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BRIDGE RELIABILITY IN DENMARK

P. Thoft-Christensen 
 Aalborg University, Aalborg, Denmark

ABSTRACT 

In this paper, bridge reliability in Denmark is described on the basis of the experience learned by participating in an EU supported project on expert systems for optimal reliability-based inspection and maintenance of reinforced concrete bridges. Two expert modules are briefly described. Expert system module BRIDGE 1 is used at the bridge site to assist during the inspection. BRIDGE 2 is used after an inspection during the detailed analysis of the bridge when testing in the laboratory has taken place.

INTRODUCTION

Modern reliability theory is being used extensively in bridge engineering in several countries including Denmark. Researchers and bridge engineers in Denmark have been very active in this area for many years. Their involvements have been in reliability theory as well as bridge reliability. Important areas are:

· assessment of the whole life reliability of deteriorating bridges

· reliability-based calibration of bridge codes and design rules

· development of reliability-based optimal strategies for inspection, maintenance and repair of bridges

· reliability based expert bridge management systems (BMS)

· reliability and cost based decision tools.

It is outside the scope of this paper to give a complete description of all these significantly applications. To give an illustration of the importance of application of structural reliability theory in bridge engineering, a prototype BMS developed in co-operation between partners from several European countries is briefly described.

The prototype BMS is the result of the research project "Assessment of Performance and Optimal Strategies for Inspection and Maintenance of Concrete Structures using Reliability Based Expert Systems", supported by EU within the BRITE/EURAM research programme. The paper is based on Thoft-Christensen, [1] and Thoft-Christensen et al. [2].


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. Results from this research project are presented with special emphasis on reliability assessment, updating, and the software modules. 

The functions of the expert system

The expert system is divided into two expert system modules BRIDGE 1 and BRIDGE 2, which are used in two different  situations,  namely  by the  inspector  of the  bridge  during the inspection  at  the  site  of  the  bridge ( BRIDGE 1 ) and after the inspector has returned to his office ( BRIDGE 2).

[image: image1.wmf]i

t

During the inspection the expert system will supply information on the causes of observed defects, appropriate diagnostic 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 is performed when the inspector has returned to his office and after testing in the laboratory. The output of the analysis includes an updated estimation of the reliability of the bridge, decision whether a structural assessment should be made, decision whether repair should be performed, relevant repair procedures and the time for the repair. Expert knowledge is used to improve the quality of the decisions.
The architecture of the expert system

The architecture of the expert system is shown in figure 1. It consists of the two main modules   BRIDGE1 and BRIDGE2, a number of dBASE IV databases, several FORTRAN programmes, and INPUT and OUTPUT modules. The BRIDGE 1 expert system is used by the inspector on the site of the bridge.  BRIDGE 2 is used by the engineer in the office.

Application of the expert system

The general inspection, maintenance, and repair model from inspection no. i at time  
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   to inspection no. i+1  at the time 
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  is indicated in figure 2 , where also the application of the modules BRIDGE1 and  BRIDGE2 is shown. The symbols used in figure 2 are:

C: 
 Current inspections are performed at a fixed time interval.

D: 
 Detailed inspections are also periodic at a fixed time interval.         

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

M: 
  Maintenance and repair of minor defects.

R:
  Structural repair.

B1:
  Application of BRIDGE 1 during the inspections.  

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

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

B2(R):   This repair subsystem assists in selecting the best repair technique.
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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)   compared to no repair. The total expected costs are minimized using the FORTRAN inspection module.

Module BRIDGE1
This expert system module contains information on the bridge being inspected and the defects being observed: general information on the bridge, appropriate diagnostic methods for each defect, probable causes of each defect, and other defects related to a defect. 

The general information can be reviewed. The database contains information on: bridge site, design, budget, traffic, strength, load, deterioration, factors that model the costs, and the cross-sections entered for the bridge.  The technical support for a defect includes a list of relevant diagnostic methods, a list of probable causes of a defect, and a list of associated defects. A provisional defect report can be recorded for an inspection.

Module 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 been performed.  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.

The reliability index for the bridge can be estimated by the integrated FORTRAN programme RELIAB. Both the reliability index, where no inspection results are taken into account, and the updated reliability index, where all inspections performed for the bridge are taken into account can be estimated.

Three submodules BRIDGE2(M), BRIDGE2(I), and BRIDGE2(R) are integrated in BRIDGE2: 

SYMBOL 183 \f "Symbol" \s 10 \h
BRIDGE2(M) is the maintenance/small repair submodule. This submodule is always used after a current or detailed inspection. It assists in selecting the maintenance work and repair of minor structural defects to be performed and estimating 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.

· BRIDGE2(I) is the inspection strategy submodule. This submodule is always used after a current or detailed inspection. It assists in the decision made whether a structural assessment is needed before the next periodic inspection. The decision in BRIDGE2(I) is mainly based on the updated reliability index for the bridge calculated by RELIAB . 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 a defect or combinations of defects require a structural assessment from a structural point of view.

· 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 used, 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 programme INSPEC. The FORTRAN programme 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 one model where the concrete deteriorates on all four sides of the column and one 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 programme INSPEC can be used to estimate the optimal repair time and the 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 are 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.

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 [3], Thoft-Christensen & Murotsu [4]. The reliability is assumed to decrease with 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 system 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 the N stochastic variables: vector 
[image: image4.wmf])

,...,

(

1

N

X

X

X

=

. At present the stochastic variables shown in table 1 are used. Further, the structure is modelled by m potential failure modes
[image: image5.wmf]i

F

, i = 1, 2,...,m . Failure mode i is described by a safety margin 


[image: image6.wmf])

,

(

t

X

M

M

i

i

F

F

=

                                                     (1)

The element reliability index
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 at time the t for failure mode  
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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 the programme RELIAB .The system reliability index 
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where the probability of failure 

 is determined by the approximation (Thoft-Christensen & Murotsu [4])
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where 

 and 
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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. 

  is the  m-dimensional normal distribution function.

FAILURE PROBABILITY UPDATING

Updating of failure probabilities is important for all bridge management systems. It is for the success of a BMS that the inspection results are used in an optimal way. Two main types of updating of the probability of failure estimates are in general considered in bridge management systems:  

· Updating of stochastic variables based on measured samples of the stochastic variables, e.g. measurements of the yield strength of the reinforcement.

· Updating based on general information, e.g. the observation that the structure has not failed or that a corrosion degree less than a certain value is measured.

Basic variable updating is performed within the framework of Bayesian statistical theory; see Lindley [5] and Aitchison & Dunsmore [6]. The updating based on general information is mainly based on the Bayesian methods suggested by Madsen [7] and Rackwitz & Schrupp [8].

Let the density function of a stochastic variable X be given by
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 are parameters defining the distribution of X. The parameters  
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 are treated as uncertain parameters (stochastic variables). 
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 When an inspection is performed, n realisations 
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 of the stochastic variable X 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 X taking into account the realisations  
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DECISION MODEL WITH REGARD TO STRUCTURAL ASSESSMENT

An important application of structural reliability assessments of bridges is in relation to inspections. A decision to be made after an inspection of a bridge is whether an extensive assessment of the bridge should be undertaken. 

Let  
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 be the time of a periodic inspection and let the updated reliability index at the time t be
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. The general decision model with regard to the structural assessment can then be formulated as: 

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

 MODELLING OF REPAIR

After a structural assessment it must be decided whether the bridge should be repaired and if so, how the repair is to be performed. 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 the time t=0 in the remaining lifetime of the bridge. 
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 is the expected failure costs capitalized to the time t=0 in the remaining lifetime of the bridge. 
[image: image43.wmf]L

T

 is the expected lifetime of the bridge. 

 is the updated reliability index. 

 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.
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Figure 2. The inspection, maintenance and repair model.
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Figure 1. Architecture of the expert systems.
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