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Abstract

Nowadays, reliability-based methods have been widely used for the safety and capacity rating of deteriorated and/or damaged bridges. This
paper is intended to suggest practical reliability-based assessment models and methods for the safety assessment and capacity rating of
various kinds of actual existing bridges. And the application of recently developed a new approach, called equivalent system-strength, for
reliability-based capacity rating is illustrated using the data obtained from actual bridges. This paper also summarizes various approaches to
reliability-based safety assessment and capacity rating, and investigates their application to various existing aged bridges. It will be
systematically shown that the proposed bridge reliability models and methods could be effectively used in practice for the safety assessment
and capacity rating of existing old bridges in conjunction with static and dynamic field load tests, nondestructive tests, and visual inspections.
Keywords: existing bridges, reliability methods, safety assessment, capacity rating
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1. Introduction

In many countries it is reported that a number of bridges are
seriously damaged mainly due to excessively overloaded heavy
freight vehicles and lack of proper maintenance. In order to ensure
the safe and reliable operation of bridges a reasonable and cost
effective maintenance technology is required. The optimal decision
on bridge maintenance and rehabilitation using the integrity
assessment involves tremendous economic and safety implication,
and heavily depends upon the assessment of reserve safety and load
carrying capacity. The reliability-based concept of structural
maintenance and rehabilitation for the possible extension of the
service life and assuring the structural safety of existing bridges is
very attractive. Much progress in the application of reliability
methods to the safety assessment has been made following the
application to limit state design code calibrations. Unlike design code
calibration, however, safety assessment and rating are more complex
decision processes that require the assessment of site-specific data. It
is no doubt that realistic safety assessment of existing bridges is a
challenging task.

For the realistic prediction of reserve safety and capacity of
redundant bridges it may be necessary to assess the safety and
capacity rating of actual large bridges based on system performance
and system reliability. However, it is still extremely difficult to
evaluate realistic reserve safety and load carrying capacity, especially
when bridges are highly redundant and deteriorated or damaged to a
significant degree.

This paper presents a practical system reliability-based approach
for the safety assessment and load carrying capacity evaluation of
various bridges, and emphasizes the model and approach of the
system reliability-based safety assessment and rating compared to
those of the element. These differences are illustrated through
numerical calculations in terms of the safety index and capacity
rating of the example bridges.

Moreover, since the precise prediction of reserved carrying
capacity of bridge as a system is extremely difficult, this paper
demonstrates recently developed approach called equivalent system-
strength (Cho et al., 1993) for the evaluation of reserved system
carrying capacity of bridges, which may be defined as a bridge
system-strength corresponding to the system reliability of the bridge.

2. Safety Assessment and Rating Methods for
Existing Bridge Structures

2.1. Conventional Approaches
Since many existing bridge structures are complex, it is a

challenging task to accurately assess the current condition of a
particular bridge. Researches on this subject have been intensified in
recent years because a number of new technologies are becoming
available. Many experienced researchers or expert engineers are
capable of assessing the condition of existing structures using
available documents, data from visual inspection, field and
laboratory testing, health or condition monitoring, and computational
structural analysis. In spite of the fact that the sensory and
measurement technologies have been highly developed, rational
strategies and established methods for structural safety assessment
and rating from measured data are still not available in practice,
especially in the case of complex and large bridge systems.
Moreover, at the time of assessing a bridge, there are many
uncertainties, particularly regarding materials, environmental effects
and loading. However, in general, the conventional safety assessment
and rating methods have been developed mainly based on design
rules, which is a process of trial and error through the years. The
volume of specifications, standard, and codes is increasing, with only
slow improvement in the assessment application. Therefore, so far
conventional approaches which are largely based on the WSR
(Working Stress Rating) or LFR (Load Factor Rating) criterions have
failed in the assessment and rating of actual bridge systems because
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they have been usually performed without properly considering
various uncertainties involved in environmental loading effects,
degree of deterioration or damage of existing bridge structures.
Namely, the conventional capacity rating of a bridge does not
systematically take into account any information on the uncertainties
of strength and loading, the degree of damage or deterioration and
the characteristics of actual response to the specific bridge to be rated.

2.2. Reliability-based Approaches
Due to rapid developments in the theory of structural reliability for

the past two decades, the reliability-based methods are becoming a
powerful tool for analysis, design, and assessment of engineering
systems in practice. However, it is still not so advanced as it would
be desirable and also needed. Nevertheless, the methodology has
disseminated into various areas (Schuëller, 1997; Sundararajan et al.,
1995): for example, reliability analysis of special type structures such
as nuclear power plant, pressure vessels and piping, aircraft
structures, offshore structures, etc.; codified design (EUROCODE,
LRFD, etc.) of general type structures; and optimum structural
design. And it is also used in the reliability assessment of existing
structures (Cho et al., 1993; Farhey et al., 1997), re-qualification
procedures, system identification and structural control, stochastic
dynamics, life prediction, and risk studies, etc.

In the safety evaluation and capacity rating of bridges system
performance and system reliability are very important for the realistic
prediction of residual carrying capacity of highly redundant bridge
system. Recently, some practical system reliability models and
methods for girder bridges have been suggested with the emphasis
on the system-level reliability rather than the element level (Nowak,
1995; Tabsh and Nowak, 1991). Also some practical approaches for
reliability-based safety assessment and capacity rating have been made
by (Cho, 1996; Cho et al., 1998; Cho et al., 1997; Cho et al., 2001).

Based on the experiences in the various types of bridges, it may be
argued that the available conventional methods for safety assessment
and capacity rating of bridges provide in most cases nothing but
notional results which are no better than an expert’s guess. As
expected, the reliability-based approach renders rational and realistic
results, which are consistent in most cases with the actual condition
of the bridges in question and with the results of visual inspection,
nondestructive tests (NDTs) and field load tests.

2.3. Reliability Assessment of Actual Bridges
Table 1 shows a summary of various types of actual bridges, that

had been assessed. As listed in the Table 1, most of the bridge
assessment projects were carried out based on an extensive array of
field investigations such as static and dynamic load tests, NDTs as

well as close-up visual inspections. Moreover, the safety and
carrying capacity of the bridges have been evaluated by the methods
based on both the reliability-based and conventional approaches for
comparison. For each bridge assessment, therefore, a comparison
was made in order to demonstrate the rationality and applicability of
the reliability-based approach.

3. Reliability-based Safety Assessment Models and
Methods

Reliability methods can be effectively used for evaluating the
condition of existing bridge structures. The study of structural
reliability is concerned with the calculation and prediction of the
probability of limit state violation for an engineered structural system
at any stage during its life. In particular, the study of structural safety
is concerned with the violation of the ultimate limit state for the
structures. Limit state models have to be defined for each limit state.
This might include limit state for bending strength, shear strength,
local buckling, lateral buckling, fatigue, corrosion, etc. Various
effective reliability methods can be applied to evaluate the structural
reliability for these failure limit states.

3.1. Limit State Models
3.1.1. Strength Limit State Models for Various Types of Bridges
Based on the bridge assessment with actual applications as shown

in Table 1, strength limit state models for various types of bridges are
briefly presented. These models may be used in practice as effective
tools for the reliability and reliability-based capacity rating of any
type of bridges with the various dominant limit state failures.
Moreover, the proposed limit states for various failure modes can be
used to predict more realistic reserve safety and capacity of
deteriorated and/or damaged bridges.

(1) Strength Limit State Model for RC Box Girder Bridges:
The linear strength limit state model at the element level for RC

box girder bridges as shown in Eq. (1) is dominantly used for the
basic bending and shear when single dominant failure mode is
considered.

(1)

where R is true resistance; and Qi is i-th load effect.
A realistic safety assessment or rating of existing bridges requires a

rational determination of the degree of deterioration or damage.
Therefore, the true resistance R in Eq. (1) must incorporates some
random variables to reflect such deterioration/damage and the

g .( ) R Qi∑–=

Table 1. Statistics of the Bridge Assessment Conducted by the Author

Assessment RC
T-Beam

RC
Slab

PSC
Beam

RC Box
Girder

Segmental PSC
Box Girder Steel Truss

Steel I-Beam
& Plate 
Girder

Steel Box
Girder

Steel
Cable-Stayed

Diagnosis 8 7 11 2 3 2 15 6 1

Inspection 7 7 10 2 2 2 14 6 1

NDT 7 7 10 2 2 2 13 6 1

Static/Dynamic Load Test 6 6 4 2 2 1 12 4 1

Rating 6 6 4 2 2 1 12 4 1

Element Reliability 7 5 4 2 3 1 12 4 1

System Reliability 1 0 1 1 0 0 5 2 1
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underlying uncertainties. SI techniques may be used for the precise
evaluation of damage factor, DF. However, in lieu of such elaborate
techniques as SI, the resistance of the deteriorated or damaged
members is made to be estimated on the basis of visual inspection
and/or various in-situ nondestructive tests, supplemented with the
engineering judgment in case of short span bridges. Then, the true
resistance R such as moment may be modeled as follows:

(2)

where MR is nominal moment strength specified in the code; NM is
the correction factor adjusting any bias and incorporating the
uncertainties involved in the assessment of Mn and DF (=MFPD), in
which, M is material strength uncertainties; F is fabrication and
constructions uncertainties; P is prediction and modeling
uncertainties; D is the uncertainties involved in the assessment of
damages and/or deterioration; and DF is damage factor, which is the
ratio of current stiffness KD to the intact stiffness KI i.e., KD/KI, or
approximately that of the fundamental natural frequency of the
damaged ωD to the intact one ωI i.e., ωD

2 /ωI
2 in case of simple

bridges.
It may be noted that the nominal moment strength Mn specified in

the code becomes either yield moment My in case of tension failure
or buckling moment Mcr in case of compression failure.

Also, true applied moments may be expressed in terms of
respective random variables as follows:

(3a)
(3b)

where mD, mL are the influence coefficients of moment for dead and
truck loads, respectively; Dn, Ln are the nominal dead and truck loads,
respectively; K is the response ratio (=Ks(1+I)); and ND, NL are the
correction factors(=AQ), in which, Ks is the ratio of the measured
stress to the calculated stress; I is the impact factor; A is response
random variables corresponding to dead or truck load; and Q is
random variable representing the uncertainties involved in dead or
live loads.

(2) Strength Limit State Model for PSC Girder Railway Bridges:
Similarly, for PSC girder railway bridges the same model at the

element level as shown in Eq. (1) can be used for the limit state of
bending, shear, and torsion when single failure mode is considered.

However, the CEB model code (Thürlimann, 1979a, 1979b)
requires 3-mode interaction equations for shear and torsional design
of concrete bridges derived from space truss analogy for members
subjected to bending, shear, and torsion. When the strength limit state
in terms of the interactive combined load effects has to be
considered, a nonlinear limit state model expressed as an implicit
function may be suggested as follows (Cho et al., 1998):

Mode 1:

(4a)

Mode 2:

(4b)

Mode 3:  

(4c)

where MR, VR, TR = true plastic bending, shear, torsion strength of
girder, respectively; MD, VD, TD = actual vending moment, shear
force, and torsion due to dead load, respectively; ML, VL, TL = actual
bending moment, shear force, and torsion due to live load,
respectively; Fyu, Fyl = yielding force of the half of the upper and
lower stringer, respectively; ρb, ρT, ρM = perimeter ratio of bottom and
top deck; H = depth of shear wall (distance between the longitudinal
reinforcements enclosed by the stirrups); u = perimeter connecting
the longitudinal stringers of the cross section.

(3) Strength Limit State Model for Combined Bending & Shear
Stress of Steel Box Girders:

When the interaction type of combined failure limit state function
needs to be considered, the interaction stress or strength failure limit
state in terms of bending, shear and torsion may be used in the form
of the code specified interaction equation without applying the safety
factors. The interaction failure criteria specified in both Korean
Standard Bridge Codes are based on the Maximum distortion energy
theory. Thus, the nonlinear limit state function may be stated as
follows (Cho, 1999):

(5)

where σR, τR are ultimate bending and shear stress, respectively; σD,
σL are bending stress due to dead and live loads, respectively; and τD,
τL are shear stress due to dead and live loads, respectively.

Also, σR and τR may be given as follows:

(6a)

(6b)

where σn, τn are nominal ultimate bending and shear stress specified
in the code, respectively; Nσ, Nτ are correction factors; and DF is
damage factor.

Again, σD, σL, τD and τL may be expressed, respectively, as, 

(7a)

(7b)

(7c)

(7d)

where Dn, Ln are nominal dead and live loads, respectively; , ,
,  are the influence coefficients of bending and shear stress for

dead and live loads, respectively; NDσ, NLσ, NDτ, NLτ are correction
factors.

3.1.2. Fatigue Limit State Model
In the case of steel girder bridges, the fatigue fracture limit state

may be dominant over any other limit states. Therefore, for the
evaluation of the fatigue reliability and remaining fatigue life or

R MR MnNMDF= =

MD mDDnND=
ML mLLnKNL=

g .( ) 1 Fyu

Fyl
------- ρB

TD TL+
TR

----------------⎝ ⎠
⎛ ⎞

2 VD VL+
VR

-----------------⎝ ⎠
⎛ ⎞

2

+
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⎨ ⎬
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MR
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fatigue fracture risk of steel bridges, a simple fatigue reliability
model was applied (Cho et al., 2001).

In the conventional S-N approach, the fatigue failure probability is
used as the measure of the fatigue failure risk for the more rational
assessment of the bridge collapse cause. Then, the fatigue failure
probability PF may be approximately evaluated by the following
formula proposed by the Ang-Munse (Cho et al., 2001) well suited
for practical applications: 

 (8)

where Yr = expected fatigue life(year); Γ ( .) = Gamma function; ΩN =
C.O.V. of the fatigue life which is chosen as 0.74 by Ang-Munse in
the paper; RN(n) = reliability level at fatigue cycles n; and FN(n) =
risk function equal to 1-RN(n) with respect to fatigue cycles n in
terms of CDF(cumulative distribution function).

In the linear elastic fracture mechanics (LEFM) reliability
approach, Zhao and Haldar (1994) developed a fracture reliability
model considering crack growth. The limit state function of the
model can be derived as follows:

(9)

All the basic uncertainties of the random variables of resistance
and load effects described above can be obtained from data available
in the literature (Ellingwood, 1980). However, these basic
uncertainties should be updated or improved based on the site
specific information such as visual inspections, measurements,
NDTs, etc.

3.1.3. Mechanism Failure Limit State Model
The system reliability of bridges is formulated as a parallel-series

model obtained from the FMA(Failure Mode Approach) based on
the major failure mechanisms. For instance, for a system reliability
analysis of steel box-girders, it can be assumed that the system
failure state of box-girder bridge may be defined as the realization of
collapse mechanism of major girders with or without considering the
contribution of deck and cross beams. For this approach, an
assumption is also made for the modeling of limit state such that
approximate pseudo-mechanism analysis is possible by taking the
critical buckling moment in compression failure zone or the yield
moment in tension failure zone as the ultimate moment of box-girder
section. In this study, the system modeling of steel box-girder super-
structure is formulated as parallel (mechanism)-series models obtained
from the FMA based on major failure mechanisms. The system
modeling of steel box-girder bridge can be made either by
considering or neglecting the contribution of cross beams to ultimate
strength of mechanisms. Similarly, for RC and PSC box-girders, it
can be assumed that in the case of bending failure modes, the system-
failure state of box-girder bridge may be defined as the realization of
collapse mechanism of major girders with or without considering the
contribution of slabs and diaphragms, whereas in the case of shear-
failure modes, the system failure is defined as the realization of the
shear failure of all the webs at each negative critical sections of box-
girder near supports. Thus, the system reliability of the bending or
shear limit state of box-girder superstructure may be, respectively,
formulated as parallel (mechanism)-series models obtained from the

FMA based on major failure mechanisms.
For the system reliability analysis based on the collapse (or

pseudo) mechanism of box girder bridges, the following limit state of
failure mechanisms may have to be used (Cho et al., 1993) .

(10)

where MRij is moment strength of j-th section in i-th mechanism; SDik,
SLik are applied dead and live load effects of k-th loading in i-th
failure mechanism, respectively; and cij, bDik, bLik are coefficients that
describe a collapse mode, respectively.

3.2. Reliability Methods
3.2.1. Reliability Models for Bridge Structures
Realistic reliability assessment of existing bridges may not be an

easy problem because, in most case, it depends upon various
sensitive uncertainty parameters and errors associated with models
and methods. This apparently implies the most efficient reliability
models and methods for each different type of bridges should be
identified and developed for practical application. This paper
employs practical and efficient models and methods for reliability
assessment of various types of bridges.

It is important that the development of methods to efficiently and
accurately quantify the reliability of bridge components and systems
under static and dynamic loading including the effects of structural
deterioration and/or damage. The safety of an existing bridge
structure may be rated on the basis of specified target reliability. This
requires the evaluation of either the element reliability or the system
reliability of the bridge. Obviously, the failure of a single element or
member does not constitute a system failure of highly redundant
bridge system. As such, the collapse failure of a bridge-system is
significantly different from element failures. The element reliability
must be evaluated based on a dominant limit state from the various
limit state models shown in Eqs. (1)~(10). However, the system
reliability is obviously more desirable for realistic safety assessment
(Bruneau, 1992; Fu and Moses, 1989; Tabsh and Nowak, 1991). For
the more precise assessment of deteriorated and/or damaged bridges
in critical conditions, the system reliability models must be used
based on a practical and rational approach with limit states as
strength, mechanism or fatigue fracture.

In the case of the strength limit state, the realization of collapse
failure of an existing bridge may be defined as the limit state of
system performance. Various descriptions for system failure or
system resistance are possible based on either theoretical or practical
approaches.

For the fatigue system reliability analysis of a steel bridge,
theoretical formulation for the identification of all the system failure
modes is extremely difficult. In this case an upper bound modeling
may be desirable in practice by assuming that the failures of 2-3
adjacent critical details may trigger the system failure and that thus
may be defined as the approximate system failure for the fatigue
reliability analysis. Moreover, if one is concerned with the in-service
fatigue reliability, it may also be possible to assume that the failure of
a critical detail requires an immediate repair of the bridge when the
first crack is observed. Then, the fatigue reliability of a steel bridge
may be approximated by a series system, which drastically reduces
the computational effort.

3.2.2. Element Level Reliability Analysis
The structural reliability may be numerically evaluated by the

PF FN n( ) 1 RN n( )–= =

=1 365 ADTT× Yr×
n

----------------------------------------Γ 1 ΩN
1.08+( )ΩN

1.08

–exp–

g .( ) da
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∫ C 2
π
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Γ m
2
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failure probability, PF. However, for the application in practice, the
relative reserve safety of a structural element or system may be best
represented by the corresponding safety index β = -φ −1(PF), where
φ −1 is inverse of the standard normal distribution function.

Various available numerical methods, appropriate methods for the
limit state models were applied to the reliability analysis of bridges at
either the element or the system level. In this paper, for the evaluation
of element reliability, the advanced first order second moment
(AFOSM) method usually with the Rackwitz-Fiessler (1978) normal
tail approximation for non-Gaussian independent variates and with
direct iteration for correlated variates is used for the element limit
state function. Also, an improved IST algorithm (Cho and Kim,
1991) is used for the evaluation of the element reliability with
combined interaction failure limit states as well as of the system
reliability with the FMA modeling.

3.2.3. Practical System Reliability Assessment
The failure of a single element or a member does not constitute a

system failure of highly redundant bridge system because the
collapse failure of a bridge-system is significantly different from
element failures. The realization of collapse failure state of an
existing bridge may be defined as the limit state of system
performance (Bruneau, 1992). Various descriptions for system
failure or system resistance are possible based on either theoretical or
practical approaches. Tabsh and Nowak (1991) defined the system
failure of girder type bridges as the attainment of either a prescribed
large amount of permanent deformation or unstable singular system
stiffness matrix, for which they used an incremental nonlinear
analysis with grid models of girder bridges. In this study, for a
practical evaluation of the system reliability without involving
extensive nonlinear structural analyses, the system failure state of a
girder bridge may be defined as the realization of collapse
mechanism of major girders. For this approach, an assumption is also
made for the modeling of limit state such that an approximate
pseudo-mechanism analysis in the limit state form as shown in Eq.
(10) is possible by taking the critical buckling moment in
compression failure zone or the yield moment in tension failure zone
as the ultimate moment of box-girder sections. The system reliability
problem of bridge superstructures can then be formulated as parallel
(mechanism)-series models obtained from the FMA-based on
dominant failure mechanisms. Also, for the system reliability analysis
of high redundant bridge system the event tree analysis (ETA) model
can be effectively applied by considering the major failure paths
including combined failures of bridge components.

In most applications, all the uncertainties of the basic random
variables of resistance and load effects to conduct the bridge
reliability analysis may be obtained partly from data available in
Korea and partly from some similar uncertainty data in the literature
(Bruneau, 1992; Cho et al., 2001; Nowak, 1995; Nowak, 1990;
Rackwitz, 1978; Tabsh and Nowak, 1991).

3.3. Safety Assessment
Fu (1989) and Cho and Ang (1989) have suggested that the

reliability index be used as a rating criterion, as shown in Table 2, to
predict a realistic reserve safety by incorporating actual bridge
conditions and uncertainties. The reliability index β at either the
element level (βe) or the system level (βs) may be used as a safety
rating criterion. For instance, safety rating criterion in terms of β was
often used in the application of bridge rating as a guide for safety
assessment of actual existing bridges for maintenance purposes.

The nominal safety factor n' was also invariably used as a safety
measure in the safety assessment of actual bridges. The uncertainty-
based safety factor n' can be expressed in the following form
corresponding to the FOSM reliability index β evaluated by a
reliability analysis:

(11)

where ηR, ηQ are the mean-nominal ratio of resistance R and load
effect Q, respectively; and ΩR, ΩQ are the coefficient of variation
(COV) of resistance and load effects, respectively. 

It may be stated that the uncertainty-based nominal safety factor n'
should be distinguished from the conventional safety factor n(=Rn /
Qmax or σR /σmax), which is traditionally used as the notional safety in
engineering practice. In this paper, the nominal safety factor n' is
used as a rational concept of structural safety together with the safety
index β in practice.

4. Capacity Rating Methods for Existing Bridges

An interaction-type rating formula is presented for the codified
rating at the element level. For more realistic capacity rating utilizing
the reserve safety of redundant bridge such as box-girder bridges, the
system reliability index is used as a β-rating criterion. In addition, it
is also demonstrated that a practical and rational approach for the
evaluation of reserve system carrying capacity - system rating load
(Pns) or rating factor (RF) - in the form of the equivalent system-
strength proposed by Cho et al. (1993), which is derived based on the
inverse fitting of the conceptual FOSM form of system reliability
index. For a comparative study with the codified load and resistance
factor rating (LRFR) criteria previously developed by Cho and Ang
(1989), the LRFR criteria is also given herein.

Various types of the rating equations shown in the following
sections have been developed for the capacity rating of steel bridges.
Based on experiences with the extensive applications, it may be
positively stated that the reliability-based safety and capacity
evaluation methods presented in the paper are far more realistic and
rational than the conventional methods.

4.1. Codified Capacity Rating
The current practice for the bridge capacity rating in Korea is

primarily based on the conventional WSR because most engineers
still prefer to use the working stress concept in design and capacity
rating. Noting that the RF is defined as a ratio of the actual reserve
load carrying capacity, Pn, to the standard rating or design load, Pr,
the WSR has many serious drawbacks as a tool for realistic bridge
capacity rating, because it does not systematically take into account

n′
ηQ

ηR
------ β ΩR

2 ΩQ
2+( )( )exp=

Table 2. Safety Rating Criterion [28]

β-criterion Capacity Maintenance

β ≥ βo Normal (Safe) Regular visual inspection

2.0 ≤ β < βo
Limited (SLR & MOR

to be evaluated)
Repair with weight-limit

to be posted

1.0 ≤ β < 2.0
Seriously limited

(SLR & MOR to be
evaluated)

Repair, rehabilitation with
weight limit to be posted

β < 1.0 Completely lost Strengthening or replacement

*Target reliability βo = 3.0 for the SLR(Service Load Rating), 2.0 for the
MOR(Maximum Overload Rating)
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any information on the degree of deterioration or damage and the
uncertainties specific to the bridge to be rated. In order to remove
some of the above drawbacks of the conventional WSR equation,
instead, an improved advanced working stress rating (AWSR) was
often used in the bridge capacity rating. As a rational alternative to
the conventional WSR method, a reliability-based LRFR criterion
incorporating the response factor K and damage factor DF of the
bridge was developed and used for more realistic and consistent
assessment of the safety and capacity of a bridge by Cho and Ang
(1989).

(1) LRFR for strength limit states:

(12)

in the Eq. (12), Rn is nominal strength specified in the code; DF is
damage factor; Dn is nominal dead load; cD, cL are the influence
coefficients of dead and live load effects; Pr is the standard design or
rating load; and  are the nominal resistance, dead and live
load factors, respectively. 

(2) LRFR for combined strength limit states:
Since combined load effects of compression and bending can not

be evaluated in the conventional WSR, LFR and LRFR formula, an
improved LRFR criterion is proposed based on the code-specified
LRFD interaction Eq. (1) considering axial and bending effects for
more precise capacity rating of steel bridges. It may be seen as
follows (Cho et al.,1997):

For Pu ≥ 0.2φPn

(13a)

For Pu < 0.2φPn

(13b)

where Pd, Pl are nominal compressive forces due to dead and live
load effects, respectively; Pcr is compressive buckling strength; Md,
Ml are nominal bending moment due to dead and live load effects,
respectively; Mn is nominal bending strength; ,  are strength
reduction factor for compression and bending; ,  are dead and
live load factors, respectively, which should be calibrated but can be
used in practice as the values specified in the code; Kc, Kb are
response ratio for compressive and for bending stress, respectively;
and DFc, DFb are damage factors for the compression and bending,
respectively. Note that the rating factor RF can be easily obtained by
solving Eq. (13) for the RF.

4.2. Non-codified Equivalent-capacity Rating
An analytical prediction of the reserve load carrying capacity of an

aged bridge as a system is almost impossible in general. Even a
numerical evaluation is quite difficult particularly when the structure
is highly redundant and significantly deteriorated and/or damaged.
Therefore, Cho (1993) proposed a practical and rational approach for
the evaluation of realistic load carrying capacity of existing bridges
as a system in terms of the equivalent system strength. In this paper,
the key concept of non-codified equivalent-capacity rating is simply
described for convenience.

The system reliability index βs may be conceptually expressed as
the ln-ln model of the FOSM form of second moment reliability

methods in the following way:

(14)

where  is mean system resistance; and  is mean system load
effects; and ΩRs, ΩQs are the COV of system resistance and load
effects. Then, noting that mean system load effects  may be
expressed in terms of system mean dead and live load effects
( = Pns+ Dn in which ,  are average unit system mean
dead and live load effects, respectively, Dn is nominal dead load
effects). 

Therefore, Eq. (14) may be solved for Pns as follows: 

Pns = ZmEXP(−βsΩs)−ηsDn (15)

where Zm is a parameter that conceptually represents the mean
resistance safety ratio ( ; Ωs is parameter that conceptually
represents the system uncertainties (= ); and ηs is ratio of
unit system mean dead and live load effects(= ). The
relationship between Pns and βs can be represented by the exponential
curve corresponding to Eq. (15).

Thus, the unknown parameters Zm and Ωs can be evaluated when
the two distinct rating points (PR1, βs1), (PR2, βs2) are substituted into
Eq. (18). Note that these may be obtained as the system reliability
indices βs1 and βs2 corresponding to the upper and lower standard
rating load PR1 and PR2, respectively. Thus, Eq. (15) becomes:

(16a)

(16b)

The system reliability-based capacity evaluation in the paper may
be conceptually represented in the Fig. 1.

From Eqs. (16a) and (16b) the parameters Zm and Ωs can be
derived as follows:

(17)

(18)

where ∆β = βs1 -  βs2 .
Finally, substituting Eq. (17) and Eq. (18) into Eq. (15), Pns may be

derived in the following form:

Pn
φ′DFRn γ ′D cDDn–

γ ′L cLK
---------------------------------------=   , RF Pn

Pr
-----=

φ′ γ ′D γ ′L, ,

γ ′d Pd γ ′l PlKcRF+
φPnDFc

----------------------------------------- 8
9
--- γ ′d Md γ ′l MlKbRF+

φ ′b DFbMn
--------------------------------------------⎝ ⎠

⎛ ⎞ 1=+

γ ′d Pd γ ′l PlKcRF+
2φPnDFc

----------------------------------------- γ ′d Md γ ′l MlKbRF+
φ ′b DFbMn

--------------------------------------------⎝ ⎠
⎛ ⎞ 1=+

φ ′c φ ′b
γ ′d γ ′l

βs
Rs Qs⁄( )ln

ΩRs
2 ΩQs

2+
--------------------------≅

Rs Qs 

Qs 

Qs cLs cDs cLs cDs

Rs cLs⁄( )
ΩRs

2 ΩQs
2+

cDs cLs ⁄

PR1 zmEXP Ωsβs1–( ) ηs– Dn=

PR2 zmEXP Ωsβs2–( ) ηs– Dn=

Zm
PR2 ηsDn+( )

βs1

PR1 ηsDn+( )βs2
---------------------------------

1
∆β
-------

=

Ωs
1

∆β
------- PR1 ηsDn+

PR2 ηsDn+
------------------------⎝ ⎠

⎛ ⎞ln–=

Fig. 1. βs versus Pn
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(19)

where Pns is nominal equivalent system-strength; PR1, PR2 are upper
and lower rating loads, respectively; ∆βs1 = βs1 - βso and ∆βs2 = βs2 -
βso, in which βs1, βs2 are system reliability corresponding to PR1 and
PR2, respectively; and βso is target reliability.

Hence, system reliability-based load carrying capacity may be
evaluated in terms of equivalent system-strength either by curve
fitting on the Fig. 1 or by the calculating formula in Eq. (19). Also for
the capacity rating at the element level with implicit or interactive
limit state, it may be noted that the similar concept can be applied to
the derivation of the equivalent element-strength, Pne.

5. Applications

In order to demonstrate the applicability of the proposed models
and methods for reliability-based safety assessment, rating, and
system redundancy evaluation of existing bridges, some real
applications are demonstrated, and the results are briefly presented

and comparatively discussed with conventional methods.

5.1. Safety Assessment and Rating of Existing Bridges
In the last 10 years, the safety assessments and ratings of a number

of short and medium span bridges of various types such as RC T-
beam, RC slab, RC box girder, PSC beam, steel I-beam, plate
girders, steel box girder, and steel truss bridges were carried out
based on inspections, NDTs and systematic static/dynamic field load
tests. The general information and response test data of the selected
existing bridges are presented in Table 3~4 and some of the essential
results of safety evaluation and capacities rating for some of those
bridges are summarized in Table 5~6.

As shown in Table 4, it may be found that the reliabilities
(βe=0.61~2.83) for most of the short and medium span bridges are
lower than the target reliability (βo=3.0 for SLR). These results are
consistent with the current condition of short span bridges seriously
deteriorated and/or damaged, which may be attributed to the heavy
truck traffic beyond the design load. As it can also be seen in Table 5,
in the case of steel I-beam bridges, reliability indices at the system
level (βs=2.16, 3.00, respectively) is significantly higher than those at

Pns
PR2 ηsDn+( )∆βs1 ∆βso⁄

PR1 ηsDn+( )∆βs2 ∆βso⁄
--------------------------------------------ηsDn=

Table 4. Test Response Data of the Bridges

Bridge Type Bridge Name Rating Load Design Load DF K 1+I Fundament
frequency (Hz)

RC T-Beam Kyo-pyung DB24 DB13.5 0.78 0.98 1.12 11.5

Seo-si DB24 DB18 0.41 0.69 1.23 6.5

RC Slab Taeha-pum DB24 DB18 0.7 2.1 1.15 8.6

Hyun-bang DB24 DB24 0.8 1.11 1.11 10.5

RC Box Sum-jin DB24 DB24 0.7 0.77 1.23 2.7

Sa-su II DB24 DB24 0.8 1.0 1.31 2.9

PSC Beam San-jung DB24 DB18 0.99 0.90 1.17 7.8

Won-hyo IC DB24 DB18 0.71 1.24 1.27 3.0

Steel I-Beam Kum-chuck DB24 DB18 0.94 0.53 1.37 6.4

Shin-duck DB24 DB24 0.77 0.88 1.07 9.0

Steel Box Ham-an DB24 DB24 1.0 0.68 1.24 3.1

Sang-ill DB24 DB24 1.0 0.48 1.21 2.8

Note: Values are obtained by applying Korean Standard Design Truck Load DB-18 equivalent to AASHTO HS-20, and values in parentheses are obtained by
applying Korean Standard Design Truck Load DB-24 equivalent to 1.33times of AASHTO HS-20.

Table 3. The General Information of Selected Existing Bridges

Bridge Type Bridge Name Span Length (m) No. of Girder Girder Spacing (m) Girder Depth (m)

RC T-Beam Kyo-pyung 12 4 2.1 1.0

Seo-si 12 6 1.8 1.1

RC Slab Taeha-pum 10 1 - 0.5

Hyun-bang 11 1 - 0.5

RC Box Sum-jin 34 3 3.40 2.20

Sa-su II 35 1 - 2.40

PSC Beam San-jung 20.5 5 1.8 1.4

Won-hyo IC 30 6 2.0 2.2

Steel I-Beam Kum-chuck 15 5 2.1 1.5

Shin-duck 12 5 1.3 0.8

Steel Box Ham-an 35 2 5.0 1.7

Sang-ill 45.5 4 6.9 1.9
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the element level (βe=1.60, 2.17, respectively) mainly due to the
redundancy provided by multiple girders and cross beams. These
observations suggest that system effects may have to be considered
in practice for the assessment of residual safety or carrying capacity
of redundant bridges in particular.

As mentioned above, the system reliability indices (βs = 4.86, 5.20,
respectively) of steel box girder bridges as shown in Table 5 are
considerably higher than the element reliability indices (βe = 2.83,
4.22, respectively). Based on experiences with the bridge reliability,
it may be positively stated that the system reliability should be
considered for more precise assessment of the reserve system safety
and load carrying capacity of box girder bridges.

It may also be seen in Fig. 2 that the results of nominal safety
factor n' based on the reliability index are more reasonable than those
of conventional safety factor n that provides only pure notional
values with unreasonable fluctuation. Moreover, it may be realized
that the results of the WSR, the stress rating (SR) and the LRFR
comparatively shown in Table 6 are significantly different in some
bridges such as Won-hyo IC, which may again indicate that the WSR
cannot realistically predict the bridge capacity but rather provide
pure notional results. On the contrary, it can be observed that the

results of the reliability evaluation and the LRFR are reasonably
compatible and invariably consistent especially when the bridges are
deteriorated and/or damaged. It is observed that the results of
codified rating methods show somewhat diverse tendency mainly
due to damage effects, bridge response and some inherent differences
in the parameters of the rating methods. However, it may be admitted
that the LRFR methods in general provide more rational results
consistent with actual bridge conditions.

It is also interesting to observe that the codified rating results of
Sumjin Bridge, one of the RC box girder bridges listed in the Table 6,
have zero values which apparently means that the carrying-capacity
of the bridge is completely lost, and which is somewhat consistent
with extensive surface cracks due to the critical shear failure of box
webs. But at the system level the residual capacity is comparatively
high because the failure of a single element or member does not
constitute a system collapse of redundant structures as most box
girders have cross beams, bracings, diaphragms and deck stiffness.
Thus, it may be concluded that the system reliability-based approach
is essential to predict residual capacity, especially in the case of
seriously damaged or deteriorated redundant bridges.

Moreover, the results evaluated by the capacity rating method
based on the system (or element) reliability-based, so-called non-
codified capacity rating method, are also listed in Table 6. The
method could be very effective in practice in the case of highly
redundant bridges such as steel box girders multi-cellular RC box
girders. As it can be seen in Table 6, since the non-codified rating
results at the element level are compatibly consistent with those of
the LRFR and the element reliability, the equivalent system capacity
rating corresponding to the system reliability index should provide
more reasonable results.

5.2. Sensitivity of Parameters and Uncertainties
In order to identify sensitive parameters and uncertainties in the

bridge reliability, sensitivity analyses were performed for RC T-beam
and steel I-beam bridges. Results of the sensitivity analyses for the
parameters that greatly influence the reliability and capacity of
bridges, such as the mean-nominal ratio for load and resistance,
damage factor DF, response ratio K, the COV’s for load and
resistance, are given in Fig. 3. It can be seen in Fig. 3 that the major
parameters such as the mean-nominal ratio, damage factor, and
response ratio are considerably more sensitive compared with the
COV’s. Based on the observation, it may be stated that for more
realistic and precise reliability and capacity rating, the mean-nominal
ratio, damage factor, and response ratio should be estimated more
carefully than the COV.

Table 5. Reliability Index and Safety Factor of the Bridges

Bridge
Type

Bridge
Name βe βs

Nominal
safety factor

(n')

Conventional
safety factor

(n)

RC T-Beam Kyo-pyung 0.61 - 1.17 1.57

Seo-si 2.02 - 1.67 3.76

RC Slab Taeha-pum 1.26 - 1.31 3.66

Hyun-bang 2.41 - 1.72 2.44

RC Box Sum-jin 1.34 1.80 1.29 1.32

Sa-su II 1.75 - 1.67 2.22

PSC Beam San-jung 1.54 - 1.41 1.48

Won-hyo IC 3.68 - 2.37 4.13

Steel I-Beam Kum-chuck 1.60 2.16 1.51 1.34

Shin-duck 2.17 3.00 1.89 2.34

Steel Box Ham-an 4.22 5.20 2.43 4.61

Sang-ill 2.83 4.86 1.70 2.14

Table 6. Rating Factor of the Bridges

Bridge
Type

Bridge
Name WSR SR LRFR Non-Codified

(Element)
Non-Codified

(System)

RC T-Beam Kyo-pyung 0.17 - 0.33 - -

Seo-si 0.55 - 0.86 - -

RC Slab Taeha-pum 0.63 - 0.53 - -

Hyun-bang 0.68 - 0.77 - -

RC Box Sum-jin 0.00 0.94 0.00 0.11 0.37

Sa-su II 0.08 - 0.39 - -

PSC Beam San-jung 1.08 - 0.64 - -

Won-hyo IC 0.23 1.61 1.32 - -

Steel I-Beam Kum-chuck 1.35 0.59 0.67 - -

Shin-duck 0.91 0.76 0.80 - -

Steel Box Ham-an 4.50 2.83 3.41 3.41 4.28

Sang-ill 3.49 2.42 2.53 2.21 3.26

Fig. 2. Comparisons between Nominal and Conventional Safety Factors
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6. Concluding Remarks

This paper is intended to suggest practical reliability-based
assessment models and methods for the safety assessment and
capacity rating of various kinds of actual existing bridges. Moreover,
the application of recently developed a new approach, called
equivalent system-strength, for reliability-based capacity rating is
illustrated using the data obtained from actual bridges. This paper
also summarizes various approaches to reliability-based safety
assessment and capacity rating, and investigates their application to
various existing aged bridges.

Based on the observations made in many bridge assessment
researches and projects related to the proposed safety assessment and
rating methods, the following remarks can be made:

(1) Reliability methods for both safety assessment and rating are
important and should be utilized in practice especially for
bridge structures. Based on extensive applications to the
various types of real bridges, it may be concluded that the
reliability-based safety and capacity evaluation methods
suggested in the paper provide more realistic assessment than
the conventional methods and can be a valuable tool in
practice.

(2) Though, in the last five decades, many structural reliability
methods have been developed, it still needs more experimental
verifications and/or further improvement of these methods
based on extensive experiment and field test results. Moreover,
for more precise assessment of reserve safety and capacity
rating of existing bridges, it is demonstrated that the system
reliability-based approach is more rational and realistic than
the element reliability-based approach. The system reliability
and system reliability-based capacity evaluation can be used as
an effective tool in practice for the realistic assessment of

reserve safety and the carrying capacity rating of existing
bridges.

References

AASHTO (1994). LRFD Bridge Design Specification.
Bruneau, M. (1992). “Evaluation of system-reliability methods for cable-

stayed bridge design.” J. Struct. Engrg., ASCE, Vol. 118, No. 4, pp.
1106-1120.

Cho, H.N. and Kim, I.S. (1991). “Importance sampling technique for the
practical system reliability analysis of bridge.” Proc. of the US-Korea-
Japan Trilateral Seminar, Honolulu, pp. 87-100.

Cho, H.N. (1996). “Bridge reliability experience in Korea.” Workshop on
Struct. Reliability in Bridge Engrg., Univ. of Colorado at Boulder, pp.
115-126.

Cho, H.N., Choi, Y.M., and Sho, B.C. (1998). “Field load testing and
reliability-based integrity assessment of segmental PC box girder bridges
before opening to traffic.” Engineering Structures, Vol. 20, No. 11, pp.
948-955.

Cho, H.N. and Ang, A. H-S. (1989). “Reliability assessment and reliability-
based rating of existing road bridges.” 5th Int. Conf. on Struct. Safety and
Reliability (ICOSSAR '89), pp. 2235-2238.

Cho, H.N., Lee, S.J., and Lim, J.K. (1993). “System reliability-based
evaluation of bridge system redundancy and strength.” Proc. of the
second Korea-France Joint Seminar, Seoul, Korea, pp. 177-186.

Cho, H.N., Min, D.H., Lim, J.K., and Park, K.H. (1998). “Computer-aided
monitoring and assessment system for maintenance of long span
bridges.” J. Korean Society of Steel Construction, Vol. 10, No. 3, pp. 369-
381.

Cho, H.N., Lim, J.K., and Choi, H.H. (2001). “Reliability-based fatigue
failure analysis for causes assessment of a collapsed steel truss bridge.”
Engineering Failure Analysis, Elsevier, Vol. 8, pp. 311-3245.

Ellingwood, B., Galambos, T.V., MacGregor, J.C., and Cornell, C.A. (1980).
“Development of a probability-based load criterion for the American
National Standard A58.” National Bureau of Standard SP-577.

Fisher, J.W. (1996). “Assessing damage and reliability of steel bridges.”
Boase Lecture in Struct. Engrg., Univ. of Colorado at Boulder.

Frangopol, D.M. and Curley, J.P. (1987). “Effects of damage and redundancy
on structural reliability.” J. Struct. Engrg., ASCE, Vol. 113, No. 7, pp.
1533-1549.

Fu, G. and Moses, F. (1989). “Probabilistic concepts of redundancy and
damage tolerability for structural system.” 5th Int. Conf. on Struct. Safety
and Reliability (ICOSSAR'89), pp. 967-974.

Melchers, R.E. (1989). “Importance sampling in structural system.” Struct.
Safety, Vol. 7, pp. 247-254.

Nowak, A.S. (1995). “Calibration of LRFD Bridge Code.” J. of Structural
Eng., ASCE, Vol. 121, No. 8, pp. 1245-1251.

Nowak, A.S. and Yamani, A.S. (1995). “A reliability analysis for girder
bridges.” Structural Engineering, Elsevier, Vol. 7, No. 3, pp. 251-256.

Nowak, A.S. and Zhou, J. (1990). “System reliability models for bridges.”
Structural Safety, Elsevier, Vol. 7, No. 3, pp. 247-254.

Rackwitz, R. and Fiessler, B. (1978). “Structural reliability under combined
random load sequences.” Computers and Struct., Pergamon Press, Vol. 9,
pp. 489-494.

Sundararajan, C., et al. (1995). Probabilistic Structural Mechanics
Handbook, Chapman & Hall.

Tabsh, S.W. and Nowak, A.S. (1991). “Reliability of highway girder bridge.”
J. Struct. Engrg., ASCE, Vol. 117, No. 8, pp. 2372-2388.

Thoft-Christensen, P. and Murotsu, Y. (1986). Application of Structural
Systems Reliability Theory, Springer-Verlag, Berlin Heidelberg.

Thürlimann, B. (1979). “Shear strength of reinforced and prestressed
concrete-CEB approach.” Concrete Design: U. S. and European Practices.

Thürlimann, B. (1979). “Torsional strength of reinforced and prestressed
concrete-CEB approach.” Concrete Design: U. S. and European Practices.

(Received on August 8, 2003 / Accepted on December 8, 2003)

Fig. 3. Parameter Sensitivities of the Selected Bridges



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 2.03000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


