PAGE  
Chapter 69


CHAPTER 69
ADVANCED BRIDGE MANAGEMENT SYSTEMS 

P. Thoft-Christensen

  Aalborg University, Denmark

ABSTRACT 

In this paper development of advanced bridge management systems is discussed with special emphasis on reinforced concrete bridges. Management systems for prestressed concrete bridges, steel bridges, or composite bridges can be developed in a similar way. The proposed procedures are illustrated by the EU supported management systems BRIDGE1 and BRIDGE2. The paper is strongly based on reports produced within the EU project. 

1. Introduction


Most of the reinforced concrete bridges built in Europe in the past seventy years were designed on the basis of a general belief among engineers that the durability of the composite material could be taken for granted. Although a vast majority of reinforced concrete bridges have performed satisfactorily during their service life, numerous instances of distress and deterioration have been observed in such structures in recent years. The causes of deterioration of reinforced concrete bridges are often related to durability problems of the composite material. One of the most important deterioration processes which may occur in reinforced concrete bridges is reinforcement corrosion, caused by chlorides present in de-icing salts and/or carbonation of the concrete cover zone.


Future advanced bridge management systems will probably be based on simple models for predicting the residual strength of structural elements.  Improved stochastic modelling of the deterioration is needed to be able to formulate optimal strategies for inspection and maintenance of deteriorated reinforced concrete bridges. However, such strategies will only be useful if they are also combined with expert knowledge. It is not possible to formulate all expert experience in mathematical terms. Therefore, it is believed that future management systems will be expert systems or at least knowledge-based systems.

2. Optimal Strategies for Inspection and Maintenance of Concrete Structures

2.1 Diagnosis methods
 . 

Diagnosis of concrete bridges showing signs of functional or structural deterioration is the first step that has to be taken before making any decisions regarding maintenance or repair. It is necessary to define clearly what the damage problems are. The reasons for concern usually point out a direction for investigation. It is however very time and money consuming to start diagnosis without knowing which information one wants to gather.


When the diagnosis method (or methods) is selected, it is necessary to gather the know-how, equipment, man-power and facilities needed. The method procedure needs to be known accurately and the information needed has to be written down in order to avoid many visits to the site. Diagnosis work is usually disruptive for the normal functioning of the bridge and must be limited as much as possible in time and space 

2.2 Correlations between defects and diagnosis methods
 A correlation matrix between the diagnosis methods and the defects can be established so that each line represents a defect and each column a diagnosis method. In the intersection of each line and column a number representing the correlation between defect and diagnosis method can then be introduced. Such a matrix may help the inspector in choosing the best inspection method, as a function of the detected defect. 

2.3 Fundamental parameters
In practice, certain parameters are considered to be of fundamental importance in assessing the performance of concrete, and, therefore, dictate the investigation strategy and its implementation. A brief description of some of these parameters, and the errors commonly associated with their measurements was analysed.

 
 Concrete Cover: A cover meter is the device which is most commonly used in practice to identify the depth of concrete cover to reinforcement and to assess its contribution to reinforcement protection.   


  Concrete Chloride Content: In order to measure the depth of penetration of chloride from external sources, such as de-icing salt, chloride content is determined on samples drilled from cores at intervals (usually 10 mm) from the surface, to a depth well beyond the level of reinforcement. Chloride content is then determined by titration, such as potentiometric titration against silver nitrate solution.  

 
 Concrete Electrical Potential: The ‘half-cell potential’ test is usually employed in practice to identify the probable extent of the ongoing corrosion of the steel reinforcement, especially in areas where no surface evidence of corrosion exists.  

3. Development of Optimal Strategies

3.1 Inspection strategies
Methods and computer programs for determining rational inspection and maintenance strategies for concrete bridges must be developed. The optimal decision should be based on the expected benefits and total cost of inspection, repair, maintenance and complete or partial failure of the bridge. Further, the reliability has to be acceptable during the expected lifetime. Inspections of bridges are usually divided in three types:

· Current inspections which are performed with a fixed time interval, e.g. 15 months. The inspection is mainly a visual inspection.

· Detailed inspections are also periodic with a fixed time interval which is a multiplum of the current inspection time interval, e.g. 5 years (replacing the current inspection when it occurs). The detailed inspections are also visual inspections. The inspections can also include non-destructive in situ tests.

· Structural assessments are only performed when a current or detailed inspection shows some serious defects which require a more detailed investigation.  Structural assessments are thus not periodic. The structural assessment can include laboratorial tests, in situ tests with non-portable equipment, static and dynamic load tests. The tests are usually very costly compared with the other two inspection types. A structural assessment can also be performed when changes in the use of the bridge are being planned.

3.2 Maintenance and repair decision systems
It is convenient to divide that part of the decision system which is used to assist in maintenance and repair planning in two subsystems:


The maintenance subsystem deals with maintenance repair techniques and small repair, i.e. repair of unimportant structural defects (either because its repair does not involve great sums of money or because no expert advice is needed to repair them). Generally this subsystem is always used after a current or detailed inspection.

 
The repair subsystem helps in choosing the best option of structural repair when an important deficiency that impairs the functionality of the bridge is detected. It is basically an economic decision (based obviously on structural and traffic engineering data) in which the costs are quantified. Generally this subsystem is used after a structural assessment.

4. Application of expert systems

4.1 General comments 


Expert systems technology is nowadays being considered as a powerful mechanism for helping human experts in their everyday decision tasks. Being able to represent into the computer system the knowledge structures and reasoning strategies that the human expert follows when approaching a problem, enables other users to share this knowledge and the expert system thus constructed establishes a common decision criteria for the perspective users of the system. 


The objective of using expert system technology in bridge management is to produce a software tool which will aid bridge inspectors as well as engineer experts in their tasks of assessing and improving the reliability of concrete bridges. 

4.2 Architecture 
The objectives of the first step are to identify the various software subsystems and the relations among them, that is, the software architecture, that will set the basis for the development of the expert systems. It is natural in bridge management to develop two different modules aimed at different goals. The first should provide technical support to the inspector during the inspection process at the bridge site. The second should assist the engineer both in the analysis of the safety of the concrete bridges, as well as in the selection of maintenance and repair methods.

4.3 Software modules 

A number of software modules will interact with the expert systems through specific designed data files:
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Updating analysis: On bases of inspection information and other new information the reliability estimates and the data in the databases must be updated.
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Reliability analysis: The reliability of the bridge must be evaluated as function of time.
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Structural analysis: The system should be open so that the user is able to use his own finite element software.
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Inspection program: On bases of the data in the databases and the reliability estimations the optimal time for the next inspection is calculated using the updating module.

4.4 Representation schemes and inference mechanisms 

The next step is to identify the representation schemes and inference mechanisms best suited for the implementation of the expert systems, as well as the evaluation and selection of the most promising available expert system shells that would guarantee that the representation and inference requirements identified are fulfilled. The functional interrelations between the expert modules and the analysis programs must be defined.  

4.5 Implementation of the expert system 

In bridge management it seems natural to have at least two systems, namely one to be used in the inspection phase and one to be used during maintenance and repair decisions.  


The first system will in such a case be highly based on “correlation matrices”. Correlation matrices must be defined for: defects/diagnosis methods, defects/causes and defects/repair methods. A pseudo-quantitative classification of the type no correlation, low and high correlation is useful.   Correlations between defects as well as diagnosis and repair methods are also needed. Each matrix must e.g. be organized so that each line represents a defect and each column a possible diagnosis method, cause or repair method. In the intersection of each line and column a number representing the correlation between defect and possible element of reference is to be introduced.


It is important for the applicability of the expert system that it gives all the information needed during and after inspections. Such information could be: general information about the bridge, related diagnosis methods, probable causes, associated defects and provisional defect report.

4.6 Databases 

 A crucial task in the development of expert systems the definition of the databases. In this regard, a view of how a concrete bridge database should be organised and what should be the main characteristics must be investigated. Further an exhaustive study of the data to be collected for concrete bridges, both at the design stage and after it has been built must be provided. At relevant moments of the bridge's service life (usually after it is built and after important rehabilitation work is performed), its real situation must be thoroughly described so that future inspections have something to relate to. When the database definition is completed then the set of parameters required for the reliability estimation, the cost optimization, additional bridge parameters dealing with the bridge repair cost and corrosion descriptive parameters are added.  

 4.7 Expert modules

A number of expert modules are needed to define the architecture of the expert system: database module, inspection module and a decision module.

 
The decision module will in general be divided in a number of sub-modules such as: a maintenance/small repair sub-module, an inspection strategy sub-module and a repair/upgrading/replacement sub-module.

4.8 Expert strategies
In the expert systems a number of strategies must be implemented, such as:
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Should technical knowledge regarding the need to perform a structural assessment be incorporated into the system and should it also be used to double check when the reliability index estimates that the bridge is in good condition? Elicitation of expert knowledge must be performed and a set of decision rules that are integrated into the expert system must be formulated.
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When defects are detected during an inspection, what should be the strategy to consider them either as maintenance or as repair? When is the most appropriate time to repair the defect? A strategy could be to consider a defect either maintenance or repair on a well established defects' classification scheme, based on the experience and knowledge collected from technical experts. 

4.9 Functions of the inspector

The inspector must be able to perform activities like the following:

· The review of all the information contained in the database of the bridges. Different type of data is recorded for each bridge: identification and bridge site information, design information, budget information, traffic information, strength information, load information, deterioration information, factors that model the costs and data for the cross-sections defined for the bridge.

· The definition of new cross-sections.

· The receipt of technical support regarding the most appropriate diagnosis methods to be used in order to conclude about the existence of a defect.

· The receipt of technical support regarding the possible causes responsible for a defect.

· The recording of the results of the inspection.
4.10 Functions of the inspection engineer

The inspection engineer must in his office be able to perform the following tasks:
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The reviewing of inspection results recorded at any previous inspection performed in any of the bridges of the database.
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The entering of bridge data in the bridge database.
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The viewing and editing of bridge data.
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The definition of new critical cross-sections for any of the bridges in the database.
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The retrieval of a relation of the set of bridges contained in the database with the next inspection dates for each of the bridges.
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The competition of the data of the defects detected at the inspection, by describing the defect in greater detail and by entering the results of the tests performed on the concrete.
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      The updating of data for the cross-sections and inspection results after repair.

5. Assessment of the reliability of deteriorated concrete bridges

5.1 Stochastic modelling
Stochastic models for deterioration of reinforced concrete structural elements, for inspection, for maintenance and for repair are considered in this chapter.

 
Several authors have tried to formulate simple models for the relationship between the constant 
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 in the model of depth of carbonation front, the chloride diffusion coefficient 
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 and the rate of corrosion 
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. Such investigations have not been very successful. 


 A number of failure modes for structural elements must be modelled. As a minimum   bending failure of the main beams of a bridge and compression failure (stability) of columns must be considered.  For compression failure at least two models for deterioration of the columns must be considered, namely a model where the concrete deteriorates on all four sides of the column and a model where the deterioration is concentrated on one side. In these models the diameter of the reinforcement can be assumed to decrease with time due to corrosion.  Chloride as well as carbonate initiated corrosion must be considered.


Two types of uncertainty in the models for inspections must be considered. The first type of uncertainty is related to the uncertainty (reliability) of an inspection method, i.e., how good is an inspection technique to detect a defect if a defect is present and what is the risk that the inspection method indicates a defect when there is no defect (false alarm). The second type of uncertainty is related to the measurement uncertainty when a detected defect is being quantified. Stochastic models must be derived for the most important inspection methods.  

 
Repair implies that new and/or modified values of parameters are needed to model the behaviour of the bridge after the repair. In relation to stochastic modelling of repair the quantities can be divided in the following groups:
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Quantities (deterministic or stochastic) which are the same before and after repair.
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Quantities which can be modelled by deterministic variables. The values for these  quantities are known rather precisely after the repair.
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Quantities which can be considered as new outcomes of the old stochastic variables used before the repair. A variable of this type is modelled by introducing a new stochastic variable with the same distribution function but statistically independent with the old stochastic variable.
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Quantities modelled by new stochastic variables correlated or not correlated with the old stochastic variables.


In addition to the above models it can be relevant to update the distribution functions of the stochastic variables when observations are obtained in connection with the repair. The following important structural repair types must be modelled: concrete patching (with deteriorated concrete removal), concrete patching (with reinforcement cleaning), concrete patching (with reinforcement splicing/replacement) and concrete encasing (with reinforcement splicing/replacement), and others.

5.2 Updating techniques
 When new information becomes available the estimates of the probability of failure (and the reliability) of structures can be updated. New information can be divided in three types:
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Sample information on basic variables
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General information on stochastic variables
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Linguistic information.


When new information is available as samples of one or more stochastic basic variables Bayesian statistical methods are used to obtain updated (predictive) distribution functions of the stochastic variables (see section 6.3).  


In some cases the information obtained by measurements is not directly related to a basic stochastic variable. The information is generally modelled by using a stochastic variable which is a function of the basic stochastic variables. Models of inequality and equality events are formulated. The event margin is a stochastic variable and it is therefore possible to estimate the probability that the event occurs. Further, this type of information can be used to update the probability of failure of a structural element. The updating based on information on basic variables can be considered as a special case of the general updating methods.

5.3 Reliability analysis 

 Methods which can be used to estimate the reliability of reinforced concrete bridges taking into account deterioration of the reinforcement must be developed (see section 6.2). As a minimum time-invariant and time-variant reliability analysis must be performed bridges where the following effects are modelled stochastically:
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The deteriorating strength of a reinforced concrete cross-section. Corrosion due to chloride and/or carbonation penetration is considered.
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The traffic load is described by a stochastic process model.

In the time-invariant reliability analysis the estimate of the probability of failure can appreciatively be obtained by considering the extreme load in the lifetime 
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 and the strength at time 
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. The time-variant reliability analysis is a so-called first-passage problem, an approximate solution based on outcrossing rates is used. The time-invariant reliability analysis gives a higher reliability index than the time-variant reliability analysis. The results of this kind of analysis indicate that for small values of the expected value of the coefficient which determines the corrosion rate a reasonable estimate of the reliability can be obtained using a time-invariant reliability method. The other parameters investigated (number of traffic loads per year, magnitude of traffic load and a coefficient which determines the time when corrosion starts) do not influence significantly on the difference between the time-invariant and time-variant reliability estimates. Further, the calculation time of a time-variant reliability index calculation is much higher than the calculation time of a time-invariant reliability index calculation. Therefore a time-variant reliability analysis should only be performed if it is absolutely necessary.

6. Example: BRIDGE1 and BRIDGE2

6.1 Introduction 
Results from the research project "Assessment of Performance and Optimal Strategies for Inspection and Maintenance of Concrete Structures using Reliability Based Expert Systems", supported by CEC within the BRITE/EURAM research programme, is presented in this chapter.


The main objective of the project was to optimize strategies for inspection, maintenance and repair of reinforced concrete bridges by developing improved methods for modelling the deterioration of existing as well as future structures using reliability based methods and expert systems.

6.2 Reliability assessment

The reliability of the bridge is measured using the reliability index  
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 for a single failure element or for the structural system (the bridge) (Thoft-Christensen & Baker [5], Thoft-Christensen & Morutsu [6]). The reliability is assumed to decrease in time due to the deterioration. The overall requirement is that the expected reliability index should never be smaller than some minimum reliability index. The failure modes can e.g.  be stability failure of columns, yielding or shear failure in a number of critical cross-sections of the bridge. If a systems modelling is used then it is assumed that the structure fails if any one of these failure modes fails, i.e. a series system modelling is used. 


It is assumed that uncertain quantities like loading, strength and inspection results can be modelled by N stochastic variables vector 
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. At present the stochastic variables shown in table 1 are used. Further, the structure is modelled by  m  potential failure modes  
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The element reliability index  
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where 
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 is the standard normal distribution function. The probability of failure 
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The probability of failure is estimated using RELIAB.


The system reliability index 
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where the probability of failure 
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where 
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 is a matrix whose elements are the correlation coefficients between the linearized failure margins of the elements in the series system.   
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  is the  m -dimensional normal distribution function.
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6.3 Failure probability updating
 
Basic variable updating is performed within the framework of Bayesian statistical theory (Lindley [2], Aitchison & Dunsmore [1]). The updating based on general information is mainly based on the Bayesian methods suggested by Madsen [3] and Rackwitz & Schrupp [4].



Let the density function of a stochastic variable  
[image: image25.wmf]X

 be given by  
[image: image26.wmf]f

x

X

(

,

)

Q

 , where 
[image: image27.wmf]Q

  are parameters defining the distribution of  
[image: image28.wmf]X

.  The parameters  
[image: image29.wmf]Q

 are treated as uncertain parameters (stochastic variables). 
[image: image30.wmf]f

x

X

(

,

)

Q

  is therefore a conditional density function  
[image: image31.wmf]f

x

X

(

)

Q

 . The initial (or prior) density function for  
[image: image32.wmf]Q

   is called   
[image: image33.wmf])

(

q

Q

¢

g

 .

 
When an inspection is performed n realisations   
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  are obtained. The inspection results are assumed to be independent. An updated density function  
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  taking into account the inspection results is then defined by
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where  
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The updated density function of  
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  taking into account the realisations  
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In the expert systems the functions  
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6.4 Functionalities of BRIDGE1 and BRIDGE2

The expert system is divided into two expert system modules BRIDGE1 and BRIDGE2 which are used in two different situations, namely by the inspector of the bridge during the inspection at the site of the bridge and after the inspector has returned to his office.


During the inspection the expert system will supply information on: the causes of observed defects, appropriate diagnosis methods, and related defects. Further the inspector will be asked to record the inspection results so that they can be used later for e.g. assessment of the reliability of the bridge and in the decision whether a detailed structural assessment is needed.


 A detailed analysis of the state of the bridge after an inspection takes place when the inspector has returned to his office and after testing in the laboratory has taken place. The output of the analysis includes an updated estimation of the reliability of the bridge, decision whether a structural assessment should take place, decision whether repair should take place, relevant repair procedures, and the time for repair. Expert knowledge is used to improve the quality of the decisions.

6.5 Application of BRIDGE1 and BRIDGE2
The general inspection, maintenance, and repair model from inspection no. i  at time  
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  is indicated in figure 1 , where also the application of the modules  BRIDGE1 and  BRIDGE2 is shown. 
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The symbols used in figure 1 are:

 C: 
Current inspections are performed with a fixed time interval, e.g. 15 months.  

 D: 
Detailed inspections are also periodic with a fixed time interval which is a multiple of the current inspection time intervals, e.g. 5 years.  

 A:   
Structural assessments are only performed when a current or detailed inspection shows some serious defects which require a more detailed investigation.  

 M: 
Maintenance and repair of minor defects.

 R:
Structural repair.

 B1:
Application of BRIDGE1 during the inspections.

B2(M): The  maintenance subsystem in BRIDGE2  assists in selection of               maintenance work and on repair of minor structural defects to be              performed. 

 B2(I):  The  inspection module in  BRIDGE2 assists in selecting the next type of inspection.  

 B2(R): The repair subsystem in BRIDGE2 assists in selecting the best repair technique (including no repair, upgrading and replacement of an element or of the bridge). The selection is based on economic considerations and expert knowledge.

 
After a current or a detailed inspection BRIDGE2 is used to rate the maintenance and minor repair work needed and to decide if a structural assessment has to be performed. The decision is based partly on estimates of the reliability of the bridge and partly on expert knowledge. The decision does not include economic considerations.

 
After a structural assessment BRIDGE2 is used to decide if a repair has to be performed and also to give the optimal point of time for the repair. Expert knowledge as well as numerical algorithms is used. The decisions are partly based on a cost-based optimization where different repair possibilities (selected by expert knowledge) and no repair are compared.   

6.6 Decision model with regard to structural assessment  

Let  
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· If  
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  should be a current or detailed inspection unless the damage is so serious that a structural assessment is needed. This decision is based on expert knowledge. 
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 is the minimum acceptable reliability  index (e.g. 3.72).

· If  
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 then a structural assessment should be performed before the next periodic inspection.

6.7 Modelling of repair

After a structural assessment it must be decided whether the bridge should be repaired and if so, how the repair is performed. Solution of this problem requires that all future inspections and repairs are taken into account.  


In order to decide which repair type is optimal after a structural assessment, the following optimization problem is considered for each repair technique:
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where the optimization variables are the expected number of repair 
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 in the remaining lifetime and the time 
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 of the first repair. W is the total expected benefits minus costs in the remaining lifetime of the bridge. 
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 is the repair cost capitalized to time t = 0 in the remaining lifetime of the bridge. 
[image: image58.wmf]C

F

 is the expected failure costs capitalized to time t = 0 in the remaining lifetime of the bridge. 
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 is the minimum reliability index for the bridge (related to a critical element or to the total system).


The repair decision is then based on the results of solving this optimization problem but also on expert knowledge.

6.8 BRIDGE1

The expert system module BRIDGE1 is as mentioned earlier used at the bridge site during a current inspection, a detailed inspection, and a structural assessment. This expert system module contains useful information concerning the bridge being inspected and the defects being observed. The information includes: general information about the bridge, appropriate diagnosis methods for each defect, probable causes for each defect, and other defects related to a defect. It is also possible to create a provisional defect report.

 
The general information about the bridge stored in the database for the selected bridge can be reviewed. The database contains information about: bridge site, design, budget, traffic, strength, load, deterioration, factors that model the costs, and the cross-sections entered for the bridge.
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New cross-sections can be entered for the selected bridge. The information stored in the database for each cross-section contains: cross-section identification, geometry of cross-section (detailed description of the reinforcement layers for cross-sections in the deck), failure mode, and load data.  Technical support can be provided for a defect, see figure 2.


The technical support includes a list of diagnosis methods that can be used to observe a selected defect. The list is divided in high and low correlated diagnosis methods for the selected defect, see figure 3.
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The technical support also includes a list of probable causes of a selected defect. The list is divided in high and low correlated causes for the selected defect, see figure 4.

 
A list of defects associated with the selected defect is also included.  This list is very useful as the defects that with high probability can be found if the selected defect is observed can be reviewed. Measures for the correlations between the selected defect and the related defects are shown, see figure 5.
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6.9 BRIDGE2 



The expert system module BRIDGE2 is used to make a detailed analysis of the bridge after an inspection when testing in the laboratory has taken place. New bridges and cross-sections can be entered in the database and existing bridges and cross-sections can be edited. For the bridges in the database the following options are available: review provisional defect reports, enter inspection results, estimate the reliability index, plan maintenance work and estimate costs, plan structural repair work and estimate costs, and review the agenda of inspection for one bridge or all bridges. Further, the database can be updated after repair.

 
New bridges can be entered and existing bridges can be edited. The general information about the bridges stored in the database contains information about: bridge site, design, budget, traffic, strength, load, deterioration, factors that model the costs, and the cross-sections entered for each bridge. In figures 6-8 are shown examples of strength, load, and cost data.

After an inspection the provisional defect reports recorded at previous inspections can be reviewed. A description of the detected defects and measurements of diagnosis methods can be entered. After a repair the databases can be updated. In figure 9 is shown a description corresponding to the observed defect “rust stain”.

[image: image67.png]rBRIDGE ANALYSIS

Mean value

Mean value

Mean value

LOAD INFORMATION

of uwniformly distributed dead load (G>: 4 kN/m

of uwniformly distributed traffic load (Q>: 38 kN/m





[image: image68.png]C/D

B1

B2(M)

B2(h

B1

: - 1

B2(R)

C/D

C/D




 

[image: image69.png][BRE 891 ~~ BRIDGEL

spection’ Aid

BRIDGE INSPECTION

Choose a defect detected on the bridge






 
The reliability index for the bridge can be estimated by the integrated FORTRAN program RELIAB. Both the reliability index when no inspection results are taken into account and the updated reliability index when all inspections performed for the bridge are taken into account can be estimated.
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The following submodules are integrated in BRIDGE2: 

SYMBOL 183 \f "Symbol" \s 10 \h
BRIDGE2(M) is the maintenance/small repair submodule. This submodule  assists in selecting the maintenance work and repair of minor structural defects to be performed and estimate the maintenance costs. The defects are rated based on the defect classification in terms of rehabilitation urgency, importance of the structure's stability, and affected traffic recorded during the inspection, see figure 10.
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BRIDGE2(I) is the inspection strategy submodule. This assists in the decision whether a structural assessment is needed before the next periodic inspection. The decision taken in BRIDGE2(I) is mainly based on the updated reliability index for the bridge calculated by RELIAB ( (see figure 11). If the value of the updated reliability index for the bridge is acceptable then each of the defects detected at the latest periodic inspection and the combination of defects are investigated. Based on expert knowledge it is investigated whether from a structural point of view a defect or combinations of defects require a structural assessment.
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BRIDGE2(R) is the repair submodule. This submodule is always used after a structural assessment. It assists in selecting the optimal structural repair technique (including no repair) to be performed, when the repair should be performed, and the number of repairs in the remaining lifetime of the bridge. Further, the expected benefits minus costs are estimated. The repair plan is optimized based on a cost-benefit analysis by the FORTRAN program INSPEC  (see figure 12).


The FORTRAN program RELIAB can be used to estimate the reliability of a reinforced concrete bridge. Two different failure modes are considered, namely bending failure of the main beam of a bridge and compression failure of a column. For bending failure both `positive' and `negative' bending failure are considered. For compression failure two models for deterioration of the column are considered, namely a model where the concrete deteriorates on all four sides of the column and a model where the deterioration is concentrated on one side. In the models the diameter of the reinforcement is assumed to decrease with time due to corrosion. In the failure modes both chloride and carbonate initiated corrosion are considered. The failure modes are modelled as elements in a series system. When inspection results are obtained the reliability indices for single failure modes and for the bridge are updated.

The FORTRAN program INSPEC can be used to estimate the optimal repair time and number of repairs for a given repair method. The estimation is based on a cost-benefit analysis for the bridge. The total expected benefits minus expected repair and failure costs in the remaining lifetime of the bridge is optimized. The optimization variables are: the type of repair (including no repair), the time of the first repair, and the number of repairs in the remaining lifetime of the bridge. The constraint of the optimization problem is that the updated reliability index for the bridge (estimated by RELIAB) must be greater than or equal to a minimum acceptable reliability index for the bridge.
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The expert systems  BRIDGE1 and  BRIDGE2 are implemented by LABEIN. RELIAB ( and INSPEC ( are CSR software.
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Figure 12. Optimised repair plan for the defect “rust stain”.





Figure 11. Decision tool related to structural assessment.





Figure 10. Rating of defects in the maintenance subsystem. 





Figure 9.  Defect “rust stain”. Causes and used diagnosis methods. 





Figure 8. Example of cost data.





Figure 7. Example of load data.





Figure 6.  Example of strength data.





Figure 5. List of defects associated to the defect “rust stain”.





Figure 4. List of probable causes for the defect “rust stain”.





Figure 3. List of diagnosis methods related to the defect “rust stain”.





Figure 2. List of defects included in the expert systems.





Figure 1. The inspection, maintenance, and repair model.








� Structural Engineering Review, Vol. 7, No. 3, pp. 151-163.





PAGE  
899

_851246707

_851246719

_1210495317.unknown

_1210495902

_1210495920

_1210498119

_1210498145

_1210498194

_1210495927

_1210495911

_1210495520.unknown

_1210495543.unknown

_1210495347.unknown

_851248155

_1210494374

_1210495236.unknown

_1210495276.unknown

_1210495097

_1210495192.unknown

_1209750543

_1209750600

_1209750783

_1209750491

_851247837

_851248153

_851248154

_851248150

_851248152

_851248149

_851247577

_851247834

_851247573

_851246713

_851246717

_851246718

_851246715

_851246711

_851246712

_851246710

_851246169

_851246178

_851246702

_851246705

_851246706

_851246703

_851246698

_851246700

_851246697

_851246694

_851246173

_851246174

_851246170

_850656287

_851246147

_851246168

_851246139

_851246145

_850656288

_850655980

_850655982

_850655979

