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ABSTRACT 

Current inspection requirements for several countries are reviewed. Observations and modeling of general corrosion of steel-girder bridges are described. A highway steel-girder bridge is assumed to be subjected to dead load and heavy-truck traffic load. Three failure modes of the steel girders are considered, i.e., bending, shear, and failure of the stiffened web at the supports. The safety margins for each failure mode and an event margin for repair are described, and the reliability index is defined. The three failure modes are modeled as a series system, and expressions for the failure probability after inspections have taken place are shown. The optimization problem is formulated, with an objective function and constraints, to select an optimal inspection strategy. For example, a typical highway steel-girder bridge is investigated. The reliability indices are calculated for each girder as a function of time. Based on this an inspection strategy is proposed.

INTRODUCTION 

Planning of inspections is an important part of a bridge management system, and the current practice has been based mostly on judgment. However, with limited resources available for maintenance, there is a growing interest in optimization of inspection strategies (Shinozuka 1990; Madsen1988). Sommer and Thoft-Christensen (1990) summarized the available literature on the subject. For example, models are developed to consider fatigue crack growth in steel, as described by Madsen et al. (1987) and Sørensen et al. (1991). Sørensen and Thoft-Christensen (1988) considered concrete bridges subjected to corrosion of reinforcement, and they developed an approach with two types of inspection for a T-beam.

This paper deals with inspection of corroded steel-girder bridges, and a procedure is developed for identification of the critical girders that take the highest load portion.

CURRENT INSPECTION REQUIREMENTS

In most countries there are guidelines for the inspection of bridges. Some f them are briefly described in this section.

There are about 575,000 bridges in the United States, of which 38% are made of steel (Kayser 1988). The Manual for Maintenance Inspection of Bridges (1983) requires that bridges be inspected every two years as mandated by the Federal Highway Administration. Painted and weathering steel structures are examined for corrosion and fatigue cracks. Also inspected is the condition of joints, deck, abutments, and substructure. For weathering steel, the condition of the oxide film is checked as well. Normally, the inspections are visual.

In Ontario, the Ontario Highway Bridge Design Code (1983) requires the routine inspections to be performed at intervals determined by the owner of the structure. They have to be done to the satisfaction of the engineer responsible for the bridge. In the commentary for the code, it is stated that the policy of the Ontario Ministry of Transportation requires routine inspection every two years.

In Denmark there are about 12,000 bridges (Vejbroer 1980). More than 90% are concrete structures, and only 2- 3% are steel or composite bridges. Bridges are supervised by local road authorities, while detailed visual inspections are done by trained inspectors. The inspection intervals are decided individually after each inspection based on such factors as the state of the structure, age, load, environment, structural design, and foundation conditions. The intervals vary from one to six years; for instance, a bridge with heavy traffic would typically be inspected every three years.

According to Nowak and Absi (1987), France has about 59,000 bridges with a span of more than 5 m, of which only 5% are steel bridges. A permanent supervision by local agents, a systematic but superficial inspection every year of bridges more than 10 m long, and a detailed inspection every five years of bridges more than 120 m long.

In Belgium there are about 5,400 bridges with a span of at least 5 m (Nowak and Absi 1987), of which about 900 are steel or steel-concrete bridges. Guidelines consider three levels of inspection. Routine inspections are scheduled every year, general inspections every three years, and a specialized control when a general inspection reveals the need for it. The inspections are visual, and the results are shown on photos and drawings as well as in a report.

In Germany, the code specifies a visual inspection four times a year, a general inspection every three years, a main inspection every six years, and a special survey in case of an accident or natural disaster (Nowak and Absi 1987).

A methodology for bridge monitoring has been proposed in Switzerland in 1987 on the initiative of the Swiss Federal Department of Transport (Nowak and Absi 1987) suggesting three types of inspection. Routine inspections are scheduled every 15 months, periodic inspections every five years, and special inspections according to needs. Routine inspections should reveal all significant troubles and investigate the evolution of those detected earlier, and periodic inspections should reveal apparent deterioration, structural cracking pattern, state of materials, deformations, state of structure, and state of the equipment.

In Italy, regular inspections are done every three months, and a general and complete inspection is performed once a year (Nowak and Absi 1987). The review indicates that the number of levels of inspection varies from one country to another. Only one type of periodic inspection is performed in Denmark, the United States, and Canada; two types in France, Belgium, Switzerland, and Italy; and three types in Germany.

DETERIORATION OF STEEL-GIRDER BRIDGES

This paper focuses on the deterioration of steel bridges caused by corrosion. Kayser (1988) described five of the most important forms of corrosion. The most common form is general corrosion, which is uniformly distributed on the surface, while pitting corrosion is restricted to a small area; it usually begins with an anomaly on the surface. This type is dangerous because it may cause local stress concentrations and is difficult to check. Crevice corrosion occurs where different components of the structure are close, leading to narrow spaces. Galvanic corrosion takes place when two different metals are placed in an electrolyte and are electrically connected, as is possible at bolted or welded connections. Tensile stress will increase the rate of corrosion, and this is called stress corrosion. A combination of different forms of corrosion can often occur, and the combination of pitting, crevice, and stress corrosion under cyclic loading is called corrosion fatigue.

Corrosion causes loss of material, thereby decreasing the load-carrying capacity of the bridge; it can cause a build-up of corrosion products, which exerts pressure on adjacent elements resulting in eccentricities and stresses. It can also lock the mechanism of bearings and hinges.

Data on corrosion performance in actual steel bridges have been collected by Kayser (1988), and as expected, corrosion occurs where water is accumulated. For steel-girder bridges, this happens at leaking deck joints and at the upper side of the bottom flange. Furthermore, corrosion is influenced by the environment, i.e., the amount of moisture in the air and the presence of salt; therefore, the geographic location is of vital importance when planning the maintenance of a steel bridge. For example, in Michigan, severe corrosion was observed due to use of salt as a deicing agent and insufficient painting. It is only in a very dry climate that paint lasts indefinitely. It has been observed that the rate of corrosion can be different for different girders. For example, in highway overpasses, girders are exposed to a mixture of salt, snow, and water splashed by trucks'. The highest concentration of this aggressive medium is on the exterior girder, and the concentration of salt and/or water decreases in the direction of traffic. In this paper, general corrosion is considered to be the most common form. Studies have shown that the corrosion propagation can be modeled, with a good approximation, by an exponential function (see Komp 1987):
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where C(t) = the average corrosion penetration in micrometers (10-6 m); t = the time in years; and A and B = parameters to be determined from regression analysis of experimental data.

The parameters A and B have been determined based on field tests by Albrecht and Naeemi (1984), and Table 1 gives the mean values, the coefficients of variation, and the coefficients of correlation for A and B. It shows, as expected, that the parameters for weathering steel are smaller than for carbon steel, since corrosion develops slower in weathering steel after the first year, and it shows that in most cases the parameters are the lowest in rural environments and highest in urban environments. It should be stated that the determination of A and B involves a considerable uncertainty.
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[image: image80.png]TABLE 1. Statistical Parameters for A and B (from Kayser 1988)
Carbon Steel Weathering Steel
Parameters A B A B
(1) (2) (3) (4) (5)
(a) Rural Environment
Mean value, 34.0 0.650 33.3 0.498
Coefficient of variation, o/p 0.09 0.10 0.34 0.09
Coefficient of correlation, pAB Not — —-0.05 —_—
Available
(b) Urban Environment
Mean value, p 80.2 0.593 50.7 0.567
Cocfficient of variation, a/p 0.42 0.40 0.30 0.37
Coefficient of correlation, pAB 0.68 e 0.19 —
(c) Marine Environment
Mean value, 70.6 0.789 40.2 0.557
Coefficient of Variation, o/ 0.66 0.49 0.22 0.10
Coefficient of correlation, pAB —0.31 — —0.45 —
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FIG. 1. Corrosion of Steel Girder (Kayser 1988)



To illustrate the problem a simple-span steel-girder bridge is considered, and the observed general corrosion pattern is shown in Fig. 1. The mid-section of the girder, where corrosion takes place only at the bottom of the web and on the upper side of the flange, is mainly subjected to bending, but the bending capacity depends on the cross-section of the flanges and not so much on the web. Therefore, the corroded cross section is modeled in the same way at midsection and at the supports where shear forces dominate. The modeled cross section is shown in Fig. 2.

FAILURE MODES

Three failure modes are considered: bending failure, shear failure, and bearing failure. Bearing failure applies to compression in short components [the stiffened web] at the supports). The load is represented by the bending moment at the midsection or by the shear force at the supports. The bending, shear, and bearing capacities are calculated from material and corrosion parameters, and corrosion as a function of time t is included in the calculation by using the reduced values of the web thickness tw and bottom flange thickness tf:

          
[image: image2.wmf](

)

(

)

0

2

ww

tttCt

=-

                                                    (2)


[image: image3.wmf](

)

(

)

0

ff

tttCt

=-

                                                          (3)

where 
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 = the initial web thickness (millimeters); 
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= the initial flange thickness (millimeters); and C(t) = the average corrosion penetration (millimeters). The top flange thickness is assumed constant with time and equal to 
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Bending Failure
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FIG. 2. Model of Corroded Cross Section (Kayser 1988)



The effective slab width is assumed according to Standard Specifications for Highway Bridges (1989) as shown in Fig. 3, and the effect of reinforcement in the slab is neglected. The nominal moment strength Mn is calculated based on plastic stress distribution in the composite section (see Salmon and Johnson (1990), and it is assumed that the web slenderness ratio, 
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, fulfills the following requirement according to load and resistance factor design (Salmon and Johnson 1990):
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where 
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= the unsupported web height; tw = the thickness of  the web; 
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= the maximum slenderness ratio; and 
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= the yield stress of the flange (originally in kips per square inch; 1 ksi = 6.9 MPa). If this requirement is not fulfilled, the calculations must be based on superposition of elastic stresses.

Shear Failure
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Shear forces are carried mainly by the web, the critical stress is calculated according to plate buckling theory (Salmon and Johnson 1990) and the web panel is modeled as a rectangular plate in pure shear with simply supported edges as shown in Fig. 4. 

The elastic buckling shear stress is
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where k = 5.34 + 4.0(b/a)2 = the plate boundary coefficient (pure shear, simply supported); E = the modulus of elasticity; 
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 = Poisson's ratio; b = the shortest dimension of the plate (equal to h – 2tf); and a is the longest dimension of the plate. The critical shear stress, 
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where 
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 = the shear yield stress. For elastic buckling, i.e. 
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For inelastic buckling, i.e. 
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In the case of plastic buckling, i.e. 
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The shear force capacity is
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Bearing Failure
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Calculation of the shear capacity at the supports depends on whether a stiffener is present or not. A stiffened web is calculated by considering the web as a compression member, and an unstiffened web is calculated by using plate buckling theory. However, the plate boundary coefficients are not available for plates with one free edge subjected to shear; according to Standard Specifications for Highway Bridges (1989), stiffening of the web over end bearings is required for all plate girders, but for rolled girders it is required only when the nominal shear load exceeds 75% of the allowable shear. In this paper, a stiffened web is considered. The effective width of the web is equal to no more than 18 times the web thickness (Standard Specifications for Highway Bridges 1989), and the calculation of the stiffened web is performed as described by Salmon and Johnson (1990).

The elastic critical stress (Euler stress) is
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where K = the effective length factor [K = 0.75 according to Salmon and Johnson (1990)]; hw = the height of web; and 
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 = the minimum radius of gyration. The critical stress, Fcr, depends on the slenderness parameter, 
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For the elastic region, i.e., 
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For the inelastic region the parabolic equation has been used by the American Institute of Steel Construction since 1960 (Specification 1978), 
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The bearing capacity is
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where As = the cross-sectional area of the effective web and stiffener (see Fig. 5).

INSPECTION STRATEGY

It is assumed that inspections are performed at constant time intervals, since the inspection authorities will often prefer constant inspection intervals to facilitate the planning. An inspection strategy is formulated so that the girders with the largest failure probability are checked more frequently than others. This may not save much money for a highway bridge of the type considered here, but for structures with a larger number of similar components, the procedure can be valuable. The inspection intervals are chosen so that the expected costs of inspection, repair, and failure are minimized. If two different intervals are considered, the strategy can be illustrated as shown in Fig. 6, where one group of girders GB is checked at all inspections and a second group GA is checked with longer intervals. In Fig. 6, T is the lifetime of the bridge, Ti is the inspection times, 
[image: image34.wmf]t

D

 is the inspection interval for girder group GB, and 
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 is the inspection interval for girder group GA.

 A condition, used to determine when repair is to be performed in a girder after an inspection, is formulated in the following section. The possible decisions after each inspection in the lifetime of the bridge can be presented in form of an event tree, as shown in Fig. 7. Ti is the time of inspection i.
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RELIABILITY OF STEEL-GIRDER BRIDGES

Failure of a girder is modeled by a series system with three elements corresponding to three failure modes (bending, shear, and bearing). The safety margins for the considered failure modes are as follows.

1. Bending failure:
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where Z1 = a variable modeling the uncertainty in estimating the moment capacity; Mn(t) = the nominal moment strength at the time t; MD = the dead-load moment; and ML = the live-load (traffic) moment.

2. Shear failure:
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where Z2 = a variable modeling the uncertainty in estimating the shear capacity; Vsh(t) = the nominal shear strength at the time t; VD = the dead-load shear; and VL = the live-load (traffic) shear.

3. Bearing failure:
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where Z3 = a variable modeling the uncertainty in estimating the capacity of the stiffened web; and Vbe(t) = the nominal bearing strength at the time t.

The event margin for repair is defined assuming that if the web thickness tw is smaller than the critical value tw,cr, then the girder must be repaired. tw is measured at the inspection and tw,cr is chosen by the inspection authority. The event margin for repair at the time t is
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where ZR = a variable modeling the uncertainty in estimating the web thickness. 

For each element, the probability of failure PF is a function of time t. The corresponding reliability index 
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 is defined by [see, e.g., Thoft-Christensen and Murotsu (1986)]
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The system reliability index 
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 is calculated from the failure probability of the series system 
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If the elements in a series system are fully positively correlated, the system failure probability is equal to the largest of the element failure probabilities. The failure probability for the series system is shown in the following for the first two time intervals. The superscripts 1 and 0 indicate that repair has been performed or not performed after earlier inspections, respectively. 
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 denotes the probability of failure in the time interval from Ti to t. 
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For 
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Ri is the number of repairs for a girder at inspection time Ti. Ri < 1 because it is assumed that not more than one repair can take place at one inspection. Therefore, the expected value of Ri , Es(Ri), is the same as the probability of repair. Es(Ri) for the first two inspections is calculated as
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OPTIMIZATION PROBLEM

The optimal inspection strategy with regard to costs is determined by the optimization problems, and is formulated in the following. The objective function C1 or C2 is the expected cost in the lifetime T, i.e., inspection cost, repair cost, and failure cost. The inspection interval 
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 is the optimization variable and constraints are related to the reliability index 
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and the inspection interval. It is assumed that if failure occurs, the bridge cannot be repaired. For each girder, the optimal time interval 
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 is calculated to minimize the expected total cost.
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where Cl = the inspection cost per inspection; CR = the repair cost per repair; CF = the failure cost; r = the real interest rate; 
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 = the minimum acceptable reliability index. Cl, CR, and CF are assumed constant with time. Even though the failure cost is minimized (as part of the total cost), it is often necessary to put a constraint on the reliability index, e.g., to fulfill code requirements. If CF or 
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 is very small compared with Cl, CR, or ES(Ri), the minimization of the total cost can lead to an unacceptably small reliability index. 

The girder with the shortest inspection interval 
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 is identified; the optimization problem is then solved for the remaining girders.
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where n
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 = the constant time interval between inspections and (T/n
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) - 1 = the number of inspections in the lifetime T.

Either C2(n) can be minimized for each remaining girder giving different values of n for each girder or, as mentioned earlier, the girders can be grouped in two or more. The first group is inspected at intervals 
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 and the other group is inspected at intervals n
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.

The total cost Ctot can be found by summing the costs for each girder.
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EXAMPLE
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A typical highway steel-girder bridge designed according to Standard Specifications for Highway Bridges (1989) is considered. It is assumed that the bridge is not protected against corrosion. The bridge has a simple span of 24.4 m and two lanes with traffic in the same direction. The cross section is shown in Fig. 8. Material parameters, corrosion parameters, and model uncertainty variables are assumed to be log normally distributed; the mean values and standard deviations are shown in Table 2. The corrosion parameters are chosen corresponding to carbon steel in a marine environment (i.e., onshore near the coast) (see Table 1). The truncation of A and B is      chosen in accordance with Albrecht and Naeemi (1984) and for the model uncertainty variables the values used by Sørensen and Thoft-Christensen (1988) are used. 

The lifetime T is chosen as 75 years and the minimum reliability index 
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 = 4.0. A deterministic analysis showed that for each girder, prior to any corrosion, the nominal moment capacity is Mn = 5,249 kN-m, the shear-force capacity is Vsh = 2,428 kN, and the bearing capacity is Vbe = 3,755 kN. In the probabilistic analysis, Mn, Vsh, and Vbe are calculated using the statistical parameters shown in Table 2.
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Dead Load

The dead load D is assumed normally distributed and the means and standard deviations of the dead load are given in Table 3.

[image: image88.png]TABLE 3. Dead Load (Normal Distributions)

Mean Standard deviation
Parameter 7 o
(1) (2) (3)
(a) Interior girders
Midspan moment, M, 929 kN-m 93 kN-m
Shear load, V, 152 kN 15 kN
(b) Exterior girders
Midspan moment, M, 1,428 kN-m 143 kN-m
Shear load, V,, 234 kN 23 kN





Traffic Load
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Based on measurements of heavy truck traffic, the midspan moment distributions for bridges with simple spans have been calculated by Nowak (1992). The moment-distributions are approximately lognormal. For a two-lane bridge with a simple span of 
24.4 m, the mean maximum 75-year static live load is 5,057 kN-m. The live load L includes a static and a dynamic component, the latter is 10% of the static live load. Therefore, the live load is 5,583 kN-m and the standard deviation is 1,005 kN-m (18% of the mean).
The distributions of transverse truck position within a lane were considered by Nowak et al. (1990) for a two-lane bridge. The distributions are based on visual surveys on interstate 94 in southeastern Michigan. In 66% of the cases, a truck was in the right lane; in 33% of the cases, a truck was in the left lane; and in 1% of the cases, trucks were in both lanes simultaneously.

Hong (1990) calculated the influence lines for girders spaced at 1.2-3.0 m and spans of 9, 18, 27, and 36 m. The influence lines show the effect of the truck position across the bridge.

Based on these observations and calculations, the probability density function for the moment has been calculated for each girder as shown in Fig. 9, using the following procedure. First, the truck in the right lane is considered and the moment distribution for each girder is calculated for various ML values. Similar calculations are done for the truck in the left lane and then for two trucks side-by-side. For each case, the mean and standard deviation of ML are shown in Table 4.

[image: image90.png]TABLE 4. Midspan Moments M, for Live Load (Lognormal Distributions)

Mean p Standard deviation o
Parameter (kN-m) (kN-m)
(1) (2) (3)
(a) Girder G1
Truck in right lane 1,772 425
Truck in left lane 431 144
Truck in both lanes 2,066 473
(b) Girder G2
Truck in right lane 1,815 330
Truck in left lane 758 176
Truck in both lanes 2,446 456
(c) Girder G3
Truck in right lane 1,357 261
Truck in left lane 1,318 247
Truck in both lanes 2,550 474
(d) Girder G4
Truck in right lane 841 192
Truck in left lane 1,833 , 333
Truck in both lanes 2,549 475
(¢) Girder G5 ’
Truck in right lane 497 135
Truck in left lane 1,853 400
Truck in both lanes 2,218 466





The resulting density functions are determined to be  
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where fML = the probability density function; and i = the girder number. Superscript R indicates a truck in the right lane, L a truck in left lane, and RL two trucks side-by-side.

The shear load at supports is calculated by assuming that the traffic load, resulting in the midspan moments ML, is uniformly distributed; this is a conservative assumption and gives

 
[image: image71.wmf]4

L

L

M

V

l

=

                                                        (30a)


[image: image72.wmf](

)

1

4

6.1

L

L

M

Vm

-

=

                                               (30b)

 where l= the span length.

Three load events are included: a truck in the right lane, a truck in the left lane or a truck in both lanes. All trucks are assumed to be positioned at midspan.
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Results

The reliability analysis is performed using a computer program developed by Det Norske Veritas, Høvik, Norway (PROBAN-2 1989). Prior to inspection and repair, the reliability indices vary with time as shown in Fig. 10. The system reliability index is close to the smallest of the element reliability indices; therefore, the system reliability index is not shown in Fig. 10. It is interesting to observe that bending failure is the dominant failure mode for all girders for the first 10 years, and after that shear failure becomes the dominant failure mode. This is in accordance with the corrosion model (see Fig. 2) as the web, which influences the shear capacity more than the bending capacity, is corroded on both sides. Sensitivity analysis shows that, during the first 10 years, the traffic load and the model uncertainty variables have the biggest influence on the reliability index; afterwards the corrosion parameters become most important, and after 20 years it is mainly the corrosion parameter B that influences the reliability index.

The analysis shows that the reliability indices for all girders decrease to 
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 = 4 after 10 years, even though the reliability index prior to corrosion varies from 4.2 for girder G1 to 6.6 for girder G4. Therefore, the same inspection intervals can be assumed for all the girders. An optimal inspection strategy could be found using the procedure described here, and, assuming a constant inspection interval, the optimal solution would probably be an interval of between five and 10 years.

CONCLUSIONS

A probability-based procedure is developed for the selection of inspection intervals for bridge girders. Reliability indices are calculated using the available load and resistance models. Bridge girders are subjected to loss of capacity with time due to corrosion and three failure modes are considered, i.e., flexural, shear, and bearing failure. The live load is distributed to girders depending on truck traffic patterns (transverse position) and multiple presence (side-by-side) occurrence rates.

Time-dependent reliability indices can serve as a basis for the selection of the inspection intervals for individual girders and the critical components are identified as those associated with the lowest reliability indices. For the bridge considered, the same inspection intervals can be assumed for all girders.
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APPENDIX II. NOTATION

The following symbols are used in this paper:

A = corrosion parameter or cross-section area;

B = corrosion parameter;

C = average corrosion penetration;

CF = failure cost for failure of one girder;

Cl = inspection cost per inspection for one girder;

CR = repair cost per repair for one girder;

Ctot = total costs for all girders;

C1, C2 = objective functions (costs);

Fy = yield stress in steel;
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 = specified 28-day compressive strength of concrete;
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 = probability density function for ML in girder i;

H = event margin for repair;

h = height of steel girder;

MD = dead-load moment;
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 = safety margins;

ML = live-load moment;

Mn = nominal bending moment strength;

PF = failure probability;

Ri = number of repairs at time T;;

T = lifetime of bridge;

Ti = inspection time;

t = time in years;

Vbe = bearing capacity;

VD = dead-load shear;

VL = live-load shear;

Vsh = shear force capacity;

ZR, Z1, Z2, Z3 = model uncertainty variables;
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 = reliability index;
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 = inspection interval; and
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 = standard normal distribution function.





































Fig. 10. Reliability indices: (a) Girder G1; (b) Girder G2; (c) Girder G3; (d) Girder G4; and (e) Girder G5.





Fig. 8. Details of Bridge Considered (All Dimensions are in Millimeters): (a) Bridge Cross Section; (b) Cross Section of W36 x 245 Girder; and (c) Web Stiffener








Fig. 7. Event Tree for Inspection Strategy (Sørensen and Thoft-Christensen 1988)





Fig. 9. Probability Density Functions for Midspan Moments: (a) Girder G1; (b) Girder G2; (c) Girder G3; (d) Girder G4; and (e) Girder G5








Fig.6. Inspection Strategy





Fig.5. Stffened Web





Fig. 4. Web Panel





Fig. 2. Model of Corroded Cross section (Kayser 1988)





Fig.3. Effective Cross Section





Fig.1. Corrosion of Steel Girder (Kayser 1988)
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