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Abstract. The aims of this study are to investigate the effect of corrosion on the load-carrying capacity of
stiffened steel box girder bridges and to formulate a repair schedule using reliability-based approaches for
such bridges as they age. A credible scenario for a corroded steel box section is estimated. Corrosion rates
and their probabilistic characterization are calculated based on the available data. A probabilistic model of
ultimate box girder strength is established based on an analytical formula that considers corrosion-related
time-dependent strength degradation. The results generated with this model may be useful in the develop-
ment of an optimized and accurate maintenance and repair schedule for existing steel box girder bridges.

Keywords: steel box girder-bridge, ultimate strength, corrosion, stiffeners, probabilistic model, maintenance
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Introduction

Bridges are an important type of infrastructure. Opti-
mal decisions about bridge maintenance and rehabi-
litation have tremendous economic and safety impli-
cations and depend heavily on the results of evaluations
of residual safety and carrying capacity. The evaluation
of existing bridges has become an increasingly impor-
tant topic in the effort to deal with deteriorating infras-
tructure. As of 2004, in the United States alone 26.6% of
the nation’s bridges (158319) were classified as structu-
rally deficient or functionally obsolete. It is estimated
that about $10 billion per year for 20 years will be nee-
ded to eliminate all bridge deficiencies, not to mention
the additional expenditure required to maintain these
bridges at their existing level (Czarnecki, Nowak 2008;
Sharifi, Paik 2010, 2011; Sharifi 2011; Sharifi, Tohidi

2014a, 2014b; Tohidi, Sharifi 2014), and the situation
in other countries is similar. To avoid the high costs of
replacement, bridge evaluation must accurately reve-
al the current load-carrying capacity of the structure
and predict loads and further changes in the capaci-
ty (deterioration) for an appropriate interval of time.
Despite remarkable advances in modeling, in numeri-
cal or analytical techniques for response and behavior
analysis, and in the assessment of the ultimate strength
or stability analysis of bridges (Gordo, Guedes Soares
2009; Saad-Eldeeen et al. 2013), it is extremely difficult
to realistically evaluate the residual safety or carrying
capacity, especially when bridges are deteriorated or
damaged to a significant degree (Nowak 2004). Steel
box girder bridges are an important and widely used
bridge type. This type of bridge involves plate mem-
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bers, which as thin-walled structures are highly prone
to corrosion damage. There is thus a need for effici-
ent steel box girder bridge evaluation procedures. The
main parameters that determine the structural perfor-
mance of steel box girder bridges are random varia-
bles, but new advances that are significant for bridge
evaluation have taken place in the area of probabilistic
methods. Reliability has become an issue of particular
importance for bridges carrying highway traffic. More
exact methods of analysis that leave less generous sa-
fety margins over and above the minimum required
by specifications, combined with a more deleterious
service environment and limitations on maintenance,
reduce the reliability of bridges. A probabilistic tre-
atment is appropriate to account for the influence of
these trends (Nowak, Zhou 1990).

Load effect and resistance of a bridge are random
variables. Therefore, it is common to measure bridge
structural performance in terms of reliability and prob-
ability. The reliability methods allow for consideration
of uncertainties associated with material properties,
geometry and dimensions, loads and environmental
conditions (Melchers, Jeffrey 2008; Melchers 2005;
Kayser, Nowak 1989; Reid 2009; Gayton, Lemaire
2009; Lazakis et al. 2010; Ivanov 2013; Payer, Schellin
2013).

System models are generally employed for the
reliability analysis of the strength failure of bridges.
However, because the rehabilitation or repair of bend-
ing or shear failure is usually made necessary by lo-
cal limit state failure, rather than structural collapse,
element-level reliability analysis may be more suitable
than system-level reliability analysis to determine the
ultimate strength of bridges. As flexural failure is one
of the most common failure modes in steel girder
bridges, this paper considers the ultimate moment re-
sistance. An example is presented to demonstrate the
application of the proposed method for the repair and
maintenance schedule of steel box girder bridges, as
it is recognized that a corroded steel box girder can-
not be guaranteed safe when reliability approaches are
used.

Notation

The following symbols are used in this paper:

A - corrosion parameter or cross-sectional area;
B - corrosion parameter or width of box section;
C - average corrosion penetration;

t - time in years and plate thickness of a
member;
Ap, A'p, A, - sectional area of the outer bottom, in-
ner or upper (deck);

Ag - half of the sectional area of the side
structure, including any longitudinal
bulkhead;

D - box depth;

Dy - height of the double bottom;

b - breadth of the plate between the longi-
tudinal stiffeners;

G, — ultimate compressive strength of the
plate;

G,p» O, — ultimate compressive strength of a rep-
resentative plate at the upper or side

shell;
o, - mean yield strength of the material;
O,p Oy — mean yield strength of the bottom or
side shell;

H - depth of the box section in the linear
elastic state;

» M, — random variables representing the ul-
timate strength of a corroded or non-
corroded box girder;

g - height of the neutral axis (equations (2)
or (3));

B - slenderness ratio of the plating between
the longitudinal stiffeners;

SM - elastic section modulus of the bottom
plate;

g'- elastic horizontal neutral axis (equa-
tions (5) or (6));

A — bias factor, which is the ratio of the
mean to the nominal value or slender-
ness ratio of a stiffener with fully effec-
tive plating;

V - coefficient of variation;

M, - dead-load moment;
M; - live-load moment;
IM - dynamic live load;
g(x) — ultimate limit state function;
G,; - standard deviation of the random vari-
able x;;

v - reliability index;

K, — mean value of the random variable x;;

E - Young’s modulus;

T - ifetime of the bridge.

M

1. Corrosion-damaged model scenario

There are several forms of corrosion. The most im-
portant parameters to be addressed are the rate and
progress of corrosion (Melchers 2005; Melchers, Jeffrey
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2008; Paik, Melchers 2008). It is agreed that the corro-
sion of steel is affected by several factors, including
the type of steel, surface protection, environmental
effects, and presence of pollutants, crevices, and stress.
The effects of corrosion can vary from nonstructural
maintenance problems to local failure and even ove-
rall collapse. Four major categories of corrosion effects
have been identified: loss of material, creation of stress
concentration, introduction of unintended fixity, and
introduction of unintended movement. The most com-
mon is loss of material. This can be either uniform,
when corrosion affects large areas of a bridge com-
ponent, or localized, where it takes the form of pits
(Czarnecki, Nowak 2008; Paik, Melchers 2008). The
uniform corrosion effect is the most important type
of corrosion to affect steel box girder bridges. In this
study, a credible model for a corroded cross section of
a steel box girder bridge is developed. It has been ob-
served from real deteriorated box girder bridges that
the inside of the box cross-section is often corroded
in addition to the outside. This trend must thus be ta-
ken into account in the development of a corrosion-
damaged model. As can be seen in Figure 1, corro-
sion decreases the thickness of the members (surface
stiffeners) of a steel box girder uniformly outside and
inside. As the environmental conditions of the outside
and inside of the steel box are different, it is assumed
that the inside corrosion rate is half that of the outsi-
de. The thickness loss ¢ of the inside plate members of
the box is thus also half that of the outside loss. This
assumption is reliable, as the inside of the steel box is
better protected from severe corrosion attack, which is
caused by the outside environment.

A probabilistic corrosion rate modeling to esti-
mate the loss of plate thickness is considered here. The
model includes time as a basic parameter and other
random variables that describe the effects of environ-
ment on the rate of corrosion. Data on the corrosion
performance of actual steel bridges have been collected

i1

Uniform loss
of material, #,

” Uniform loss of
material, #,
h=20

/

Fig. 1. Proposed model of corroded stiffened steel box girder
(cross-section)
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by Kayser (1988). Other research has shown that cor-
rosion propagation can be modeled with a good degree
of accuracy with the following exponential function
(Paik et al. 1998; Komp 1987).

C(t)=At?, (1)

where C(¢) is the average corrosion penetration in mi-
crometers (1073 mm), ¢ is the time in years, and A and
B are parameters to be determined from regression
analysis of the experimental data.

Table 1 gives the mean values, coefficients of
variation, and coefficients of correlation for A and
B. The corrosion penetration versus time is plotted
in Figure 2. Note that the determination of A and B

Table 1. Statistical parameters for A and B (Kayser 1988)

Carbon Steel Weathering Steel
Parameters A A
(x1073 mm) B (x1073 mm) B
Rural Environment

Mean value, p 34.0 0.65 33.3 0.498
Coefficient of 0.09 0.10 0.34 0.09
variation, o/p
Coefficient of Not available -0.05

correlation, pAB

Urban Environment

Mean value, 1 80.2 0.593 50.7 0.567
Coeflicient of 0.42 0.40 0.30 0.37
variation, o/u
Coefficient of 0.68 0.19
correlation, p,p

Marine Environment
Mean value, p 70.6 0.789 40.2 0.557
Coeflicient of 0.66 0.49 0.22 0.10
variation, o/p
Coefficient of -0.31 -0.45

correlation, p,p

2.57 Marine Environment

————— Urban Environment

e 27 —--—- Rural Environment
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Fig. 2. Corrosion penetration versus time for carbon steel
in various environments (Kayser 1988)
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involves a considerable degree of uncertainty. Table 1
shows the rate probabilistic parameters for two types
of steel. As carbon steel is commonly found in exist-
ing bridges and the marine environment is critical, the
carbon steel parameters in a marine environment are
applied in this study.

2. Resistance model

This study is concerned with the ultimate carrying
capacity of existing steel box girder bridges, and thus
the ultimate limit state functions must be considered
in the modeling. Analytical formulae can be used as
an appropriate resistance model to predict the ulti-
mate strength of box girders. The analytical formula
suggested by Paik and Mansour (1995) is employed to
estimate the ultimate bending moment of a steel box
girder, while some modifications of the original Paik-
Mansour method were recently developed (Paik et al.
2013).

Paik and Mansour (1995) assumed a credible dis-
tribution of the longitudinal stresses in the hull section
in the overall collapse state. They then estimated the
stress distribution based on the results of a series of
nonlinear finite element calculations for the ultimate
limit state, as shown in Figure 3. Based on this distri-
bution, they then derived an explicit analytical formula
for the corresponding resistive moment. The accuracy
of the formula was then verified by comparison with
both experimental and numerical results. The result-
ing expressions for the ultimate bending strength of a
double-bottomed hull are given as follows.

A
M, =-Apo,p (D—g)—ES(D—H)(D+H—2g)GMS -

A/
ApgOyp +FB(g_DB)|:DBGuS _(H_DB)Gys]_

AgH

3D [(2H—3g)6us—(H—3g)Gys], (2)
where
o 1 ApG,p +2Ag0, 5 — ApG g — ARG D+

2 A (Gus + Gys)
2
ADGuD +2ASGuS _ABGyB _ABGys D2+
Ag (Gus + G},S)
1/2

(e}
O + GyS

For a single box girder, the formula can be simpli-

fied to s
M, =-Apc,), (D—g)—FS(D—H)(D+H—2g)GuS -

AH
ApgO,p _;_D[(ZH_3g)Gus —(H—3g)cys},
(3)
where
He ApG,p +2A0,5 — ApC D;
Ag (GuS +Gy5)

LH
Oy +0

g:

To calculate the ultimate moment capacity of the
box using equation (2) or (3), the ultimate strength of
a compressive stiffened flange and side plate members
(6,p» ©,,) must be known. Theoretically, the idealized
failure modes of a stiffened panel under compressive
loads can be categorized into the following six classes
(Paik, Thayamballi 2003; Hughes, Paik 2013).

- Mode I: Overall collapse of plating and stiffene-

IS as a unit.

- Mode II: Biaxial compressive collapse without
failure of the support members.

- Mode III: Beam-column type collapse.

- Mode IV: Local buckling of the stiffener web
(after failure of the plating between the stiffe-
ners).

- Mode V: Tripping of the stiffener.

- Mode VI: Gross yielding.

Vv OuD

Ous

Oys

T H

OB 4
Lot

I,

a1

),

Fig. 3. Longitudinal stress distribution over the box cross-
section in the overall collapse state suggested by Paik and
Mansour (1995)
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The collapse of a stiffened panel can be assumed
to occur at the lowest value of the ultimate load cal-
culated from one of these six collapse patterns. As an
alternative, a number of simplified formulas for pre-
dicting the ultimate compressive strength of stiffened
panels are available in the literature (Paik, Thayamballi
2003), but the realistic calculation of ultimate strength
that considers all possible modes and their interactions
remains a relatively complicated task. In this regard,
Paik and Thayamballi (1997) derived an empirical for-
mula to predict the ultimate compressive strength of
stiffened panels on the basis of data from 130 collapse
tests on stiffened plates with the usual levels of initial
imperfection. This formula is expressed as a function
of the plate slenderness ratio § and column (stiffener)
slenderness ratio A (see Appendix A for further infor-
mation):

-0.5
0, /0, =[0.995+0.936A7 +0.17B? +0.1881%B2 ~0.0671* | .
(4)

Along with the ultimate strength, it is also worth
calculating the section modulus of the corroded box
girder over time. To achieve this, the section modulus
of a single- or double-hull structure can be simply es-
timated as follows (Paik, Mansour 1995).

The section modulus at the outer bottom flange is
Ap(D-g') +Apg™ + Ay (g'~Dy) +AD(2D-3¢")/3

'

4

SM =

©)

where

D(AD+AS)+A;3DB

O Ap+Ap+Ap 424,

For a single box girder, the formula can be simpli-
fied to

e Ap(D-g'f +Apg™?+AgD(2D-3¢")/3

, >

& (6)
where
,  D(Ap+4)

In equations (5) and (6), the section modulus for-
mula is expressed as a function of the plate thickness
of the primary members, as the individual section ar-
eas are functions of the plate thickness. To calculate
the mean value of the section modulus with corrosion,
the reduction in the plate thickness due to corrosion is
deducted from the original plate thickness.
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3. Load model

Two types of loads apply to a bridge: dead and live
loads. The fundamental statistical parameters of these
loads that are most extensively used are the bias factor
A, which is the ratio of the mean to the nominal va-
lue, and the coefficient of variation V. The dead load
includes the weight of the girders, deck slab, wearing
surface, barriers, diaphragms, and sidewalk, where
applicable. The values A = 1.03 and V = 0.08 for fac-
tory-made components (girders, diaphragms), A =
1.05 and V = 0.10 for cast-in-place components (deck,
barriers, sidewalk), and A = 1.10, V = 0.25 for asphalt
wearing are applied. The dead load is treated as a nor-
mal random variable (Nowak 1993; Nowak, Szerszen
1998, 2000; Nowak, Collins 2000). The live load can
be considered as the sum of the static and dynamic
components. The latter can be represented by an equi-
valent static load that is defined as the dynamic load
factor. This study employs the load model developed
by AASHTO (2004) (Figure 4). The designed live load
in AASHTO LRED (2004) is specified as the effect of
the design truck shown in Figure 4 superimposed with
a uniformly distributed load of 9.3 KN/m.

142.3 kN 142.3 kN

9.3kN/m

427m | 427-9.14m |

Fig. 4. Proposed nominal live loading (HL-93 live load
in AASHTO LRFD, 2004)

The bias factor A for the live load distribution
specified in the design code is between 1.10 and 1.20,
and the coefficient of variation V'is 0.18 (Barker, Puck-
ett 2007). A bias factor of 1.15 and a coeflicient of
variation of 0.18 are adopted here. The dynamic load
factor (IM) is selected on the basis of the AASHTO
specifications. The live load distribution for the inte-
rior and exterior girders can also be estimated using
the AASHTO specifications (for further information,
see ((AASHTO 2004; Barker, Puckett 2007)).

4. Reliability analysis of corroded steel
box girder bridges

4.1. Reliability analysis

Structural reliability analysis can be used to calculate
and predict the probability of failure (or an equivalent
reliability index) of a limit state function for a structu-
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re at any time during its service life. In probabilistic
assessment, any uncertainty about a variable, which is
expressed in terms of its probability density function,
is explicitly taken into account. Reliability analysis be-
gins with the formulation of a limit state function that
represents the performance of a structure or element
in terms of several basic random variables (Paik et al.
1997, 1998; Sarveswaran, Roberts 1999). The limit sta-
te function for the steel box girders in this example is
defined as follows.

g(x):Mu_MD_MLSO’ (7)

where g(x) - the safety margin; M, - a random varia-
ble representing the resistance ultimate strength; M, -
a random variable representing the dead load; M; - a
random variable representing the live load.

The aforementioned failure condition uses the
limit state function for box girder collapse as a func-
tion of the three variables. However, recall that variable
M, is actually estimated by an analytical procedure
that involves the individual thicknesses, yield strength,
and modulus of elasticity (¢, o, and E) such that

M, =M, (t,,.E). 8)

It would appear that there are five types of ran-
dom variables to be characterized. In fact, however,
there are six, because the thickness value of the mem-
ber at any particular time is also a function of the two
parameters of the corrosion rate (A, B).

Reliability analysis can be performed by nu-
merical integration, simulation, or using approximate
methods such as first-order or second-order reliability
methods (FORM/SORM). Numerical integration is
not performed in this case because of the large dimen-
sion and the complexity of the problem. A sampling
method would be time consuming because of the small
probabilities involved in the analysis. The approximate
methods FORM and SORM are efficient methods,
and are known to provide sufficiently accurate results.
Reliability analysis is thus performed using FORM.
The theoretical description of this method is given in
many text books (Nowak, Collins 2000; Melchers 1999;
Achintya, Mahadevan 2000; Lemarie 2009).

4.2. Typical example characteristics

A hypothetical steel box girder bridge is employed to
demonstrate the application of the proposed procedure.

The bridge has a simple span of 20.0 m and two
lanes with traffic traveling in the same direction. The
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cross-section is shown in Figures 5 and 6. The three
steel box girders are made of carbon steel, and are
not protected against corrosion in a marine environ-
ment. The corrosion parameters A and B, the elastic-
ity modulus of the steel and the steel yield stress are
assumed to be lognormal variables. The mean values
and standard deviations are shown in Table 2, and the
coeflicient of correlation between A and B is -0.31. The
thicknesses of the deck and asphalt are 250 mm and
75 mm, respectively. The lifetime T of the structure is
set to 70 years.

The mean value and standard deviation of the de-
signed dead and live loads for each girder are calcu-
lated based on the specifications provided in Section 3.
These values for the dead and live loads are treated as
random variables in the limit state function developed

in Section 4.1.
cL

8400

2000

Fig. 5. Typical cross-section of a box girder bridge
(dimensions in mm)

= T 1
100
20 1000
—] —
S|

| ? 1000 |

Fig. 6. Dimensions (in mm) of the cross-section
of the box girder

Table 2. Values used in the calculations
(lognormal distributions)

Mean Standard deviation
n c
2.1x10° N/mm? | 2.1x10* N/mm?

Parameters

Modulus of elasticity

for steel, E

Yield stress in steel, o,| 350 N/mm? 35 N/mm?
Corrosion parameter, | 70.6x10~3 mm 46.6x1073 mm
A (A <200x1073 mm)

Corrosion parameter, 0.79 0.39

B(B<15)
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4.3. Results and appropriate strategies
for the maintenance of damaged girders

Reliability analysis was carried out to determine the
safety of existing steel box girder bridges damaged by
corrosion wastage. Figures 7 and 8 show the trends of
variation in reliability as the hypothetical bridge ages
for the interior and exterior girders, respectively. It can
be seen that the reliability of the corroded steel box is
significantly reduced as the bridge ages, and that after
a certain point the structural members of the girders
may need repair or renewal under the assumed corro-
sion scenarios.

From the reliability plots, it is possible to deter-
mine a) the time at which the corroded girders must
be repaired or renewed using an allowable reliability
for the safety of the structure, b) the reliability degra-
dation corresponding to the specified repair criteria,
and c) the corresponding ultimate strength and section
modulus for which the reliability analysis shows a risk
to bridge safety before and after repair or renewal.

Valid repair or renewal criteria are developed
based on the safety index degradation for box girder
collapse with time. If steel repair or the renewal of cor-
roded local members is carried out, then the reliability
level of the bridge girder increases immediately after
repair, although the trend of decreasing reliability with
age continues. Hence, a large jump in the reliability
index is observed after local member renewal or repair
due to corrosion degradation.

To determine the repair time, allowable reliability
(Target) is needed. The target reliability can be differ-
ent for primary and secondary components and simple
load path and multiple load path components, and fur-
ther depends on the time interval between inspections
(Nowak 2004). In this study, the target reliability is set
to 3.5 (Nowak, Szerszen 2000). This makes the earliest
repair time for corroded steel box girders around nine
and eight years for the interior and exterior girders, re-
spectively (Figures 7, 8). Once the age at which girder
safety may be at risk (less than the target value) has
been reached, the girder must be repaired or renewed.
There are various strategies for the repair or renewal
of corrosion-damaged steel box girders, but the sim-
plest and optimal method applicable should always be
selected. The usual manner of repair is to install addi-
tional plates with different thicknesses on the surface
of plate members with decreased thicknesses due to
corrosion damage. Here, only the bottom plate is re-
paired at each instance of repair.
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As it is only necessary to restore the bottom plate
to its primary thickness at each intervention, the side
plates and stiffeners are not repaired, and will thus be-
come thinner as the bridge ages. This means that the
ultimate steel box strength will be less than its earlier
strength. This trend can be seen in Figures 9 and 10 for
the interior and exterior girders, respectively, where
the maximum ultimate flexural resistance bending de-
creases as the bridge ages.

Although the ultimate moment strength after
each repair is less than that at the bridge’s earlier re-
pair state (because it is assumed that only the bottom
flange has been restore to the primary thickness and
the side plates and stiffeners will be corroded, and thus
the ultimate moment of the box will be less than in
its earlier state), the reliability index is more than the
target value as the bridge ages (Figures 7 and 8). The
maximum reliability values after each repair interven-

Interior girder

No repair

a

a

Reliability index

0 10 20 30 40 50 60 70
Bridge age (year)

Fig. 7. Variation in the reliability of the interior girder
of the bridge with age

----- Repair

Exterior girder No repair

e == S, v PN .

3 Target reliability = 3.5

Reliability index
S

0 10 20 30 40 50 60 70
Bridge age (year)

Fig. 8. Variation in the reliability of the exterior girder
of the bridge with age
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tion decrease as bridge ages, and a similar trend is
observed for the ultimate moment strength and sec-
tion modulus as shown in Figures 9-12. Figures 9-12
show that, unlike the maximum reliability indices and
section modulus, the reduction in the maximum ulti-
mate moment strength after each repair intervention
is remarkable. This trend can be attributed to the type
of repair assumed. As noted, although the thickness
of the bottom flange plate is restored to the primary
thickness at each repair intervention, the thicknesses
of the stiffeners and side plates continue to decrease,
and thus the ultimate strength also decreases.

Concluding remarks

The aim of the study reported here was to develop
and illustrate some important aspects of a reasona-
bly accurate procedure for assessing the ultimate
strength reliability level of corroded steel box girder

0.98+
0.96+
0.94+
0.92+

0.9

My Myo

0.88+
0.86+
0.84+
0.82+

0.8

0 10 20 30 40 50 60 70
Bridge age (year)

Fig. 9. Variation in the ultimate moment of the interior girder
of the bridge with age

0 10 20 30 40 50 60 70
Bridge age (year)

Fig. 10. Variation in the ultimate moment of the exterior
girder of the bridge with age
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bridges. A corrosion scenario for the cross-section of
stiffened steel box girders is developed based on avai-
lable statistical data on the corrosion rate for existing
bridges, and a model of a corrosion-damaged girder
cross-section is established. The probabilistic ultima-
te box strength model is based on the simple analyti-
cal formulation derived by Paik and Mansour (1995)
and formulated based on the AASHTO specifications.
The reliability level of the box girder is calculated by
using the first-order reliability method (FORM). As
an illustrative example, the procedure is applied to a
hypothetical corroded steel box girder bridge, and va-
rious potential applications of the method, such as in
the determination of inspection planning and renewal
criteria are discussed. The following conclusions can
be drawn.
1) The section modulus and ultimate strength of
corroded box girders decrease with time, but

————— Repair
No repair

0 10 20 3 4 50 6 70
Bridge age (year)

Fig. 11. Variation in the section modulus of the interior girder
of the bridge with age

0.984

0.96
0.94
0.92

0.9

SM/SM,

0.884
0.86
0.84
0.82

0.8 t t t t t t 1
0 10 20 30 40 50 60 70
Bridge age (year)
Fig. 12. Variation in the section modulus of the exterior girder
of the bridge with age
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the degree of change can be controlled through
the appropriate application of technology, ins-
pections and steel repair or renewal criteria.

2) Through the appropriate repair or renewal of
corroded local members, the ultimate strength
reliability of the box girder increases immedi-
ately after repair, although the repair interven-
tion does cause a small decrease in ultimate
strength.

3) The developed procedure may be useful for as-
sessing the ultimate strength reliability of aging
bridges, taking into account the degradation
of the primary member plates due to corro-
sion. The procedure can be applied to establish
effective maintenance strategies and minimize
the cost of bridge maintenance for specific ca-
ses involving corrosion.

4) Analysis based on reliability can be useful to
keep a steel box girder bridge within the ne-
cessary safety margin through optimized and
appropriate intervention. The proposed proce-
dure can be employed by practicing engineers
responsible for the maintenance and repair of
corrosion-damaged steel box girder bridges.
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Appendix A

Calculation of the ultimate compressive strength of a stiffened panel

The ultimate compressive strength of a stiffened panel can be estimated using the empirical formula in equa-

tion (4). Figure A shows a longitudinal stiffener section taken from a stiffened panel, where the length between

the transverse beams is , the spacing between the longitudinal stiffeners is b, the yield strength of the material

is o, and the Young’s modulus is E. The parameters used in equation (4) are defined as follows.

Stiffeners

a)

b) ]
—
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Fig. A. Stiffener cross-section: (a) Stiffened panel; (b) Longitudinal stiffener section with effective plating
(Paik, Thayamballi 1997)
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(a) Mean yield strength o, of the whole stiffened panel (when the material property of the stiffener differs
from that of the plate)

_ % +80y,
7 1+§&
where
- hit, +bt,
bt

Gy O, = the yield strength of the plating or stiffener.
(b) Sectional area ag:
a,=bt+ht, +bgt,.

(c) Height of the neutral axis from the base line of the plate Z:

2
l’;+hstl(t+hz$j+bst2(t+hs+t22j

as

Zy=

(d) Moment of inertia I:of one stiffener with fully effective plating

2 2
bt3 tY it hY bt t
I =—+bt| Zy—— | +—Ltht)| Zy—t——=| +=2+bty| Zy—t—h -2 .
ST [0 2] 12 ST 2 VR )

(e) Radius of gyration r of one stiffener with fully effective plating

(f) Plate slenderness ratio p:

_b S
B_t\/;'

(g) Column (stiffener) slenderness ratio A:

L
nr \ E

(h) Ultimate compressive strength

—0.5
o, /5, =(0.995+0.936A% +0.170B2 +0.188122 —0.0672.*)
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