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Abstract 35 

Chloride ingress into concrete is the primary cause of steel corrosion that leads to the deterioration of 36 

reinforced concrete (RC) assets and eventual reduction of its service life. The maintenance of RC 37 

buildings and structures has become a major concern, and thus the development of an effective 38 

maintenance plan is required. This study focuses on deterministic and probabilistic analysis of service 39 

life (or repair application time) for RC assets repaired by cover rebuilding techniques in extreme 40 

marine environments exposed to chloride attack. A maintenance model is developed, based on the 41 

mechanism of chloride transport in repaired concrete elements, that simulates different cover 42 

rebuilding methods and strategies. Computationally, the probability-based maintenance model 43 

combines the Latin Hypercube technique with finite element and finite difference methods. 44 

Probabilistic data for five governing random variables is considered, including diffusion coefficient, 45 

surface chloride concentration, concrete cover depth, concrete replacement depth, and critical chloride 46 

value for corrosion initiation. Two maintenance strategies are introduced, which can be categorized as 47 

corrective and preventive repair strategies. The deterministic study shows that a deeper repair depth 48 

leads to fewer repairs and larger repair intervals. The results of the probabilistic assessment reveal that 49 

a preventive repair model with regularly scheduled repair intervals efficiently decreases corrosion 50 

initiation risks. It was also demonstrated how shorter repair intervals and deeper depths of concrete 51 

repair can achieve an acceptable probability of corrosion initiation.  52 

Key words: chloride transport; maintenance model; probabilistic analysis; cover rebuilding; corrective 53 

repair; preventive repair. 54 

55 
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1. Introduction 56 

Corrosion of steel in concrete due to chloride ingress is the primary cause of RC deterioration and 57 

eventual reduction of assets’ service life [1]. The high alkalinity of the cement paste surrounding the 58 

reinforcing steel creates a reactively passive state; however, chloride ingress breaks down the passive 59 

film on the steel bars and initiates corrosion [2,3]. The process of corrosion can be divided into two 60 

main stages: the initiation period and the propagation period. Corrosion initiation occurs when chloride 61 

content diffuses through concrete until reaching a threshold value at the depth of rebar cover which 62 

triggers steel corrosion. The propagation period follows corrosion initiation and is defined as the 63 

period from initiation to critical steel destruction. This propagation period is relatively short compared 64 

to the first stage [4,5]. Therefore, the period from a structure’s original condition to the onset of 65 

corrosion is critical and defines the structure’s service life [2].  66 

High chloride environments are known to accelerate corrosion deterioration and may reduce structure 67 

service life from an expected range of 50-100 years to a range of 10-30 years. Structure maintenance 68 

and, when deemed necessary, repair can extend  structure serviceability and maintain its safety and, 69 

therefore, its lifespan [6,7]. Indeed, maintenance and repair operations should be implemented as soon 70 

as corrosion begins, mostly by removing the chloride-polluted concrete and replacing it with the 71 

application of cement-based repair mortars or new concrete [8]. This repair technique is called patch 72 

repair if it is applied locally; it could be also generalized to all the concrete surface when the cover is 73 

redone. This “cover rebuilding” is among the most common repair measures used in practice. In this 74 

study, the maintenance strategy of applying periodic cover rebuilding is considered, with the use of 75 

hydro demolition solution without damaging the reinforcing bars. These maintenance activities incur 76 

costs and concrete waste, thus there should be balanced to ensure the long service life of structures and 77 

minimize costs and environmental impacts. Therefore, developing a robust model for predicting the 78 

service life of corroding RC structures, as well as effective strategies for periodic inspection and 79 

repair, plays an important role in achieving the durability goal and ensuring the continued service for 80 

repaired structures [6,9].  81 

Recent studies have focused on the modelling of chloride transport in concrete structure elements after 82 

repair, and the methods to predict repair application times during the service life of a structure. For 83 

instance, Eldho et al. [10] studied the performance of the patch repair method and showed that the 84 

electrochemical consequences of the method may decrease the effectiveness of patch repairs. More 85 

specifically, according to Rahimi et al. [11], the diffusion mechanism of chloride ions in repaired 86 

concrete is a combination of  chloride penetration from the concrete surface exposed to the 87 

environment and distribution of chloride ions that remain in the original  and aged concrete. It was 88 

further shown that the resistivities of the patch and the original concrete, which can be used as an 89 
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indicator of material quality, are among the most significant factors that influence the efficiency of 90 

maintenance [12]. Soleimani et al. [12] recommended to choose patches with similar properties to 91 

avoid mechanical incompatibility problems at the interface between the patch and the original 92 

concrete. Concrete replacement depth is also a critical factor that reduces or delays the corrosion in 93 

repaired concrete structures by limiting the amount of chloride content at the rebar cover [13,14]. 94 

Several models have been proposed to determine the time of corrosion initiation in RC structures with 95 

multiple repairs throughout its service life. Both deterministic and probabilistic analysis have been 96 

performed, taking into account some main performance factors such as the properties of the patch, the 97 

replacement depth, or the repair time interval [13–15]. A deterministic study was implemented by 98 

Song et al. [15] to predict the service life of repaired concrete structures under chloride environment. 99 

Their work considered time dependency of both surface chloride concentration and diffusion 100 

coefficient. However, due to the complexity of the chloride-induced corrosion mechanism in 101 

reinforced concrete after one or several repairs, research on this topic with a comprehensive 102 

probabilistic approach is still limited. For instance, Petcherdchoo’s study [14] presented a probability-103 

based sensitivity analysis of service life (the time to repair) of chloride-attacked concrete structures, 104 

which was solved by the combination of the Crank-Nicolson-based finite difference approach and the 105 

Latin Hypercube sampling technique. However, this methodology did not include some factors in 106 

chloride transport, such as the weather conditions (temperature and humidity), the chloride binding 107 

capacity, and time-dependency of the chloride diffusion coefficient. Moreover, the cover replacement 108 

depth, which is intrinsically random due to the uncertainty in repair quality control, was considered 109 

deterministic. 110 

Recently, Monte-Carlo Simulation (MCS) and the first-order reliability method (FORM) have been 111 

applied in probabilistic assessment of the durability of RC structures [16,17]. Notably, most of the 112 

studies using reliability-based analysis such as MCS, FORM, or SORM (second-order reliability 113 

method) were performed on simplified models of chloride ingress using analytical solutions based on 114 

Fick’s laws of diffusion [18,19]. However, it is widely shown that the FORM and SORM may be 115 

inaccurate for probabilistic problems with nonlinear limit state functions, while the computational cost 116 

of MCS can be prohibitively high, especially when involved with time-consuming finite element (FE) 117 

analysis. Compared to the crude MCS, Latin Hypercube Sampling (LHS) adequately covers of the 118 

domain of variations of the random variables using a stratified sampling strategy [5].  119 

This research proposes a robust probability-based model of service life prediction for corroding RC 120 

structures with cover rebuilding repair. The study focuses on the assessment of corrosion initiation risk 121 

due to one-dimensional chloride ingress (e.g., concrete slab) under marine environments, such as 122 

atmospheric and submerged zones. First, an efficient chloride ingress model is proposed, considering 123 

the diffusion process as the main governing mechanism. The constitutive nonlinear partial differential 124 

equations are solved by coupling finite element and finite difference methods. The model considers the 125 
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influence of general conditions of weather, chloride binding capacity, decrease of chloride diffusivity 126 

with concrete age, and the evolution of chloride concentration with time. A maintenance model is then 127 

developed based on the mechanism of chloride transport in repaired concrete elements that simulates 128 

different strategies of cover rebuilding method. The deterministic study considers the expected number 129 

of repairs, depth of replacement concrete, and repair interval (time between two repairs) to evaluate the 130 

effectiveness of the maintenance plan. A numerical solution developed in FreeFem++ [20] is 131 

presented. Next, a probabilistic lifetime assessment of repaired RC structures is performed, including 132 

both corrective and preventive repair models. The corrective strategy is that repair is carried out when 133 

the chloride content at the rebar cover reaches a specific critical chloride value inducing corrosion 134 

initiation. Meanwhile, the preventive approach considers the application of pre-scheduled repair 135 

intervals for structures as the condition to perform a repair. Because of its efficiency, LHS is used for 136 

probabilistic analysis of the maintenance model of corrosion initiation and repair timings for corroded 137 

RC structures. Model development considers and assigns probabilistic values to uncertain parameters, 138 

including surface chloride concentration, diffusion coefficient with time-variant nature, material 139 

properties, concrete cover, critical chloride value and cover replacement depth (for repaired 140 

structures). The findings of this paper are intended to serve as an introductory or basic guidelines for 141 

inspection and maintenance planning to ensure long-term structural serviceability.  142 

The work starts with the description of chloride ingress modeling before and after repair (Section 2). 143 

After that, a deterministic example is illustrated in Section 3. Section 4 deals with the probabilistic 144 

methodology used for the maintenance model, followed by an illustrated examples and some 145 

discussions (Section 5). 146 

2. Chloride ingress modeling including repair   147 

2.1 Chloride ingress model 148 

The modeling of chloride transport into reinforced concrete is based on whether exposure conditions 149 

are saturated or unsaturated. In saturated conditions, Fick’s second law was used to simulate chloride 150 

diffusion in concrete and considered a sufficient model [2,21]. The analytical solution for this model is 151 

based on an error function, which is valid only under the assumptions that RC structures are saturated, 152 

and diffusivity and surface chloride concentration are time-invariant.  153 

In comparison, under unsaturated conditions, chloride transport in concrete is a complex interaction 154 

between physical and chemical processes, and thus the diffusion and convection phenomena have been 155 

accounted for to study this mechanism [5,22–25]. A comprehensive model of chloride ingress was 156 

proposed by Bastidas-Arteaga et al. [26], considering the interaction of three phenomena: chloride 157 

transport, moisture transport and heat transfer. The model solves the necessary nonlinear and partial 158 
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differential equations by coupling finite element and finite difference methods. Besides the influence 159 

of weather conditions, the effect of chloride binding, concrete aging, concrete mix parameters and the 160 

time-dependency of apparent diffusion coefficient as well as the chloride content of the exposed 161 

surface were considered.  162 

Therefore, the chloride transport modeling could be performed under saturated or unsaturated exposure 163 

conditions. In this paper, a time dependent chloride transport model is developed with the assumptions 164 

of constant temperature, humidity, and surface chloride concentration. With these assumptions, this 165 

model can be applied for marine structures exposed to atmospheric or submerged zones, where 166 

diffusion is the main driving force to transport chloride ions from the surrounding environment into 167 

concrete and the capillary suction is not considered [27,28]. In fact, this approach allows us to develop 168 

a maintenance model with multiple cover rebuilding repairs with reduced technical difficulty and 169 

calculation time, particularly for performing probabilistic analysis.  170 

Thus, according to our objective, the choice is using a simplified one-dimensional model of the 171 

diffusion system solved by coupling finite element and finite difference methods. The main governing 172 

equation for chloride transport in concrete is presented below:  173 

    

  
    

     

              (1) 174 

where x (m) is the distance from the exposure surface; Cfc (kg/m
3
 of concrete) is the chloride 175 

concentration at position x at the exposure time t (s),           represents the apparent chloride 176 

diffusion coefficients (m
2
/s). To evaluate corrosion initiation risk, the chloride concentration, Cfc is 177 

calculated at the concrete cover depth and compare with the critical chloride value (      . Eq. (1) is 178 

solved by combining finite or semi-infinite boundary conditions, where the boundary conditions or the 179 

flux of chlorides crossing the concrete surface    
           , is expressed as: 180 

  
         

      )          (2) 181 

where    (m/s) is the surface chloride transfer coefficient,    
  (kg/m

3
) is the value of chloride content 182 

at the concrete exposed surface, and      (kg/m
3
) is the chloride concentration in the surrounding 183 

environment.    in Eq. (1) is estimated as: 184 

   
  

   
 

   
  

    
    

 

            (3) 185 

where    is the evaporable water content.           is the binding capacity of the concrete which is 186 

driven by the binding isotherm. The Langmuir-type relationship is considered in [29–31]: 187 
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              (4) 188 

where     and     are the free and bound chlorides, and   and   are binding constant obtained 189 

experimentally.    in eq. (3) is the time-dependent chloride diffusion coefficient [23,24] defined as: 190 

                               (5) 191 

where      is a diffusion coefficient determined at standard conditions.    is a factor to account for 192 

temperature effects: 193 

       
  

 
  

 

    
  

 

 
             (6) 194 

where   is the temperature inside the concrete that depends on external environmental conditions, 195 

     is the reference temperature at which       is determined,    is the activation energy of the 196 

chloride diffusion process, and   is the gas constant.       considers concrete aging: 197 

        
    

 
 
  

             (7) 198 

where    is the aging factor and       is the time at which       is measured.    accounts for 199 

variations in relative humidity: 200 

      
      

      
  

  

              (8) 201 

where   is the relative humidity inside the concrete that depends on external environmental conditions, 202 

and    is the relative humidity at which Dc drops halfway between its maximum and minimum values. 203 

Temperature (f1) and humidity (f3) are considered constant in this model. Previous studies [23,24,29–204 

35] proposed deterministic data to present those parameters, such as   ,      ,  ,     ,   , R,       205 

  , tref , and hc.  206 

2.2 Chloride ingress model considering the repair 207 

Different approaches for maintaining corroding RC structures have already been considered previously 208 

[6,9,36]. In this study, the focus is on cover concrete replacement. This repair involves removing the 209 

chloride-polluted concrete cover and replacing it with a new cement-based material using several 210 

techniques (with formed concrete, wet shotcrete, dry shotcrete, or manual repair). 211 

Modeling chloride penetration in concrete after repair is challenging because of the interaction of the 212 

two main sources of chloride ions: chloride concentration in the surrounding environment and residual 213 
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chloride ions in the remaining concrete. Previous studies concluded that both macrocell corrosion 214 

(between two materials) and microcell corrosion (within a homogeneous material) may occur at the 215 

same time in repaired concrete [12,37]. This macrocell corrosion is caused by the differences in 216 

existing and new concrete causing: 1) an electrochemical potential difference, and 2) inhomogeneity of 217 

chloride concentration in the materials and then 3) the redistribution of chloride ions in the aged 218 

concrete to the new concrete after repair. These consequences were studied in existing experimental 219 

and in situ observations [37,38]. Also, both macrocell and microcell corrosions were observed in 220 

existing numerical models for the simulation of chloride transport in repaired structures [11,13,15]. 221 

In this paper, a detailed description of the chloride transport in repaired RC structures as well as the 222 

numerical approach considering a spatially domain-dependent and time-dependent diffusion 223 

coefficient in two material layers are illustrated in Figure 1. Figure (1a) illustrates the chloride 224 

penetration immediately before repair. At this stage, the chloride concentration abutting the concrete 225 

surface is the main source of chloride ions. The initial chloride content is assumed equal to 0,        226 

  for the entirety of concrete and         
     (Eq. (1)) is defined as the diffusion coefficient of the 227 

original concrete. 228 

 229 

 230 
 231 

     232 

Figure 1. (a) Chloride profile immediately before repair, (b) Chloride profile immediately after repair at t = ti, (c) 233 
Chloride profile after repair at t = tj (tj > ti) 234 

Figure (1b) shows the chloride profile immediately after cover rebuilding repair. At repair time ti, the 235 

chloride-contaminated concrete cover is removed to the depth   .    is defined as repaired depth or 236 

(a) (b) 

(c) 
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thickness of replaced concrete, which is not necessarily the same depth as concrete cover,   . In this 237 

case      . Consequently, the amount of chloride ions between the concrete surface and the repair 238 

depth (domain 1 in Figure (1b)) is also removed, and a chloride-free, cement-based repair material is 239 

applied as a repair layer. Only this repaired concrete (domain 1) is exposed to the surface chloride 240 

concentration in the environment and will be penetrated first before reaching the original concrete 241 

(domain 2). The main diffusion mechanism of chloride penetration in repaired material at this stage 242 

can also be modelled with Eqs. (1-8), where the boundary condition is still the flux of chlorides 243 

crossing the concrete surface, but the initial conditions in domains 1 and 2, which are the repaired 244 

concrete and the original concrete respectively, will be different. The initial chloride content is reset to 245 

zero in the repaired layer immediately after repair,           and the diffusion coefficient of the 246 

new concrete is updated as     
    . All parameters in Eqs. (1-8) are also updated if a new material is 247 

used to repair. The new initial chloride content in the original concrete section,        , is the residual 248 

chloride ions remaining in the aged concrete, whereas   
     and the initial model parameter are still 249 

used for modeling purposes in domain 2 (Figure (1b)). 250 

After the repair, there are three principal stages of chloride distribution as shown in Figure (1c). Firstly, 251 

the chloride ions remaining in the aged concrete will be redistributed in the aged concrete layer itself. 252 

Secondly, these residual chlorides will also diffuse across the transition zone and into the new, chloride 253 

free concrete layer which provides low chloride diffusion resistance immediately following repair. Due 254 

to the difference of the diffusion coefficients in the aged concrete and the new repaired material, the 255 

problem will involve a spatially domain-dependent diffusion coefficient after repair    
      : 256 

   
        

    
                        

  
                      

       (9) 257 

Consequently, the Partial differential equation (PDE) used in this stage based on the Fick’s diffusion 258 

law can be written as:  259 

    

  
 

 

  
    

      
    

  
         (10) 260 

Thirdly, at time tj (with ti > tj) the resulting diffusion of chloride ions in the original and repaired 261 

concrete is a combination of chloride ingress from both the exposed concrete surface and the chloride 262 

redistribution inside the concrete. The problem of solving the PDE occurs again and can be further 263 

complicated by multiple repairs in the same location during the RC structure service life.   264 

These processes are implemented and solved for a 2-layer concrete system using the FreeFEM++ 265 

software. The technique called domain decomposition for interfacial discontinuities is adopted to solve 266 

the problem and compute the residual chloride content in the remaining concrete layer immediately 267 
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after repair, which is an important step for calculating chloride penetration in repaired structures. 268 

Specifically, the whole original concrete is split into two interconnected domains, which are the 269 

repaired concrete layer and the old concrete layer. After each repair, initial conditions are set for each 270 

domain, the connection between layers is established at the interface, and a new RC structure service 271 

life is calculated. The efficiency of the FreeFEM++ allows developing maintenance models for several 272 

different cover rebuilding method strategies. This will be presented in the deterministic example in the 273 

next section. 274 

3. Illustrative example of deterministic maintenance model 275 

3.1 Problem description 276 

The maintenance model allows introducing several repair strategies to ensure the durability of the 277 

structure. A deterministic analysis of chloride ingress in repairing concrete structures in extreme 278 

marine environments by considering time-dependent variation of diffusion coefficient, chloride 279 

binding, average temperature and humidity, and constant surface chloride concentration, is illustrated 280 

in this section. The deterministic analysis implements the approach to modeling the stages of chloride 281 

diffusion in repaired concrete described in Section 2 and provides a baseline comparison of model 282 

responses to different repair strategies.  First, the following assumptions are made: 283 

 Chloride flow is a one-dimensional process (e.g., concrete slab). 284 

 The average temperature T = 15
o
C; the average humidity h = 0.7. 285 

 The structure is exposed to an extreme marine environment. The chloride surface 286 

concentration is time-invariant at the value of    = 6 kg/m
3
. 287 

 The concrete contains 400 kg/m
3 

of Ordinary Portland Cement (OPC) with 8% C3A and a 288 

water/cement ratio of 0.5. 289 

 The depth of concrete cover    is 50 mm. 290 

 The service life of the structure is 70 years. Time of corrosion initiation is determined when 291 

chloride content reaches the critical chloride value       = 2 kg/m
3
 (0.5% of cement mass) at 292 

the concrete cover depth. 293 

 The quality and properties of repair material are the same as original concrete. Values selected 294 

for the model parameters in the example are presented in Table 1. 295 

 296 

 297 

 298 

 299 

 300 
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 301 

 302 

 303 

 304 

Table 1. Values selected for the model parameters of the chloride penetration model. 305 

Parameter Value and reference 

Binding constants in Langmuir isotherm  α = 0.1185 [31], β = 0.09[31] 

Evaporable water content               = 0.1316 [34] 

Reference chloride diffusion coefficient       = 3×10
-11

  m
2
/s [23] 

Activation energy of the chloride diffusion process    = 41.8 kJ/mol [32] 

Gas constant  R = 8.314 J/ (mol 
o
K) 

Age reduction factor    = 0.15 [35] 

Relative humidity at which Dc drops halfway  hc = 0.75 [33] 

Reference temperature at which       is 

determined 

     = 296 
o
K [23] 

Exposure time at which       is measured tref = 28 days [23] 

Surface chloride transfer coefficient     = 1 m/s [23] 

3.2 Maintenance model and results 306 

Chloride penetration is now modeled considering that concrete repair occurs during service life of the 307 

structure. Chloride concentration is again assessed at the cover depth. A maintenance plan may 308 

consider several repair factors including expected number of repair cycles, concrete replacement depth 309 

and repair time interval. Two approaches for maintaining concrete structures subjected to chloride 310 

ingress are suggested, including the corrective repair strategy and scheduled repair interval strategy.  311 

3.2.1 Corrective repair strategy 312 

The corrective repair strategy removes a chloride-contaminated concrete layer each time the chloride 313 

concentration at the cover thickness reaches a critical value         and replaces it with a similar 314 

material. In the following example, this maintenance model is used to calculate these time intervals 315 

between repairs following the corrective repair strategy. The calculation further demonstrates how the 316 

depth of each repair affects the calculated repair intervals. Two concrete repair depths (       ) are 317 

chosen; the first repair depth,     , is equal to the existing cover depth (             , and the 318 

second repair depth,    , is 60 mm (         ), which is deeper than the existing concrete cover 319 

layer. The replacement material is assumed to have an initial chloride concentration of 0 kg/m
3
 at the 320 

time of each repair. Although the repaired concrete is assumed to be the same quality as the old 321 

concrete, the diffusion coefficient in each concrete layer is different due to the aging factor      . The 322 
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diffusion coefficient in the original concrete,   
 , decreases as concrete aging, while     

  assumes its 323 

initial value when the material is put into service. Fig. s (2a, 2b, and 2c) illustrate the chloride 324 

diffusion versus depth in a concrete structure before and after repair with            . 325 

Figure 2a shows the progress of chloride penetration until       is reached in year 24. Concrete repair 326 

is assumed to occur in that year. In Figures 2b and 2c, the residual chloride concentration after repair is 327 

shown in year 24 (after repair) curve and the progress of concrete penetration after repair is shown 328 

from year 25-40. In year 25, chloride penetration in the new concrete has two sources: the concrete 329 

surface exposed to the environment and, after repair, the residual chloride in the aged concrete layer. 330 

After repair, residual chloride in the aged concrete redistributes between the abutting layers until 331 

reaching an equilibrium between years 30-35. In the following years, only environmental chloride 332 

concentration contributes to chloride penetration.   333 

 334 
 335 

 336 
Figure 2. Chloride profiles: (a) before repair, (b) after repair with    , (c) after repair with      337 

These simulation results are physically compatible with the mechanism of chloride transport in 338 

repaired concrete structures analyzed in Section 2.2, including chloride diffusion from two sources in 339 

the after-repair condition. The example demonstrates that the application of cover rebuilding reduces 340 

the critical chloride concentration at the reinforcement depth and thereby delay corrosion initiating 341 

from concentration above      .  342 

(a) (b) 

(c) 
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The two repair depths have similar chloride progressions after repair, but chloride concentrations after 343 

the deeper concrete repair,            , are consistently lower than those with the shallower 344 

concrete repair,            . That is because the deeper replacement depth slows the chloride 345 

redistribution from the aged concrete to the critical depth due to lesser chloride ions remaining in the 346 

old concrete and longer diffusion distance. Based on the results, a second repair would be 347 

recommended around year 40 for the shallower repair and year 43 for a deeper repair. These second 348 

repairs and additional repairs each time       is reached were also simulated to observe the repair 349 

schedule under the corrective repair strategy with different repair depths. The results for 70 years are 350 

shown in Figure 3. 351 

It is worth noting the difference in chloride redistribution after concrete repair between depths 352 

           . The redistribution for     is more rapid immediately after repair compared to that for 353 

   , causing a sudden increase in chloride concentration in the new concrete at critical depth, after 354 

which point redistribution occurs more gradually.  355 

 356 
Figure 3. Time-dependent evolution chloride concentration at the cover depth without and with repair 357 

The repair application time and the number of repairs of             for the considered structural 358 

lifetime are presented in Table 2. While the repair strategy of     is triggered four times in 70 years to 359 

mitigate the risk of corrosion initiation, the concrete structure with     requires only three repairs in 360 

its lifespan. It is observed that a deeper repair depth leads to a fewer number of repairs and so that a 361 

60mm repair depth may be preferred from certain economic and environmental perspectives. 362 

Conversely, the cost and the amount of new concrete placed for a single repair at a deeper depth is 363 

higher. Economic and environmental comparison of the repair strategies is beyond the scope of this 364 

paper. 365 

Table 2. Number of repairs for two different repair depths 366 

Repair depth Repair application time (year) Number of 
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First Second Third Fourth Fifth repairs 

50mm 23.9 40 55.2 69.8 >70 4 

60mm 23.9 42.8 60.8 >70  3 

3.2.2 Scheduled repair interval strategy.   367 

The second approach for a maintenance model schedules structure repairs at regular intervals. Repairs 368 

are therefore carried out at pre-scheduled times. It is necessary to evaluate by modeling, testing, or 369 

expert advice the risk of corrosion occurring at those times. The first repair strategy considered in this 370 

section is the removal and replacement of    = 50 mm of surface concrete at 15- and 18-year intervals, 371 

as shown in Figures 4a, b.  372 

 373 

Figure 4. Time-dependent evolution of the chloride concentration at three depths (x = 30, 50 and 70 mm) with  374 

Xp = 50 mm and (a) 15-year repair interval, or (b) 18-year repair interval 375 

All cases present the evolution of the chloride content at different depths in a RC structure, including 376 

at x = 30 mm, 50 mm, and 70 mm. At the position x = 30 mm, the chloride concentration increases 377 

rapidly because it is closer to the concrete surface than the rest of the survey points. Immediately after 378 

repair, the entire cover layer of concrete with the chloride contamination will be removed, thus 379 

obviously the chloride content at the 30 mm and 50 mm depths will decrease to zero, and then rapidly 380 

increase again when x decreases. The chloride level at the 70 mm depth falls quickly after repair due to 381 

the new concrete layer's chloride absorption, but not to zero level, and then progressively increases 382 

again. It indicates that the existing chloride content in the unrepaired concrete will flow in two 383 

directions: away and toward the concrete surfaces. 384 

To assess the usability of the repair strategy, the chloride concentration is assessed at the cover depth 385 

of 50 mm and compared with a threshold chloride content of 2 kg/m
3
 (as seen on the profile x = 50 mm 386 

in Figures 4a, b). It is observed that the chloride concentration by the repair strategy of the 50 mm 387 

replacement depth and the 15-year maintenance interval satisfy the requirement of reducing corrosion 388 

(a) (b) 
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initiation risks for multiple repairs (Figure 4a). Meanwhile, with    = 50mm but the 18-year 389 

maintenance interval, this repair plan is not suitable in preventing the risk of corrosion initiation 390 

because the chloride concentration exceeds the critical value before the third repair action is 391 

implemented (see Figure 4b), which may affect the durability issue in RC structures.  392 

Next, a deeper repair depth,    = 60 mm, is considered, with repair intervals of 15 and 18 years. 393 

Figures 5a and 5b show that when considering the critical chloride concentration of 2 kg/m
3 

at the 394 

cover depth (as seen on the profile x = 50 mm in Figures 5a, b), both repair intervals are appropriate 395 

for corrosive RC structures with multiple repairs. In which case the less frequent repair interval of 18 396 

years may be preferred from an economic aspect and environmental point of view as it has less 397 

expected number of repairs. Hence, a comprehensive maintenance strategy should evaluate both repair 398 

intervals and replacement depths, balancing their costs, environmental impacts, and other factors, to 399 

achieve an optimal strategy of protecting structures from corrosion. The deterministic example 400 

highlights how different repair depths affect the maintenance schedule, however the impact of 401 

concrete cover should not be underestimated because of its contribution in extending the time of 402 

corrosion initiation [39].  403 

 404 

Figure 5. Time-dependent evolution of the chloride concentration at three depths (x = 30, 50 and 70 mm) with  405 

Xp = 60 mm and (a) 15-year repair interval, or (b) 18-year repair interval 406 

4. Probability-based maintenance model for repairing concrete 407 

structures 408 

The chosen data about material properties, environmental conditions, cover depth, replacement depth 409 

and other model parameters used in the deterministic maintenance model allows us to conveniently 410 

optimize the inspection and repair plan during the structure lifespan. However, this is not sufficient 411 

from an engineering point of view because some of the aforementioned parameters are random. 412 

Therefore, a probabilistic analysis should be performed to obtain a comprehensive estimation of 413 

(b) (a) 
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chloride penetration in repairing concrete structures. This section aims to determine appropriate 414 

strategies in establishing maintenance plans to prolong the structure service life when considering 415 

uncertainties. 416 

4.1 Methodology for probabilistic analysis  417 

Among the conventional methods used for probabilistic assessment, Monte Carlo Simulation (MCS) is 418 

commonly used due to its simple computer implementation [16,17,40]. However, for each random 419 

input variable in a model, this technique generates a random sample of N points, thus it is 420 

computationally expensive when dealing with uncertainty problems. The use of MCS is even more 421 

time-consuming when complex numerical models are involved, particularly in the iterative 422 

computation for predicting the time-dependent chloride transport in repairing RC structures with two 423 

different material layers. Hence, another sampling method called Latin Hypercube Sampling (LHS) 424 

was developed to overcome those constraints. This sampling strategy disperses the sample points more 425 

uniformly among all possible values, thus reducing the number of samplings generated with 426 

satisfactory result. As a result, LHS ensures that the entire range of each random variable is completely 427 

covered. In a wide range of scenarios, LHS has been demonstrated to be more efficient than basic 428 

random sampling. Because of its popularity and stability, LHS has been frequently employed in the 429 

design of experiments and probabilistic analysis for evaluating the probability of failure [41,42]. 430 

Therefore, LHS is used in this paper to carry out probabilistic analysis in maintenance modeling. 431 

The computational strategy for the probability-based maintenance model will combine LHS with finite 432 

element and finite difference approaches. Figure 6 depicts the proposed approach with a flowchart. It 433 

is made up of two main loops. The external loop illustrates the probabilistic strategy of utilizing LHS 434 

to generate the required number of input random variables to estimate the probability of corrosion 435 

initiation; while the internal loop represents the numerical code in the FreeFEM++ used to model 436 

chloride transport. 437 

In the internal loop, the “repair criterion” is set command based on two main approaches, as presented 438 

in the deterministic example. The first approach is that repair is carried out when the chloride content 439 

at the rebar cover reaches a specific critical chloride value. Meanwhile, the second approach considers 440 

the application of pre-scheduled repair intervals for structures as the condition to perform a repair. 441 

These approaches allow us to compute the probability of corrosion initiation, which is one of the main 442 

criteria in reliability assessment for corroding RC structures. The calculation flowchart for chloride 443 

ingress after repair with time-dependent chloride diffusion is also presented. As seen from Figure 6, 444 

when the repair criterion is satisfied, the repair material properties will be considered, and initial 445 

conditions are set for each domain (new material layer and original, aged concrete) that take into 446 

account a spatially domain-dependent and time-dependent diffusion coefficients of two concrete 447 
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layers, as mentioned in section 2.2. Accordingly, a new RC structure service life is predicted, this 448 

process is reiterated until the structure’s life span is reached, then the expected number of repairs, n, is 449 

recorded. 450 

 451 

Figure 6. Flow chart of probabilistic maintenance modeling 452 

4.2. Probability of corrosion initiation 453 

The time of corrosion initiation,     , is defined as the instant at which the chloride concentration at the 454 

cover thickness reaches a critical level,      . The chloride concentration at which the passive layer on 455 

steel bars is broken down, leading to the start of steel’s corrosion, is represented by this critical value. 456 

      in this paper is assumed to be a random variable because of the uncertainty of concrete material 457 

properties. For RC structures repaired by cover rebuilding technique, the corrosion initiation time may 458 

occur on several occasions depending on the exposure conditions, lifetime assessment and number of 459 

repairs. It is determined by evaluating the time-dependent chloride concentration at the cover depth 460 

using the solutions of nonlinear partial differential equations presented in section 2. The cumulative 461 

distribution function (CDF) of time to corrosion initiation,         , is defined as: 462 

                                
       

   (11) 463 
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where   is the vector of the random variables considered and      is the joint probability density 464 

function of  . The limit state function becomes: 465 

                                   (12) 466 

where              is the chloride concentration at the cover depth and the time  ,    is the concrete 467 

cover thickness. The probability of failure,   , is transformed into the probability of corrosion 468 

initiation in this case, and is calculated by integrating the joint probability function on the failure 469 

domain [43]: 470 

        
         

         (13) 471 

4.3. Probabilistic data 472 

In the probabilistic assessment of this problem, there are two main sources of uncertainty to be 473 

considered, one related to the chloride diffusivity in concrete and the other related to assessing criteria. 474 

The probabilistic models of all considered random variables are shown in Table 3. In the first group 475 

are considered the surface chloride concentration and the concrete diffusivity parameters (    ,   , 476 

  ) for original and repair materials. The surface chloride,   , which represents the degree of chloride 477 

attack, is uncertain due to the randomness of chloride content in surrounding environment. The 478 

uncertainty in concrete diffusivity parameters, which represent the chloride resistance of concrete 479 

material, exists due to different or random properties of concrete material properties (the w/c ratio, the 480 

concrete mix proportions, the type of cement, the type of curing). Although concrete structures have 481 

the same mix design, their material properties may differ due to different manufacturing processes, 482 

quality control and environments. For the second source of uncertainties, cover depth, replacement 483 

depth and critical chloride value are the three random variables considered herein. The variations in 484 

the cover depth and replacement depth are attributed to construction/repair methods and labor during 485 

execution. The uncertainty in the critical chloride value is due to its sensitivity to chemical properties 486 

of concrete components such as sand, gravel, and cement. 487 

Previous studies [11,14] have shown that cover rebuilding technique benefits from a replacement 488 

depth below cover depth. This is also implied according to the deterministic analysis in section 3. 489 

Therefore, in the probabilistic assessment, the replacement depth,   , which is considered as a random 490 

variable, is established to be deeper than the cover thickness. To solve this issue,    is appeared as the 491 

extra replacement depth behind the rebar cover. Depending on construction methods and quality 492 

control during execution,    would be variant and follows a normal distribution with a mean value of 493 

10mm and a coefficient of variation [COV]Xr = 0.1. The total replacement depth    could be presented 494 

as    =    +   . 495 

Table 3: Probabilistic models of random variables 496 
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Variable Mean COV Distribution References 

      3 x 10
-11 

m
2
/s 0.20 Log-normal [23], [44] 

   41.8 kJ/mol 0.10 Beta on [32,44.6]  [32] 

   0.15 0.30 Beta on [0,1]  [35] 

      0.5 wt% cement 0.20  Normal  [45] 

   7.35 kg/m
3
 0.7 Log-normal [46] 

   40 mm  0.25  Normal (truncated at 10 mm)  [45,47] 

   10 mm
 

0.1 Normal (truncated at 0 mm)  

5. Illustrated example of probabilistic assessment  497 

5.1 Problem description and basic assumptions 498 

The main goal for this example is a comprehensive assessment of the probability of corrosion 499 

initiation for repairing concrete structures by considering the uncertainties described in previous 500 

section. Two main approaches are adopted to determine repair conditions and application times, which 501 

are named “corrective” and “preventive” repair models. The intention of this section is to explore the 502 

results obtained from the probabilistic analysis so that a reasonable maintenance plan can be achieved. 503 

The problem description and necessary assumptions are similar with the deterministic example. For 504 

the probabilistic study, samples for each random variable are generated based on the Latin Hypercube 505 

sampling technique, and the random variables are assumed to be statistically independent. This 506 

scenario would overestimate the deterioration process and probability of initiating corrosion. However, 507 

actual data is needed to assess correlations between the parameters listed in Table 3 and therefore 508 

improve the performance of the maintenance model. The remaining constant parameters used in the 509 

maintenance model are presented in Table 1. For the sake of simplicity, it is assumed that the same 510 

material is used for construction and repair in all cases.  511 

5.2 Corrective Repair Model – Results and Discussion 512 

The definition of the corrective repair approach was described in the deterministic example, section 513 

3.2.1. The chosen repair strategy herein is to apply a replacement layer approximately 10 mm deeper 514 

than the cover thickness. And the probabilistic analysis considers of the uncertainty of random 515 

variables.  516 

The probabilistic times to repair (or the probabilistic time to corrosion initiation) can be represented in 517 

terms of the probability density function (PDF) of repair application time. From the PDF in Figure 8a, 518 

the mean and the standard deviation of the first application time is calculated as equal to 15.82 and 519 

15.03 years, respectively. The means of the three following repair times are 11.77, 11.22, and 10.95 520 
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years, respectively. To be specific, it takes an average 11.77 years from the first repair application time 521 

to trigger the second repair. Similarly, it takes an average 11.22 years from the second repair to trigger 522 

the third repair and so on. It is observed that the time for corrosion initiation at the early stage (before 523 

any repair measure is applied) is longer than that in the remaining operating period within a 70-year 524 

service life. Except the first repair application time of about 16 years, the repair intervals in following 525 

years are all approximately 11 years. The corrective repair model does not demonstrate significant 526 

variation chloride diffusion in RC structures between repair periods. The results are in agreement with 527 

findings from a previous probabilistic study [14]. This observation could be useful in developing a 528 

maintenance plan for RC structures in marine environments at an early stage.  529 

Considering the PDFs in Figure 8, the cumulative density function (CDF) of repair application time 530 

during a 70-year service life can be computed to provide the probability of maintenance activity at any 531 

year (Figure 9). For example, if the time to repair is defined at the year when the probability of 532 

corrosion initiation reaches 50% and it is required to carry out the cover replacement measure, the first 533 

repair will be performed at year 15.82, the subsequent repairs will be implemented at years 27.59, 534 

38.82, 49.77, and 60.72. However, if 40% probability is chosen to trigger a repair, the first repair time 535 

is in year 10.7, and this period will be even shorter, year 8, with 30% probability for the first corrosion 536 

occur. Therefore, the outline of maintenance planning based on probabilistic repairing times should 537 

consider the cost constraints, environmental impacts as well as the expert judgment of the quality of 538 

structures. In addition, an early inspection on site to evaluate the degree of corrosion is highly 539 

recommended to support a decision-making process.  540 

 541 

(a) (b) 
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 542 

Figure 8. PDF of repair application time (a) First repair application (b) Second repair application (c) Third repair 543 

application (d) Fourth repair application 544 

 545 

Figure 9. CDF of repair application time 546 

Furthermore, the calculation of the total expected number of repairs is introduced. It is assumed that if 547 

the cumulative period of repairs exceeds the service life of 70 years, the maintenance could be 548 

stopped, hence the expected number of repairs would be determined. As shown in Table 4, with the 549 

repair strategy of    = 60 mm replacement depth, averagely five repairs are estimated during the 550 

structure’s lifetime. Additional repair strategies could also have been explored in this study such as 551 

applying different replacement depths or using better-quality materials. For instance, recent studies 552 

[14,17]  proved that self-compacting concrete is more sensitive to the values of the diffusion 553 

coefficient, which can be used as an indicator of material quality.  554 

Table 4. The expected number of repairs applications  555 

Criteria 
Repair application time Expected number 

of repairs First Second Third Fourth Fifth Sixth 

Mean 15.82 27.59 38.82 49.77 60 >70 5 

(c) (d) 
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Standard deviation 15.03 24.38 33.22 41.77 50.35  

The maintenance planning based on the corrective repair model could be used as a basic result for the 556 

preventive repair model that is proposed and explained in the next section.  557 

5.3 Preventive Repair Model – Results and Discussion 558 

This probabilistic model concerns the maintenance policy of applying a scheduled repair interval at a 559 

given repair depth for RC structures as the condition to perform a repair. For instance, the repair 560 

application will be implemented immediately whenever the structure lifetime reaches a specific time of 561 

repair. Within a 70-year service life, the repair intervals (the time between two repairs) suggested in 562 

this example are 15, 10, 10, 10, 10, and 10 years, respectively (i.e. in years 15, 25, 35, 45, 55, and 65). 563 

Again, the chosen repair strategy is to apply a replacement layer approximately 10 mm deeper than the 564 

cover thickness. These chosen intervals are not randomly determined, but they are based on the results 565 

obtained from the corrective repair model, that the scheduled repair times are determined to be less 566 

than the mean values of repair application times. The mean repair time value could be approximated as 567 

the time to reach a probability of 0.5 in Figure 9. Since this approximation should reduce the risks of 568 

corrosion initiation, this probabilistic model is referred as a preventive repair model. Other threshold 569 

probabilities could be selected depending on the risks allowed for the end user. For instance, small 570 

probabilities are related to reinforced concrete assets with higher consequences in case of failure and 571 

vice-versa. The selection of the repair depth will also influence the probability of corrosion initiation 572 

after the first repair. The effects of considering different repair schedules and depths for preventive 573 

repair will be illustrated and discussed in this section.   574 

Figure 10 presents the simulated time-dependent chloride concentration profiles at the critical depth. It 575 

is noted that the cover depth and the replacement concrete depth are considered random. Thus, for 576 

each sample, the chloride content is captured at varying cover depths and is compared with the random 577 

value of threshold chloride concentration for corrosion initiation. Eqs. (11) to (13) are applied in this 578 

case to compute the probability of corrosion initiation as shown in Figure 11. The chloride profiles of 579 

all samples as well as the mean profile, the lower and upper bounds of chloride content are presented 580 

in Figure 10. It is observed that at the years of repair (i.e. year 15, 25, 35, 45, 55, and 65) the mean 581 

chloride content is higher than the mean value of the chloride limit to start corrosion (2 kg/m
3
). 582 

However, Figure 11 shows that the probability of corrosion occurring would be 51.9% only at the first 583 

repair time (year 15), while the probabilities are below 50% for all remaining repair periods. Hence, 584 

the assessment of corrosion risk and the reliability estimation for a maintenance plan based on mean 585 

values can be misleading in this case. 586 



 23 

 587 
Figure 10: Time-dependent chloride concentration profiles at rebar cover       588 

 589 
Figure 11: Probability of corrosion initiation 590 

 591 

In Figure 11, the probability of corrosion initiation at any year can be recorded. For example, in year 592 

10 (5 years before the first repair), there is a 39.6% possibility of corrosion occurring, while its 593 

probabilities in year 16 (1 year after the first repair), year 20 (5 year after the first repair), and year 25 594 

(10 year after the first repair) are 3%, 26.5% and 46.4% respectively. It can be concluded that the 595 

further away from the most recent repair, the higher the probability of corrosion. 596 

Figure 12 shows the chloride profiles at (a) one year after the first repair, (b) 5 years after the first 597 

repair, and (c) 10 years after the first repair. In Figure 12a, the chloride content in year 16 (1 year after 598 

the first repair) is illustrated by curves that fluctuate in value around the interfacial position between 599 

two concrete layers, or at x =   . This is due to the redistribution of chloride ions existing in the 600 

original concrete to the new concrete layer after the first repair. Moreover, at year 16, the mean of 601 

chloride content at the position of rebar cover is much lower than the mean of critical value (2 kg/m
3
), 602 

due to the effective chloride absorption of new concrete layer in the early years after repair. For the 603 

rest of survey years, the decrease of chloride concentration versus depth tend to remain (Figures 12b, 604 
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c). It is noticed that in year 25 (10 years after the first repair), the mean of chloride content at the 605 

critical depth is over the average critical value, it is when the second repair should be scheduled. 606 

 607 

 608 

Figure 12: Chloride profiles (a) one year after the first repair (b) 5 years after the first repair (c) 10 years after 609 
the first repair 610 

From Figure 12, the PDF of chloride content at the cover depth can be determined, as shown in Figure 611 

13a, b and c. The mean line of critical chloride value (2kg/m
3
) is considered as the landmark value for 612 

comparison. It is observed that the year with more PDF values being to the right of the threshold value 613 

will have a higher probability of corrosion initiation because it represents that the chloride content 614 

exceeds the limit state. Accordingly in a 10-year repair cycle from year 15 to year 25, the probability 615 

of starting corrosion at year 16 (1 year after the first repair) is lowest (Figure 13a), followed by year 20 616 

(5 year after the first repair) (Figure 13b) and 25 (10 year after the first repair) (Figure 13c). This is 617 

consistent and compatible with Figure 11. 618 

(a) (b) 

(c) 
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 619 

 620 

Figure 13: PDF of chloride content at cover depth (a) one year after the first repair (b) 5 years after the first 621 
repair (c) 10 years after the first repair 622 

To reduce the probability of corrosion initiation, some maintenance strategies are introduced, such as 623 

shortening repair application times or applying a deeper replacement concrete or using both strategies 624 

simultaneously. Figure 14 shows the probability of corrosion initiation when applying different 625 

preventive repair strategies, including (a) 10-year repair intervals, (b) 20mm extra replacement depth, 626 

and (c) 10-year repair intervals and 20mm extra replacement depth. In Figure 14a, there is only about 627 

40% possibility of initiating corrosion at the first repair time if the repair is carried out every ten years. 628 

The probabilities of corrosion initiation at the following repair times are slightly reduced compared to 629 

the data in Figure 11. This strategy requires six cover rebuilding repair applications. Considering both 630 

the reliability criteria and the number of repairs in a 70-year service life, the strategy of 10-year repair 631 

intervals appears to be more effective than the previous preventive strategy. Meanwhile, for the case in 632 

Figure 14b with the original repair intervals but deeper extra concrete patch of 20mm (            633 

[COV]Xr = 0.1), the corrosion probability at the first repair is not changed with 51.9%, but better 634 

reliability is achieved for the later repairs compared to the original case where          . Hence, 635 

if both strategies are applied for RC structures, the probability of corrosion initiation would be lower 636 

(Figure 14c). However, other factors, such as maintenance costs and environmental impacts, should 637 

(a) (b) 

(c) 
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also be involved in infrastructure life cycle assessment to formulate a cost-effective and 638 

environmentally friendly maintenance strategy. 639 

 640 

 641 

Figure 14: Probability of corrosion initiation of two cases (a) 10-year repair intervals (b) 20mm extra 642 
replacement depth (c) 10-year repair intervals and 20mm extra replacement depth 643 

Conclusions and future work 644 

In this study, a probabilistic prediction model of structural maintenance in a marine environment was 645 

proposed by combining Latin Hypercube Sampling technique with a time-dependent model of chloride 646 

transport in repaired concrete structures. Besides the calculation framework for service life and service 647 

life extension of corroded RC structures with repair, the effects of maintenance actions on the chloride 648 

transport behaviors within concrete were also discussed. By using the proposed computation approach, 649 

the following conclusions can be drawn: 650 

1. Choosing a concrete replacement depth that is deeper than the existing cover depth is 651 

recommended for repairing RC structures subjected to chloride-induced corrosion, because it 652 

can slow down the chloride redistribution from the aged concrete to the critical depth. Also, a 653 

deeper repair depth leads to fewer repairs and larger pre-schedule repair intervals compared to 654 

(a) (b) 

(c) 
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the shallower concrete repair. For instance, in section 3.2 was found that increasing this repair 655 

depth by 10 mm leads to one repair less during the structural lifetime.  656 

2. Both corrective and preventive repair strategies were performed in the probabilistic 657 

assessment. For the corrective repair strategy, repair is carried out when the chloride content at 658 

the rebar cover reaches a specific critical chloride value, and the total expected number of 659 

repairs can be used as a factor for comparing different repair strategies. It was observed that, 660 

excepting the first longer repair application time, probability of corrosion initiation was lower 661 

than 0.52 between repair periods. In the case of time constraint and expensive computational 662 

cost, the simulation of service life prediction for a few initial repair stages is sufficient as a 663 

basic result for formulating the maintenance schedule by the preventive approach.  664 

3. For the preventive repair model, the scheduled repair times could be determined to be less than 665 

the mean values of repair application times obtained from the corrective repair model. This 666 

maintenance approach seems to be efficient for service life prediction and maintenance 667 

planning because an acceptable probability of corrosion initiation can be achieved by adopting 668 

some practical repair strategies. For example, the minimum probability of corrosion initiation 669 

is recorded to be below 0.43 for all repair times when applying 10-year repair intervals and 670 

20mm extra replacement depth. In conclusion, the application of shorter repair intervals could 671 

contribute to the decrease of corrosion risk for the first repair, while the selection of the repair 672 

depth could mainly influence the probability of corrosion initiation after the first repair. 673 

4. The proposed model, however, still has some limitations. It was applied for marine structures 674 

exposed to atmospheric or submerged zones with constant chloride surface concentration. 675 

Further research should thus aim to develop a comprehensive stochastic model considering 676 

more realistic exposure conditions, chloride diffusion-convection coupling system in concrete 677 

and time-dependency of surface chloride concentration. Also, real data (related to concrete 678 

chloride diffusivity and assessing criteria) is required to estimate correlations between the 679 

parameters used in the model and to improve the performance of the maintenance model. 680 

Accordingly, the model-based approach for maintenance schedule could be compared with a 681 

practical engineering case and applied in practice. This work is under progress.  682 
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