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ABSTRACT 

The deterioration of reinforced concrete bridge decks is one of the major concerns for 

highway agencies and accurate prediction of their deterioration process and assessment of their 

remaining service life is essential for the effective management and preservation of bridge 

infrastructure. This report presents the second phase of a research project aimed at developing 

degradation mechanisms for bridge decks in the state of Michigan. The research focus was to 

develop and validate degradation models based on durability mechanics.  A probabilistic 

framework to implement local-level mechanistic-based models for predicting the chloride-

induced corrosion of the RC deck was developed. The methodology is a two-level strategy: a 

three-phase corrosion process was modeled at a local (unit cell) level to predict the time of 

surface cracking while a Monte Carlo simulation (MCS) approach was implemented on a 

representative number of cells to predict global (bridge deck) level degradation by estimating 

cumulative damage of a complete deck. The predicted damage severity and extent over the deck 

domain was mapped to the structural condition rating scale prescribed by the National Bridge 

Inventory (NBI). The influence of multiple effects was investigated by implementing a 

carbonation induced corrosion deterministic model. The carbonation degradation process was 

assumed to be decoupled from chloride induced corrosion such that the controlling effect to the 

initiation of corrosion would dictate the initiation period, with the propagation and crack to 

surface periods being modeled equally. By utilizing realistic and site-specific model inputs, the 

statistics-based framework is capable to estimate the service states of the RC deck and compare 

with field data at the project level. Predicted results showed that different surface cracking time 

can be identified by the local deterministic model due to the variation of material and 

environmental properties based on probability distributions. Bridges from different regions in 

Michigan were used to validate the prediction model and the results show a good match between 

observed and predicted bridge condition ratings. A parametric study was carried out to calibrate 

the influence of key material properties and environmental parameters on service life prediction 

and facilitate use of the model. A computer program with a user-friendly interface was 

developed for degradation modeling due to chloride induced corrosion. The program can be used 

to evaluate the performance of Michigan highway bridges or generic new designs. 

  



 

vi 

ACKNOWLEDGMENTS 

 

 

The research described in this report was carried out under funding from the Michigan Department 

of Transportation, Contract 2009-0746/Z2, SPR No. 107451, with Mr. Peter Jansson as project 

manager. The financial support of MDOT and the coordination of Mr. Jansson throughout the 

execution of the experimental program are gratefully acknowledged.  

The authors also thankfully acknowledge the assistance of Dr. Ioannis Balafas from the University 

of Cyprus and Prof. Chris Burgoyne from the University of Cambridge who shared their work and 

experience on the deterministic model for chloride-induced corrosion. 



 

vii  

TABLE OF CONTENTS 

DISCLAIMER ................................................................................................................................... iv 

ABSTRACT ........................................................................................................................................ v 

ACKNOWLEDGMENTS  ................................................................................................................ vi 

TABLE OF CONTENTS  ................................................................................................................ vii  

LIST OF FIGURES .......................................................................................................................... ix 

LIST OF TABLES  ............................................................................................................................ xi 

1 INTRODUCTION  ...................................................................................................................... 1 

1.1 Background and Motivation ..................................................................................................... 1 

1.2 Proposed Framework ................................................................................................................ 5 

1.3 Report Organization .................................................................................................................. 7 

2 LITERATURE REVIEW  .......................................................................................................... 9 

2.1 Chloride-induced Corrosion ..................................................................................................... 9 

2.1.1 Analytical Models ................................................................................................................. 9 

2.1.1.1 Diffusion Process ........................................................................................................ 11 

2.1.1.2 Rust Accumulation ...................................................................................................... 11 

2.1.1.3 Crack Propagation ..................................................................................................... 12 

2.1.1.4 Post-cracking Process ................................................................................................ 14 

2.1.2 Commercial Software ......................................................................................................... 15 

2.2 Carbonation ............................................................................................................................. 18 

2.3 Freeze-thaw Effect .................................................................................................................. 20 

2.4 Summary ................................................................................................................................. 24 

3 LOCAL -LEVEL MECHANISTIC DEGRADATION MODELING  .................................. 26 

3.1 Selected Mechanistic Models ................................................................................................. 26 

3.2 Flow-chart of Cell-level Modeling and Key Parameters ........................................................ 27 

3.3 Prediction Results ................................................................................................................... 33 

3.4 Discussion ............................................................................................................................... 41 

4 GLOBAL -LEVEL PROBABILISTIC DEGRADATION MODELING  ............................ 43 

4.1 Monte Carlo Simulation ......................................................................................................... 43 

4.2 Statistical Random Input ......................................................................................................... 45 

4.3 Prediction Results ................................................................................................................... 49 

4.3.1 Single Deck in Different Time of Interest .......................................................................... 51 



 

viii  

4.3.2 One Deck in Different Regions .......................................................................................... 53 

4.4 Summary ................................................................................................................................. 55 

5 MODEL VALIDATION  .......................................................................................................... 55 

5.1 Mapping Predictions to Empirical Ratings ............................................................................. 55 

5.2 Representative Cells ............................................................................................................... 62 

5.3 Deck Selection for the Validation ........................................................................................... 63 

5.4 Prediction Result at the Project Level .................................................................................... 70 

5.5 Prediction Result at the Network Level .................................................................................. 74 

5.6 Parametric Study ..................................................................................................................... 80 

5.7 Reference Charts ..................................................................................................................... 83 

5.8 Summary ................................................................................................................................. 91 

6 DECK DEGRADATION MODELING DUE TO DUAL EFFECTS  .................................. 92 

6.1 Selected Model of Carbonation .............................................................................................. 92 

6.2 Prediction Results ................................................................................................................... 97 

6.3 Discussion ............................................................................................................................. 102 

7 CONCLUSIONS AND RECOMMENDATIONS  ............................................................... 103 

APPENDIX: MECHANISTIC -DECK 1.1 USERôS MANUAL ................................................ 106 

REFERENCES ............................................................................................................................... 123 

  



 

ix 

LIST OF FIGURES 

Figure 1: Common causes for cracking in concrete structures (TRB 2006) ........................................ 3 

Figure 2: Various mechanisms affecting the durability of concrete (Basheer et al. 1996) .................. 3 

Figure 4 Expected prediction results through the Monte Carlo Simulation ........................................ 7 

Figure 5 Phenomenological modeling for steel corrosion in concrete (Li et al 2008) ...................... 10 

Figure 6 Periods in the service life of RC structures (Suwito and Xi 2008) ..................................... 10 

Figure 7 Two modeling approaches for crack propagation from corrosion ...................................... 13 

Figure 8 Crack propagation and rust production (Zhao et al. 2012) .................................................. 15 

Figure 9 Number of freeze-thaw cycles vs. w/c ratio (Bertolini et al. 2004) .................................... 22 

Figure 11 Flow-chart for service life prediction due to chloride-induced corrosion ......................... 28 

Figure 12 Steel consumed and rate of consumed mass versus time different rules ........................... 32 

Figure 13 Chloride profile at the surface of rebar versus time .......................................................... 34 

Figure 14 The time-dependent corrosion rate .................................................................................... 35 

Figure 15 Pressure at interface between concrete and rebar .............................................................. 35 

Figure 16 Crack propagation from the rebar surface to the crack front ............................................. 36 

Figure 17 Total energy in the concrete ring ....................................................................................... 36 

Figure 18 Crack width at the interface of concrete cover and rebar .................................................. 37 

Figure 19 Influence of C0 on the service life of a bridge deck .......................................................... 37 

Figure 20 The influence of cover depth on time to surface cracking (T3) ........................................ 38 

Figure 21 The distribution of corrosion time (T1) for BS amd ECR................................................. 39 

Figure 22 The distribution of crack initiation time (T2) for BS amd ECR........................................ 39 

Figure 23 The distribution of different surface cracking time (T3) ................................................... 40 

Figure 24 Cumulative Damage Index (CDI) at T3 ............................................................................ 41 

Figure 25 Flow-chart for Monte Carlo Simulation ............................................................................ 44 

Figure 26 Distribution of random inputs ........................................................................................... 50 

Figure 27 Contour plot of time T3 for the whole RC deck ................................................................ 51 

Figure 28 CDI curve and its mean value for 10 iterations through MCS .......................................... 51 

Figure 29: Contour plot of surface crack width at Year 20 ............................................................... 52 

Figure 30: Contour plot of surface crack width at Year 30 ............................................................... 52 

Figure 31: Contour plot of surface crack width at Year 40 ............................................................... 53 

Figure 32: Contour plot of crack width in Sault Ste. Marie, MI (Year 2012) ................................... 53 

Figure 33: Contour plot of crack width in Lansing, MI (Year 2012) ................................................ 54 



 

x 

Figure 34: Contour of crack width in Detroit, MI (Year 2012) ......................................................... 54 

Figure 35: A typical crack comparator on field inspection (Choo and Harik 2006) ......................... 57 

Figure 36 Schematic  of the CDI curve and the corresponding predicted NBI rating ....................... 60 

Figure 39 The Predicted NBI rating bound and Mean Value Curve ................................................. 61 

Figure 40: The sampling cells for the MCS ....................................................................................... 62 

Figure 41: Numbering of bridges from the University Region (Network 1) ..................................... 65 

Figure 43: Predicted degradation and actual NBI rating for Network 1 decks (ECR) ...................... 69 

Figure 44: Numbering of bridges in Network 2................................................................................. 73 

Figure 46: Seven regions defined by MDOT ..................................................................................... 74 

Figure 47: Influence of geographical location on deck deterioration ................................................ 77 

Figure 48: Distribution of the number of inspections (Winn 2011) .................................................. 77 

Figure 50: Observed and predicted NBI ratings for different C0 (Region B) .................................... 79 

Figure 51: Observed and predicted NBI rating for different C0 (Region C) ..................................... 80 

Figure 52: Influence of key parameters on the prediction of deterioration ....................................... 82 

Figure 53: Influence of time-dependent fôc values on the prediction of deterioration ...................... 83 

Figure 54 Flow chart to determine T1 from carbonation induced corrosion ..................................... 92 

Figure 55 Change of atmospheric CO2 concentration at a global scale (Yoon et al. 2007) .............. 94 

Figure 56: Schematic diagram of uncarbonation depth (Yoon et al. 2007) ....................................... 96 

Figure 57 Comprasion of CDI curves under different CO2 concentration ........................................ 98 

Figure 58 CDI curves due to two diffusion processes ....................................................................... 98 

  



 

xi 

LIST OF TABLES 

Table 1. The classification of crack types, its factors and time (TRB 2006) ....................................... 2 

Table 2. Features of the STADIUM program .................................................................................... 16 

Table 3. Features of the Life-365 program ........................................................................................ 17 

Table 4. Features of the CONLIFE program ..................................................................................... 18 

Table 5. Model inputs for cover cracking evaluation ........................................................................ 33 

Table 6. Optimization the lifetime maintenance of a deteriorating structure .................................... 43 

Table 7. Statistical values for C0 in published literature (kg/m3) ...................................................... 45 

Table 8. The statistical value for Cth in literatures (kg/m
3
) ............................................................... 46 

Table 9. A proposed material data selection for model inputs .......................................................... 47 

Table 10. Estimated number of MCS iterations for a given bridge deck .......................................... 48 

Table 11. Environmental data for three different locations in Michigan ........................................... 54 

Table 12. NBI Condition rating system for bridge deck inspection .................................................. 56 

Table 13. The use of the evaluation technique in the survey ............................................................. 58 

Table 14. Summary of rehabilitation methods from survey (Krauss 2009) ...................................... 59 

Table 15. Technical parameters of bridges in Network 1 .................................................................. 66 

Table 16. Inspection data for bridges in Network 1........................................................................... 67 

Table 17. Technical parameters of bridges in Network 2 .................................................................. 71 

Table 18. Inspection data for bridges in Network 2........................................................................... 72 

Table 19. MDOT offices by region .................................................................................................... 75 

Table 20. Mean temperature and humidity of major cities in Michigan ........................................... 76 

Table 21. RC decks with various manual data (Ó5) ........................................................................... 78 

Table 22. Data of parametric study .................................................................................................... 81 

Table 23. The prediction of NBI rating under different case of the parametric study ....................... 81 

Table 24. Reference Chart (Region A, BS) ....................................................................................... 85 

Table 25. Reference Chart (Region A, ECR) .................................................................................... 86 

Table 26. Reference Chart (Region B, BS)........................................................................................ 87 

Table 27. Reference Chart (Region B, ECR) ..................................................................................... 88 

Table 28. Reference Chart (Region C, BS)........................................................................................ 89 

Table 29. Reference Chart (Region C, ECR) ..................................................................................... 90 

Table 30. Values for D1 and nd .......................................................................................................... 95 

Table 31. Corrosion rate icorr-20 for various exposures (Stewart et al. 2011) ................................. 97 



 

xii  

Table 32. Concentration of CO2 measured in different types of environment .................................. 97 

Table 33. Dominating corrosion mechanism in Region B (BS) ...................................................... 100 

Table 34. Dominating corrosion mechanism in Region B (ECR) ................................................... 101 



 

1 

1 INTRODUCTION 

1.1 Background and Motivation 

The deterioration of reinforced concrete (RC) bridge decks has been investigated considerably 

over the past few decades as concerns with their performance has increasingly become a major 

infrastructure maintenance issue since the 1970s (Russell 2004). The general approach for 

infrastructure maintenance can be summarized in three aspects: deterioration model, cost model, 

and decision models (Estes and Frangopol 2001, Frangopol et al. 2004). This report deals with 

deterioration modeling. The approaches to degradation modeling of reinforced concrete elements 

may be grouped in five categories: statistical models, probabilistic models, soft-computing 

models (e.g., artificial neural networks, support vector machines, etc.), numerical methods, and 

mechanics-based methods. Clearly, several sub-classifications can be made in each of the noted 

categories. Of the noted methods, statistical, probabilistic, and soft-computing methods rely on 

the use of data to infer relationships and predict behavior. For modeling the deterioration of 

infrastructure the data has typically been that from visual inspections and evaluating the 

fundamental mechanisms behind the degradation process is not possible. A variety of options is 

available to simulate degradation through numerical simulations; however, the models tend to be 

complex and are generally difficult to modify for multiple structures or generalize for a network. 

Mechanics-based models, both theory-based and experiment-based (or phenomenological) model 

degradation based on the fundamental physico-chemical processes by using basic material 

properties and a diverse set of mechanics, thermodynamics and chemical models. Purely 

analytical models have been proposed but most mechanics-based models are calibrated (to 

different degrees) with laboratory-scale experiments. Mechanics-based models offer the best way 

to simulate and understand the degradation process based on fundamental material properties and 

thermo-mechano-chemical processes. However, the models can be quite complex, typically 

relying on numerical solutions, and models for combined degradation effects (e.g., corrosion 

together with freeze-thaw effect) are very limited. No withstanding these limitations, mechanics-

based models are the best way to not only model degradation of infrastructure elements but to 

also understand the fundamental environmental, material and design parameters that affect the 

degradation process.  
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The degradation of reinforced concrete decks is complex since it has many sources. A 

classification of the different damage bridge decks and its source in is presented in Table 1 

(TRB, 2006). It can be seen that at any given time the damage that may be observed in a bridge 

deck may be caused by multiple simultaneous factors. 

 

Table 1. The classification of crack types, its factors and time (TRB 2006) 

 

 

Common crack types that appear before and after hardening are shown in Figure 1. While 

early age cracking can be controlled through the improvement in concrete mixture design, 

material placement and curing; the issue of deck deterioration in the medium- to long-term is 

associated with cracks after concrete hardening. However, it is impossible and impractical to 

discuss the influence of all these factors on surface cracking. 
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Figure 1: Common causes for cracking in concrete structures (TRB 2006) 

 

 

Figure 2: Various mechanisms affecting the durability of concrete (Basheer et al. 1996) 

 

Basheer et al. (1996) reviewed of more than 400 published documents on the deterioration of 

concrete and categorized the deterioration mechanism in concrete after hardening into physical 

and chemical processes. The study concluded that the three most important environmental 

factors affecting RC deck deterioration are chloride induced corrosion, carbonation and freeze-
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thaw. The first two mechanisms are due to a chemical-mechanical coupling process while third 

one is due to a physical-mechanical process. The most reported cause of deterioration is 

attributed to corrosion of the reinforcing bar due to chloride ingress from deicing salts or sea 

water. It is well known that cracking and/or scaling will propagate to the deck surface because of 

the reinforcing bar corrosion process.  

In spite of the well-known fact that several degradation mechanisms act simultaneously, 

consideration of multiple effects is difficult and studies of coupled degradation effects is 

considerably limited. A recent example is the study by Bastidas-Arteaga, et al. (2009) who 

considered the coupled effect of corrosion-fatigue on RC structures. 

The focus of this report is on the development of a framework to implement a mechanics-

based model for predicting the life-time degradation of bridge decks due to chloride-induced 

corrosion. Two other mechanicsms were also considered, namely, carbonation-induced corrosion 

and freeze-thaw effects. However, studies on these two factors were less comprehensive. The 

objective was to obtain an appropriate deterioration model that can offer a prediction of the 

service condition of reinforced concrete bridge decks based on the simulation of the fundamental 

degradation process. 

There are two major ways to model concrete damage from environmental effects. One way is 

to model the corrosion process at a local level or characteristic reinforced prism. This follows 

from the typical experimental methods on small-scale samples used to calibrate analytical and 

phenomenological models. Detailed literature review on this approach is presented in Chapter 2. 

However, a reinforced prism cannot represent the real condition of a bridge deck. The second 

approach to simulate degradation is based on reliability and probability analyses of service life 

prediction. Several contributions have been made on this type of modeling approach by Enright 

and Frangopol (1998), Steward and Rosowsky (1998), Vu and Steward (2000), Steward and 

Mullard (2007) and Marsh and Frangopol (2008). However, most of the noted works involved 

the assessment of ultimate limit states of elements, such as structural strength resistance, flexural 

failure, etc. There are also a number of investigations (Lounis and Amleh 2003, Lounis and 

Daigle 2008) that have focused on service limit states, such as cracking, spalling, etc., but these 

mechanistic models are too simple for describing the complicated concrete deterioration process. 

While several commercial programs for concrete service life prediction have recently emerged, 
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careful examination of their underlying theory (see Chapter 2) shows the need for improvement 

in the service-life deterioration modeling of concrete elements. Degradation modeling of large 

structures based on mechanistic considerations is thus an ongoing area of research with still 

many gaps to be overcome. 

1.2 Proposed Framework 

This research project combined previous works on the deterioration of concrete decks to 

develop a probabilistic-based framework for practical application of mechanics-based 

deterioration models. A similar work by Firouzi and Rahai (2011) investigated the likelihood of 

degradation due to chloride ingress by random sampling on a hypothetical deck but they did not 

validate the prediction with actual decks. The methodology in this research project is a two-level 

strategy, as shown in Figure 3.  

 

Figure 3: Proposed framework for deck deterioration modeling 

 

The framework of deck deterioration modeling is as follows: 

1. Random values of the parameters of interest (such as chloride concentration at the concrete 

surface, concrete compressive strength, diffusion coefficient of concrete, threshold value for 

chloride concentration at the steel level, corrosion rate, concrete cover depth, etc.) are 

generated and assigned to different cells, so that these values will form sets of parameter 

combinations.  
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2. At a local level (unit cell), the corrosion process was modeled by employing mechanistic 

models that can predict the time for reinforcement bar corrosion to manifest in surface 

cracking. To overcome the limitations of current methods and commercial programs for 

concrete service-life prediction, existing models from different aspects of the degradation 

process were selected to provide a relatively accurate prediction. The selected models were 

chosen to have the following desired features: (1) consider multi-mechanisms; (2) use a more 

sophisticated model for corrosion process; and (3) take uncertainty of key parameters into 

account. Each parameter combination is adopted for the deterministic local-level analysis and 

the major results (such as time to surface cracking and crack width over time at the concrete 

surface) is obtained and recorded. 

3. At the global level (bridge deck), a probabilistic approach is implemented on a representative 

number of cells from the deck domain. To account for the uncertainty of environmental 

conditions and material properties, statistical analyses, namely, Monte Carlo simulations 

(MCS) are adopted into the prediction of concrete service life. Properties at the local/cell 

level are varied based on probability distributions. The predicted results of the cell-level 

deterministic analysis are collected for the entire bridge deck and a cumulative damage index 

(CDI) curve of the deck is calculated based on the predicted time to surface cracking from all 

the unit cells. A CDI bound is then calculated by taking into account different input data 

combinations, as shown in Figure 4(a). 

4. Final major step in this proposed framework is to the damage severity of the deck is mapped 

to the National Bridge Inventory (NBI) rating, a conventional bridge rating system used by 

highway agencies, as shown in Figure 4(b). The overall condition of the bridge deck will be 

determined based on the results of the sub-analyses. Therefore, the CDI bound is mapped 

into an NBI rating bound. The MCS provides a worst scenario and best scenario in the CDI 

curve and corresponding NBI rating curve. Finally, a mean value curve is obtained for the 

CDI curve and NBI rating curve.  
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(a)                                                                           (b) 

Figure 4 Expected prediction results through the Monte Carlo Simulation 

 

The core of Monte Carlo simulation is based on numerous sub-analyses and the accuracy of 

the results clearly depends on the number of analyses. Thus, it can be predicted that the primary 

limitation of the proposed approach is the computational demand. It is essential to determine the 

minimum number of analyses needed for a reliable result. On the other hand, the sophistication 

level of the model adopted for each mechanism will also be limited by computational demand in 

order to be feasible. The advantage of Monte Carlo simulations is that it allows the prediction of 

the most possible behavior of the structure while taking into account for the uncertainty of the 

input parameters. If only the extreme scenarios are evaluated, the prediction will be provided as a 

wide band between the extreme scenarios, which is much less informative.  

1.3 Report Organization 

This report is organized to highlight the results of the proposed statistical-based framework for 

predicting the degradation of reinforced concrete decks in Michigan highway bridges. A literature 

review is presented in Chapter 2 to outline the state-of-the-art on service-life prediction in reinforced 

concrete decks due to chloride corrosion, carbonation and freeze-thaw. Based on a summary of the 

shortcomings of analytical solutions and currently available commercial software, Chapter 3 

documents a three-phase corrosion process assembled from existing mechanistic models that can 

predict the time for reinforcement bar corrosion to manifest in surface cracking. Chapter 4 

discusses the implementation of the Monte Carlo simulation (MCS) approach as well as the 
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prediction results of the MCS. Chapter 5 presents a series of validations of the proposed 

mechanistic-based framework, both at the project level, and at the network level. A parametric 

study is also presented to investigate the influence of key parameters on deck degradation. 

Further, a series of reference charts documenting the effect of different parameters on deck 

deterioration were established for quick consultation. Chapter 6 presents and discusses deck 

deterioration due to multiple mechanisms. Finally, a summary, conclusions and recommendations 

are given in Chapter 7. 
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2 LITERATURE REVIEW 

2.1 Chloride-induced Corrosion 

2.1.1 Analytical Models 

Corrosion of metals in aqueous environments develops via electrochemical mechanisms that 

includes an exchange of electrons. The process of corrosion in metals can be described by the 

following two half-cell reactions: 

2+ -Fe Fe + 2e­  (Anodic reaction)    (2-1) 

- -
2 2O +2H O + 4e 4OH­ (Catholic reaction)    (2-2) 

Chloride-induced corrosion of reinforcement bars in concrete is a serious problem due to two 

reasons: i) corrosion will lead to reduction of the effective area of a reinforcing bar and the 

corresponding flexural strength of the concrete element; ii) the concrete surrounding a corroding 

bar is subjected to internal pressure that may cause cracking and spalling, since the volume of the 

corrosion products is higher than the volume of the initial steel. The main reactions that generate 

corrosion products are shown in the following: 

2+ -
2Fe + 2OH Fe(OH)­       (2-3) 

2 2 2 34Fe(OH) + 2H O + O 4Fe(OH)­      (2-4) 

3 2 2 3 22Fe(OH) 2H O + Fe O H O­ Ö      (2-5) 

The entire corrosion process is typically divided into different phases. Tuttiôs two-stage 

model, namely initiation period and propagation period is a widely-accepted definition approach 

for corrosion modeling. Generally, the initiation period is much longer than the propagation 

period. Ervin (2007) reported that the prediction from several models showed that, on average, 

the initiation period is six and a half times longer than the propagation period. That is why in 

some prediction models a constant value is given to the propagation period. However, research 

has shown that propagation can also take a very long time. Therefore, several approaches have 

considered a detailed definition of the service life phase (Suwito and Xi 2008, Li et al. 2008), as 

shown in Figure 5 and Figure 6. 
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Figure 5 Phenomenological modeling for steel corrosion in concrete (Li et al 2008) 

 

Figure 6 Periods in the service life of RC structures (Suwito and Xi 2008) 
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In this project a three-phrase corrosion process that includes diffusion, rust accumulation and 

crack propagation was identified and implemented. There is a vast amount of literature on the 

modeling of these three periods. A review is presented here in order to compare different models 

and justify the suitable selection of modeling approaches for this project. 

2.1.1.1 Diffusion Process  

In the first period, the diffusion process, Fickôs second law, which is a rather simple 

approach, is still the most computationally convenient way to determine the time to corrosion 

initiation, even though there is extensive evidence on the complexity of the process of chloride 

ion penetration into concrete. In principle, Fickôs second law is only a linear approximation to 

the process of chloride ingress. In some sense, the real nonlinear behavior on a bridge deck can 

be regarded as perturbations from this linear model. Therefore, while Fickôs second law cannot 

provide the complete answer it can capture the central part for the theory (Poulsen and Mejlbro 

2006). To improve Fickôs second law, Mangat and Molloy (1994) pointed out that the diffusion 

coefficient is dependent on time (decrease with time) and proposed an empirical model between 

the diffusion coefficient and the exposure time. Basheer et al. (1996) also present the same 

model for chloride concentration, which is derived from the principle of mass conservation but 

ignoring the evaporable water. Boddy et al. (1999) consider the multi-mechanism effect on 

chloride transfer and present models for each effect, but there was no experimental data to verify 

the proposed model. Que (2007) summarized and compared several available diffusion models. 

Suwito and Xi (2008) presented a couple processes between the chloride and moisture diffusion. 

Marchand and Samson (2009) discussed the limitations of determine the transfer of chloride ions 

into concrete with Fickôs second law and pointed out that the assumptions behind the simplified 

model can rarely be satisfied. Lin et al. (2010) established a comprehensive thermal-hydro-

mechanical model in which the transport model of chloride ions was predicted more accurately. 

The model accounted for the moisture transport during drying-wetting cycles (non-saturated 

concrete), fluctuation of external environment, and the interaction between mass transport and 

decay of RC structural performance. 

2.1.1.2 Rust Accumulation 

In the second period, rust accumulation, the chloride ions (Cl
-
) reach the reinforcement 

surface and an electrochemical reaction will be ready to start, followed by a reduction in bar 
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diameter and then the accumulation of rust products around the bar. Otieno et al. (2011) provide 

a comprehesive review on current models of corrosion rate (icorr). They show that icorr can be 

determined empirically from statistical analyses on experimental data or mathematically from 

electrochemical principles. Obviously, icorr is also an uncertain time-dependent parameter, which 

is affected by many factors, including chloride concentration, pre-corrosion cracks, etc. Due to 

the porosity at the concrete/rebar interface, there is a free-expansion time period of rust into this 

zone before the initiation of the cracks propagation process. It is reported that the volume of rust 

products could be 4 to 6 times larger than that of the rebar diameter. Three types of corrosion 

product are found at steel/concrete interface, at the corrosion-induced crack as well as the edges 

of cracks: Fe3O4, ɓ-FeO(OH) and Fe2O3 (Zhao et al. 2012). An important finding is that rust does 

not penetrate into the corrosion-induced cracks before the cracks reach the concrete surface. 

Furthermore, very little rust has been observed in the internal cracks between neighboring 

reinforcement. The difference between external and internal cracks is because of the ingress of 

outer solution. Therefore, there are two phases for rust diffusion: the time to completely fill the 

voids and the time to initiate cracks in the surrounding concrete.  

2.1.1.3 Crack Propagation 

In the last period, crack propagation, both empirical and analytical models are available for 

predicting the time for cracks to reach the concrete cover surface. The recent review by Chernin 

and Val (2010) pointed out that an empirical model derived from experimental data cannot 

provide sufficient and accurate information. Thus, models based on the analysis of a thick-walled 

concrete cylinder with a concentric hole (representing the space occupied by the rebar) have been 

proposed to simulate the chloride-induced cracking process on steel reinforced concrete decks. 

Two well-established analytical models are shown in Figure 7(a) a thick-walled uniform cylinder 

model and Figure 7(b) a partially cracked thick-walled cylinder model (Chernin and Val 2010). 

Before discussing these models it needs to be mentioned that external loading effects are not 

taken into account, even though researchers have pointed out the effects of sustained loads on 

corrosion rate and crack propagation (Malunbela et al. 2009). 
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Figure 7 Two modeling approaches for crack propagation from corrosion 

 

The uniform cylinder model proposed by Bazant (1979) is based on several assumptions, 

including the consideration of concrete as a homogeneous linear material, a constant value of 

rust production, etc. Liu and Weyers (1998b) modified this model with the consideration of a 

porous zone between the concrete and rebar. However, the model underestimates the mass loss 

of the rebar and does not take into account nonlinear behavior at the concrete/rebar interface. 

Recent studies have also noted that uniform steel corrosion in concrete structures will 

underestimate the maximum pressure applied by the corrosion products and hence overestimate 

the time for cracking of the cover concrete (Malumbela et al. 2011). 

A double-cylinder model has been proposed on the basis of a partition between a cracked 

inner cylinder and an un-cracked outer layer. Modifications of this concept have been proposed 

by many researchers. Pantazopoulou and Papoulia (2001) considered that cover concrete 

maintains residual strength even after its tensile strength is reached and that rust products deposit 

into the concrete cracks. Li et al (2006) modeled the inner cracked cylinder as an orthotropic 

material with a modulus reduction. Ervin (2007) recommended a combined model for service life 

evaluation during the propagation period and used the model by Pantazopoulou and Papoulia 

before cracking in the concrete cover appears. Conversely, Wang and Liuôs model was applied 

after crack initiation. Chernin et al. (2010) improved the compatibility in both stress and strain at 

the concrete/rebar interface.  

An interesting comparison between the uniform and double cylinder models mentioned above 

shows that the former model is better to describe crack growth for cover-to-diameter (c/d) ratios 

smaller than 2.5, whereas the latter one is more appropriate for c/d ratios between 2.5 to 4.0 



 

14 

(Chernin et al. 2010). Therefore, the double-cylinder model seems to be more realistic for the 

current investigation.  

Basheer et al. (1996) pointed out that permeability and fracture strength are the dominant 

factors for concrete durability. A number of recent investigations have used energy-based 

methods to predict the time to cracking of the concrete cover and crack propagation (Balafas and 

Burgoyne 2010, Zhong et al. 2010). Balafas and Burgoyne (2010) used the thick-wall cylinder 

theory but established the time to cracking on the basis of fracture mechanics and strain energy. 

This model was selected for concrete cracking prediction in this project. The criteria is that g(t) 

=GR-GF, where GR is the total energy release rate in the concrete ring; and GF is the fracture 

energy of concrete (0.12 Gpa). When g(t) is larger than GR, the crack is assumed to immediately 

reach the top of the concrete element and thus the time to surface failure can be determined. 

2.1.1.4 Post-cracking Process 

Estimating the crack width at the surface is the most important issue after the crack 

propagates to the top. Cracks always propagate along the shortest path from the rebar to the free 

surface. Obviously, crack widths keep increasing after the onset of hairline cracking at the 

surface. Zhao et al. (2012) report that the crack width increases slightly at the concrete surface 

compared to that at the concrete/rebar interface. Thus, after cracking at concrete surface, the 

crack shape is assumed to be trapezoidal as shown in Figure 8(c). The post cracking process 

found in the review paper by Chernin et al. (2012) has been investigated in various ways, 

including analytical, experimental and numerical models. 

For analytical solutions, the prediction of crack widths as a function of tangential strain 

proposed by Li et al (2006) has been recommended by many previous works, but a decisive 

stiffness reduction coefficient (Ŭ) is not easy to determine because it is related to specific 

material properties of concrete. In addition, the double-ring concrete cylinder was considered as 

a plane stress problem, while a plane strain solution is more reasonable for this investigation. 

Despite difficulty in defining the stiffness reduction coefficient, this analytical solution is still 

worth comparing with the results from experimental regression functions.  

Many regression functions have been derived from accelerated experiments or long-term 

field testing. For example, Zhao et al. (2012) reported a linear variation of crack width with the 

ratio of cross-section loss to original bar size. However, it has been documented that the 
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prediction from this function did not provide a reasonable result in Monte Carlo Simulations. 

Chernin et al. (2012) summarized recent empirical functions and compared the predictions with 

their experimental tests. Some models underestimated the crack width while the others 

overestimated it significantly. It seems hard to conclude which one best fits their testing.  

Finally, it was determined that numerical analysis was not suitable for our research purpose. 

Chemin et al. (2012) also pointed out that most of the numerical results overestimate crack 

widths compared to experimental data because the real corrosion process is typically simplified 

by this kind of modeling, especially neglecting the nature of rust growth and distribution in the 

porous concrete.  

 

 

Figure 8 Crack propagation and rust production (Zhao et al. 2012) 

 

2.1.2 Commercial Software 

In order to have a better idea of the existing knowledge about service life prediction of 

concrete structures and to identify current limitations (gaps), several commercial programs for 

concrete durability modeling were reviewed, as shown in Table 2 to Table 4..  

All programs basically have a library of different concrete materials, whose properties were 

generally obtained experimentally. The necessary input for these programs is basically the 

structure geometry, type of concrete, and the location (or exposure condition/environmental 
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condition). The output is the chloride concentration profile in space domain or time domain. As 

mentioned before, the initiation period of the corrosion process is assumed to be the time when 

the concentration of chloride ions at the reinforcement level reaches the threshold value, which is 

a default or user defined value. The estimated service life of the concrete structure is assumed to 

be the initiation period of the corrosion process (STADIUM) or the initiation period plus 

propagation period (LIFE-365). However, the propagation period is simply assumed to be 6 or 

20 (for epoxy coated rebar) years. 

 

Table 2. Features of the STADIUM  program 

STADIUM (SIMCO)  

Year 2011 (latest version 2.99) 

Capability  Chloride induced corrosion 

Description 
STADIUM is powerful software developed to predict the service life of a 

concrete structure. 

Advantages 

It can take into account the effect of concrete and reinforcement type, 

exposure condition, repair history and is able to evaluate the performance of a 

concrete structure by estimating the transport of chloride ions based on 

experimentally obtained (or user provided) parameters. It uses advanced 

models to estimate the transfer of chloride ions, which can account for the 

interaction of multiple ions (Nernst-Planck equation), water movement, and 

temperature. 

Disadvantages 

Degradation is assessed purely as a mass transfer problem and the mechanical 

characteristics of concrete are not taken into account. The influence of 

concrete material deterioration on the chloride ion transfer process is not 

considered. The propagation period is neglected, which may be inaccurate and 

impractical. 

Comment 

This program can be very useful if the service life of the concrete structure of 

interest to account only for the initiation period of corrosion. However, if the 

propagation period needs to be considered additional work/estimations need 

to be conducted, which is beyond the capacity of the program. 
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Table 3. Features of the Life-365 program 

Life-365 

Year 2009 (latest version 2.0.1) 

Capability  Chloride induced corrosion 

Description 

Life-365 is a program used to predict the service life of concrete structures. 

The service life is assumed to be the sum of the initiation period of corrosion 

process and the propagation period. The initiation period is estimated by 

solving Fickôs second law using the finite difference method while assuming 

the diffusion coefficient of concrete to be a function of both time and 

temperature. The propagation period is assumed to be constant (6 or 20 yrs.). 

Advantages 

The program can take into account the effect of silica fume, fly ash, slag, 

corrosion inhibitors, membranes and sealers, epoxy-coated steel and stainless 

steel. Most of the estimation parameters are based on experimental data or 

simple assumptions. 

Disadvantages 

Life-365 claims that it can predict the entire service life of a concrete structure 

(initiation period and propagation period.) However, the length of propagation 

period is assumed to be constant (6 or 20 yrs.), which may be too simplified. 

The estimate of the initiation period only considers the diffusion of chloride 

ions using Fickôs second law. In other words, the concrete is evaluated as 

saturated and un-cracked. More complex modeling is necessary (not a 

capability of the program) to take into account the moisture transport during 

drying and wetting, and the interaction between diffusion coefficient and 

deterioration of concrete material. 

Comment 
The program uses a simple model for the initiation period and a poor estimate 

for the propagation period. 
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Table 4. Features of the CONLIFE  program 

CONLIFE  

Year 2002 

Capability  Sulfate attack and freeze thaw 

Description 

CONLIFE is a program developed by Bentz et al. (2002) that can be used to 

predict the service life of concrete structures due to sulfate attack and freeze 

thaw effects. It assumes that sorption is the primary transport mechanism in 

concrete. A test method for sorptivity is proposed. 

Advantages 

The programôs model is based on a relatively less popular transport 

mechanism (sorption). A time of wetness model (Bentz et al. 2002) was 

developed that can predict the wetting event based on data of temperature and 

relative humidity. This model is used to predict the ñfillingò process of air 

voids in concrete. 

Disadvantages 

Sorption is assumed to be the only transport mechanism, which may not be 

accurate. Other mechanism such as diffusion may need to be taken into 

account. Concrete is assumed to be damaged when the air void in concrete is 

saturated to a certain level. However, the actual cracking process is not 

considered in the material behavior after damage occurs. Multi-mechanisms 

and the interactions were not considered and the material is assumed to be 

homogenous. 

Comment 
Similar model of wetness may be adopted but other mechanisms need to be 

introduced; including the uncertainty of input parameters. 

 

2.2 Carbonation 

Carbonation is another chemical attack that can lead to the corrosion of reinforcement in RC 

deck structures, especially in urban and industrial areas. Keller (2004) reported that carbonation 

is usually slow on bridge decks, especially for good quality concretes. Carbonation rates are 

dependent on humidity, with a high rate near 50% relative humidity (RH) but the process nearly 

nearly stops at 0 and 100% relative humidity. Zhong et al. (2010) pointed out that a notable 

difference between chloride-induced and carbonation-induced corrosion is that the former 
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exhibits localized cracking and spalling on the concrete surface while the latter causes a 

widespread and uniform cracking pattern.  

As another major chemical attack that initiates the degradation of RC decks, carbonation-

induced corrosion received less attention than chloride-induced corrosion before the year 2000. 

Most of the developed models are empirical or semi-empirical. Similarly to the prediction of 

chloride-induced corrosion, the carbonation models are also based on many assumptions. Early 

analytical models are simply estimated by Equation 2-6 from Fickôs first law, which describes 

the carbonation depth as a function of concrete age and the carbonation rate coefficient K. 

           (2-6) 

where, x is the carbonation depth (mm) and K is the carbonation rate coefficient (mm/year
-1/2

). K 

is equal to ςϽὈ Ͻὅ Ⱦ‌ Ⱦ , where DCO2 is CO2 diffusion coefficient (cm
2
s

-1
), CCO2 is 

atmospheric CO2 concentration (g cm
-3

), Ŭ is an amount of CO2 for complete carbonation, and t 

is the exposure time to CO2 (years). 

It is reported that the carbonation coefficient is dependent on the environment and the 

material properties of concrete. Humidity is the most important factor among all the 

environmental parameters. Carbonation rate would be lower if the structure is subject to periodic 

wetting. Several previous works have reported that the chemical process of carbonation is 

highest near a relative humidity (RH) of 50 to 70%. It also mentioned that RH below 50% is 

insufficient to trigger the carbonation reactions. Stewart et al. (2011) pointed out that, 

conservatively, the carbonation front stops if RH is less than 40%. The RH range in Michigan is 

between 58 and 80%, which indicates that carbonation corrosion is an issue for the durability of 

RC decks. As for the material properties, the concrete water/cement (w/c) ratio plays an essential 

role on the diffusion of carbon dioxide. Previous research has shown that a lower ratio slows 

down the penetration of carbonation. In turn, the carbonation process results in changes of the 

mechanical properties and durability of concrete. Chi et al. (2002) noted that the compressive 

strength of carbonated concrete is slightly larger than that of non-carbonated concrete.  

Some recent research (Isgor and Razaqpur, 2004; Saetta et al. 2004) has led to the 

development of mathematical-numerical models to simulate the carbonation process in RC 

structures by considering the combination of moisture, heat and agent flows through concrete. 



 

20 

Isgor and Razaqpur (2004) present the governing equations of the important phenomena that 

affect carbonation and then solved them through numerical methods. Song et al. (2006) 

developed an analytical technique for carbonation prediction in early-aged cracked concrete wby 

considering both CO2 diffusion of pore water in sound concrete and in cracked concrete. 

Marques and Costa (2010) presented a performance-based methodology as regards carbonation-

induced corrosion of RC structure. In spite of their comprehensive nature, the noted models are 

not easily implemented into the conceptualized framework for degradation modeling in this 

project. 

2.3 Freeze-thaw Effect 

Freeze-thaw damage is one of the most well-recognized damage sources for bridge decks. The 

concrete freeze-thaw durability is usually evaluated by conducting accelerated tests in the 

laboratory or exposure tests in the actual environment. Most of the experiment and research 

focus on the relationship between the dynamic elastic modulus of concrete material and freeze-

thaw cycles. A series of experimental studies on deterioration induced by scaling in the early 

1950s confirmed that the presence of deicing salts accelerates the deterioration of concrete under 

freeze-thaw cycles. It is widely accepted that the presence of deicing chemicals will increase 

freeze-thaw damage, at least in the surface layer. The experimental findings by Macinnis and 

Whiting (1979) proved that deicing salts increase the damage caused by frost action. Similar 

conclusions were also drawn by Mu et al. (2002) and Sun et al. (2002) based on their 

experiments. The higher the salt concentration in the solution, the higher was the degree of 

saturation retained in the concrete. Chung et al. (2010) also found that concrete can have higher 

chloride coefficient of diffusion under freeze-thaw cycles. 

The deterioration of concrete due to the freeze-thaw cycles is a complex physical 

phenomenon. Water contained in the concrete pores freezes at low temperatures increasing in 

volume by by 9%. Freeze-thaw damage begins with the pressure developed within the void 

system of the cement paste and aggregates. A large number of freeze-thaw cycles can eventually 

lead to deterioration of the deck surface. The concrete cover may loss up to 3 to 10 mm of depth 

because of the exposure of repeated cycles (Fabbri et al. 2008). The most reported types of 

freeze-thaw damage are internal cracking and surface scaling. Both of these failure modes are 

progressive phenomena (Rønning 2001). Wang and Song (2010) explained that internal damage 
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mainly results from changes in the physical properties (the mass loss and decline of dynamic 

elastic modulus, etc.) and mechanical properties (flexural strength, compressive strength, etc.). 

Air -entrained concrete, developed in the late 1930s, has been confirmed as an effective way to 

improve the frost resistance of concrete by adding proper volume and void spacing. Bazant et al. 

(1988) commented that use of air entrainment is not a perfect choice because the addition of 

pores causes a reduction in concrete strength and fracture toughness. Sabir (1997) found that the 

use of silica fume can improve compressive strength and reduce the rate of weight loss. Tanesi 

and Meininger (2006) investigated the freeze-thaw resistance of concrete with marginal air 

content. They showed that the type of air-entraining admixture played a major role in 

performance. Penttala (2006) reported that the need for air-entrainment is determined by surface 

scaling damage in low-strength concrete and by internal cracking in high strength concrete. 

Shang et al. (2009) carried out an experiment of air-entrained concrete subjected to different 

freeze-thaw cycles. The results showed that the dynamic modulus of elasticity, tensile strength, 

and compressive strength decreased as freeze-thaw cycles were repeated. In their tests, the 

compressive strength decreased 14% from its initial value after 300 cycles, but it dropped 

quickly to 54% of the initial value after 400 cycles. It is interesting to note that the influence of 

freeze-thaw on tensile strength is larger than compressive strength, dropping to 37% of the initial 

strength. In addition, the relative dynamic modulus decreased to 77% and concrete weight loss 

was 2% from its initial value after 400 cycles. 

Water-cement ratio is associated with the porosity of the cement. It is reported that dense 

concrete of low w/c ratio has higher frost resistance, as shown in Figure 9Error! Reference 

source not found.. If the w/c ratio is very low, the concrete is frost-resistant even without air-

entrainment. Air-entrained concrete could have very small and uniform bubbles inside the 

cement paste, but it requires that the distances between the bubbles be less than 0.1 to 0.2 mm. 

Even a low w/c ratio cannot guarantee frost resistance. There are many factors that could have a 

significant influence, such as the concrete age, the type of binder, the pre-treatment, minimum 

temperature during the test, etc. (Fagerlund 1995). The experiments by Ghafoori and Mathisôs 

(1995) also proved that low w/c ratio improves the resistance to freezing and thawing by 

reducing the amount of freezable water initially in the paste. Those specimens with high cement 

content withstood a greater number of freezing and thawing cycles and reduced the rate of crack 

propagation. 
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-  

Figure 9 Number of freeze-thaw cycles vs. w/c ratio (Bertolini  et al. 2004)  

 

It is known that concrete is a complex multi-scale material. Concrete itself has a microclimate, 

which is still not fully understood. Hydraulic pressure theory is the most widespread explanation 

for frost deterioration. In this theory concrete damage is caused by pore pressure due to the 

expulsion of water during the freezing process (Bazant et al. 1988). The pore water is considered 

to move from frozen part to others, but this theory does not seem to work for high quality 

concrete and is valid only in very saturated conditions (Penttala 2006). Later, osmotic pressure 

theory was proposed to describe the movement of pore water. The water movement is caused by 

the dissolved substances that are not included in the formed ice structures. Recent findings 

reported by Fabbri et al. (2008) note that the mechanical response of a saturated or partially 

saturated porous material at freezing temperatures is caused by the volumetric increase of water 

during its solidification, the transport of unfrozen liquid water and the thermo-mechanical 

properties of all the concrete phases.  

Fagerlund (1995) investigated the damage mechanisms at the micro-scale level, such as the 

pressure by the frozen water in the air content. However, our research project only deals with 

concrete damage at the macro-scale level, i.e., considering the concrete as a continuum material. 

Nevertheless, analytical solutions can be very useful to show the frost resistance of concrete. For 

example, it has been shown that very low air content is needed to protect a low-porosity concrete. 

The required air space is about 0.8% in normal concrete and 0.2% in high performance concrete. 

Rønning (2001) presented equations of mass loss due to the contraction of air voids, to the 

contraction of pore solution and to the thermally induced flow, etc. Bertolini et al. (2004) 
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reported that the degree of saturation of the pores has a critical value (80% to 90% of the total 

porous volume is water filled) for the frost resistance of concrete. Below this value, the concrete 

is able to withstand a high number of freeze-thaw cycles, while a few cycles may cause the 

damage to concrete above the critical value.  

Other aspects addressed in the existing literature include the macro-scale behavior of concrete 

under freeze thaw actions like the loss of strength, modulus, mass, etc. Janssen and Snyder 

(1994) carried out a comprehensive experimental study on the freeze-thaw resistance of concrete. 

The results provided the basis for determining the potential benefits of using concrete sealers to 

mitigate or prevent the development of D-cracking in concrete pavements constructed using 

nondurable aggregates. Liu and Wang (2012) also studied the stress-strain relationship of the 

concrete undergoing repeated cycles of freeze-thaw. However, many important questions still 

have yet to be answered. Further, most of these works provide only qualitative knowledge. The 

experimental works by Amini and Tehrani (2011) investigated the combined effect of water flow 

and salt on deterioration of concrete under freeze-thaw cycles. Weight change and compressive 

strength were measured and regression functions for these specimens are given by Equation 2-7 

and 2-8: 

)693.0(111.216122.26379.479887.0 2 =-Ö+Ö+Ö= RSWNWloss     (2-7)  

)728.0(019.299951.23144.682148.1 2 =-Ö+Ö+Ö= RSWNCSL
       (2-8)  

where: N is the number of cycles; W is the water-cement ratio; and S is the nominal value of the 

presence of saltwater (0.586 for Wloss and 0.375 for CSL). Results show that the presence of 

water flow and saltwater increased the deterioration of concrete, resulting in larger compressive 

strength loss. 

Jia et al. (2010) obtained several regression functions (Equations 2-9 to 2-11) for concrete in a 

a laboratory environment, including compressive strength, tensile strength, and elastic modulus. 

They also reported that the ratio of the number of cycles in the laboratory and the real 

environment is between 1/10 and 1/15. The mean average is about 1/12.5, which means that one 

freeze-thaw cycle in an accelerated test is equal to 12.5 cycles in real conditions. Thus, if the 

freeze-thaw cycles in Michigan is 150 per year, the number of cycles in a laboratory study is 12 

(150/12.5=12). For a given year of t, the number of cycles in a laboratory environment (N) is 

equal to 12×t. 
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N

c etf 002.0583.47)( -=
        (2-9) 

N

t etf 0016.05145.3)( -=
        (2-10) 

N

c etE 0037.075.89)( -=
         (2-11) 

 Note: N is the number of cycle in the lab environment, assuming equal to 12×t in Michigan. 

In spite of the literature review just presented, the regression functions from the noted studies 

are not suitable for direct use in our project because of the difference in material properties and 

environmental conditions. Numerical methods to investigate freeze-thaw effect have also been 

proposed, but they cannot be used in the proposed framework. The best way for implementing 

freeze-thaw deterioration models within the framework develop in this project is to get 

regression functions for each region in Michigan so that the changes in concrete at the macro 

level can be described, like the decrease in compressive strength, elastic modulus, etc. Then, 

those material properties can be updated yearly by the model. Another recently proposed model 

for predicting freeze-thaw effects as also recently proposed by Cho (2007). However, the model 

is not suitable for the proposed framework 

Another difficulty in finding general functions for the response of concrete under freeze-thaw 

actions is that there are too many different types of concrete. Kelly and Murphy (2010) studied 

the influence of different mix designs on the freeze-thaw resistance of concrete. Existing 

literature on freeze-thaw action contains high strength concrete (Jacobsen and Sellevold 1995), 

recycled aggregated concrete (Zaharieva et al. 2004), concrete with different pore liners (Basheer 

and Cleland 2006), air-entrained concrete (Shang et al. 2009) and alkali-activated slag concrete 

(Fu et al. 2011), etc. Thus, even if functions that described the macro-scale behavior due to 

freeze-thaw effects they could still not be used in a general way for the purpose of multi-modal 

degradation prediction in the framework developed under this study.
 

2.4 Summary 

A literature review on the deterioration mechanisms and modeling approaches thereof of RC 

structures was presented. Three major causes of deterioration in RC decks were recognized, 

including chloride induced corrosion, carbonation and freeze thaw. It was noted that chloride 

corrosion is the major cause. Carbonation will be considered as another effect in the current 
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study but freeze-thaw effects will be not incorporated into degradation modeling scheme. 

Existing analytical models for these three mechanisms were highlighted and compared. A review 

of existing programs developed for concrete durability modeling was conducted and their 

advantages and disadvantages were summarized. From this review, perceived limitations were 

identified in order to choose suitable models and to improve the accuracy of service life 

prediction. Therefore, the selection of mechanistic models for degradation was being aimed at: (i) 

considering multi-mechanisms, and (ii) improved modeling of carbonation and chloride 

corrosion. The selected mechanistic models are presented in detail in the next chapter.  
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3 LOCAL-LEVEL MECHANISTIC DEGRADATION MODELING 

3.1 Selected Mechanistic Models 

The mechanistic models chosen for the prediction of chloride-induced corrosion at the 

local/cell level are based on a representative volume element consisting of a thick-wall concrete 

ring that encapsulates a reinforcement bar. The model geometry only approximates the real stress 

conditions. However, it can be regarded as a critical section in a bridge deck domain because 

cracks always propagate along the shortest path from the rebar to the free surface. The selected 

deterioration model at the local/cell level improves on the noted shortcomings of analytical 

models and commercial software that summarized in Chapter 2 in the following ways: 

(a) Fickôs second law is still used to estimate the corrosion initiation time due to its 

convenience. Time-dependent effects on key parameters (surface chloride content, 

diffusion coefficient, etc.) were taken into account to improve accuracy. 

(b) The propagation period is divided into two sub phases, rust production and crack 

propagation. An improved thick-wall cylinder model, proposed by Balafas and Burgoyne 

(2010), was used. Three new aspects of this models are (1) a new formulation to estimate 

rust production and consumed mass by combining two well accepted theories (Faradayôs 

Law and Liu-Weyers formula); (2) a new volume compatibility condition is used to 

determine the pressure due to rust accumulation; and (3) a fracture mechanics approach 

and strain energy estimates are applied to determine the time required to produce surface 

cracking; 

(c) The thick-walled cylinder model also takes into account the nonlinear behavior of 

concrete as proposed by Pantazopoulou and Papoulia (2001). Two important assumptions 

in this model are that the concrete cover retains residual strength after its tensile strength 

is reached and that rust products are deposited into the concrete cracks; 

(d) Post-cracking behavior is considered by estimating the crack width on the concrete 

surface. Nevertheless, most of the analytical and empirical functions confirm a linear 

relation between the loss section of rebar and the propagation of crack width.  
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Although the omission of some factors can result in a poor estimate of service life, it should 

be emphasized that no model is perfect, since they are all based on a set of assumptions. It is 

obvious that it is very difficult to incorporate all of the factors in the chloride-induced corrosion 

process. Therefore, the analytical models were chosen with consideration of ease of 

implementation in a framework for life-time prediction and durability modeling. The key model 

parameters are given as shown in Figure 10: (1) T1: the time of corrosion initiation at the rebar 

surface; (2) T2: the time to cracking initiation at the interface between concrete and rebar; and 

(3) T3: the time for cracking to propagate to the concrete surface. 

 

 

Figure 10 Concrete ring model and three-phase corrosion process at a local/cell level 

 

3.2 Flow-chart of Cell-level Modeling and Key Parameters 

The simulation process for chloride-induced corrosion is summarized as a flow chart in Figure 

11. The input for the model is listed at the top right corner, mainly concerning the material 

properties of concrete and reinforcing steel. The model is able to provide time-dependent 

information on the chloride concentration at the bar surface, the mass change (consumed in bar 

and accumulated in rust, changing volume (in concrete, bar and rust), the pressure generated at 

the concrete/rebar interface, the strain energy in the concrete ring, the crack width, etc. The 

simulation was implemented in a computer program written in Matlab (MathWorks 2011). The 

output consists of the three significant times (T1, T2, and T3, see Figure 10) along the service 

life before first repair.  
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Figure 11 Flow-chart for  service life prediction due to chloride-induced corrosion 

 

The time of the corrosion initiation (T1) is determined by Fickôs 2nd law with corrosion 

assumed to initiate at the rebar surface when the chloride content reaches a threshold level. 

Concrete cover acts as a physical barrier that prevents direct exposure of the reinforcement to the 

surrounding environment, including the negative effects of deicing salt, seawater, etc. Since 
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diffusion is regarded the primary governing mechanism, Fickôs second law is applied to estimate 

the corrosion initiation period by Equation 3-1.  

ὅὼȟὸ ὅ ρ ÅÒÆ
Ѝ
          (3-1) 

Note that C0 = surface chloride concentration; D = chloride diffusion coefficient; and x = certain 

depth into the concrete cover. Corrosion in the reinforcement bar will initiate when the chloride 

concentration at its surface reaches a threshold level. By solving Fickôs second law in an inverse 

manner the time T1 can be determined from Equation 3-2: 

ὸ
Ͻ

             (3-2) 

Note that c = depth of concrete cover; and Cth = threshold level of chloride concentration 

However, it should be noted that the use of Fickôs second law assumes that concrete has a 

constant diffusion coefficient and a constant surface chloride concentration over time. The 

drawbacks of this simplified approach can be curtailed by considering those key factors as time-

dependent variables. 

Surface Chloride Concentrations (C0) 

The surface chloride concentration (C0) was considered to be dependent on the concrete 

mixture and the exposure condition (Song et al. 2009). Kassir and Ghosn (2002) reported that the 

data collected by Liu and Weyers (1998a) clearly showed that C0 increases with time. Clearly, C0 

should be a time-dependent variable because a concrete deck is cyclically exposed to deicing 

salts over a given year. An early suggestion to consider surface concentration as a time-

dependent parameter is to express it as proportional to the square root of time.  

A general accepted knowledge is that the maximum chloride concentration is not at the 

concrete surface but at a certain depth below the concrete cover, typically 0.5 inches (13 mm) 

below the concrete surface (Fanous and Wu 2005). Chloride concentration content refers to the 

amount of free chloride ions in pore solution. It is not accurate to consider surface chloride 

content as a constant; however, chloride concentration reaches a maximum value at a certain 

concrete depth such that it can be assumed quasi-constant after exposure. 
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Chloride Diffusion Coefficient (D)  

The diffusion coefficient (D) is another key parameter for accurate modeling of chloride 

transport. Many investigations have proved that D is time dependent, as it varies with both 

material and environmental factors. For example, Lin et al. (2010) present a definition of D by a 

multifactor law that accounts for the dependence on the temperature level T, the age t of the 

concrete structure, the moisture saturation degree ɗ, the decay d of concrete structural 

performance, etc. However, environmental data is hard to measure for all bridges. On the other 

hand, many research works also describe D as a constant in function of material properties due to 

the lack of field data at the referred conditions. Song et al. (2009) noted that the diffusion 

coefficient of concrete is different for the original and repair materials. Therefore, Equation 3-3 

and 3-4 are applied in the prediction model. 

Ὀὸ Ὀ ȾϽ
Ȣ

ȟ   ύὬὩὲ ὸ σπ ώὩὥὶί       (3-3) 

Ὀὸ Ὀ ȾϽ
Ȣ

ȟύὬὩὲ ὸ σπ ώὩὥὶί       (3-4) 

where Dw/c is the diffusion coefficient at a reference time tr (equal to 28 days), which is a 

function of water to cement ratio w/c (Vu and Stewart 2000); Dw/c=10
(-12.06+2.4*w/c)

,; tr is 28 days 

and the t limit is 30 years.  

Chloride Threshold Level (Cth) 

Previous research has recommended that the critical chloride content to initiate corrosion can 

be taken as a constant. However, the recommended value has a wide range: from 0.2% to 1.5% 

by weight of cement. For example, Song et al. (2009) used 1.2 kg/m
3
 and 2.0 kg/m

3 
as the critical 

value for black steel bars. Zemajtis (1998) reported that concentrations of less than 1.42 kg/m
3
 

are acceptable for bridge decks, while replacement of the deck should occur when the chloride 

content reaches 2.8 kg/m
3
. Other researchers (Kirkpatrick et al. 2002, Fanous and Wu 2005) have 

have determined chloride threshold levels for epoxy-coated reinforcing (ECR) bars with typical 

values ranging from 0.7 to 2.2 kg/m
3
.  

Corrosion Rate (Icorr) 

After the chloride ions (Cl-) reach the reinforcement surface an electrochemical reaction 

starts, followed by a reduction in bar diameter and then the accumulation of rust product around 
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the bar. The time to crack initiation (T2) is determined when the pressure at the interface of 

concrete cover and rebar reach the concrete tensile strength. Icorr (ɛA/cm
2
) is one of the most 

important parameters for modeling the rust diffusion process and the key factor to determine the 

T2. The most frequently used empirical function for Icorr is the one proposed by Liu and Weyers 

(1998a) in which corrosion rate is dependent on chloride content, temperature and resistance of 

the concrete cover, see Equation 3-5 and 3-6. Balafas and Burgoyne (2010) examined the 

environmental effect on concrete cover cracking due to chloride corrosion and reported that Icorr 

is lowest at mid-summer and highest at end of autumn and the beginning of spring.  

Ὥ πȢππωςÅØÐψȢσχπȢρφψ ÌÎρȢφω ὅ πȢπππρπυὙȟ ςȢσυ ὸ Ȣ  (3-5) 

Ὑȟ ωπȢυσχϽὬ Ȣ ρ ÅØÐυ υπρ Ὤ          (3-6) 

Note that icorr = the corrosion rate (A/m
2
), Cth = the critical chloride content (kg/m

3
), T = 

temperature at the depth of the steel surface (K), t = the time from initiation of corrosion (years); 

and Rc,res = the ohmic resistance of the cover concrete (ohms) as a function of relative humidity 

(h). 

Change of Mass in Rebar (Ms) 

The consumption of rebar mass during the corrosion process has been determined in two 

ways. The first is a constant rate of rust production according to Faradayôs Law. However, it is 

known that Faradayôs Law underestimates gravimetric mass loss at low corrosion levels (Ò5%) 

and overestimates the loss at large corrosion levels (Ó10%). The second method is a non-constant 

rate consideration as proposed by Liu and Weyers (1998a). A recent investigation by Balafas and 

Burgoyne (2011) combined both of these methods based on test results (see Error! Reference 

ource not found.). Two detailed phases in corrosion propagation mechanisms were recognized 

as kinetic and nonlinear diffusion. Rust production in the kinetic phase is regarded as linear 

whereas in the latter phase the rate of rust accumulation decreased when the amount of corrosion 

is too large to ignore. By comparing these two functions of corrosion rate the consumed mass is 

initially kept constant following Faradayôs law and is then evaluated by Liu-Weyers function, see 

Equation 3-7: 

ὓ ÍÉÎὓȟ ȟὓȟ           (3-7) 
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Figure 12 Steel consumed and rate of consumed mass versus time different rules  

 

Pressure on Concrete Cover (p) 

It is reasonable to assume that at an early corrosion stage a linear expansion of concrete 

occurs due to the pressure generated from the rebar corrosion products. Test results by 

Malumbela et al. (2011) estimated that a 1% mass loss of steel corresponds to a maximum 

corrosion-induced crack width of 0.0016 in. (0.04 mm.) As the volume of rust increases, the 

critical time for first-crack occurrence is when the tangential stress exceeds ft. The pressure 

acting on the concrete can be found by considering equilibrium of the volume change (Balafas 

and Burgoyne 2010) as indicated by Equation 3-8.  

Ўὠ Ўὠ Ўὠ            (3-8) 

Note: æVs, æVc and æVrc are the changes in steel, concrete and rust volume, respectively. 

Cracking Width (w) 

From the review, the function from a 23 year chloride exposure test was selected as the linear 

function to define the post cracking process, as given by Equation 3-9. 

× πȢρωρφϽЎ! πȢρφτ         (3-9)  

Note: ws = the surface crack width; and æAs = the average loss of rebar cross-section. 
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3.3 Prediction Results 

The prediction results presented here were obtained for a single cubic block selected from the 

whole deck domain. Since transverse bars are more important than longitudinal bars for strength 

of the deck, the side with a transverse bar inside of the cubic block was chosen for investigation. 

Therefore, the 3D problem was simplified to a 1D problem by selecting a critical cross-section, 

which is a thick wall cylinder model with a concentric bar. According to MDOTôs standard 

bridge slab design guides the minimum clear cover for transverse bars is 3 in. (76.2 mm). A #6 

bar was chosen for the transverse bar. Table 5 lists the other key parameters with typical values 

for this deterministic analysis. The results are shown in Figure 13 to Figure 18.  

 

Table 5. Model inputs for cover cracking evaluation  

Variable Value Notes 

C0, surface chloride concentration  3.5 (kg/m3) Typical mean value 

D, diffusion coefficient (m
2
/s) D=Dw/c(tR/t)

0.2 
Time-dependent 

c, concrete cover  75.6 (mm) 3 in. 

w/c, water to cement ratio 27/(fc/1000+13.5) Vu and Stewart (2000) 

Cth, Threshold value  1.2 (kg/m3) Typical value for black bar 

fc, compressive strength of concrete 31.5 (Mpa) 4.5 ksi 

Ec, elastic modulus of concrete 32.4 (Mpa)  

ɜc, Poissonôs ratio of concrete 0.2  

ftô, tensile strength of concrete  3.4 (Mpa)  

ɟs, weight density of steel  7850 (kg/m3)  

d, diameter of reinforcement 19.05 mm (0.75 in) Bar Size 06# 

ɜs, Poissonôs ratio of rebar 0.3  

Annual  atmospheric relative humidity 40-85% (min, max) 

Annual atmospheric relative temperature -5~35°C (min, max) 
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Figure 13 shows that corrosion at the bar surface initiates at 21 years (T1) when the chloride 

content reaches the threshold level of black steel bar (1.2 kg/m
3
). Since rust takes time to 

penetrate into the concrete pores, cracking at the cover-bar interface did not immediately initiate. 

Figure 14 shows that corrosion rate varies with changes in annual temperature and humidity. 

Figure 15 shows that crack initiation is predicted at 24 years (T2). It also can be seen in Figure 

16 that the crack initiates at the bar radius (9.525 mm) and then propagates with increasing rust 

product pressure buildup. Figure 17 shows how the crack is predicted to propagate in a step-wise 

form toward the surface of the concrete cover as the energy release rate Gr reaches the concrete 

fracture energy limit (0.12 Mpa). The progression of the crack width at concrete/rebar interface 

is shown in Figure 18. The model also predicts that the time for the crack to reach the surface 

(T3) is equal to 49 years (1795 days). 

 

 

Figure 13 Chloride profile at the surface of rebar versus time  
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Figure 14 The time-dependent corrosion rate 

 

Figure 15 Pressure at interface between concrete and rebar 
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Figure 16 Crack propagation from the rebar surface to the crack front  

 

Figure 17 Total energy in the concrete ring  
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Figure 18 Crack width at the interface of concrete cover and rebar 

 

Figure 19 Influence of C0 on the service life of a bridge deck 
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This example shows that the selected analytical models can provide useful information for 

degradation modeling, especially the time for cracking to reach the concrete cover surface. It can 

be agreed upon that the material and environmental properties of the whole deck domain are not 

the same. For example, the surface chloride content is clearly different due to the distribution of 

deicing chemicals. Therefore, the input data uncertainty motivates the need for a probability-

based analysis and a reliability index to better assess the condition of a bridge deck. In this 

example of prediction at the local/cell level, C0 was assumed to be a constant, but obviously it is 

a time-dependent variable that also varies throughout the deck. Figure 19 presents the result of 

T1, T2 and T3 for different C0 values (from 2.0 to 10 kg/m
3
, with 0.5 kg/m

3
 increments). 

Obviously, T1 is a function of C0, because the time to corrosion initiation is calculated from 

Fickôs second law. There is no significant change between other time spans (T1 and T2, T2 and 

T3), which depend on environmental data (and other material properties) and design features like 

concrete cover and bar size. A similar trend can be observed in Figure 20, where the depth of 

concrete cover is a variable. It is worth noting that concrete cover does have a significant effect 

on the entire period of service life. Therefore, the service life in certain parts of bridge deck will 

drop very fast when concrete cover is reduced due to surface cracking, scaling or spalling. 

 

Figure 20 The influence of cover depth on time to surface cracking (T3) 
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Figure 19 and Figure 20 shows the need for a probability-based analysis with random input. 

Based on the selected deterministic model, the entire modeling process needs to be repeated for a 

large number of samples (e.g., 1000 times) so that the probability failure can be estimated. The 

only random input was C0 with a mean of 5 kg/m
3
 and a standard deviation of 1.5 kg/m

3
. At the 

single cell level, there is no need to evaluate the structural dimension for bridge deck, since the 

deck was simplified to just one cell/block. An interesting comparison of the results for black 

steel (BS) rebar and epoxy-coated rebar (ECR) is shown in Figure 21 to Figure 23.  

 

 

Figure 21 The distribution of corrosion time (T1) for BS amd ECR 

 

 

Figure 22 The distribution of crack initiation time (T2 ) for BS amd ECR 
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Figure 23 The distribution  of different surface cracking time (T3) 

 

The threshold value for corrosion was set at 1.2 kg/m
3
 for BS and 2.2 kg/m

3
 for ECR. Figure 

21(a) shows that most of the corrosion in black rebar is predicted to start around 7 years. Use 

ECR slows down the corrosion process for almost 10 years at the bar surface. It is interesting to 

find that T2 had a very similar frequency as T1, see Figure 22. The reason for this result is that 

the gap between T1 and T2 is relatively short and the influence of random input on T2 is small. 

As for T3 in Figure 23, the distribution has a wider range for ECR than black steel, but the time 

to surface cracking in both cases still exhibits a normal distribution. The most frequent value of 

T3 for black steel is 30 years while for ECR it is about 36 years. Actually, it seems that ECR just 

delays the initiation of corrosion, but higher chloride content at the bar surface will also 

accelerate the corrosion rate later in the process, as shown in Figure 24. The results seem 

reasonable upon comparing to the statistical analyses by Winn (2011) and Winn and Burgueño 

2012) which also indicate that time T3 for damage (or cracking) for BS was around 30 years and 

that ECR could extend service life by about 5 to 10 years. 

 



 

41 

 

Figure 24 Cumulative Damage Index (CDI) at T3 

 

3.4 Discussion 

Mechanics-based models from the literature were identified and a three-phrase corrosion 

process was chosen for adoption in this research project. The model describes chloride corrosion 

including diffusion, rust permeation and crack propagation. Based on the summary of key 

parameters in the noted phases, a flow chart for the numerically implementation of the model 

was presented (see Figure 11). A computer program built on the Matlab environment was 

developed to predict the service life of RC decks due to chloride ingress. The selected 

deterministic models improves on the noted (see Section 2.1.2) shortcomings of existing 

commercial software for service life prediction 

Available chloride-induced corrosion models are able to provide time-dependent information 

on important parameters and features of this important degradation process, including chloride 
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concentration at the bar surface, change of mass in the corroded bar (consumed in bar and 

accumulated in rust,) change in volume (in concrete, bar and rust), pressure at the interface of the 

concrete and bar, strain energy in the surrounding concrete ring, and crack width. Thus, the 

models can provide three meaningful time estimates relevant to the degradation and condition of 

a reinforced concrete element: the time to corrosion initiation (T1), the time to crack initiation 

(T2), and the time to crack propagation to the surface (T3).  

However, it should be emphasized that there is no ñperfectò solution since all models are 

based on diverse assumptions and all models have limitations by virtue of the assumptions on 

which they were developed. For example, the diffusion process is a very complicated 

mechanical-chemical-thermal coupling process. Fickôs second law was chosen for this process 

because in spite its simplicity it provides reasonable results and it is most suitable for this project. 

Clearly, the service life prediction modeling could be improved by using more accurate 

deterministic models at the cell level. The example of statistical variance of some key parameters 

shows that deterministic models need to be further investigated by considering uncertainty in 

their parameters. Thus, a probabilistic analysis was conducted by using the presented 

deterministic model with consideration of random input, and it is the subject of the next chapter. 
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4 GLOBAL-LEVEL PROBABILISTIC DEGRADATION MODELING 

The proposed framework for deck degradation modeling consists of a probability-based 

analysis through Monte Carlo simulations (MCS). The MCS is a general method where a desired 

response is determined by repeatedly solving a mathematical model using random samples from 

a probability distribution of inputs (Kirkpatrick et al. 2002). A similar work by Firouzi and Rahai 

(2011) investigated the likelihood of degradation due to chloride ingress by random sampling on 

a hypothetical deck. In order to mitigate the uncertain effects of material, structure and 

environment inputs on time to failure, probabilistic modeling provides a more reliable prediction 

than a deterministic model.  

4.1 Monte Carlo Simulation 

Reliability analysis has been discussed for life-cycle cost design of deteriorating bridge deck 

(Frangopol et al. 1997, Steward 2001). The general methodology for maintenance proposed by 

Estes and Frangopol (2001) can be summarized in three steps as shown in Table 6. It contains 

deterioration, cost, and decision modes (Frangopol et al. 2004).  

 

Table 6. Optimization the lifetime maintenance of a deteriorating structure 

Step 1 Deterioration Step 2 Cost Step 3 Decision 

Input data; 

Mechanical model of 

corrosion; 

Criteria of structural failure; 

Inspection methods and costs; 

Repair options; 

Probability of occurrence;  

Event tree for all of repair and 

no repair decision 

Optimization criterion and 

imposed constraints  

The timing of inspections  

Updated field information 

 

The methodology incorporates the time-dependent reliability analysis for the whole RC bridge 

deck domain by utilizing an appropriate number of random deterministic analyses. Ideally, the 

entire bridge domain should be divided into i equal elements with concrete cover and one rebar, 

according to the number of bars in the transverse (m) and longitudinal (n) directions of the bridge 

deck. The minimum number of elements i should be equal to m multiplied by n. Stewart and 

Mullard (2007) proposed a similar idea for service life prediction before the first time repair, 

which considered the bridge deck as a 2D domain and discretized it into k identical elements. 
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Once the domain has been defined, Monte Carlo simulations can generate stochastic random 

input sampled from probability distributions for each cell, using a parametric or simple bootstrap 

method. A large number of samples need to be repeated to solve the given model for the input 

variables (Kirkpatrick et al. 2002). In reality, the analysis contains many random variables, so 

that the precision of the simulation is based on the number of iterations.  

 

  

Figure 25 Flow-chart for Monte Carlo Simulation  

 

The complete probabilistic modeling process is summarized as a flow chart in Figure 25. The 

process starts by calculating the total number of cells on the deck domain. The entire RC deck is 

divided into a large number of cells based on the deck reinforcement spacing in two directions so 



 

45 

that the mechanical deterministic model can be used for each cell. Note that the four key random 

inputs (C0, c, fc, Db) are considered to be normally distributed, while the other inputs are 

regarded as constants with a typical value found from the literature. The next step is to calculate 

the corrosion time (T1) for each cell based on a random distribution of C0 for each year. The 

selected range of C0 was from 2.0 to 8.0 kg/m
3
 as mean value. The time T1 in for each year was 

calculated by Fickôs 2nd Law. A cumulative damage index (CDI) curve of the deck is calculated 

based on the predicted time to surface cracking from all the cells.  

4.2 Statistical Random Input  

An accurate deterioration model may result in a wrong prediction due to errors associated 

with statistical inputs. The accuracy of the model is depended on well selected input, including 

structural, material and environmental data. The deterioration level of bridges in Michigan varies 

significantly, not only with geographical location but also depending on bridge traffic, de-icing 

application policy, etc.. The key random statistical parameters for the Monte Carlo simulation in 

this project were C0, (Surface chloride concentration), c, (Concrete cover), Db (rebar diameter), 

and fôc (concrete compressive strength).  

 

Table 7. Statistical values for C0 in published literature (kg/m3) 

Literature  Mean COV Distribution  Notes 

Stewart and Rosowsky (1998) 3.5 0.5 Lognormal Varied from 1.2 to 8.2 

Lounis (2003) 4.56 0.4 Lognormal  

Stewart et al. (2004) 3.78 0.067 Normal 1.08% weight 

Stewart and Mullard (2007) 3.05 0.74 Lognormal  

Lu et al. (2011) 2.85 0.5 Lognormal  

 

A debate still exists on whether some statistical values should be regarded as constant or time-

dependent variable, particularly on C0 and Cth. C0 was considered as time-dependent and 

cumulative with time, because concrete deck are cyclically exposed to deicing salts. An accepted 

knowledge is that chloride content increases rapidly and reaches a maximum value at a certain 

depth of concrete cover, i.e., 12.7mm (0.5 in.) from the surface (Fanous and Wu 2005). This 
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means that the deck surface is subjected to changing volume of applied salts, but that the value 

reaches a quasi-constant in about 5 years at a certain depth (Lounis 2006). A typical range for the 

US reported in the literature is 1.2 to 8.2 kg/m
3
, with a mean value of 3.5 kg/m

3
, see Error! 

eference source not found.. 

Key Parameter: Cth (threshold chloride level) 

Road surfaces before 1975 were built without corrosion protection and bridges built before 

1985 have little or no corrosion prevention. A typical range for a threshold value in US is from 

0.6 to 1.2 kg/m3. Some literature (Kirkpatrick et al. 2002, Fanous and Wu 2005) has considered 

the use of epoxy-coated reinforcing (ECR) bars and typical values of Cth for ECR between 0.7 to 

2.2 kg/m
3
 have been suggested. Typical values for Cth are presented in Table 8. 

 

Table 8. The statistical value for Cth in literatures (kg/m
3
) 

Literature Mean or Range COV Distribution Notes 

Stewart and Rosowsky (1998) 0.9 0.19 Uniform 0.6-1.2  

Kirkpatrick et al. (2002) 0.6~5.5 - -  

Lounis (2003) 1.35 0.1 Lognormal  

Stewart et al. (2004) 1.4 0.125 Normal 0.4% weight 

Fanous and Wu (2005) 0.73~2.19 - -  

Stewart and Mullard (2007) 2.4 0.2 Normal  

Lounis and Daigle (2008) 0.7 0.2 Normal 0.6~0.9  

Lu et al. (2011) 0.4-1.0 0.247 Uniform  

 

From the data presented in the tables above it can be seen that there is much debate on the 

correctness of data, since the data has been obtained from different laboratories and field testing. 

The best way to find the information for the current project would be is to look into the MDOT 

database, for example, all the chloride concentration measurements from concrete cores. If the 

data is not available, at least an appropriate range must be selected under certain assumptions. A 
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list of all inputs along with their typical values or ranges for the Monte Carlo simulation is given 

in Table 9. 

Table 9. A proposed material data selection for model inputs 

Item Variable 
Variable 

Type 
Typical Value or Range 

C
o

n
c
re

te 

C0, Surface chloride 

concentration 
Random 2 to 8 (kg/m3) 

Cth, Threshold value Constant
 1.2 for black rebar, 2.2 kg/m3 for 

ECR 

c, Concrete cover Random 
76.2 mm (3 in.) ± 11mm, 15%due 

to construction 

fc, compressive strength of 

concrete 
Random 

28 Mpa (4.0 ksi) to 35 Mpa (5.0 

ksi) 

ɜc, the Poissonôs ratio of 

concrete 
Constant 0.2 

w/c, water to cement ratio Dependent 
27/(fc/1000+13.5), Vu and 

Stewart (2000) 

D, Diffusion coefficient Dependent D=Dw/c(tR/t)
0.2

 (cm
2
/s) 

Ec, elastic modulus of 

concrete 
Dependent 

4.73 (fc) 
1/2

  in GPa where fc is in 

MPa 

ftô, tensile strength of concrete Dependent 0.64 (fc) 
1/2

, where fc is in MPa 

R
e
b

a
r 

d, diameter of reinforcement Random 
#05  bar 15.62 mm ± 1.5mm, 10% 

due to construction 

Es, elastic modulus Constant 210 Mpa 

ɜs, the Poissonôs ratio of bar Constant 0.3 

ɟs, the density of steel Constant 7850 kg/m3 

R
u

s
t Er, elastic modulus Constant 60 Mpa 

ɜr, the Poissonôs ratio of bar Constant 0.485 

Kr, bulk modulus Constant 0.667 Gpa 
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In Table 9: random variable refers to data with a probabilistic distribution; Cth is considered 

as constant that depends on rebar type; fc is considered as a time-dependent value that depends 

on the deck age; and d depends on different deck dimensions. Constant variables include factors 

that can be altered or chosen as a single value in practice, while dependent variables vary with 

the changes in random variables.  

Highway bridges are obviously built with different structural properties. Structural data can be 

categorized by age, route, bridge type, length, width, etc. The proposed method for whole deck 

domain is based on the Monte Carlo simulation, which utilizes a deterministic mechanical model 

at local/cell units with random input from probability distributions. The number of iterations can 

be based on structural dimensions as shown in Table 10. A typical reinforcement arrangement in 

Michigan bridges consists of No. 6 bars spaced at 254mm (10 in.) for the top longitudinal 

reinforcement and No. 5 bars spaced at 229mm (9 in.) for the top transverse reinforcement. 

According to the number of bars in the transverse (m) and longitudinal (n) directions, the whole 

bridge domain is divided into i equal elements with concrete cover and at least one rebar inside. 

Table 10 shows two examples, the blue one for a short span bridge with 2 lanes while the red one 

is for a longer span with a wider deck. It is reasonable that more iterations need to be run for the 

latter case. Therefore, each cell in the deck domain (global level) provides a series of time-

dependent information through the given local-level mechanical degradation model. 

 

Table 10. Estimated number of MCS iterations for a given bridge deck 

Length 

Width           

10m 20m 30m 40m 

n m i n m i n m i n m i 

10m (2-lanes)  35 43 1505 35 87 3045 35 131 4585 35 174 6090 

18m (4-lanes) 70 43 3010 70 87 6090 70 131 9170 70 174 12180 

27m (6-lanes) 105 43 4515 105 87 9135 105 131 13755 105 174 18270 

Note: n is the number of longitudinal bar; m is the number of transverse bar; i is n×m. 
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Environmental condition may vary significantly depending on their geographical location, 

which can have a significant effect on the amount and frequency of deicing substances and thus 

the level of surface chloride content (Frangopol and Akgul 2005). In the selected mechanical 

model by Liu and Weyers (1998a), corrosion rate is depended on chloride content, temperature 

and resistance of the concrete cover, where concrete resistance is also a function of humidity. 

Therefore, the corrosion rate is lowest in mid-summer and highest at end of autumn and the 

beginning of spring (Balafas and Burgoyne 2010). Environmental data can be found from many 

public online resources.  

4.3 Prediction Results 

Based on previous prediction results at the cell level (Figure 23 and Figure 24), it can be seen 

that the time to surface cracking is different for a single cell due to the variance of surface 

chloride concentration. However, the deterministic analysis was performed at the cell level on a 

single cubic cell/block that was selected randomly from the deck domain. In this section, the 

probabilistic analyses are carried out on an example RC deck has a length of 8 m (26 ft) and a 

width 3 m (9 ft). Typical bar spacing for the top transverse bars is 229 mm (9 in.). Thus, the 

length of deck was divided into 35 segments along the length and 12 segments along the width 

according to a typical spacing of 254 mm (10 in.) for the top longitudinal bars. As a result, the 

RC deck had a total of 420 cells with one bar inside each cell element.  

The four key random inputs were C0, c, fôc and Db. All these inputs were considered as 

normally distributed. The mean and standard deviations were [5, 1.5] (kg/m
3
) for C0, [76.2, 11] 

mm for the cover, [31.5, 1.75] MPa for fôc, and [15.875, 1.58] mm for Db, respectively. All the 

cells had the same Cth, temperature, humidity, rust properties, etc. The distribution of inputs for 

the entire deck is plotted in Figure 26.  

The time to surface cracking for a cell can be found by executing the mechanistic model 420 

times. Each deck can have a contour of T3 as shown in Figure 27. The time T3 for every cell is 

given by the contour levels, where the darker areas indicate earlier cracks on the surface. The 

distribution of T3 was calculated similar to the cell level. A cumulative damage index (CDI) 

curve for one cell was then estimated. The entire deck simulation was run 10 times so that 10 

similar CDI curves were obtained and its mean value curve was found as shown in Figure 28. 

Due to the influence of random inputs, Figure 28 shows upper and lower bounds on the predicted 
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CDI. This is an important feature for assessment purposes because the percentage of cracking 

area can be mapped to the National Bridge Inventory (NBI) rating system (MDOT 2006). 

According to the NBI rating scale for bridge decks a deterioration area of 2% or less is rated as 6, 

while 2% to 10% of deterioration area is rated as 5, etc. In this case, the deck rating is predicted 

to decrease from sound to fair condition in 17 years, and then drop to grade 4 in 22 years. For 

ratings of 3 or less the deterioration of a RC deck becomes so serious so that evaluation and 

analysis are necessary to determine whether the deck can remain in service. 

 

 

Figure 26 Distribution of random inputs  

 



 

51 

 

Figure 27 Contour plot of time T3 for the whole RC deck 

 

Figure 28 CDI curve and its mean value for 10 iterations through MCS 

 

4.3.1 Single Deck in Different Time of Interest 

From the contour of time to cracking (Figure 27), it can be seen that the random inputs have 

a significantly influence. In Chapter 3 a post-cracking function was selected (Equation 3-9) and 
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the time of interest (TOI) is required as an input at the beginning of the MCS. For each cell, if T3 

is smaller than TOI, the MCS can proceed with the post cracking process until reaching TOI. If 

the T3 is larger than TOI, the cell has not cracked yet. Thus, a contour plot of crack width can be 

also be obtained. The post cracking process of the example deck can be plotted for different TOI. 

Figure 29 to Figure 31 show the crack width at years 20, 30 and 40. It can be seen that the spatial 

distribution of crack widths at different TOI varies significantly. Figure 29 shows that most of 

deck is still uncracked at year 20, while large crack widths are predicted throughout the deck 

surface at year 40 (Figure 31). 

 

Figure 29: Contour plot of surface crack width at Year 20 

 

Figure 30: Contour plot of surface crack width at Year 30 
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Figure 31: Contour plot of surface crack width at Year 40 

4.3.2 One Deck in Different Regions 

In the following example, the same RC deck is assumed to be at three different locations in 

Michigan. The environmental data is listed in Table 11. All decks are assumed built in 1975. For 

a year of interest (YOI) of 2012, the predicted crack width contour for the different locations is 

shown in Figure 32 to Figure 34. It is noted that the same deck in the rural area of Sault Ste. 

Marie in the Upper Peninsula is predicted to be in a very good condition, while a deck in a large 

city center or industrial zone is predicted to degrade much faster. Thus, the environmental data 

has a significant effect on the deck deterioration process.  

 

 

Figure 32: Contour plot of crack width in Sault Ste. Marie, MI  (Year 2012) 

 




