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Abstract: Corrosion-caused cover cracking can lead to the serious deterioration of 6 

reinforced concrete (RC) structures. However, only a few experimental studies in the 7 

literature have examined the entire cracking process of specimens with a realistic 8 

configuration that consists of both the concrete cover and concrete core. Herein, the 9 

mechanism and process of cover cracking are experimentally investigated for cover 10 

and core specimens by using accelerated corrosion tests together with digital image 11 

correlation. The entire process of corrosion-caused cover cracking is experimentally 12 

recorded. The phenomenon of the rotation of the cover is first observed. Furthermore, 13 

the direction of the crack propagation, crack opening displacement (COD) profiles 14 

and the concrete expansion at the steel/concrete interface are measured. The 15 

relationship between total rust and the rust that causes expansion pressure on the 16 

surrounding concrete is examined. The test results are then used to validate a 17 

previously proposed elastic-body-rotation model for simulating cover cracking. 18 

 19 
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 21 

1. Introduction 22 

The expansion caused by the corrosion of rebars, shrinkage, thermal stress, 23 

external loading, etc. can cause the cracking of reinforced concrete (RC) structures. In 24 

particular, the corrosion of rebars has been widely considered as one of the most 25 

predominant deterioration processes [1-3] due to the fact that corrosion-caused cover 26 

cracking can reduce the strength of the concrete cover and degrade the bonding 27 

strength between the rebar and concrete as well as cause water leakage. These can 28 

adversely affect the serviceability, strength, durability, and ductility of RC structures 29 

[4-16]. However, the challenge lies in fully understanding the deterioration 30 

mechanisms as the phenomena of crack initiation, propagation and widening that take 31 

place in concrete cannot be readily observed. 32 

In the literature, two typical specimen configurations are used to study the 33 

deterioration of the concrete cover caused by the corrosion of one of the inner rebars; 34 

see Fig. 1. In the figure, c denotes the thickness of the concrete cover and D is the 35 

diameter of the rebar. Fig. 1a illustrates the concrete cover specimen. These specimens 36 

have a single rebar placed at the center of a concrete cylinder or a concrete cube and 37 

the thickness of the concrete around the rebar is equal to the simulated cover thickness. 38 
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Fig. 1b shows a cover and core specimen that features different concrete thicknesses 39 

around the rebar in which the thinner side represents the concrete cover and the 40 

thicker side simulates the concrete core. 41 

 42 

The induced crack patterns in the cover and cover and core specimens as shown 43 

in Fig.2 are different due to the different distributions of rust around the rebar and 44 

different confinement pressure from the concrete. Most real RC members consist of a 45 

cover and a concrete core. The confinement effects in the lateral direction of the cover 46 

and core specimen are greater than those in the direction normal to the cover surface. 47 

The cover and core specimens which can be used to realistically model the 48 

confinement effects are more suitable for studying cracking of the concrete cover 49 

caused by a corroded rebar. Furthermore, aggressive ions, like chloride or sulfate ions, 50 

usually penetrate through the thinner cover surface and first reach the rebar surface 51 

that is in proximity to the concrete cover which causes the depassivation of this part 52 

of the rebar first in typical RC members in aggressive environments [17-20]. As a 53 

result, there is the initiation of macrocell corrosion between the corroded and 54 

non-corroded rebars, which results in more rust near the cover than the concrete core 55 

[21-25]. Thus the cover and core specimens can more realistically simulate the rust 56 

distribution around corroded rebars.  57 

  58 
Fig. 2 Cracked cover in (a) cover specimen vs. (b) cover and core specimen 59 

 60 

The differences in cracking process and deformation between the cover 61 

specimens and cover and core specimens are summarized here.  62 

1. In the cover specimens, corrosion-caused cracks initiate at the steel/concrete 63 

interface and then propagate toward the cover surface (from inside to outside) 64 

Concrete 
core 

Rebar 

Cover 

(b) 

Fig. 1 Two typical configurations for studying deterioration of concrete cover caused 

by corroded inner rebar (a) concrete cover specimen, and (b) cover and core specimen 

c 

D 

Concrete 
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c 

D 
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[26-30], while in the cover and core specimens, surface crack always initiates at 65 

the cover surface and then spreads toward the rebar (from outside to inside) [17, 66 

31-34].  67 

2. The COD profile of the surface crack decreases from the steel/concrete interface 68 

to the cover surface in the cover specimens [28, 35], whereas an opposite COD 69 

profile is found in the cover and core specimens [32, 33, 36].  70 

3. The expansion of rust causes tangential tension in concrete and uniform 71 

expansion of concrete around the rebar in the cover specimens [29, 37, 38]. 72 

However, the expansive force of the rust pushes against the concrete cover and 73 

causes its rotation. As a result, there is a much larger movements of the cover 74 

than the core in the cover and core specimens [36]. 75 

Experimentally and numerically studies [11, 17, 32, 33, 39-41] have been 76 

conducted to investigate corrosion caused cracking of cover and core. However, only 77 

the width of surface cracks at the end of the test were presented in the experimental 78 

studies [11, 39, 41]. The changes in crack patterns and COD profiles throughout the 79 

test were not reported. Even though the cracking process was numerically and 80 

analytically simulated [17, 32, 33], their predicted results have not been validated 81 

experimentally. It is therefore imperative to conduct related experimental test and 82 

display the entire process of cover deterioration caused by rebar corrosion for 83 

comparison.  84 

Digital image correlation (DIC) is an optical-based technique for measuring 85 

surface displacement. The basic principle of this technique is to search for the 86 

maximum correlation between small zones in two images of a specimen. In 87 

calculating the displacement, one small zone from the first image is defined as the 88 

reference, and the corresponding zone on the other image is defined as the target. The 89 

displacements at various points in the reference zone can be obtained by calculating 90 

the differences in the coordinates of the speckle pattern in the two zones [42, 43]. This 91 

technique is both a non-contact and non-destructive means for measuring the surface 92 

deformation of a specimen subjected to external forces. One of the main advantages 93 

of this method is that the entire cracking process, including crack initiation, 94 

propagation and widening, can be continuously measured. The DIC method has been 95 

widely used in measuring the cracking of RC structures [44-49]. 96 

In this study, the mechanism and process of concrete cover cracking are 97 

experimentally investigated by using accelerated corrosion tests together with DIC. 98 

The corrosion-caused cover rotation, bulging of the cover surface, displacement at the 99 

steel/concrete interface and COD profiles are recorded. The concrete strain around the 100 

rebar is also measured by using strain gauges. Furthermore, the relationship between 101 

the total rust and the rust that causes expansion pressure on the surrounding concrete 102 
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is evaluated. 103 

 104 

2. Analytical model 105 

An elastic-body-rotation model was proposed by [36] to analyze the mechanism 106 

and process of cover cracking caused by the corrosion of an inner rebar. This model 107 

can be used to estimate the volume of corroded steel that would cause the initiation of 108 

cracking. Furthermore, a relationship was found between the surface crack width and 109 

the volume of corroded steel in [36]. Therefore, the experimental results obtained 110 

from [36] will be used to validate the proposed analytical model in this study. 111 

  112 
Fig. 3 Elastic-body-rotation model of cracking of cover due to rebar corrosion (a) 113 

concrete rotation and cracks, (b) stress map of concrete, and (c) cover spalling caused 114 

by inclined cracks 115 

 116 

For comprehensiveness, the proposed cover cracking model is briefly described 117 

here. As shown in Fig. 3a, the pressure from the corrosion-caused expansion pushes 118 

against the concrete cover, which causes the concrete bodies ABIC and ABIʹCʹ to 119 

rotate about the pivot points, C and Cʹ. Such movement results in tensile stress 120 

concentration at Points A, I and Iʹ and concentrated compressive stresses at Points B, 121 

C and Cʹ, as shown in Fig. 3b. Thus, two inclined cracks initiate at Points I and Iʹ on 122 
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the cover and spread toward the cover surface along IC and IʹCʹ, respectively, as 123 

shown in Fig. 3a. Furthermore, a single crack which is perpendicular to the cover 124 

surface starts from Point A and propagates along Line AB toward the rebar as shown 125 

in Fig. 3a. This surface crack does not penetrate throughout the entire cover because 126 

the concrete near the steel/concrete interface at Point B is in compression. Eventually, 127 

when the two inclined cracks along IC and IʹCʹ reach the cover surface, they cause 128 

the concrete cover to spall, as shown in Fig. 3c. 129 

Using the model from [36], the areas of corroded steel that cause the initiation of 130 

the inclined cracks and cracks on the concrete cover surface; that is, Vsteel,Ic and 131 

Vsteel,Ac, respectively, can be determined by using the following equations: 132 

𝑉steel,Ic =
𝜋𝐷

4(𝛽−1)
{

𝜋𝐷𝑓t(𝐷+2𝑐) sin𝜑

2𝐸c,ef[𝐷(1−cos𝜑)+2𝑐]
+ 2𝑑0}               (1) 133 

𝑉steel,Ac =
𝜋𝐷

4(𝛽−1)
{
𝑓t(𝐷+2𝑐)

2 tan𝜑2

8𝑐𝐸c,ef
+ 2𝑑0}                 (2) 134 

where D is the diameter of the rebar, β is the ratio of the amount of rust to corroded 135 

steel, ft is the tensile strength of the concrete, c is the cover thickness, φ is the angle of 136 

the inclined crack on the concrete cover, d0 is the thickness of the porous zone, 137 

𝐸c,ef = 𝐸c (1 + 𝜙ct)⁄  is the effective elastic modulus of the concrete, Ec is the elastic 138 

modulus of the concrete and 𝜙ct is the creep coefficient of the concrete. 139 

The areas of corroded steel Vsteel can be obtained with the width of the crack 140 

mouth opening displacement CMODA of the cover surface, and bulging at Point A, dA, 141 

by using the following equations, respectively: 142 

𝑉steel =
𝜋𝐷

4(𝛽−1)
{(

(𝐷+2𝑐)𝑓t tan𝜑

2𝐸c,ef
+ CMODA)

(𝐷+2𝑐) tan𝜑

4𝑐
+ 2𝑑0}        (3) 143 

𝑉steel =
𝜋𝐷

4(𝛽−1)
(𝑑A + 2𝑑0)                    (4) 144 

Furthermore, the width of the inclined cracks on the cover CMODI can be 145 

obtained based on the area of the corroded steel by using: 146 

CMODI = [
4(𝛽−1)𝑉steel

𝜋𝐷
− 2𝑑0]

𝐷(1−cos𝜑)+2𝑐

(𝐷+2𝑐) sin𝜑
−

𝜋𝐷𝑓t

2𝐸c,ef
              (5) 147 

 148 

3. Experimental program 149 

3.1 Materials and specimens 150 

Ordinary Portland cement (Green Island Cement, Hong Kong) with a strength 151 

class of 52.5 N which complies with BS EN 197-1:2011 [50] was used in the 152 

experiment. For the fine and coarse aggregates, local crushed granite rock was used 153 

and the largest diameter of the coarse aggregate is 10 mm. A polycarboxylate-based 154 

superplasticizer was added to the concrete to improve the flowability. The proportions 155 
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of the concrete mix are summarized in Table 1. The casted concrete specimens were 156 

cured in air at a temperature of 20±2 °C and relative humidity of 75-85%. On the 157 

28th day after casting, concrete property tests were carried out in accordance with 158 

Hong Kong Construction Standard CS1 [51]. The test results are summarized in Table 159 

2. 160 

 161 

Table 1 Concrete mix proportions 162 

Target 

concrete 

grade 

Water 

(kg/m3) 

Cement 

(kg/m3) 
w/c 

Fine 

aggregate 

(kg/m3) 

Coarse 

aggregate 

(kg/m3) 

Maximum 

aggregate 

(mm) 

Super 

plasticizer 

(g/m3) 

C30 200 279 0.72 1025 838 10 1000 

 163 

Table 2 Concrete properties 164 

fcu 

(MPa) 

Ec 

(GPa) 

ft 

(MPa) 

34.1 24.4 2.35 

Notes: fcu, denotes compressive strength (cube 150 mm×150 mm×150 mm); Ec is the Young’s 165 

modulus, and ft, is the tensile strength of the concrete cylinder (diameter: 150 mm and height: 300 166 

mm). 167 

 168 

The rebars used in the accelerated corrosion test were ribbed carbon steel bars 169 

with a diameter of 16 mm and length of 50 mm. The mechanical properties of steel 170 

rebars (tensile strength of steel rebars at yield fy, ultimate tensile strength of steel 171 

rebars fu, and Young’s modulus of steel rebars Es) are summarized in Table 3. They 172 

were polished with a steel brush and abrasive paper, as well as rinsed with distilled 173 

water. 174 

 175 

Table 3 Mechanical properties of steel rebars 176 

fy 

(MPa) 

fu 

(MPa) 

Es 

(GPa) 

540 621 196 

 177 

The geometry and dimensions of the specimens are shown in Fig. 4, in which D 178 

is the rebar diameter and c is the cover thickness. Two concrete specimens with 179 

dimensions of 50 mm×240 mm×150 mm were cast, which are labelled as Specimens 180 

1 and 2. The cover thickness of Specimens 1 and 2 is 10 mm and 20 mm respectively. 181 
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The casting direction was parallel to the longitudinal direction of the rebar. The 182 

bottom surface of the specimens was sealed with epoxy resin to ensure that no saline 183 

solution (NaCl solution) penetrated into the concrete and no rust could escape through 184 

the bottom surface. 185 

 186 

3.2 Accelerated corrosion testing with DIC 187 

Accelerated corrosion tests were conducted by using the DIC technique to 188 

measure the surface deformation. The accelerated corrosion technique was used as it 189 

is not only faster but also good for controlling the corrosion rate of rebars. 190 

Furthermore, the process of concrete cracking would not be significantly affected by 191 

the accelerated corrosion test. Therefore, this technique has been widely used to study 192 

the effects of rebar corrosion on the deterioration of concrete cover, bond behavior, 193 

and residual load-bearing capacity of RC members [15, 47, 52, 53]. Fig. 5 shows the 194 

experimental setup. A constant and direct current of 200 μA/cm2 was applied between 195 

the rebar (the anode) and a counter electrode (the cathode) which is made of carbon 196 

fiber. About half of the depth of the specimen was immersed into 3.5% NaCl solution. 197 

The current and voltage of the specimen were respectively measured with an ammeter 198 

and a voltmeter on a daily basis, which were used to calculate the resistance of the 199 

specimen with: 200 

R =
𝑉

𝐼
                               (6) 201 

where R is the resistance of the concrete, V is the voltage and I is the current in the 202 

electric circuit. 203 

240 mm 

1
5
0
 m

m
 

50 mm 

240 mm 

c = 10/20 mm 

Fig. 4 Geometry and dimensions of specimens 

Casting direction 

Rebar 
Concrete 

D = 16 mm 
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 204 
Faraday’s law of electrolysis was applied to calculate the different levels of 205 

corrosion: 206 

∆𝑚 =
𝐼𝑡𝑀

𝐹𝑧
                             (7) 207 

where Δm is the theoretical mass loss of the rebar (g), I is the imposed current density 208 

(A), t is the corroded time (s), M is the atomic weight of iron (Fe) (55.85 g/mol), F is 209 

the Faraday’s constant (96,487 C/mol) and z is the ionic charge (2 for iron(II) (Fe+2) 210 

and 3 for iron(III) (Fe+3)). 211 

DIC was used to capture the full deformation field of the specimen. Random 212 

black speckles were sprayed on the surface of the specimens as shown in Fig. 6. Two 213 

Canon EOS cameras, 70D and 80D, with a Canon EF-S 18-55 mm IS STM lens were 214 

used to take images of Specimens 1 and 2 respectively. The ISO was set at 200 with 215 

apertures of f/8 for both cameras. The cameras were placed about 30 cm above the 216 

specimens. The focal lengths of the camera lens were set at 55 mm and 35 mm for 217 

Specimens 1 and 2 respectively. Generally, each speckle ranges from 3-8 pixels in size 218 

to allow for effective correlation. To obtain adequate image contrast, two LED light 219 

sources with a direct current were fixed above the specimens. Two reference plates 220 

which have similar black speckles as those on the specimens were positioned as 221 

shown in Fig. 6. The digital cameras automatically took images every hour during the 222 

entire period of testing. The images and reference plates were used to analyze the 223 

displacement and strain of the specimens with Optecal, which is a DIC software [54], 224 

and previously used in [47, 48].  225 

A 

V 

Power supply Ammeter 

Voltmeter 

Rebar 

Specimen 

Saline solution 

Camera 

Computer 

Counter 
electrode 

Light 
sources 

Fig. 5 Experimental setup for accelerated corrosion tests with DIC 
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 226 

3.3 Layout of strain gauges 227 

Strain gauges were installed onto the surface of the test specimens to measure 228 

their strain during testing as illustrated in Fig. 7. Four strain gauges (Nos. 1-1, 1-2, 1-3, 229 

and 1-4) with equal distance from the center of the rebar are placed around the rebar 230 

in Specimen 1; see Fig. 7(a). Furthermore, five strain gauges (Nos. 1-5, 1-6, 1-7, 1-8, 231 

and 1-9) that are spaced 20 mm apart are placed onto the surface of the concrete cover 232 

of Specimen 1; see Fig.7(c). Eight strain gauges (Nos. 2-1, 2-2, 2-3, 2-4, 2-5, 2-6, 2-7, 233 

and 2-8) are placed around the rebar with two equidistant layers in Specimen 2; see 234 

Fig.7(b). Four other strain gauges (Nos. 2-9, 2-10, 2-11, and 2-12) that are spaced 20 235 

mm apart are also placed onto the surface of the concrete cover of Specimen 2; see 236 

Fig.7(d). The strain gauge adhesive - PS (polyester and organic peroxide contained) 237 

and the coating material - N-1 (chloroprene system rubber) are used to protect the 238 

strain gauges from corrosion. On the front of the specimens, strain gauges that are 30 239 

mm length are used, while those that are placed onto the surface of the concrete cover 240 

are 10 mm in length. The measurements of the strain gauges were automatically 241 

recorded and saved every half an hour with a data logger and a computer. 242 

Random 

speckles 

for DIC 

Fig. 6 Specimen with random speckles for DIC 

References 
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 243 

 244 

4. Results and discussion 245 

4.1 Failure mode and map of cracking 246 

All of the corrosion-caused cracks are divided into three categories in this study 247 

based on their location and inclined angles, which include: cracks on the surface of 248 

the covers, internal cracks, and inclined cracks on the concrete cover as shown in Fig. 249 

8. The cracks on the surface of the cover are found at the thinnest part of the cover 250 

and almost perpendicular to the cover surface. The internal cracks are found in the 251 

concrete core, which can be but not absolutely vertical to the cover surface. Finally, 252 

the inclined cracks are cracks on the cover but form a sharp/obtuse angle to the cover 253 

surface. 254 

 255 
The COD profiles of the corroded specimens were measured by using an optical 256 

microscope with the accuracy of 0.1 mm after the accelerated corrosion test. The 257 

failure modes and maps of cracking are presented in Fig. 9 for Specimen 1 after 84 258 

Strain gauge (30 mm) 

Strain gauge (10 mm) 

Fig. 7 Layout of strain gauges (a) front view of Specimen 1, (b) front view of 

Specimen 2, (c) cover surface of Specimen 1, and (d) cover surface of Specimen 2 
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days of corrosion and Fig. 10 for Specimen 2 after 76 days of corrosion. The crack 259 

patterns obtained by DIC are shown in Figs. 9a and 10a respectively. 260 

For Specimen 1, the maximum COD is between 0.4 mm - 0.7 mm on the 261 

concrete cover as shown in Fig. 9b. It can be seen that the crack inside the concrete 262 

cover near the rebar is more narrow than those near the surface of the concrete cover, 263 

which means that the COD of the surface crack is reduced from the surface of the 264 

cover to the steel/concrete interface [36]. There is an internal crack in the concrete 265 

core with a length of 94 mm and 68 mm at the front and back of the specimen 266 

respectively; see Figs. 9a and 9c, which means that the expansion of rust not only 267 

causes cracks on the concrete cover surface, but also facilitates internal cracks inside 268 

the concrete core. Practicing engineers should heed these internal cracks as they 269 

cannot be normally detected through a visual inspection, but could affect the integrity 270 

and safety of structures. It was observed that the COD of the internal crack in this 271 

study shows a trend of decrease from the steel/concrete interface to a region away 272 

from the rebar. Furthermore, two inclined cracks on the cover were found on the back 273 

of the specimen and the inclined angles are 58.6° and 49° respectively as shown in 274 

Fig. 9c. The COD of the two inclined cracks on the cover near the rebar (COD of 0.15 275 

mm) is greater than that near the cover surface (COD of 0.1 mm), which means that 276 

the COD is reducing with distance away from the steel/concrete interface towards the 277 

cover surface. 278 
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  279 

Fig. 9 Failure mode and crack pattern of Specimen 1 280 

(a) front of specimen, (b) cover surface, and (c) back of specimen 281 

The results for Specimen 2 are similar to those observed in Specimen 1; see Fig. 282 

10. The COD profile of the surface crack is decreasing from the cover surface to the 283 

steel/concrete interface, while that of the internal and inclined cracks on the cover 284 

both decrease with increased distance from the rebar surface. Furthermore, the angles 285 

of the inclined cracks are 43°and 32.2° at the front and back of the specimen 286 

respectively. 287 
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 288 

Fig. 10 Failure mode of Specimen 2 and crack pattern 289 

(a) front of specimen, (b) cover surface, and (c) back of specimen 290 

4.2 Failure process 291 

The failure process of Specimen 2 based on the DIC is presented in Fig. 11. Figs. 292 

11a, 11c, 11e and 11g on the left and Figs. 11b, 11d, 11f and h on the right show the 293 

rotation and strain distribution of the specimen, respectively. After 5 days of 294 

accelerating corrosion, the expansion of the rust pushes against the concrete cover, 295 

which causes the left and right parts of the cracked region of the specimen to rotate 296 

clockwise and anticlockwise respectively as shown in Fig. 11a. This deformation 297 

resulted in the almost simultaneous development of two cracks: one is on the cover 298 
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surface and the other is an inclined crack on the left part of the specimen as shown in 299 

Fig. 11b. After that, the surface crack spreads toward the rebar and increases in width 300 

with more rotations of the concrete cover. After about 13 days of corrosion, a second 301 

inclined crack emerges on the right part of the specimen as shown in Fig. 11d. Then, 302 

both the surface crack and the second inclined crack increases in both length and 303 

width. On the 24th day, a third inclined crack emerges on the left part of the cover as 304 

shown in Fig. 11f. With an increase in the volume of rust, the vertical surface crack 305 

and the second and third inclined cracks increase in width and length as shown in Figs. 306 

11g and 11h. However, in comparison to the development of those cracks, the first 307 

inclined crack increased at a much slower rate during the entire period of testing. 308 

Moreover, the rotations of the concrete cover gradually increase with an increase in 309 

corrosion time during the entire cracking process as shown in Figs. 11a, 11c, 11e and 310 

11g. The mechanism of the cover failure obtained in this experimental study is overall 311 

in agreement with the analytical model proposed by the authors in [35]. 312 

 313 

314 
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315 
 Fig. 11 Failure process of Specimen 2 316 

4.3 Corroded rebar 317 

The specimens were manually broken into pieces after carrying out the accelerated 318 

corrosion tests. The diameter of the left side of the corroded rebars was measured by 319 

using an electronic digital caliper with an accuracy of 0.025 mm. The results are 320 

shown in Fig. 12 for the rebar in Specimen 1 (Rebar 1) and Fig. 13 for the rebar in 321 

Specimen 2 (Rebar 2). It can be observed that the corrosion of the rebar surface near 322 

the cover is more severe than that near the concrete core. This may be due to the fact 323 

that after the cracking took place on the surface of the cover, more chloride ions, air 324 

and water entered the rebar surface near the cover through the cracks, thus increasing 325 

the corrosion rate of steel there. It is also observed that on the rebar surface near the 326 

cover, non-uniform corrosion of the steel took place along Rebar 1 as shown in 327 

Sections A and B in Fig. 12. It may be caused by partial immersion of the specimen in 328 

the saline solution. The degree of saturation and oxygen accessibility along the rebar 329 

may not be the same in the sections above and below the solution surface. Compared 330 

with Rebar 1, the corrosion along the Rebar 2 is more uniform as shown in Fig. 13. 331 
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   332 
Fig. 12 Corroded rebar in Specimen 1 (Rebar 1): (a) surface, (b) Section A, and (c) 333 

Section B 334 
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 335 
Fig. 13 Corroded rebar in Specimen 2 (Rebar 2): Rebar surface near the cover, (b) 336 

Rebar surface near the concrete core, and (c) typical section 337 

 338 

The corroded steel rebars were cleaned and their mass loss was weighted in 339 

accordance with ASTM G1-03 [55]. The corroded rebars were first cleaned with a 340 

light brushing to remove loose and bulky rust, and then immersed in the solution of 341 

rust remover. The rebars were kept in the solution for about 5 minutes and then 342 

weighted after wiping and drying. This procedure was repeated several times until the 343 

weight of corroded rebars was nearly constant.  344 

Table 4 compares the mass loss of the rebars calculated by using Faraday’s law 345 

on those weighted with an analytical balance (with the accuracy of 0.1 mg). The 346 

errors are +1.6% and -2.8% respectively for Rebars 1 and 2. Such small errors means 347 

that Faraday’s law can be used to calculate the corrosion level of the rebars in 348 

accelerated corrosion tests with good accuracy. 349 

Table 4 Comparison of calculated and weighted mass loss of rebars 350 

 Calculated mass loss (g) Weighted mass loss (g) Error (%) 

Rebar 1 14.660 14.433 +1.6 

Rebar 2 10.309 10.609 -2.8 

 351 

4.4 Displacements at steel/concrete interface 352 

Displacements at eight points of the steel/concrete interface, which were 353 

uniformly located around a section of the corroded rebar, were measured by using the 354 
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DIC technique after 5, 10, 15 and 20 days of corrosion of the rebar. The results are 355 

shown in Fig. 14 in which the displacement ranges of 270°-360° and 0°-90° are 356 

displacements at the steel/concrete interface near the cover, and 90°-270° denote the 357 

displacement at the rebar surface in the concrete core. It is found that the 358 

displacements at the steel/concrete interface are non-uniform. The displacements near 359 

the cover are much larger than those on the opposite side, even though the same 360 

amount of force from the corrosion-caused expansion is imposed onto both sides of 361 

the cover (the force equilibrium around the rebar section). Furthermore, the 362 

displacement is the highest at the thinnest part of the cover, i.e. at 0°, which could be 363 

attributed to the much lower thickness and confinement capacity of the concrete cover 364 

than those of the concrete core, thus causing larger displacements at the steel/concrete 365 

interface near the cover. 366 

 367 
(a)                                 (b) 368 

Fig. 14 Displacements at the steel/concrete interface  369 

(a) Specimen 1 and (b) Specimen 2 370 

 371 

4.5 Relationship between amount of total rust and rust that causes cover cracking 372 

There are four sources of rust that make up the total rust, Vrust, which include the 373 

rust that: (1) fills the initial volume of the corroded steel, Vsteel; (2) is deposited into 374 

the porous zone around the steel/concrete interface, Vporous, (3) imposes expansion 375 

pressure on the surrounding concrete, Vnet, and (4) accumulates into or passes out 376 

through the corrosion-caused cracks, Vcracks. Fig. 15 shows the relationship between 377 

Vrust and Vnet in which Vrust is obtained by using Faraday’s law with Eq. (7) and Vnet is 378 

calculated with the measured displacements at the steel/concrete interface with DIC 379 

(as shown in Section 4.4). It can be found that Vrust is much higher than Vnet (Fig. 15a) 380 

and the ratio of Vrust to Vnet is between 2.5 and 4 (Fig. 15b). This is because a large 381 

volume of rust is deposited into the porous zone (Vporous) and cracks (Vcracks). 382 
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 383 
 (a)                                 (b) 384 

Fig. 15 Relationship between total rust Vrust and rust that causes cover cracking Vnet (a) 385 

comparison of Vrust with Vnet and (b) variation of ratio of Vrust to Vnet with time. 386 

There were two typical reasons causing different cover cracks in the accelerated 387 

and natural corrosion situations. The first was that the rust distribution around the 388 

rebar is usually uniform in accelerated corrosion tests and non-uniform in natural 389 

corrosion [56]. However, in the present accelerated corrosion test, as the thickness of 390 

the concrete cover is much thinner than that of the concrete core (see Fig. 4), the 391 

cover surface was cracked first, causing more chloride ions, air and water penetrated 392 

through the concrete and reached the rebar surface that was in proximity to the 393 

concrete cover. As a result, the corrosion of the rebar surface near the cover is more 394 

severe than that near the concrete core as shown in Figs. 12-14, which is similar to the 395 

natural corrosion [57, 58]. The second reason was due to the differences in corrosion 396 

current densities, chemical compositions of rust [56] and the ratio of Vnet/Vrust [59, 60] 397 

in accelerated and natural corrosion. These factors could lead to the difference in rust 398 

volume Vnet depositing at the steel-concrete interface even with the same total rust 399 

volume Vrust, and hence different strain response and crack widths in accelerated 400 

corrosion tests. However, in this study, Vnet is calculated by using the measured 401 

displacements around the steel-concrete interface with DIC, which means Vnet can be 402 

obtained directly without the influence of the chemical compositions of rust, the ratio 403 

of Vnet/Vrust, and the mechanical properties of rust. Hence the cover cracking process 404 

revealed from the accelerated corrosion test together with DIC in this paper should be 405 

very similar to that from the natural corrosion. 406 

 407 

4.6 Strains 408 

The strains of the two specimens, which were measured with strain gauges, are 409 

shown in Figs. 16 and 17 respectively. For Specimen 1, the tensile strain at the cover 410 

surface (region of No. 1-7 strain gauge) is much higher than those in the regions of 411 
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the Nos. 1-1 – 1-4 strain gauges which are closer to the rebar. This is because the rust 412 

expanded and pushed against the cover, thus causing the left and the right sides of the 413 

cover to rotate clockwise and anticlockwise, respectively [36]. This deformation 414 

would result in cracks on the surface of the cover. Among the strains in the regions of 415 

the Nos. 1-1 – 1-4 strain gauges which are placed at equal distance from the rebar 416 

center, they show an almost equal tensile strain in the first 2 days, but then the strain 417 

in the area of No.1-1 increases faster than the others and eventually has the highest 418 

strain reading. This is because the cover in the area of No. 1-1 is the least thick and 419 

therefore, the most fragile. On the contrary, the concrete core in the area of No. 1-3 is 420 

the most thick, and therefore has the lowest strain reading before the cover cracked. 421 

The strain in the area of No. 1-7 is also compared with those in the areas of Nos. 1-5, 422 

1-6, 1-8 and 1-9 in Fig. 16b. The concrete in the area of No. 1-7 is always under 423 

tension while the concrete in the areas of Nos. 1-5, 1-6, 1-8 and 1-9 is under tension 424 

first but later is under compression. The reason for why the concrete in the areas of 425 

Nos. 1-5, 1-6, 1-8 and 1-9 could be under compression is due to the continuous 426 

rotation of the cracked concrete cover [36]. 427 
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(a)                                 (b) 429 

Fig. 16 Comparison of strain readings in Specimen 1: (a) strains near the rebar and (b) 430 

strains on the cover surface 431 

 432 

Among the strain readings in the areas with equal distance from the rebar center 433 

of Specimen 2; that is, Nos. 2-1 – 2-4 and Nos. 2-5 – 2-8, it can be observed that the 434 

ones near the cover surface (Nos. 2-1 and 2-5) are generally the highest as shown in 435 

Figs. 17a and 17b. Among the strains in the areas of Nos. 2-1 – 2-4, the strain in the 436 

area of No. 2-3 is the lowest at first but later rapidly increases and provides the second 437 

highest reading, which is because the cracking of the cover caused a reduction in its 438 

resistance capacity. Therefore, the concrete in the area of No. 2-3 had to counter the 439 

higher force from the expansion, which caused the cracking of the concrete core. 440 
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Furthermore, the strain on the cover surface (No. 2-5) is higher than that in the area of 441 

No. 2-1 as shown in Fig. 17c, which is also the case for Specimen 1. 442 
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Fig. 17 Comparison of strain in the areas:  448 

(a) Nos. 2-1 – 2-4, (b) Nos. 2-5 – 2-8, and (c) No. 2-5 vs. No. 2-1 449 

 450 

4.7 Relationship between maximum expansion thickness of rust and maximum 451 

bulging of cover surface 452 

The maximum expansion thickness of rust, df,max, is defined as the expansion 453 

displacement at the position of the steel/concrete interface in the least thick part of the 454 

cover, i.e. at 0° in Section 4.4. Furthermore, the largest amount of bulging on the 455 

surface of the concrete cover, dA, is found at the position that is vertical to the rebar 456 

center. df,max and dA were measured by using the DIC technique and their relationships 457 

are shown in Fig. 18. It can be observed that df,max is almost equal to dA in both 458 

specimens. 459 
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(a)                                 (b) 461 

Fig. 18 Comparison of maximum expansion thickness of rust and largest amount of 462 

bulging on surface of concrete cover in (a) Specimen 1 and (b) Specimen 2 463 

 464 

4.8 Bulging on surface of concrete cover 465 

Fig. 19 shows a comparison of the bulging on the surface of the concrete cover 466 

of Specimen 2 obtained by using the DIC method versus that by using the analytical 467 

model developed by the authors in [36], in which the position on the cover surface 468 

that is vertical to the rebar center is the initiation point of the bulging. The average of 469 

the inclined crack angles on the front and back of Specimen 2, i.e. inclined angle = 470 

(43° + 32.2°)/2 = 37.6°, is adopted in the analytical model. It can be found that the 471 

shape of the bulge and deformation of the cover surface obtained by using the DIC are 472 

generally consistent with those obtained from the analytical model. Furthermore, the 473 

bulging at the initiation point is the largest and the bulging almost linearly decreases 474 

along the cover surface with an increase in the distance away from the initiation point. 475 

The measured profile of the bulging of the cracked cover is a triangular shape which 476 

is also consistent with the shape when the profile is determined by using a laser 477 

displacement meter [61].  478 
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Fig. 19. Comparison of bulging on cover surface obtained from DIC and analytical 480 

models [34] 481 

 482 

4.9 COD profile of surface cracks 483 

The COD profiles of the surface cracks are measured by using the DIC technique 484 

as shown in Fig. 20. It can be observed that the COD profiles at the cover surface are 485 

the largest and gradually decrease from the cover surface to the rebar/concrete 486 

interface. 487 
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(a)                                 (b) 489 

Fig. 20. COD profiles of the cover of: (a) Specimen 1 and (b) Specimen 2 490 

 491 

Fig. 21 is a comparison of the relationship between the maximum expansion 492 

thickness of rust and the COD profile at the cover surface obtained by using DIC and 493 

the analytical model in [36]. It can be observed that the DIC results are in good 494 

agreement with the analytical results. 495 
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Fig. 21. Relationship between maximum expansion thickness of rust and COD 497 

obtained by using DIC and analytical model in [34] 498 
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 499 

4.10 Electrical resistance of concrete specimens 500 

The electrical resistance of both Specimens 1 and 2 are calculated by using Eq. 501 

(6) and their variation with time is shown in Fig. 22. The electrical resistance 502 

generally first increases and then gradually decreases. The reason for the increase in 503 

resistance might be that the thickness of the rust increases with corrosion time, thus 504 

inhibiting the transport of electrons. The reason for the subsequent gradual decrease in 505 

resistance might be due to the fact that after the cover cracks, the electrons can still 506 

easily migrate through the cracks. 507 
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Fig. 22 Variation in electrical resistance: (a) Specimen 1 and (b) Specimen 2 510 

 511 

5. Conclusions 512 

In this study, the failure process of corrosion-caused cover cracking is 513 

experimentally investigated by conducting an accelerated corrosion test with the DIC 514 

technique. The strain, current and voltage of the specimens are measured with strain 515 

gauges, an ammeter and a voltmeter respectively. The following conclusions are 516 

drawn from this study: 517 

(1) The failure mode and a map of cracking of the specimens are presented. The 518 

COD profile of the surface crack decreases from the cover surface to the 519 

steel/concrete interface, while that of the internal and inclined cracks on the 520 

cover both decrease with increased distance from the rebar surface. The COD 521 

profile of surface crack is also quantitatively analyzed with DIC. 522 

Furthermore, two cracks with inclined angles between 30° and 60° are found 523 

in the area of the cover. 524 

(2) The failure processes of the specimens are captured by using DIC. The crack 525 

propagation on the concrete cover, as well as the deformation and rotation of 526 

the cover have been recorded. 527 
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(3) The corrosion of the surface of the rebar near the concrete cover is more 528 

severe than that in the concrete core in the accelerated corrosion tests. 529 

(4) The displacements at the steel/concrete interface are measured with the DIC 530 

technique. It is found that the displacements near the cover are much larger 531 

than those in the concrete core. Moreover, the bulging is the highest on the 532 

least thick part of the concrete. 533 

(5) The total amount of rust is found to be about 2.5 to 4 times that of the rust 534 

that exerts an expansion pressure onto the surrounding concrete. A 535 

substantial amount of rust is deposited into the porous zones and cracks. 536 

(6) The tensile strain at the cover surface is much greater than that found on the 537 

regions that are closer to the rebar. Among the strains in areas that are spaced 538 

equally but in different directions from the rebar center, they are almost equal 539 

at first, but then the strain in the area near the cover surface increases more 540 

rapidly than the others and gives the highest strain reading. 541 

(7) The DIC results show that the maximum expansion thickness of rust is 542 

almost equal to the greatest amount of bulging that occurs on the cover 543 

surface. 544 

(8) The measured profile of the bulging of the cracked cover is a triangular shape 545 

due to the expansion of rust. 546 

(9) The cover failure mechanism, rotation of the cover, bulging on the surface of 547 

the concrete cover and COD profile of the surface crack obtained from this 548 

experimental study are generally consistent with those presented in the 549 

analytical model in [36]. 550 

Finally, the aforementioned findings of this study not only lead to a better 551 

understanding of the mechanism and process of corrosion-caused cover cracking but 552 

also help researchers and engineers to determine COD profiles and develop more 553 

accurate models for assessing the service life of RC structures. 554 
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