the sample surface was directly 394 

captured by the scanned CT images for quantitative analysis. 395 

As shown in Fig. 8, before corrosion, a plain surface was seen on the steel rod in three 396 

types of specimens. After the corrosion initiated, the morphology of steel surface was 397 

clearly found to have significant changes. Based on the observation of corroded steel 398 

surface, it is shown that concave holes on the steel surface in S-PVA-ECC and S-PE-399 

ECC were smoother than those in S-M. In S-M, a local deep hole was formed at the 400 

surface of steel. This might reflect the quasi-brittle nature of mortar that led to few, 401 

large and local crack opening during the process of steel corrosion. When the cracking 402 

propagated to the mortar surface, the wide crack opening facilitated the leaching of rust. 403 

Under this circumstance, steel was more vulnerable to the electrochemical corrosion at 404 

the cracked region. On the contrary, the formation of smoother concave steel surface in 405 

ECC indicated that the corrosion products as well as cracks were more evenly 406 

distributed around the sample. Based on the ROI of steel rod, the number of its voxels 407 

could be determined. Given the size of voxel obtained in X-ray μCT, the steel volume 408 

was thereby quantified. Fig. 8 shows the loss ratio of steel volume in S-M, PVA-ECC 409 

and PE-ECC after 0, 1000, 2000, and 3000 minutes of accelerated corrosion. With the 410 

image-estimated steel volume, the mass loss of steel rod due to corrosion could be 411 

obtained. 412 

 413 
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 414 

Fig. 8. Image-based analysis of steel surface morphology and estimation of steel 415 

volume loss in ratio for S-M, S-PE-ECC and S-PVA-ECC at different corrosion periods 416 

of 1000, 2000, and 3000 minutes. 417 

 418 

In order to examine the results of mass loss calculated from the image-based technique, 419 

the theoretical value predicted based on equation (3) and the mass loss experimentally 420 

weighed in the laboratory. Fig. 9 shows the loss ratio of steel mass for S-M, S-PVA-421 

ECC and S-PE-ECC before and after corrosion, from the theoretical calculation, weight 422 

measurement and image-based analysis. The comparison shows that the prediction from 423 

CT image-based analysis was in acceptable agreement with the theoretical one. The 424 

actual measurement shows a slightly large deviation from the theoretical one 425 

particularly in case of PVA-ECC probably because the rust removal process had some 426 

uncertainty, especially the steel rod length embedded in the mortar/ECC matrix was 427 

short, which might enlarge such deviation. 428 
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 429 

Fig. 9. Image-based estimation of steel mass loss at corrosion time of 3000 minutes. 430 

 431 

In addition to the mass loss of steel rod, the evolution of surface crack width of plain 432 

mortar and ECCs was quantitatively compared in Fig. 10, where the PVC-ECC 433 

specimen is not included because there was almost no surface crack observed. As seen 434 

in Fig. 10, the surface crack width in S-M increased with the corrosion time, while the 435 

increasing rate was reduced as the corrosion proceeded further. The less increment of 436 

mortar’s crack width is attributed to the rust leaching outside the crack space so that the 437 

rust expansion stress in the old crack was reduced. Compared to the plain mortar, the 438 

PE-ECC specimen had much smaller surface crack width. In particular, at the corrosion 439 

time of 3000 minutes, the variation of crack width of PE-ECC was much less than that 440 

in the case of plain mortar. This indicates that ECC features more uniform crack width. 441 

It is also clear that the crack width of PE-ECC tended to reduce slightly in the later 442 

corrosion process, which could be attributed to the rust precipitation at that time. 443 

 444 
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 445 

Fig. 10.  Quantitative analysis of crack widths at the surface of S-M and S-PE-ECC 446 

samples with different corrosion time. 447 

 448 

4. Conclusions 449 

The in-situ process of steel corrosion and its induced cracking in both plain mortar and 450 

ECC were investigated by high-resolution X-ray μCT, to achieve an in-depth 451 

understanding of the morphological, structural, and topological changes of different 452 

phases (i.e. rust migration, crack propagation, and variation of steel surface morphology) 453 

during the process of steel corrosion. Through the research the following conclusions 454 

can be drawn up: 455 

1. For both plain mortar and ECC, steel corrosion in early period causes rust filling into 456 

the pores in the vicinity of steel rod. Besides, the rust product induces cracking in 457 

plain mortar, PE-ECC and PVA-ECC. The corrosion-induced cracks tend to extend 458 

from pores filled with rust and propagate in a radial direction towards the sample 459 

surface. As the corrosion proceeds, rust fills into the crack space and continuously 460 

migrates outside. 461 

2. Cracking characteristics between plain mortar and ECC are quite different. In steel-462 

inserted mortar, corrosion induced cracking tends to occur locally at the ITZ between 463 
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aggregate and cement paste. The resultant crack width is relatively large, allowing 464 

massive leaching of rust. In contrast, ECCs with corroded steel rod experiences 465 

longstanding growth of tiny and uniformly distributed cracks during the corrosion 466 

process. Compared to PVA-ECC, cracks in PE-ECC are more likely to propagate to 467 

the sample surface. 468 

3. Crack width in ECCs increases in the early corrosion period, while even reduces 469 

slightly at the later corrosion period due to rust precipitation at the crack space. 470 

4. Quantitative analysis of corrosion process (i.e. steel mass loss and crack width 471 

variation) in plain mortar and ECCs can be efficiently conducted in the scanned 472 

tomograms. Estimation of steel mass loss from image segmentation method is in 473 

acceptable agreement with those obtained by theoretical prediction.  474 
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