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ABSTRACT  
 

An ongoing US research project developing a novel framework for performance-based durability 

engineering (PBDE) link to Norwegian expertise in exposure and deterioration modeling in 

order to study Norwegian reinforced concrete coastal bridge repairs. The PBDE methodology 

combines three conditionally independent analysis stages in a probabilistic framework to 

compute economic, environmental, and social sustainability decision-making information. 

Collaborative research relates to each of the three analysis stages of exposure analysis, 

deterioration and repair analysis, and impact analysis, as well as the development of a case study 

for the entire framework. Activities undertaken through the Nordic Research Opportunity 

collaboration included: the selection of Gimsøystraumen Bridge as a case study; the selection 

and processing of Norwegian Meteorological Institute climatic data for a study on boundary 

condition temporal resolution; the application of building physics models to concrete structures; 

the implementation of a transport and corrosion model; the development of a repair tree for 

coastal bridges; collection of data on repair costs and environmental impacts. Results from the 

studies are reported in the context of the greater PBDE framework. 
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INTRODUCTION 

 

An ongoing collaboration between researchers at Stanford University and the COIN center at 

NTNU and SINTEF models the economic, social, and environmental impacts of Norwegian 

coastal bridge repairs using a performance-based durability engineering approach. The project 

was formed through participation in the Nordic Research Opportunity (NRO), a collaboration 

between the Research Council of Norway and the US National Science Foundation (NSF), 

which sponsors US NSF Graduate Fellows on research stays in Norway. By combining 

Norwegian expertise in deterioration modeling at COIN and significant studies of bridge 

deterioration and repair from the Norwegian Public Roads Administration (NPRA) with research 

at Stanford University on durability and sustainability modeling, the project expects to provide 
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decision-making guidance for coastal bridge repair. This guidance might include comparison of 

the long-term sustainability of different repair actions as well as optimization of repair action 

timing. The methodology used to assess repair sustainability combines modeling of exposure, 

deterioration, repair, and impacts with full treatment of uncertainty (Fig. 1). This approach is 

termed «performance-based durability engineering» (PBDE), and is similar to frameworks for 

risk and earthquake reliability analysis. Completed and ongoing projects within the NRO 

collaboration gathered data for a case study on the repair of Gimsøystraumen Bridge and 

improved modeling capability in exposure, deterioration, repair, and impact analysis. This paper 

provides an overview of the PBDE framework and research activities undertaken through the 

NRO collaboration.  
 

 
Figure 1 – Stages of performance-based durability engineering (PBDE) analysis. Each stage is 

conditionally independent of the other stages, requiring only a few variables to be passed 

between analysis stages. Collaborative research activities relate to all analysis stages, as well as 

the development of a case study for the entire framework. 

 

 

PERFORMANCE-BASED DURABILITY ENGINEERING FRAMEWORK 

 

The PBDE framework builds on other risk analysis approaches to provide a general and flexible 

method of computing practical decision-making information. Risk analyses for nuclear power 

plants [1], and performance-based earthquake engineering [2] use separate analysis phases 

linked together at «pinch points» where only a few variables are passed from one stage to the 

next. This approach of a series of conditionally independent analyses allows flexibility in the 

choice of models used in each stage and also easy updating of results. As applied to durability, 

the conditionally independent stages include: (1) exposure analysis, to relate climate to exposure 

boundary conditions (EC) on the structure; (2) deterioration and repair analysis, to track the 

onset of damage measures (DM) and subsequent repairs actions (RA) given the level of 

exposure; and (3) impact analysis to determine decision information (DI) based on the economic, 

social, and environmental impacts of the given repairs and damage. The three stages used in the 

PBDE framework result in the calculation of conditional exceedence probability distributions, G. 

Exceedence distributions are related to more commonly known distributions: 

 

 Eq. 1 

 

Calculation of conditionally independent distributions, where each stage depends only on the 

previous stage, allows the use of a convolution integral (Eq. 2) to compute distributions of 

decision information such as lifetime cost, environmental indicators, and social impacts 

including travel delays.  

 

 Eq. 2 

 

To calculate other social impacts related to bridge deterioration, such as aesthetic depreciation 

and change in structural capacity, another convolution integral (Eq. 3) is used to obtain the 

probability of exceeding a level of damage over time, GDM (dm, t). 



 

 Eq. 2 

 

While use of the convolution integral approach has some inherent complications (e.g. the need to 

maintain conditional independence), it also has some benefits compared to traditional Monte 

Carlo approaches and is capable of calculating similar outcome information. Benefits include the 

possibility of reduced computational expense, easier performance of “de-aggregation” (looking 

at which sets of inputs contributed significantly to outputs of interest), and easy updating of the 

distribution of one stage without performing a new analysis for the other stages. This approach 

to PBDE is general in that it may be used for different types of structures, environments, and 

deterioration mechanisms. A more thorough description of the background of the PBDE 

methodology and its implementation can be found in [3]. 

 

 

Description of an example PBDE assessment 

 

Consider the analysis of a carbonating concrete bridge designed for long service life and 

accounting for climate change over the structure’s lifetime. Stage (1), exposure analysis requires 

the use of climate models to determine a distribution for e.g. averaged yearly increase in 

temperature as the characteristic exposure condition (EC). Another model then relates global 

conditions to local weather conditions including local temperature, relative humidity, 

precipitation, and solar radiation. A set of records for these variables, given a value of the 

characteristic EC (yearly global temperature increase), is created. Deterioration and repair 

analysis, stage (2), takes these records as inputs and models the propagation of damage measures 

(DM) and repair actions (RA). For the carbonating concrete bridge, deterioration analysis models 

would include a transport model (for heat, moisture, and carbon dioxide), a model for corrosion 

initiation, a model for corrosion propagation, and a model for cracking and spalling. At certain 

pre-determined points in time, the damage measures (e.g. crack widths) are passed to repair 

analysis, and a decision is made to apply a specific repair action, e.g. re-alkalization, to 

counteract the damage. The choice of repair action is made based on the severity and spatial 

extent of damage through use of a decision tree, and the timing of the repair action is recorded 

(tRA). Once the full suite of deterioration and repair simulations had been performed using all of 

the exposure condition records given the value of the characteristic EC, the next value of the 

characteristic EC is selected and a new suite of deterioration/repair simulations performed. Once 

all values of the characteristic EC have been used to create records and perform 

deterioration/repair simulations the PBDE assessment can proceed to stage (3) impact analysis. 

This stage requires information about which sets of repair action timing (tRA) are possible. Using 

an inventory of the materials, equipment, time, and road closures required for repair, a life cycle 

cost and impact assessment is performed to determine distributions for decision information (DI) 

given repair timing. For example, a re-alkalization occurring in year 40 is associated with a set 

of distributions for lifetime cost, greenhouse gas emissions, and travel delays, and another set of 

distributions is created for cathodic protection applied in year 80.  

 

At this point in the assessment all four distributions required for Eq. 1 and 2 are available and 

the convolution integration is performed to determine the distribution of lifetime decision 

information (GDI). The analyst can then explore sensitivity of the results to each stage and 

models used within each stage. If it is determined that a better model is available to calculate the 

yearly temperature increase, resulting in a new GEC, provided that the models translating global 

to local conditions are not changed it is possible to recalculate the convolution integral and 

determine a new distribution for decision information without re-performing the deterioration, 

repair, or impact simulations. Additionally, sensitivity to research models (e.g. a simple 

diffusion model compared to a complex coupled model for transport) can be assessed by 



comparing the end decision information results.  Thus useful decision information for real 

structures and for research can be calculated and updated by combining a series of models and 

including full consideration of uncertainty. 

 

 

CASE STUDY: GIMSØYSTRAUMEN BRIDGE 

 

Gimsøystraumen Bridge was selected as a case study for the PBDE approach due to the large 

data set available of bridge inspections and repair actions, the severity of the deterioration, and 

the volume of similar bridges expected to undergo future repair. Constructed in 1981, the bridge 

experienced rapid onset of corrosion-related cracking and delamination beginning in 1992. At 

this point it became a test case for a series of trial repair actions including replacement of cover, 

application of corrosion inhibitor, application of sealant, and application of hydrophobic 

treatment through the «OFU Gimsøystraumen Bridge Repair project». An overview of the trial 

repairs may be found in [4], which contains references to other, detailed reports. A large set of 

investigations were performed to track the performance of the trial repairs, including monitoring 

of weather, concrete resistivity, corrosion rates (cathodic and linearized polarization resistance), 

electropotential, and temperature measurements. The repairs performed satisfactorily until 2005, 

when further cracking and delamination occurred in the repaired areas of the box girder. A 

cathodic protection system was designed and installed from 2009-2011. Several other coastal 

box-girder bridges from the same era are expected to face similar deterioration and thus 

recommendations for sustainable repair actions are of interest to the NPRA. Thus the case study 

of Gimsøystraumen Bridge serves two purposes: (1) to validate the PBDE framework by 

demonstrating that it is possible to predict the course of deterioration and repairs and the impact 

of those repairs; and (2) to compute decision-making information on repair sustainability for use 

by the NPRA, for example the optimal timing of implementing a cathodic protection system on a 

deteriorating bridge. The first purpose will be satisfied through a case study of limited scope, 

focusing on test reference area 1 on the box girder [5]. The second aim will be met through a 

larger, longer-term project as analysis of repair decisions must be taken at the scale of an entire 

bridge rather than for a segment. Other research activities undertaken as part of the NRO 

collaboration were chosen in support of the planned Gimsøystraumen case study. 

 

 

EXPOSURE ANALYSIS RESEARCH 
 

Research activities in the exposure analysis stage falls into two categories: collection of data for 

the case study and incorporation of models developed in the building physics community to 

more accurately model structural surface conditions. 

 

 

Collection of data for Gimsøystraumen Bridge 

 

A data set has been collected from a combination of Norwegian Meteorological Institute (NMI) 

recorded weather data and data recorded at Gimsøystraumen Bridge for the trial repairs. The 

NMI’s station at Skrova Fyr is the closest weather station to the bridge, recording various 

meteorological data, including temperature, relative humidity, wind speed and direction, and 

precipitation since 1933. The weather stations at the bridge recorded temperature, relative 

humidity, wind speed and direction, sunshine and precipitation from 1995-1996; an analysis of 

their correlation with Skrova Fyr can be found in [6]. Data recorded at three-hour automatic 

intervals for Skrova Fyr is available starting in 1954; data at one-hour automatic intervals is 

available starting in 1995. The types of data and temporal resolution required for deterioration 

modeling are dependent on the sophistication of the deterioration models used and the 



requirements for translating atmospheric conditions to surface conditions. Studies of chloride 

penetration on Gimsøystraumen Bridge showed strong windward/leeward effects on surface 

concentrations  likely caused by differing aerosol deposition and off-washing rates [7]. To 

capture these effects a suite of models would be required to account for aerosol concentrations, 

air flow around the box girder, and precipitation on all surfaces. Due especially to the short-span 

variability of wind the modeling of such phenomena would require very fine data resolution as 

well as a variety of data types. 

 

As a preliminary step, forty years of temperature and relative humidity records at three-hour 

intervals were obtained and processed for Skrova Fyr. If other meteorological records are 

required, e.g. precipitation or solar radiation, or data at finer resolutions, e.g. one hour, the 

maximum time span of the records is on the order of five to ten years. Obtaining long data sets at 

fine resolution and including many types of meteorological records is challenging, and requires 

the use of simulation based on analysis of available data. Methods of simulating e.g. solar 

radiation data given temperature and relative humidity will be studied in future work. 

 

 
Figure 2 – schematic of translation of recorded atmospheric conditions to concrete box girder 

boundary conditions. Sophistication of modeling required varies along the concrete surface. The 

soffit will not require modeling of solar radiation but may require more complex modeling of 

chloride deposition from wind. 

 

Incorporation of surface condition modeling 

 

Numerous studies of concrete durability have used atmospheric conditions as surface boundary 

conditions, whereas building physics studies have tended to use additional models to translate 

atmospheric data to surface boundary conditions (Fig. 2). These models help to account for 

spatial variation in conditions, such as the windward/leeward effect seen on Gimsøystraumen 

Bridge, as well as the different variation seen in surface conditions as compared to air. Surface 

conditions are affected by many physical phenomena in a tightly coupled nonlinear system, and 

tend to higher variation than air conditions. This variability has been shown to be critical when 

modeling hygrothermal states in facade systems [8], but is of unknown impact for long-term 

distributions in reinforced concrete structures. Thermal stress studies of concrete studies, e.g. 

[9], have included some effects of solar radiation and long-wave radiation on surface 

temperatures. Sophisticated building physics models also account for the impact of radiative and 

convective heat exchange, and moisture exchange due to wind-driven precipitation, and vapor 

exchange [10]. When the presence of aggressive ions, such as chlorides, is considered the 

modeling required becomes even more complex, as ion concentrations may be coupled to both 

temperature and moisture states [11, 12]. While in some cases the effect of these nonlinearities is 

small, in other cases, e.g. neglecting solar radiation, can lead to greater than 10% 

underestimation of boundary condition values [9]. Because of the nonlinear effects the 

translation of atmospheric to surface conditions would most rigorously be incorporated as part of 

deterioration analysis. However, the challenges of integrating these models with already 

complex, coupled deterioration models suggests that an intermediate approach be taken, where 



phenomena of primary importance are modeled as part of exposure analysis to adjust 

atmospheric records, which are then passed on to deterioration analysis. The implementation of 

this approach remains a challenge, and will be explored in future work. 

 

 

DETERIORATION ANALYSIS RESEARCH 

 

A 1D nonlinear, coupled numerical model for moisture, heat, and ion transport in concrete [13] 

has been implemented in the PBDE framework and used to study the effect of the temporal 

resolution of surface boundary conditions on long-term moisture, temperature, and ion 

distributions. Details of the numerical model and results of a larger study on temporal resolution 

can be found in [14]. The advantage of the nonlinear coupled transport model is that it is 

sufficiently sophisticated such that it is relatively sensitive to changes in boundary conditions. If, 

for example, boundary conditions representing surface variations in moisture, temperature, and 

chloride concentration on windward/leeward sides of the Gimsøystraumen box girder were used 

the resulting chloride profiles for the two analysis cases would be different. Transport models 

requiring information only about temperature, moisture, and chloride exposure class are not 

capable of predicting these sorts of differences unless data is available to back-calculate 

appropriate parameters. The study presented in this paper focused on possible methods of 

reducing computational demands by sampling the forty-year three-hour Skrova Fyr data set. 

Eight simulations were performed by taking a single data point from each day (i.e. the data point 

recorded at 0900 or 2100). 

 

Material properties are consistent with a standard ordinary portland cement concrete with water 

to cement ratio of 0.5. The temperature, moisture content, and chloride concentration 

distributions at 30mm were passed on to a separate corrosion analysis to see how changes in the 

distributions might subsequently impact corrosion initiation and propagation. Simplistic models 

for initiation and propagation were used; future work will study the influence of temporal 

resolution using a corrosion model fully coupled to transport. Onset of corrosion occurred at a 

critical chloride content of 0.10 kg/kg concrete and the resulting propagation rate was 

determined based on the Tafel equation relating resistivity to corrosion rate. Resistivity was 

related to the moisture content and temperature by a power law and the Arrhenius function [14].  

 

The chloride concentration at 30mm of these permutations of daily data are compared against the 

full three-hour data set in Fig. 3. The spread of the permutation results is rather large due to the 

chronic over- or under-estimation of transport caused by sampling at one particular point during 

a day. A mean of the eight simulations results in a difference in concentration from the three-

hour data on the order of 10%. Due to local differences in the daily fluctuations in temperature 

and relative humidity it is not possible to recommend one permutation as a more efficient 

substitute for an analysis including all data points, and the calculation of the mean of the 

permutations will generally be less efficient than performing the all-points analysis. 

 

The corrosion results (Fig. 4) also suggest that sampling at a certain hour does not yield 

acceptable estimations of corrosion onset and propagation. Due to the particular characteristics 

of this set of weather data onset of corrosion occurs much later for the «Hour 0» case than for 

the other permutations, which significantly lowers the mean cross section reduction prediction 

and results in a difference on the order of 30% for the mean of the permutations compared to the 

three-hour data. Thus it is concluded that sampling three-hour weather data at one point in each 

24 hour period is not an effective method of reducing computational demands. Suggestions for 

more effective methods of reducing computational demands, as well as a more thorough 

investigation of the results, including at different climates, can be found in [14]. 
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Figure 3 – Simulations of chloride ion concentration at 30mm. Results are presented for the full 

set of weather data at 3 hour intervals (“All Data”), for the eight permutations of sampled data 

(e.g. “Hour 0,” “Hour 3,” etc.), and for the mean of all eight permutations (“Mean”).Other 

results may be found in [11]. 
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Figure 4 – Simulations of reinforcing bar cross section reduction. Results are presented for the 

full set of weather data at 3 hour intervals (“All Data”), for the eight permutations of sampled 

data (e.g. “Hour 0,” “Hour 3,” etc.), and for the mean of all eight permutations (“Mean”). 

Other results may be found in [11]. 

 



 

 

REPAIR ANALYSIS RESEARCH 
 

A repair tree linking damage measures to repair actions for Norwegian coastal box girder bridges 

is under development. The tree is designed to capture the practices of the NPRA in bridge 

inspection and maintenance by combining methods from NPRA reference manuals [15] and the 

expertise of maintenance managers. A schematic repair tree for Norwegian bridges is shown in 

Fig. 5. This tree is generally valid in that it covers most inspection and maintenance practices, 

but requires further customization for use within the PBDE framework. In particular, the steps to 

perform condition assessment are particular to the class of bridge being inspected, as are the 

steps to select an appropriate repair action. For a reinforced concrete coastal bridge, the 

condition assessment would consider the presence of spalling or reinforcement corrosion to 

determine the likelihood of an unacceptable decrease in safety (both in terms of carrying 

capacity and traffic). An assessment of cost and service life would be used to determine 

appropriate repair actions for the structure, which might include local patch repair, application of 

sealant, or cathodic protection. Following the methodology laid forth in [16], this project will 

develop a more refined tree linking damage measures available from deterioration analysis 

(chloride concentration, electropotential, presence of cracks and spalling) to the repair actions 

considered (local patch repair, application of sealant, cathodic protection). 
 

 
Figure 5 – General repair tree schematic for Norwegian bridges. The condition assessment and 

selection of repair action, shown with dashed border, must be customized first for the bridge 

type and then for the particular structure. 

 

 

IMPACT ANALYSIS RESEARCH 
 

A review of existing economic, environmental, and social impact data for repair actions has 

allowed the calculation of conditional impact distribution curves. Studies, including [17] and 

[18], have estimated the environmental impacts of bridge repair actions using midpoint 

environmental indicators, such as global warming potential and energy use. Additional data 

obtained from the NPRA allows prediction of costs and traffic delays. For the purpose of the 

case study all impacts (both at the initial time of repair and ongoing) are assumed to be normally 

distributed, which for simple additions of impacts allows the use of the statistics of normal 

variables to determine lifetime impacts using closed-form solutions. This in turn reduces the 

computational expense of impact analysis, as Monte Carlo analysis is not required. Complex 

functions of impacts require the use of Monte Carlo analysis. Sample results are shown in Fig. 6. 
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Figure 6 – Initial, ongoing, and cumulative lifetime impacts for a cathodic protection repair of 

30 years duration. All impacts are assumed to be normally distrubted, which allows use of 

closed-form solutions to calculate the lifetime energy impacts. 

 

 

FUTURE WORK AND CONCLUSIONS 
 

Future work will combine the research activities in the analysis stages to validate the PBDE 

approach using the Gimsøystraumen Bridge case study. Challenges remain in the 

implementation of the atmosphere-to-structural surface models in the numerical deterioration 

model, in obtaining accurate material properties, and in the use of statistical methods to capture 

the spatial variation in deterioration. Validation of the PBDE framework, i.e. calculation of 

impact distributions in agreement with actual recorded impacts, is expected to be challenging. A 

validated framework will be used to provide guidance to decision-makers at the NPRA regarding 

the optimal repair strategy for the existing stock of reinforced concrete box girder coastal 

bridges. Additionally, the validated framework can be used to assess the tradeoffs between 

model sophistication and complexity and the accuracy of decision information. 

 

This paper has provided an overview of research activities undertaken through the NRO 

collaboration between researchers at Stanford University and the COIN center. Activities were 

chosen to advance a framework for performance-based durability engineering under 

development at Stanford University. Completed and ongoing activities include: 

 

1. Selection of Gimsøystraumen Bridge as a case study for the framework. 

2. Collection of weather data for Gimsøystraumen Bridge. 

3. Planned implementation of models linking atmospheric weather conditions to surface 

boundary conditions. 

4. Implementation of a nonlinear, coupled numerical model for transport and corrosion in 

reinforced concrete within the PBDE framework. 

5. Study of a technique for sampling recorded weather data in modeling of transport and 

corrosion. Use of weather data points taken at one time throughout the day results in 

significant differences compared to results using all recorded data points. 

6. Development of a repair tree for Norwegian concrete coastal bridge repair practices. 

7. Development of distributions for the economic, environmental, and social impacts of 

Norwegian bridge repair practices. 
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