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ABSTRACT 10 

Concrete cover cracking caused by corrosion of reinforcement is one of major deterioration 11 

mechanisms for reinforced concrete structures. In practice, time to surface cracking and crack 12 

width evolution are of significance in regards to the assessment of serviceability of reinforced 13 

concrete structures. Literature review suggests that, although considerable research has been 14 

undertaken on corrosion-induced concrete cracking, little has been focused on corrosion of 15 

multiple reinforcing bars, especially by considering the non-uniform corrosion process. In this 16 

paper, a time-dependent non-uniform corrosion model is established. A cohesive crack model 17 

is then formulated to simulate arbitrary cracking in the whole cover of concrete structures. 18 

Two typical cover failure modes (i.e., “delamination” and “combined delamination and corner 19 

spalling”) have been simulated under the non-uniform corrosion of multiple reinforcing bars 20 

and found dependent on spacing of reinforcement and fracture energy of concrete. The effects 21 

of corrosion, geometric and mechanical parameters on the time to surface cracking after 22 

corrosion initiation and the crack width evolution are also investigated and discussed. The 23 

developed model is partially verified by comparing the results with those from experimental 24 

tests on uniform corrosion of multiple reinforcing bars.  25 

Keywords: corrosion initiation, surface cracking, non-uniform corrosion, multiple reinforcing 26 
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1  INTRODUCTION 29 

Corrosion of reinforcement is a significant problem affecting the durability of reinforced 30 

concrete (RC) structures, e.g., bridge decks, retaining walls, piers, tunnels. Practical 31 

experience and observations suggest that corrosion-affected RC structures are more prone to 32 

cracking than other forms of structural deterioration. Consequently, the corrosion induced 33 

cracks destroys the integrity of the concrete cover, deteriorate the bonding strength of the 34 

interface between reinforcement and concrete, and lead to premature failure of RC structures. 35 

Moreover, the reinstatement cost of corrosion-affected RC structures is significantly high; 36 

worldwide, the maintenance and repair costs for corrosion-affected concrete infrastructure are 37 

estimated around $100 billion per annum [1].  38 

 39 

Considerable research has been carried out in concrete cover cracking induced by corrosion of 40 

reinforcement [1-8]. Liu and Weyers [2] were amongst the first to model the surface cracking 41 

time of concrete cover due to corrosion of reinforcement, based on a series of experimental 42 

tests. Their formula for the critical amount of corrosion products has been widely cited in the 43 

research literature. Pantazopoulou and Papoulia [4] established a relationship between the 44 

amount of corrosion products and internal pressure from which the cracking time of the 45 

concrete cover can be obtained. Li et al. [9] developed an analytical model to calculate the 46 

crack width of concrete cover caused by corrosion of reinforcement. Amongst these existing 47 

studies, most are focused on uniform corrosion of a single reinforcing bar.  48 

 49 

However, due to the fact that chlorides, as well as moisture and oxygen, penetrates into 50 

surface of steel at different rates on different sides of the concrete, it is rare to have a uniform 51 

corrosion on the reinforcing bar. Recently, some researchers have started to model the 52 

cracking of concrete cover induced by non-uniform corrosion. According to geometry and 53 
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diffusion properties of concrete, non-uniform corrosion model can be built by considering 54 

chloride concentration via Fick’s second law of diffusion [10-12]. However, the actual 55 

environmental conditions of concrete may differ significantly from the hypothesis under 56 

Fick’s law [13]. Meanwhile, experimental tests or field surveys have been carried out to 57 

determine the distribution of corrosion rust which is found not uniform along the 58 

circumference of the reinforcement [14-16]. Almost all the experimental results in literature 59 

have shown that only the part of reinforcement facing concrete cover is corroded and the 60 

further towards the concrete surface the location is, the more corrosion products that are 61 

produced at this location. Some studies introduced a factor defining the ratio of the depth of 62 

non-uniform corrosion to that of uniform corrosion, and found that its value ranges about 4-8 63 

in natural conditions [17-19]. Yuan and Ji [16] conducted corrosion tests on reinforced 64 

concrete samples in an artificial environmental chamber and found that, only a half of the 65 

reinforcement, facing concrete cover, was corroded and the expansion was in a semi-elliptical 66 

shape. Similar corrosion distributions were also found in other experiments [20]. 67 

 68 

Moreover, corrosion rate is the most important single parameter controlling the corrosion 69 

development [2, 9, 21, 22]. Previous work on predicting of corrosion-induced cover cracking 70 

mainly assumes a constant mean annual value of corrosion rate for the whole life-cycle of RC 71 

structures after corrosion initiation [18, 19, 23]. However, the corrosion process of steel 72 

reinforcing bar is an electrochemical reaction process influenced by three factors, i.e., 73 

chloride concentration, oxygen content and resistivity of concrete [24]. In natural 74 

environment, the actual corrosion rate should change throughout the year and the full life-75 

cycle of RC structures. A number of researches have been made to analytically establish the 76 

corrosion rate model for the entire lifetime of RC structures based on the electrochemical 77 

theory and/or to conduct experiments under artificial and nature climate environment 78 

conditions for verifications [25-28].  79 
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 80 

Under the expansive force caused by non-uniform corrosion of reinforcement, concrete cover 81 

can be cracked which leads to delamination of the cover. To investigate the structural effects 82 

of corrosion on the concrete cover, most previous work is focused on a single reinforcing bar, 83 

e.g., in [11, 18, 29]. It has been proved that the location of rebar (i.e., corner and middle 84 

rebars, respectively) and boundary conditions have significant effect on cover cracking 85 

induced by reinforcement corrosion [11, 29]. Moreover, spacing between the reinforcement, 86 

in case of multiple reinforcing bars, can influence the stress fields and thus the time to surface 87 

cracking and the cracking patterns. Very few of the existing models can well explain the 88 

effect of corrosion of multiple rebars on cracking of the whole concrete cover, including those 89 

of uniform corrosion [30]. Amongst the limited studies on corrosion of multiple rebars, Chen 90 

et.al [19] simulated the crack patterns of concrete cover induced by uniform corrosion of two 91 

reinforcing bars via lattice model. Further, Zhang et.al [31] modelled the cover cracking of 92 

RC structures with two reinforcing (middle) bars under non-uniform corrosion via damage 93 

plastic model. Literature review suggest that very little work has been carried out on cover 94 

cracking induced by non-uniform corrosion of multiple reinforcing bars of RC structures and; 95 

the relationship between the cover cracking and the time-dependent corrosion rate of the 96 

whole life-cycle under corrosion of multiple reinforcing bars has not been established. 97 

 98 

This paper attempts to develop a combined analytical and numerical method to predict the 99 

time to cover cracking after corrosion initiation and the crack width under time-dependent 100 

non-uniform corrosion of multiple reinforcing bars of RC structures. A non-uniform corrosion 101 

model is first formulated based on available experiment results. The time-dependent corrosion 102 

rate in the whole life-cycle of RC structures is introduced. Under the expansion caused by 103 

corrosion of multiple reinforcing bars, arbitrary discrete cracks are modelled in cover concrete 104 

by cohesive elements with finite element method. Time to concrete cracking, crack width and 105 
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crack patterns of the whole cover are obtained. The developed model is partially verified by 106 

comparing the results of uniform corrosion from the developed method and experiments, due 107 

to the lack of experimental data on non-uniform corrosion. Moreover, a parametric study is 108 

carried out to investigate the effects of some key parameters, e.g., fracture energy of concrete, 109 

spacing between the reinforcing bars and corrosion rate, on the time to surface cracking and 110 

crack width, under non-uniform corrosion of multiple reinforcing bars.  111 

 112 

2  RESEARCH SIGNIFICANCE  113 

Considerable research has been conducted in the last few decades in modelling corrosion of 114 

reinforcement in concrete and its effects on concrete cover cracking. However, most of 115 

existing studies are focused on corrosion of a single reinforcing bar and model the cover 116 

cracking as a thick-wall cylinder (mainly analytical) or other geometries (mainly numerical). 117 

Very few models could address the interactive behaviour of corrosion of multiple reinforcing 118 

bars of RC structures, e.g., beams with 4 tensile rebars. In fact, the cover cracking patterns, 119 

time to surface cracking and crack width development could be significantly affected by the 120 

combined stress fields generated from corrosion of multiple steel bars. Therefore, a rational 121 

model for predicting concrete cover cracking should employ a system approach, by 122 

considering all corrosion-affected reinforcing bars, rather than a simplified approach by 123 

simulating a single bar only. Moreover, corrosion is actually a time-dependent process and 124 

non-uniform along the circumference of reinforcing bars. It would be ideal to derive a time-125 

dependent non-uniform corrosion model for failure prediction of the whole cover of RC 126 

structures with multiple reinforcing bars. It is in this regard this paper is presented.   127 

3  TIME-DEPENDENT NON-UNIFORM CORROSION 128 

Chloride-induced corrosion of reinforcing bar in concrete produces rusts (mainly ferrous and 129 

ferric hydroxides, Fe(OH)2 and Fe(OH)3) which accumulate and result in cracking, spalling 130 
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and delamination of RC structures. The corrosion rusts first fill in the annular porous layer in 131 

concrete around the reinforcing bar, often referred to “diffusion zone” or “porous zone”. This 132 

initial stage normally does not produce stresses in concrete. As schematically shown in Figure 133 

1, D  is the diameter of the bar and 0d  is thickness of the “porous zone”. The thickness 0d  134 

varies from 10 to 20 �m according to the porosity of concrete and compaction degree, which 135 

is constant once concrete has hardened [23]. Depending on the level of corrosion, the products 136 

of corrosion may occupy up to a few times more volume than the original steel. As corrosion 137 

of the reinforcement propagate further, a band of corrosion products forms, as shown in 138 

Figure 1. If corrosion process is assumed uniform, the band becomes a circular ring which 139 

causes uniform stresses in the concrete. However, due to the fact that the chlorides, as well as 140 

moisture and oxygen, reach the reinforcement surface at different rates through top side of the 141 

concrete structure, it is rare to have uniform corrosion around the reinforcement. Experiments 142 

results suggest that the front of corrosion products for the half of rebar facing concrete cover 143 

is in a semi-elliptical shape, while corrosion of the opposite half of rebar is negligibly small 144 

[16].  145 

 146 
 147 
As illustrated in Figure 1(b), the total amount of corrosion products rustW  can be assumed to 148 

occupy three bands: the semi-elliptical band of corroded steel with maximum thickness stcod − , 149 

the porous circular band 0d and the semi-elliptical rust band with maximum thickness md . 150 

The semi-major axis and semi-minor axis for the semi-ellipse of corrosion front are 151 

mddD ++ 02/  and 02/ dD + , respectively.  152 

 153 

Based on the geometry, the total amount of corrosion products rustW  can be shown as follows: 154 
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 156 
where rustα  is the molecular weight of steel divided by the molecular weight of corrosion 157 

products. It varies from 0.523 to 0.622 according to different types of corrosion products [2]. 158 

rustρ  is the density of corrosion products and stρ  is the density of steel. 159 

 160 

By neglecting the second order of small quantities, i.e., mdd0 and 2
0d , md can be derived as 161 

follows: 162 

                                                163 
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To determine the displacement boundary condition caused by the rust expansion of the rebar, 165 

the function of the semi-ellipse of the corrosion front in rectangular coordinate system can be 166 

expressed as follows: 167 
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Equation (3) can be transformed in a polar coordinate system. By considering the original 169 

location of inner boundary of the concrete, i.e., 02/ dD + , the displacement boundary 170 

condition can be derived as follows, 171 

 172 
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where  πθ ≤≤0 .  174 

 175 

By substituting Equations (2) in to Equations (4), the displacement boundary condition of 176 

concrete ( )t,θδ  can be derived as follows: 177 
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where πθ ≤≤0 .  179 

 180 

In Equations (5), ( )tWrust  is related to the corrosion rate of the steel bar and can be expressed 181 

as follows [2]: 182 

                                            ∫=
t

corrrustrust dttDitW
0

)()/1(105.02)( πα                                       (6)                         183 

( )tWrust  is the total amount of rust products at time t. corri  is the corrosion current density and 184 

t  is time after corrosion initiation. The units of these variables are presented in Tables.    185 

 186 

As described in Equations 5 and 6, the corrosion rate corri  can be the most important single 187 

factor controlling the amount of corrosion products which determines the displacement 188 

boundary condition of concrete. Based on previous studies on experiments and simulations in 189 

terms of corrosion initiation, corrosion propagation and cover cracking [13, 24, 26, 32-34], 190 

etc., the corrosion process of steel bar in concrete for the whole life-cycle could be divided 191 

into six stages: (1) no corrosion－chloride ions penetrate the concrete cover and reach to the 192 

threshold value; (2) corrosion initiation－gradual depassivation process of the steel bar; (3) 193 

corrosion products free expansion－the oxygen and moisture supply in the “porous zone” 194 

gradually reduce while the rust occupies the “porous zone”; (4) steady corrosion－ the 195 

equilibrium between consuming and transporting oxygen and moisture is maintained; (5) 196 

accelerated corrosion－ caused by significant cracking which leads to faster transport of 197 

oxygen and moisture; and (6) final steady corrosion－the reinforcing bar exposes to chloride 198 
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and atmosphere directly. The development of corrosion rate in the whole life-cycle of RC 199 

structures can be schematically shown in Figure 2.  200 

 201 

This paper mainly focuses on the time from corrosion initiation to surface cracking (crack 202 

width smaller than 0.3-0.6mm). The time needed for chlorides to penetrate the concrete to the 203 

depth of the reinforcement (i.e., Stage 1) is excluded. Since stage 2 is usually very short and 204 

stages (5) and (6) are normally beyond the serviceability of RC structures, the corrosion rate 205 

for the stages (3) and (4) in the whole life-cycle of RC structures can be expressed as follows 206 

[27]: 207 
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 211 

where δ  is the ratio of activation area to the total surface area, which is 0.5 in the non-212 

uniform corrosion model; T is the absolute temperature of concrete, which can be considered 213 

as the same as the ambient temperature due of the lack of true temperature data of the internal 214 

concrete; ),( conRtβ  is the natural logarithm Tafel slopes of the polarization curve. cw / is the 215 

water cement ratio; 1t , 2t  and 3t  are times illustrated in Figure 2. At 2t , the amount of 216 

corrosion products )( 2tWrust  fully fills in the “porous zone”, with the thickness 0d ; therefore, 217 

Equation (1) can be re-written as follows, 218 
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 220 



10 

2t  can be determine by combining the Equations (6) and (8). In Equation (7), conR  is the 221 

resistivity of concrete, which is related to water cement ratio cw / , chloride content −
Cl , 222 

temperature T  and pore water saturation P , with the expression presented as follows [27]: 223 

                        224 

)]
303

11
(28897213.717.44exp[]228,106)/(605,750[ −+×−×−×−×= −

T
PClcwRcon        (9) 225 

conR ,1  is the resistivity of concrete at time 1t . 226 

 227 

It has been found that surface chloride concentration does not change significantly with time 228 

for most RC structures in coastal zone [13]. Moreover, numerical simulations on chloride 229 

diffusion indicated that after corrosion initiation, the chloride content in concrete will not 230 

increase significantly given constant value of surface chloride concentration under natural 231 

environment [35]. The pore water saturation P  is related to internal relative humidity and 232 

temperature. Although the relative humidity and temperature in nature climate changes 233 

considerably, pore water saturation P  does not change much because of the response 234 

hysteresis of concrete to external climate [28]. Therefore, temperature could be the most 235 

significant factor that affects the corrosion rate after corrosion initiation in concrete under an 236 

atmospheric environment. Similar statements have been found in previous literatures, e.g. [28, 237 

35].   238 

 239 

4  COVER CRACKING MODEL 240 

Concrete is modelled as a quasi-brittle material, with its constitutive tensile stress-241 

displacement relation ( δσ − ) illustrated in Figure 3. To model the arbitrary cracking in 242 

concrete, cohesive elements are embedded in the mesh which is sufficiently fine. The 243 

insertion process of cohesive elements is shown in Figure 4. First, all individual nodes are 244 

replaced by certain number of new nodes at the same location. The number of newly created 245 
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nodes depends on the number of the elements connecting to the original node. Second, the 246 

newly created nodes at the interface between two triangle elements are identified and linked 247 

to form a cohesive element. The cohesive elements are shown in red in Figure 4. This 248 

insertion process was conducted by a script written in Python. Moreover, it should be 249 

mentioned that the cohesive elements generated are of zero thickness in geometry. The two 250 

nodes of a cohesive element, in the thickness direction, share the same coordinates before 251 

loading. The constitutive/calculation thickness of the cohesive elements, however, is 1.0 for 252 

the convenience of transformation between strain and displacement.  253 

 254 

Figure 5 shows a RC beam with four tensile reinforcing bars and two compressive reinforcing 255 

bars. In light of reducing the computing time, only half of the structure is modelled due to the 256 

symmetry of the structure and the loading, as illustrated in Figure 5. The beam is modelled in 257 

2D since it is a plane strain problem. Two elements are employed in this study, i.e., 4-node 258 

cohesive elements at all interfaces between the triangle solid elements, and 3-node plane 259 

strain element for the bulk intact concrete. The size of solid elements in the region close to the 260 

corrosion products varies from 0.6 mm to 1.5 mm while the size in other region varies from 261 

1.5 mm to 15 mm. Very fine mesh is generated before inserting sufficient number of cohesive 262 

elements. The meshed structure is shown in Figure 6. There are 12,040 solid triangle elements 263 

and 17,865 cohesive elements inserted, for half of the structure with clear spacing between 264 

tensile rebars of 30 mm. The expansive behaviour of non-uniform corrosion is modelled by 265 

applying radial expansive displacement to the concrete structure.  266 

  267 

5  RESULTS AND VALIDATION  268 

5.1    Worked example 269 

To demonstrate the application of the derived method, the time-dependent corrosion rate is 270 

first calculated. The average monthly temperature in England from 1996-2016 is used which 271 
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is listed in Table 1 [36]. According to the data in Table 1, the temperature can be analytically 272 

formulated and expressed as a function of time: 273 

                                             10.39+))(20.5)-cos((t-5.98 π××=T                                       (10) 274 

where T is in Centigrade and should be transformed to absolute temperature to calculate the 275 

corrosion rate in Equation  7. t  is the time in year. 276 

 277 

With the values for input parameters shown in Table 2 the corrosion rate for the whole life-278 

cycle from corrosion initiation to surface crack width up to 0.3-0.6 mm can be obtained and 279 

shown in Figure 7. It should be noted that the initial increase of corrosion rate, i.e., stage 2 in 280 

Figure 2, is neglected in the whole life-cycle analysis in this study since the period is 281 

negligibly small. It can be seen that, in the free expansion stage, the corrosion rate corri  282 

decreases from 1.69 to 1.07 �A/cm2, and the “porous zone” is fully filled with the corrosion 283 

products. This process takes about 0.07 year. As discussed, the reason for the drop of 284 

corrosion rate is because the consumption of oxygen in the “porous zone”. In the steady 285 

corrosion stage, the fluctuation of corrosion rate is caused by the seasonal variation of 286 

temperature. The lowest corrosion rate is 0.63 �A/cm2 and the highest is 1.1 �A/cm2.  287 

 288 

After calculating the time-dependent corrosion rate, the maximum non-uniform corrosion 289 

induced expansive displacement )(tdm , as illustrated in Figure 1, can be shown as a function 290 

of time after corrosion initiation in Figure 8. For better evaluating the time-dependent 291 

corrosion rate, developments of corrosion expansion )(tdm  under three constant corrosion 292 

rates ( =corri 0.5, 1.0 and 2.0 �A/cm2) are plotted. First, it has been found that the growth 293 

curves of )(tdm  over time for constant corrosion rates are rather smooth while that for the 294 

time-dependent corrosion is slightly fluctuating. This is because the model proposed in this 295 
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paper for corrosion rate is a function of temperature which changes during a year. The )(tdm  296 

curve for the time-dependent corrosion rate initially falls in between the curves for =corri 1.0 297 

�A/cm2 and 2.0 �A/cm2, respectively; after about 0.4 year, however, the time-dependent 298 

curve progresses below the curve for =corri 1.0 �A/cm2. Therefore, it would be hard to find 299 

any constant corrosion rate to represent the time-dependent corrosion rate in terms of the 300 

development of corrosion induced expansion over time. This also justifies the use of time-301 

dependent corrosion rate rather than constant corrosion rate. For the time-dependent corrosion 302 

rate, corrosion starts to cause stress/displacement onto concrete at 0.07 year.  303 

 304 

5.2    Cover failure modes 305 

A number of combinations of reinforcement clear spacing (S) and fracture energy of concrete 306 

(Gf) are modelled in this study to investigate the cover failure patterns caused by corrosion of 307 

multiple reinforcements. Three values of the reinforcement spacing (S), i.e., 30 mm, 45 mm 308 

and 60 mm, and three fracture energy of concrete (Gf) 60 N/m, 90 N/m and 120 N/m, are used. 309 

The geometric and mechanical parameters of the RC structures are shown in Table 3. There 310 

are two typical failure patterns of the cover structure which have been found. The cracking 311 

patterns and time to cracking for different combinations of reinforcement spacing (S) and 312 

fracture energy of concrete (Gf) are presented in Table 4. As shown in Figure 9, the first 313 

pattern has a through crack between reinforcing bars and a side crack whilst no top crack is 314 

visible. Such a pattern is considered as a delamination failure of the cover. For the other 315 

pattern, however, there is a top crack above the side reinforcing bar, other than the through 316 

crack and the side crack. This pattern tends to cause spalling of the corner concrete cover and 317 

hence it is regarded as a combined delamination and corner spalling failure of the cover. In 318 

general, relative small values of reinforcement spacing and fracture energy of concrete tend to 319 

cause typical delamination failure of concrete cover while high values of these two parameters 320 
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tend to lead to spalling failure of concrete corner. Discussions on the effects of reinforcement 321 

spacing and fracture energy of concrete on the cover failure will be presented in Section 6.  322 

 323 

5.3    Verification 324 

The derived model is verified by comparing the time to surface cracking with experiments 325 

from literature [37]. According to the literature searched, almost all the test data regarding to 326 

the time to cracking for multiple reinforcement corrosion are based on uniform corrosion 327 

development by electric current method for accelerated corrosion [32, 37, 38]. As such, a 328 

special numerical case on uniform corrosion is conducted and the results are compared with 329 

those from experiments [37]. The same inputs from the tests are used in the numerical 330 

simulation, which are presented in Table 5. The correlation between the time and uniform 331 

corrosion expansion is achieved by the corrosion model presented in Li and Yang [1]. The 332 

comparisons of crack width for the side reinforcing bar between the developed model and the 333 

experimental results are illustrated in Figure 10. It can be found that the progress of crack 334 

width simulated is in reasonably good agreement with the experimental results. The time to 335 

surface cracking in the experiment is 72 hours, which is very close to the time when crack 336 

width reaches 0.02mm from the simulation. It should be mentioned that, in the experiment, 337 

the measured time to crack initiation and propagation is calibrated as it was for corrosion rate 338 

100 µA/cm2 and the surface crack initiation is obtained by a crack detection microscope with 339 

an accuracy of 0.02mm. 340 

 341 

5.4    Justification of top crack 342 

It is very interesting to find that, in the combined delamination and corner spalling failure 343 

mode, the top crack always starts from the outer surface and propagates inwards to the 344 

reinforcing bar. This is different from the common perspective on corrosion-induced cracking 345 

which is usually considered to be initiated from inside to outside of the concrete cover. 346 
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Similar results have been found in experimental tests from S. Caré et al. [39] and damage 347 

simulations from Du et al. [29] which indicated that a vertical crack was generated at surface 348 

of concrete and propagated towards the rebar. To thoroughly investigate this problem, the 349 

stress distributions (maximum principal stress) of the corner rebar region under uniform 350 

corrosion and non-uniform corrosion respectively are plotted in Figure 11. It can be found 351 

that, for uniform corrosion, the maximum principal stress concentrates around the 352 

reinforcement in a relative uniform manner. By sign convention, the maximum principal 353 

stress is tensile stress. The maximum principal stresses for all elements in this region are 354 

tensile stresses while largest stress occurs at the inner boundary, according to Figure 11 (a). 355 

This is why the uniform corrosion-induced crack is always initiated at the inner boundary.  356 

For the non-uniform corrosion developed from this study, the stress concentrates around two 357 

sides of the inner boundary－ roughly at 10 degrees above the horizontal direction, as 358 

illustrated in Figure 11 (b). This is where the side crack is initiated; after that, the side crack 359 

propagates towards the side surface. A closer look is shown in Figure 12 (a) in which a tensile 360 

stress concentration is clearly demonstrated. However, for the potential top crack, the inner 361 

boundary region is in bi-axial compression, as illustrated in Figure 12 (b). It is therefore 362 

impossible to have a crack initiated here. However, at the top surface, the region is in tension 363 

in the x-direction where the top crack should start. The different stress distributions for 364 

uniform and non-uniform corrosion models determine the cracking patterns of the concrete 365 

cover and explain why the non-uniform corrosion induced top crack is initiated from the top 366 

surface, rather than from the inner boundary of concrete cover.  367 

 368 

6         ANALYSIS AND DISCUSSION 369 

6.1    Corrosion parameters 370 
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Corrosion rate has been considered as one of the key factors affecting the durability of 371 

reinforced concrete structures. The effect of constant corrosion rates on time to surface 372 

cracking for the model (spacing of reinforcement 45 mm and fracture energy 90 N/m) is 373 

investigated and shown in Figure 13. It can be found that the increase of corrosion rate 374 

reduces the time to surface cracking. For relatively low corrosion rate, e.g., corri  is smaller 375 

than 1.0 �A/cm2, the time to surface cracking decreases sharply from 7.5 years to 0.75 year. 376 

However, for moderate or high rate of corrosion, e.g., corri  is larger than 1.0 �A/cm2, the time 377 

to surface cracking does not change dramatically.   378 

 379 

One of the advantages of the corrosion model developed in this paper is that the corrosion rate 380 

is directly related to ambient temperature and chloride content in concrete cover. To 381 

investigate the effect of temperature on the time to surface cracking, values of temperature in 382 

range of 5-35°C are used to calculate the constant corrosion rates. The time to surface 383 

cracking for the model (spacing of reinforcement 45mm, fracture energy 90N/m and chloride-384 

ion content 3.034%) as a function of temperature is shown as Figure 14. It can be seen that, 385 

the concrete cover surface cracking is advanced from about 1.5 years to 0.2 year, as the 386 

temperature changes from 5°C to 35°C. This proves that the time to surface cracking is very 387 

sensitive to temperature. However, it has also been found the surface cracking is more 388 

sensitive to changes of temperature lower than 25°C, than that of temperature higher than 389 

25°C.  390 

 391 

The effects of chloride content in concrete on the cracking of concrete cover have also been 392 

investigated which is shown in Figure 15. As expected, the time to surface cracking is 393 

reduced as the content of chloride ions increases. When chloride ions content is increased 394 

from 1% to 4%, the time to surface cracking is advanced from 2.17 years to 0.84 year. After 395 
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4% chloride concentration up to 7% investigated, the decrease in time to surface cracking is 396 

only 0.23 year down to 0.61 year. Therefore, it can be postulated that the cracking of concrete 397 

cover is very sensitive to the change of low chloride concentrations up to 4%.  398 

 399 

6.2    Crack width 400 

To investigate the effect of corrosion rate on evolution of surface crack width, the model for 401 

spacing of reinforcement 30 mm and fracture energy 60 N/m is taken as an example based on 402 

time-dependent corrosion rate and three constant low/moderate corrosion rates, i.e., =corri 0.5 403 

�A/cm2, =corri 1.0 �A/cm2 and =corri 2.0 �A/cm2. The crack width is obtained by measuring 404 

the distance between the nodes of the cohesive element at surface of concrete cover. It should 405 

be noted that, before the surface cracking, i.e., cohesive element being deleted, the cohesive 406 

element already has a deformation according to the constitutive definition of the cohesive 407 

elements. This displacement should be disregarded from the crack width calculation. As 408 

illustrated in Figure 16, the increase of corrosion rate can cause significant reduce in time to 409 

surface cracking. The initial sudden increases in the surface crack width for different 410 

corrosion rate are almost the same since the geometry and mechanical parameters in these 411 

models are the same. Further, higher corrosion rate can result in considerably larger surface 412 

crack width than lower corrosion rate, for long-term crack width growth. It should be 413 

mentioned that since the corrosion mechanism will change significantly after the crack width 414 

larger than 0.3 mm [26] which is not considered in the developed model, only 10-year service 415 

life is investigated in which the crack widths for most cases are smaller than 0.25 mm. 416 

 417 

The effects of the fracture energy on development of side and top surface cracks are shown as 418 

Figures 17 and 18. In Figure 17, it can be seen that larger fracture energy of concrete will 419 

delay the time to side surface cracking and cause larger initial sudden increase in the crack 420 
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width. However, the differences in time to surface cracking and initial crack width 421 

development are both very small. Moreover, the long-term developments of the crack width 422 

for these two cases investigated are almost identical. Figure 18 illustrates the effect of the 423 

fracture energy of concrete on the development of top surface crack width. Similarly, larger 424 

fracture energy of concrete will result in larger initial increase of crack width and longer 425 

cracking time. The fracture energy of concrete has little effect on the long-term development 426 

of top surface crack width. It is interesting to find that, when the through crack completely 427 

forms, there is a sudden drop in top surface crack width. Such an effect of formation of 428 

through crack on the surface crack growth has not been found in previous literatures.  429 

 430 

The effect of spacing between reinforcing bars S on the top surface crack width is shown in 431 

Figure 19. Fracture energy 120 N/m is used in this analysis. It can be found that the initial 432 

crack width growth is significantly affected by the spacing between reinforcements while the 433 

long-term developments of crack width are almost the same. Further, there is a sudden drop of 434 

crack width for S = 60 mm which is caused by the complete formation of the through crack. 435 

As explained, when the through crack is formed, there will be a sudden energy release which 436 

leads to unloading of the other cracks. There is no drop for S =30 and 45mm because the 437 

through crack forms ahead of the initiation of the top crack.  438 

 439 

6.3    Cracking time 440 

Although the through crack is an internal crack which can be less important in terms of the 441 

durability, it has significant effects on the development of surface cracks, i.e., the side and top 442 

cracks. Figure 20 (a) shows the effects of fracture energy of concrete and spacing between 443 

reinforcing bars on time to complete formation of through crack. It can be seen that the larger 444 

the fracture energy of concrete or the spacing between reinforcements is, the longer the time 445 

to formation of through crack is. Moreover, the effects of fracture energy of concrete and 446 
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spacing between reinforcing bars on time to initiation of top crack are shown in Figure 20 (b). 447 

Only results of S = 45 and 60 mm are plotted because there is no top crack for most cases of S 448 

= 30 mm, i.e., delamination mechanism in Figure 9. Again, it has been found that the increase 449 

of fracture energy of concrete can delay the time to initiation of top crack. In addition, the 450 

effect of spacing is very sensitive, for larger fracture energy of concrete. For fracture energy 451 

60 and 90N/m, there are almost no differences between cases of S = 45 and 60 mm, whilst the 452 

time to initiation of top crack is nearly doubled for fracture energy 120N/m. This finding 453 

should be very helpful for structural engineers in regards to their consideration of durability 454 

design of RC structures. Nevertheless, more simulations will be ideal in the future for some 455 

extra clarification; for example, more values of spacing between reinforcements.  456 

 457 

6.4    Crack path 458 

To investigate the change of normal stress (crack driving force) of the cohesive elements 459 

along the cracks over time, Figures 21 and 22 are plotted for the side crack and the top crack 460 

respectively. The spacing between reinforcements is taken 30 mm and the fracture energy is 461 

120 N/m. The normal stress distributions of cohesive elements along the side crack are shown 462 

for 0.12 year, 1.13 years and 10 years in Figure 21. There are 19 elements in the path of side 463 

crack and the elements are ordered from the surface of concrete to the inner boundary. At 0.12 464 

year, the first element (no. 19) from the inner boundary approaches the tensile strength. As the 465 

load increases, the side crack is initiated and the peak stress moves along the crack path 466 

towards the surface. At 1.13 year, the peak stress moves to the location of element no. 4 while 467 

the normal stresses for all previously cracked cohesive elements soften/degrade to certain 468 

values, according to its constitutive stress-displacement ration defined in Figure 3. For this 469 

example, because of the existence of top crack, the surface region of the side crack is always 470 

in compression as shown in Figure 12. Even at 10 years, the side crack tip can only reach the 471 

cohesive element no. 2 whilst the first cohesive element from the surface is in significant 472 
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compression, more than 10 MPa. This reflects complex nature of the problem for non-uniform 473 

corrosion of multiple reinforcing bars.    474 

 475 

Figure 22 shows the normal stress distributions of cohesive elements along the top crack 476 

under the case of reinforcement spacing 30 mm and fracture energy 120 N/m. It can be seen 477 

that the peak tensile stress moves from the cohesive element no. 21 (at the top surface) to the 478 

cohesive element no. 2 (close to the inner boundary), as time increases. At 0.12 year, the 479 

concrete near reinforcing bar is in compression while the concrete near the surface of concrete 480 

is in tension. As explained earlier, this is why the top crack is initiated at the top, rather than 481 

at the inner boundary. From 0.12 to 1.43 years, the top crack propagates fast, i.e., the peak 482 

tensile stress moves from cohesive element no. 21 to no. 6; the location of peak tensile stress 483 

is usually referred to as the start of fracture process zone or the fictitious crack front, 484 

according to definition of cohesive crack model [40].  485 

 486 

7  CONCLUSIONS 487 

A combined analytical and numerical method has been presented to predict the time to cover 488 

cracking and the crack width under non-uniform corrosion of multiple reinforcing bars of RC 489 

structures. The non-uniform corrosion model was derived based on experimental results and 490 

formulated as a function of time. Under the non-uniform corrosion-induced expansion, a 491 

fracture model was established to simulate arbitrary cracking of the cover of RC structures 492 

with multiple reinforcing bars. The times to cracking and failure modes of concrete cover 493 

affected by fracture energy of concrete and spacing between reinforcing bars were obtained 494 

and discussed. To validate the developed model, comparisons with experimental results from 495 

literature were carried out. It has been found that the time to surface cracking is significantly 496 

affected by ambient temperature, chloride content and corrosion rate. It has also been found 497 
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that two cover failure modes exist, depending on the spacing of reinforcing bars and fracture 498 

energy of concrete. It can be concluded that the developed combined analytical and numerical 499 

model can be used to accurately simulate the time to cover cracking and the crack width 500 

evolution of RC structures caused by non-uniform corrosion of multiple reinforcing bars. 501 
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Table 1   The average monthly temperature in England from 1996-2016 (°C) [36] 640 

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sept. Oct. Nov. Dec. 
4.41 4.70 6.32 8.66 11.57 14.38 16.37 16.34 14.21 10.90 7.18 4.75 

641 
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Table 2   Values of basic variables used in the time-dependent non-uniform corrosion 642 
model 643 

 644 

Symbol Values Sources 

D  12 mm Li [41] 

0d  0.0125 mm Liu and Weyers [2] 

rust α  0.57 Liu and Weyers [2] 

rustρ  3.60 mg/mm3 Liu and Weyers [2] 

stρ  7.85 mg/mm3 Liu and Weyers [2] 

rustW  mg Liu and Weyers [2] 

cw /  0.54 Jiang [27] 

−
Cl  3.034% Jiang [27] 

P  0.68 Jiang [27] 

1tT  289.36 K Metoffice.uk[36] 

645 
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Table 3 Values for geometric and mechanical parameters in cracking simulation 646 

Description Symbol Values 

Cover thickness C  20 mm 

Clear space of steel 

bars 
S  

30 mm 

45 mm 

60 mm 

Diameter of steel bars D  12 mm 

Length of RC L  178 mm 

Height of RC H  400 mm 

Effective modulus of 

elasticity 
efE  18.82 GPa [41] 

Poisson’s ratio cν  0.18 [41] 

Shear modulus G )]1(2/[ ν+E  [42] 

Tensile strength '
tf  5.725 MPa [41] 

Fracture energy fG  

60 N/m [43, 44] 

90 N/m [43, 44] 

120 N/m [43, 44] 

 647 
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Table 4   Crack patterns and time to cracking for different values of fracture energy and reinforcement clear spacing 648 

  Gf1  Gf2  Gf3 
P tth1 tth2 tto1 tto2 tsi1 tsi2 P tth1 tth2 tto1 tto2 tsi1 tsi2 P tth1 tth2 tto1 tto2 tsi1 tsi2 

S1 De 0.41 0.44 N/A N/A 0.60 0.85 De 0.62 0.70 N/A N/A 0.91 1.05 Sp 0.86 0.92 1.43 N/A 1.13 N/A 
S2 Sp 0.62 0.79 0.70 N/A 0.62 N/A Sp 0.89 0.93 0.89 N/A 1.01 N/A Sp 1.04 1.11 1.64 N/A 1.33 N/A 
S3 Sp 0.67 1.3 0.70 N/A 0.67 N/A Sp 0.88 1.59 0.84 N/A 1.00 N/A Sp 1.13 1.88 1.04 N/A 1.46 N/A 

Parameter Description or value 
Gf1 Fracture energy 60 N/m 
Gf2 Fracture energy 90 N/m 
Gf3 Fracture energy 120 N/m 
S1 Spacing between rebars 30 mm 
S2 Spacing between rebars 45 mm 
S3 Spacing between rebars 60 mm 
P Crack pattern 

De Delamination 
Sp Combined delamination and corner spalling 
tth1 Time to initiation of through crack  
tth2 Time to complete formation of through crack 
tto1 Time to initiation of top crack 
tto2 Time to complete formation of top crack 
tsi1 Time to initiation of side crack 
tsi2 Time to complete formation of side crack 

Time unit year 
 649 
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Table 5 Values for basic variables used for validation 650 

Description Symbol Values 

Top cover thickness TC  20 mm 

Edge cover thickness EC  75 mm 

Space of steel bars S  150 mm 

Diameter of steel bars D  12 mm 

Length of RC L  648 mm 

Height of RC H  400 mm 

Effective modulus of 

elasticity 
efE  18.82 GPa 

Poisson’s ratio cν  0.18 

Tension strength  '
tf  2.4 MPa 

Fracture energy fG  65 N/m 

Corrosion rate corri  100 �A/cm2 

 651 
652 
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 682 

Figure 1 Non-uniform corrosion model 683 
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 685 

Figure 2 Time-dependent corrosion rate in the whole life-cycle of RC structures 686 

687 
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 688 

Figure 3 Constitutive relationship of concrete in tension for Mode-I fracture 689 

690 
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 691 

(a)                                          (b)                                          (c) 692 
 693 

Figure 4 Insertion process of cohesive elements: (a) initial mesh; (b) inserted cohesive 694 

element based on newly created nodes; and (c) mesh after insertion of cohesive elements 695 

696 
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Figure 5 Configuration of the RC beam with multiple tension bars  698 

699 
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 700 

Figure 6 Typical meshing for half of the cover structure modelled 701 
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Figure 7 Time-dependent corrosion rate from corrosion initiation by considering seasoned 704 

effect 705 
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Figure 8 Development of )(tdm  as a function of time under various corrosion rates 708 
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Figure 9 Two typical cracking patterns for half of RC structures 711 
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Figure 10 Experimental verification of the crack width  714 
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                                                            (a)                                                                                (b)  717 

Figure 11 The maximum principal stress distributions around the corner rebar under (a) 718 

uniform corrosion and (b) non-uniform corrosion  719 
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                           (a)                                                                                          (b)  723 

Figure 12 Normal (driving) stress distributions of (a) side crack and (b) top crack prior to 724 

cracking initiation 725 
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Figure 13 Time to surface cracking (top crack) as a function of corrosion rate 728 
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Figure 14 Time to surface cracking (top crack) as a function of ambient temperature 731 
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Figure 15 Time to surface cracking (top crack) as a function of chloride-ion content 734 
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Figure 16 Surface crack width (top crack) as a function of time under various corrosion rates 737 
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Figure 17 Surface crack width (side crack) as a function of time for different fracture energies 740 

of concrete 741 
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Figure 18 Surface crack width (top crack) as a function of time for different fracture energies 744 

of concrete 745 
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Figure 19 Surface crack width (top crack) as a function of time for different reinforcement 748 

spacing 749 
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                    (a) Time to complete formation of through crack          752 
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(b) Time to initiation of top surface crack 754 

Figure 20 Effect of fracture energy and spacing on time to cracking  755 
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Figure 21 Normal stress distributions along the side crack 758 
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Figure 22 Normal stress distributions along the top crack  762 
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