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Bridge time-variant system reliability is a useful measure to evaluate the lifetime performance of deteriorating bridge structures
under uncertainty and is an influential performance indicator in bridge maintenance management programs. This paper proposes
a computational methodology based on the Monte Carlo simulations for evaluating the time-variant system reliability of concrete
bridges under environmental attacks. Methods related to the reduction of concrete sections and the variation of the load effects
acting on the components are investigated using a finite element-based computational program, CBDAS (Concrete Bridge
Durability Analysis System), to perform the assessment of lifetime structural performance. With regard to system reliability, a
practical technique for searching the structural failure mode is also presented and a program, SRMCS (System Reliability byMonte
Carlo Simulations), based on the Monte Carlo simulations is written to calculate and evaluate the structural system reliability of
deteriorating concrete bridges. Finally, three numerical examples are presented to display the CBDAS and SRMCS functions.

1. Introduction

A large percentage of the bridges all over the world are
constructed with concrete and reinforcing steel, because
of their relatively low cost [1]. In recent years, however,
significant distress and deterioration have been observed in
many concrete bridges, mainly due to the environmental
stressors such as concrete carbonation, chloride penetration,
and freeze-thaw cycles. Thus, maintenance intervention to
keep the structure healthy during its service life is necessary.
The primary task in selecting and performing an appropriate
maintenance strategy for a deteriorating concrete bridge is
to evaluate and predict its lifetime structural performance
[2]. To achieve this, the computational prediction should
be probabilistic based, due to the inherent randomness
reflected in the structural configuration,materials properties,
live loads, and different environments. A comprehensive
consideration of time-variant performance and uncertainty
is a useful measure to assess the lifetime performance of

a deteriorating bridge structure and is one of the key
performance indicators in bridge maintenance management
programs [3, 4]. However, though widely accepted and used,
current techniques and methods may still not be accurate
enough in measuring the time-variant reliability of bridges
for the following reasons: (1) the effects of the aggressive
environments on the structural performance have not been
precisely simulated, (2) the structural failure mode (i.e., the
relationship between the overall structural failure and the
individual component failure) is hard to measure; and (3) the
correlation coefficients among the individual components or
failure modes are difficult to determine [5–7].

Because of the shortcomings of previous techniques and
methods, a finite element- and Monte Carlo simulations-
based computational methodology is proposed for evaluat-
ing the time-variant system reliability of deteriorating con-
crete bridges [8–10]. For time-variant performance, methods
related to the reduction of concrete sections and the variation
of structural load effect are discussed. For system reliability,
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Figure 1: Reduction of concrete section.

a technique for searching the structural failure mode is
presented, and a Monte Carlo simulations-based program,
SRMCS, is presented. Finally, three numerical examples are
illustrated to display the functions of CBDAS and SRMCS
and of the combination of the two programs: (1) in the
first example, the time-variant performance of a reinforced
concrete continuous bridge under chloride-induced corro-
sion is evaluated by means of CBDAS; (2) in the second
example, the procedure for computing the system reliability
of a two-story truss is displayed in terms of SRMCS; and (3)
in the third example, the time-variant system reliability of the
same model as the first example is investigated by combining
CBDAS with SRMCS.

2. Time-Variant Performance

It is well known that the variation of structural performance
with respect to the deteriorating concrete bridges may be
significant during their entire service lifetime due to the
environmental attacks [9, 10]. Also, because the resistances of
the individual components are time variant, it is necessary to
evaluate the time-variant structural performance in an effec-
tive way by selecting an appropriate maintenance schedule.

2.1. Finite Element-Based Approach. The essential problems
encountered in the assessment of lifetime performance are
as follows: (1) the deterioration of the materials properties,
(2) the reduction of sectional areas, and (3) the variation of
the overall structural performance induced by the first two
problems. Furthermore, the last two problems can be divided
into the reductions of reinforcing steel and concrete sections,
the deterioration of resistances of the individual components,
and the variation of load effects acting on these components.
The twomain problems to be investigated in this paper are the
reduction of concrete sections due to environmental attacks
and the variation of the load effects acting on the individual
components.

2.1.1. Reduction of Concrete Sections. When considering the
reduction of a concrete section, it is necessary to simulate
the accurate shape of the section, as it is one of the critical
factors related to measuring the actual reduction process.
One way to accurately do this is to simulate the section
by using the concrete edge as the basic unit because the
reduced depths of the concrete edges in the same section are
likely to be not identical due to the different values of the
environmental parameters and other design variables among

the concrete edges. It can be seen from Figure 1(a) that the
number of the edges is equal to that of the nodes. Thus, the
edge information can be obtained from the coordinates of
the control nodes.The cross-sectional geometrical properties
can be thus calculated associated with the node coordinates
and the Triangle PartitioningMethod [11, 12] and by using the
edge as basic unit, the reduction process of concrete section
can be described as the movement of the concrete edges.
The specific steps are as follows: (1) the corrosion rate of the
reinforcing steel related to each concrete edge is calculated
by means of the corrosion numerical model, (2) the reduced
depths of the two adjacent concrete edges are obtained in
association with the corrosion rates of the reinforcing steels
on the two edges, (3) each edge moves a distance equal to
the respective reduced depth along its normal direction and a
group of new control nodes are obtained as the intersections
of the moved concrete edges, and (4) the remaining concrete
section can be generatedwith the samemethod as the original
one. The reduction process is shown in Figure 1(b), where
the figure surrounded by solid lines is the original concrete
section and the one encircled by dashed lines is the remaining
section.

2.1.2. Variation of Load Effect. The key problems derived
from the variation of the load effects acting on the individual
components are the loss of dead weight and internal force
redistribution due to the reduced concrete and steel bar
sections. In the case of a concrete section, the computation of
the lost dead weight is similar to assessment by conventional
analyses. Only two problems are required to be modified:
(1) the area of the original concrete section should be
replaced by the reduced concrete section when forming the
load vector caused by the lost dead weight and (2) the
load induced by the lost dead weight should be applied on
the deteriorating structure in the opposite direction of the
original dead weight. In the reinforcing steel and prestressing
steel sections, corrosion cannot lead to the loss of dead
weight because they are wrapped in the concrete section
and the dead weight of the rust is consistently acting on
the structure over its life cycle. The internal forces acting on
the reduced concrete section, reinforcing the steel section
and its prestressing section, need to be redistributed on the
deteriorating structure. The internal force redistribution of
reduced concrete section is shown in Figure 2, where 𝐼

𝑐,𝑐
, 𝐼
𝑐
,

and 𝐼
𝑐,ℎ

are the geometric centers of the reduced, original,
and remaining concrete sections, respectively. 𝑁

𝑐,𝑐
and 𝑁

𝑐,ℎ

are the internal forces acting on the reduced and remaining
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Figure 2: Redistribution of the internal forces.

concrete sections, respectively, which are decomposed from
𝑁
𝑐
, the internal force acting on the original concrete section,

based on the cross-sectional geometric properties of the
reduced, original, and remaining concrete sections. Thus,
load 𝐹

𝑐,𝑐
caused by the reduction of the concrete section is

identical to the internal force𝑁
𝑐,𝑐
. In a similar way, loads 𝐹

𝑠,𝑐

and 𝐹
𝑝,𝑐

induced by the reduction of reinforcing steel and
prestressing steel sections are obtained. Finally, load 𝐹

𝑐
due

to the internal force redistribution of the reduced sections is
composed of 𝐹

𝑐,𝑐
, 𝐹
𝑠,𝑐
, and 𝐹

𝑝,𝑐
.

2.2. Computational Program: CBDAS. The analysis proce-
dure of the structural time-variant performance is displayed
in Figure 3. A finite element-based approach to evaluate the
time-variant performance of deteriorating concrete bridges is
set up based on the solutions of the abovementioned essen-
tial problems. Accordingly, a program named CBDAS (i.e.,
Concrete Bridge Durability Analysis System) [13] has been
developed to perform this approach by using FORTRAN.The
program has two major functions. The first is to simulate
the physical events from the initiation of construction to its
completion, which can be characterized as the construction
process analysis, and the second is to evaluate the time-
variant structural performance from structural completion to
the occurrence of the limit state or the end of service life,
which can be defined as the degradation process analysis.
Figure 3 displays the flow chart of CBDAS.

3. System Reliability

Structural system reliability defines safety as the condition
in which a system failure will not occur from a proba-
bilistic standpoint. To accurately evaluate system reliability,
it is necessary to follow an approach called “Structure-
Component-Structure.” This approach can be divided into
two steps: (1) deduction from the overall structure to indi-
vidual components and (2) induction from the individual
components to overall structure [14]. In the first step, the
resistances of individual components and the load effects
acting on these components are calculated based on the
structural configuration, loads, and construction method.
The limit state functions of these individual components
or failure modes are formulated by equations relating the
load effects to the relative resistances and the components
reliabilities are evaluated accordingly. In the second step, the
structural failure mode is required to be searched according
to the relationship between the overall structure failure
and the individual component failure. Finally, the system
reliability can be assessed in associationwith the components’
reliabilities and the structural failure mode. The schematic
for calculating the system reliability is shown in Figure 4.

In the following part of this section, the conventional meth-
ods for calculating the structural system reliability are briefly
reviewed. Afterwards, an approach for evaluation of the
system reliability associated with Monte Carlo simulations
and a practical structural failure mode searching technique
is proposed.

3.1.TheConventionalMethods. Thecommonly usedmethods
for calculating the structural system reliability are (1) the
incremental method and (2) the series-parallel modeling
method.

3.1.1. The Incremental Method. The incremental method [15]
is used to search the structural failure mode and thus
formulate the limit state function of the overall structure.The
objective of this method is to find out an expression for the
system resistance in terms of the component resistances. The
method identifies a system failure mode by following a load
path from initial component failure to final system collapse
and leads to a linear system failure expression such as [2, 16]

𝑔
𝑗
= ∑𝐶

𝑗𝑘
𝑅
𝑘
− 𝑆
𝑗
, (1)

where the failure function 𝑔
𝑗
< 0 means that the 𝑗th

failure has occurred. 𝐶
𝑗𝑘

is the coefficient representing the
participation of the 𝑘th component in the 𝑗th failuremode;𝑅

𝑘

is the resistance of the 𝑘th component; and 𝑆
𝑗
is the load term

in the 𝑗th failure mode. The system reliability 𝑅
𝑠
is expressed

as [2, 16, 17]

𝑅
𝑠
= Probability [All 𝑔

𝑗
> 0] . (2)

It is clear that (1) is a system limit state function, based on
which the system reliability can be calculated directly by
using the integration method or Monte Carlo simulations.
In this method, the deduction from structure to components
and the induction from components to structure are both
implied in the process of searching the load path from initial
component failure to final system collapse. This method
is applicable to straightforwardly estimating the probability
of system failure related to some simple structures. The
drawback of the method, however, is the difficulty in finding
all the system failure modes with respect to the complex
structures. Therefore, it is hard to be applied in evaluating
system reliabilities of complex structures.

3.1.2.The Series-Parallel ModellingMethod. Another conven-
tional method is the series-parallel modeling method [17].
The goal of this method is to simplify the overall structure
to a series-parallel model. The system reliability is a function
of the series-parallel model, the individual reliabilities of all
possible failure modes for each of the components in the
model, and the correlations among the failure modes [10, 16,
18]. A series system is sometimes referred to as the weakest
link system, since the failure of the system corresponds to
the failure of the weakest component in the system [17].
The probability of system failure of a series system can be
expressed as

𝑃
𝑠
= Probability [Any 𝑔

𝑖
< 0] , (3)
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where 𝑃
𝑠
is the probability of system failure and 𝑔

𝑖
is the limit

state function of the 𝑖th component failure mode. A parallel
system is in a state of failure when all of its elements fail [17]
and its probability of system failure should be

𝑃
𝑠
= Probability [All 𝑔

𝑖
< 0] . (4)

Actually, most of the structures should be considered as
the combination of series and parallel systems. Such systems
are referred to as hybrid or combined systems. This method
provides a rather comprehensive insight into the relationship

between the overall structure and the individual components
and, as a consequence, induction from the components to
the structure is effectively solved. Furthermore, deduction
from structure to components can be performed by using
finite element analysis with respect to the complex structures
or calibrated limit state functions with respect to the simple
structures. The obstacle of this method, however, is in
the determination of the correlations among the individual
components failure modes. For this reason, the assumed
values of the correlation coefficients are commonly used in
previous studies and thus the accuracy of the results cannot
be guaranteed.

3.2. Monte Carlo Simulations-Based Method. To overcome
the deficiencies involved in the conventional methods, a
MonteCarlo simulations-based approach is presented herein,
which can be divided into two sections: (1) a component
reliability calculating method and (2) a structural failure
mode searching technique.Thefirst section presents the anal-
ysis related to deduction from the structure to components
associated with the geometry and layout of the structure, its
external loads, along with a construction method.The objec-
tive of the second section is to determine the relationship
between individual component failure and overall structural
failure.

3.2.1. Component Reliability. Thetwo essential ingredients for
calculating component reliability are the limit state function
and the analysis method. A limit state function is related
to the difference between the resistance and load effect [18–
20]. Based on finite element analysis, the state function of
component failure mode 𝑖 can be formulated by means of
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the physical quantity of interest (e.g., flexural moment and
shear force) as

𝑔
𝑖
(q
𝑖
) = 𝑅
𝑖
− 𝑆
𝑖
, (5)

where q
𝑖
represents a group of variables with respect to the

physical quantity of component failure mode I and 𝑅
𝑖
and

𝑆
𝑖
are the resistance and load effect in component failure

mode 𝑖. Hence, the effect of the structural configuration,
construction method, and external loads on 𝑅

𝑖
and 𝑆
𝑖
can be

comprehensively taken into account by using the proposed
approach. The finite element-based method proposed in
the previous section is utilized to evaluate 𝑅

𝑖
and 𝑆

𝑖
, and

several analytical methods can be used to calculate the
component reliability, such as the first-order (FORM) or
second-order (SORM) moment methods. First-order [21] or,
more accurately, second-order [22] method is applicable to
accounting for the correlations among the resistances and
load effects reflected in the component limit state func-
tions and can estimate the component reliabilities efficiently.
Alternatively, Monte Carlo simulations can be performed to
directly evaluate the probability of individual failure more
accurately. Monte Carlo simulations are selected herein to
evaluate the component reliability, in order to better combine
with the searching technique of the structural failure mode
introduced in the latter section.

3.2.2. Structural Failure Mode. To determine the structural
failure mode, the most formidable task is to determine the
relationship between overall structure failure and individual
component failure to determine when the failure of an
individual component has occurred and whether the overall
structure is still safe or not [23, 24]. In this study, a practical
technique for searching the structural failure mode proposed
is mainly based on the degree of static indeterminacy of
the overall structure [25]. The proposed technique can be
described as the following steps:

(1) Search out the subsets of component failure modes
according to the geometry and layout of the overall
structure. Each subset, composed of several com-
ponent failure modes, represents one of the local
behaviors or the overall performance of the structure.
The reasons for defining these subsets as such are
as follows: (1) local failure can induce the overall
structure collapse and (2) the number of component
failure modes in a subset triggering the local failure
may be less than the one in the subset leading to the
system failure. At least one subset should be taken into
account, in which all the component failure modes of
the structure are included and, furthermore, the same
component failure mode can appear in the different
subsets simultaneously.

(2) Decide the minimum degree of static indeterminacy
of the structure based on the structural original
degree of static indeterminacy and the expert advice.
The minimum degree should be between 0 and the
original degree of static indeterminacy.

(3) Determine the minimum number of the occurring
component failures that can trigger the local failure

or the system failure in each subset. The minimum
number related to the subset, where all the compo-
nent failure modes are included, should be equal to

𝑁
𝑠
= 𝐷
𝑜
− 𝐷
𝑎
+ 1, (6)

where 𝑁
𝑠
is the minimum number of the occurring

component failures triggering the system failure, 𝐷
𝑜

is the original degree of static indeterminacy of
the structure, and 𝐷

𝑎
is the designated minimum

degree of static indeterminacy of the structure. In the
case of other subsets, the smallest numbers can be
determined in terms of the local configuration and
the expert advice, and meanwhile, they should be less
than𝑁

𝑠
.

Finally, it is clear that the structural failure mode should
be composed of the subsets related to the component failure
modes, the designated minimum degree of static indetermi-
nacy of the structure, and theminimumnumber of occurring
component failures triggering the local failure or the system
failure in each of the subsets. In the 𝑖th deterministic analysis,
if the number of the occurring component failures in any
of the subsets is equal to or even more than the designated
minimum number, the overall structure is failure.

Two examples are illustrated to display the proposed
structural failure mode searching technique. The first exam-
ple is a one-story truss shown in Figure 5(a). The truss is
composed of five bars (components) and the original degree
of static indeterminacy of the structure is 1. The tensile
or compressive failure of each bar is considered and thus
the total component failure modes are 5. Based on the
proposed technique, two different structural failure modes
can be searched out, in which only one subset is included,
respectively. The subset is composed of all the component
failure modes in the structure. The difference of the two
structural failure modes is the designated minimum degree
of static indeterminacy of the structure. If the minimum
degree is defined as 0, theminimumnumber of the occurring
component failures in the subset should be 2. If the structure
is required to be conservatively constructed according to
the expert advice, however, the minimum degree is assumed
to be 1. Therefore, the minimum number of the occurring
component failures is 1. In this case, the overall structure
is similar to a series system, since the occurrence of any
component failure can trigger the system failure.

The second example shown in Figure 5(b) is a two-story
truss with 10 bars (components). Based on the structural
mechanics analysis, the original degree of static indetermi-
nacy is investigated to be 2, and the proposed technique
is used to search the structural failure modes. The overall
structure can be divided into two one-story trusses including
bars 1–5 and bars 6–10, respectively. Thus, three subsets
should be considered and the component failure modes
included in these subsets are tensile (compressive) failures
of bars 1–5, bars 6–10, and bars 1–10, respectively. In this
example, three structural failure modes can be sought out,
and in the first failure mode, the minimum degree of static
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Table 1: Critical parameters involved in the structural failure modes.

Parameters
Examples

Structural
failure mode

Minimum degree of
static indeterminacy Subset Minimum number of

the occurring CFMs∗ Including CFMs

One-story truss 1 0 1 2 1–5
2 1 1 1 1–5

Two-story truss

1 2 1–5
1 0 2 2 6–10

3 3 1–10
2 1 1 2 1–10
3 2 1 1 1–10

∗CFMs: component failure modes.
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Figure 5: The geometry of example truss.

indeterminacy is defined as 0 (i.e., the static determinacy is
allowable). Consequently, minimum numbers of the occur-
ring component failures in the subsets are 2, 2, and 3,
respectively. In the case of the second failure mode, the
minimumdegree of static indeterminacy is assumed as 1 with
conservative consideration derived from the expert advice,
and the minimum numbers of the occurring component fail-
ures in the three subsets are all identical to 2. In this case, since
the third subset includes all the component failure modes,
the other two subsets are included in this subset and the
number of the subsets is reduced to 1. As for the third failure
mode, if more conservative consideration is required, the
minimum degree of static indeterminacy is assumed to be 2.
Similar to the second structural failure mode, only the subset
containing all the component failure modes is necessary to
be investigated and its minimum number of the occurring
component failures should be 1. The values of critical param-
eters encountered in the structural failure modes relating
to the abovementioned two examples are summarized in
Table 1.

A Monte Carlo simulations-based method for evaluating
the system reliability is set up based on the proposed

structural failure mode searching technique. Accordingly,
a program named SRMCS (System Reliability by Monte
Carlo Simulations) [13] and written in MATLAB has been
developed to perform this approach. Figure 6 shows the
schematic of the proposed method for calculating the system
reliability.

4. Numerical Examples

Three numerical examples are illustrated to display the
functions of CBDAS, SRMCS, and the combination of the two
programs. In the first example, the time-variant performance
of a reinforced concrete continuous bridge under chloride-
induced corrosion is evaluated by means of CBDAS; in
the second example, the procedure to calculate the system
reliability of a two-story truss is displayed by using SRMCS;
and in the last example, the time-variant system reliability
related to the same model as the first example is calculated
by combination of CBDAS and SRMCS.

4.1. Example 1. In the first example, the lifetime performance
of a reinforced concrete continuous bridge shown in Figure 7
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is discussed. This bridge, located in Shanghai, China, is a 3 ×
22m three-span reinforced concrete continuous girder bridge
with a single-box section. In this study, since themodel bridge
is near East China Sea and the concentration of chloride ion
in the atmosphere may be relatively high, chloride-induced
corrosion is taken into account. The values of the major
parameters are listed in Table 2. It should be noted that the
chloride ion concentrations at the different surfaces of the
concrete section may be not identical. For this reason, the
values of the chloride ion concentrations at different concrete
edges are determined as shown in Table 3. The prescribed
service life is defined as 100 years.

Figure 8 shows three critical times in the degradation
process related to all the edges involved in the concrete
section at the midspan center in the model bridge. The
differences of the same critical time among the concrete edges
are evident since the values of the design parameters among
the concrete edges are not identical.The shortest critical times
appear on edge 7, with the values of 19, 22, and 24 years,
because the minimum concrete cover depth, the highest
concentration of chloride ion, and the largest diameter of
reinforcing steel happen to appear in this edge. On the
contrary, the critical times of edge 18 are the longest among
all the edges in the concrete section. The corrosion initiation
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Figure 7: Profile of reinforced concrete continuous bridge.

Table 2: Values of the major parameters.

Variable Value Variable description
𝐸
𝑐

34,500MPa Concrete elastic modulus
𝑓
𝑐

32.4MPa Concrete compressive strength
𝐸
𝑠

200,000MPa Reinforcing steel elastic modulus
𝑓
𝑠

335MPa Reinforcing steel tensile strength
𝐶 𝐶nom

a Concrete cover thickness
𝑑
𝑠

𝑑
𝑠,nom

b Reinforcing steel diameter
𝛾
𝑐

25 kN/m3 In situ concrete unit weight
𝛾
𝑠

78.5 kN/m3 Reinforcing steel unit weight
𝛾
𝑎

23 kN/m3 Deck paving unit weight
𝑄 10.5 kN Uniform live load
𝑃 250 kN Concentrated live load
𝑀
𝑠

6.9 kg/m3 Surface chloride concentration
𝑀cr 1.5 kg/m3 Critical chloride concentration
𝐷
𝑐

22.5mm2/year Diffusion coefficient
a
𝐶nom is the cover thickness of some concrete edge in the section.

b
𝑑
𝑠,nom is the reinforcing steel diameter of some concrete edge in the section.

Table 3: Values of chloride ion concentrations at different concrete
edges.

Concrete edge Environmental
condition Value

5, 6, 7 Face to the sea 100% of the value in Table 2
1, 2, 3 Back to the sea 70% of the value in Table 2

4, 8, 9, 10 Between the first two
conditions 85% of the value in Table 2

11–18 Interior edges Half of the value of relative
exterior edges

times of 10 concrete edges from the total eighteen concrete
edges are less than 100 years (i.e., the prescribed service
life), and as a consequence, the corrosion of reinforcing steel
and concrete cracking have only occurred in the 10 edges.
Compared with the concrete edges in exterior surface, the
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Figure 8: Critical times in the degradation process.

edges of the interior surface have relatively long critical times
due to the low concentrations of chloride ion. The corrosion
initiation times of all the interior concrete edges are longer
than 100 years except edge 14, where the cover thickness
is comparatively thin. Since the critical times related to the
concrete edges may be significantly different as a result of
the various values of the environmental and other design
parameters, the conclusion can be drawn that it is necessary
to form the concrete section by using its edges as the basic
unit based on the above results, when the lifetime structural
performance is investigated.

Figure 9 displays the time-variant area loss rates of rein-
forcing steel and concrete sections at the midspan center in
the model bridge. It is clear that the area loss of reinforcing
steel section initiates at about 19 years, which corresponds
to the results shown in Figure 8 where the earliest corrosion
initiation time is also 19 years. The corrosion rate gradually
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Figure 9: Time-variant area loss rates of reinforcing steel and
concrete sections.

increases from 20 years to 40 years, since the concrete at
seven edges begins to crack during this period accelerating
the corrosion of reinforcing steels wrapped in these concrete
edges. At the end of service life, the area loss rate of
reinforcing steels wrapped in the entire concrete section
reaches about 70%. In the case of concrete, it is clear from
Figure 9 that its section begins to reduce at about 22 years.
Note that the increase in area loss rate of the concrete section
is not significant after 40 years. This is because (1) the entire
concrete covers at seven edges are all spalling during the first
40 years and the concrete is assumed not to continue cracking
in these edges and (2) the concrete at only three edges cracks
and leads to the reduction of concretion section after 40 years.
Finally, the area loss rate of the concrete section is about 17.3%
at 100 years.

To determine the effect of environmental attack on the
lifetime structural performance, two time-variant perfor-
mance cases with and without the environmental effect
are now considered the structural vertical displacement.
Figure 10 displays the variations of the vertical displacements
at two critical locations (i.e., the side-span and middle-span
centers). Note that the displacement along the direction
of 𝑦-axis in the global coordinate system is assumed as
positive. In the first 10 years after structural completion, the
variations of the vertical displacements are significant due to
the concrete creep and shrinkage. When the environmental
effect is considered, the time-variant vertical displacements
after the first 10 years can be described as follows: (1) from 10
years to 20 years, the variations of vertical displacements are
not evident, since the effect of concrete creep and shrinkage
is gradually weak and the corrosion initiation times related
to most of the reinforcing steels are longer than 20 years;
(2) from 20 years to 100 years, the variations of vertical
displacements are gradually significant again due to the
reductions of reinforcing steel and concrete sections as a
result of the reinforcing steel corrosion and concrete cracking.

0 10 20 30 40 50 60 70 80 90 100
0

−2

−4

−6

−8

−10

−12

−14

−16

−18

Ve
rt

ic
al

 d
isp

la
ce

m
en

t (
m

m
)

d1 with environmental effect

d2 with environmental
effect

d1 without environmental
effect

d2 without environmental effect

d1: vertical displacement in side-span center
d2: vertical displacement in middle-span center

d1 d2

Time (years)

Figure 10: Variations of vertical displacements at critical locations.

The degree of variation caused by the environmental effect is
similar to the one induced by concrete creep and shrinkage.
When the environmental effect is not considered, the vertical
displacements at the two critical locations are nearly invariant
after 10 years.

The flexural moment and the ultimate limit stage are
now discussed where the variations of the flexural moments
at two critical locations (i.e., the side-span center and the
middle-pier top) are shown in Figure 11.The flexural moment
leading to tensile stress at the bottom of the concrete section
is assumed to be positive and the time-variant flexural
moment throughout the service life can be described as
follows. In the first 10 years after structural completion, the
evident variations of the flexural moments are the result of
concrete creep and shrinkage. If the environmental effect is
considered, the variations of the flexural moments during
the subsequent 10 years and from 20 years to 100 years are
apparent and significant, due to the same reasons as that of
the vertical displacement. When the environmental effect is
not considered, the variations of the flexural moments at the
two critical locations are insignificant after 10 years. It should
be noticed, from this figure, that the variations of the flexural
moments at the two critical locations with the environmental
effect are not monotonic during service life. This is because
of (1) the time-variant location of the neutral axis of concrete
section due to the reduction of the section; (2) the loss of
dead weight induced by the reduction of concrete section;
and (3) the redistribution of the internal force caused by
the reductions of reinforcing steel and concrete sections. For
these results, the flexural moment may increase or decrease
over the life cycle of a structure.

4.2. Example 2. In the third example, the same model as
the first example shown in Figure 7 is used to illustrate
the computation of time-variant system reliability associated
with the proposed methods for calculating the time-variant
performance and system reliability. The distribution types
and associated statistical descriptors of the random variables
involved in the structural configuration, materials properties,
live loads, and environment are summarized in Table 4,
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Table 4: Statistical parameters of random variables.

Variable Nominal Mean COVa Distribution type
𝐸
𝑐

34,500MPa 34,500MPa 0.10 Normalb

𝑓
𝑐

32.4MPa 40.5MPa 0.12 Normalb

𝐸
𝑠

200,000MPa 200,000MPa 0.06 Normalb

𝑓
𝑠

335MPa 375MPa 0.065 Normalb

𝐶 𝐶nom 1.02𝐶nom 0.05 Normalb

𝑑
𝑠

𝑑
𝑠,nom 1.0𝑑

𝑠,nom 0.02 Normalb

𝛾
𝑐

25 kN/m3 26 kN/m3 0.06 Normalb

𝛾
𝑠

78.5 kN/m3 80.1 kN/m3 0.05 Normalb

𝛾
𝑎

23 kN/m3 23 kN/m3 0.04 Normalb

𝑄 10.5 kN 9.03 kN 0.08 Extreme value type Ι
𝑃 250 kN 215 kN 0.08 Extreme value type Ι
𝑀
𝑠

6.9 kg/m3 6.9 kg/m3 0.1 Normalb

𝑀cr 1.5 kg/m3 1.5 kg/m3 0.15 Normalb

𝐷
𝑐

22.5mm2/year 22.5mm2/year 0.45 Lognormal
aCOV is the coefficient of variation.
bTruncated distributions with nonnegative outcomes are adopted in the simulation process.

according to the structural drawing and relative literatures
[26]. The prescribed service life and the unit calculating time
are assumed as 100 years and 10 years, respectively. The same
as the second example, the number of samples inMonteCarlo
simulations is defined as 200,000.

Based on the structural decomposition technique pre-
sented in [13], the three-span reinforced concrete bridge is
divided into 21 components, with seven components in each
span. Ultimate limit state is only discussed here, since the
structural resistance is more likely to deteriorate significantly
due to the area loss of reinforcing steel section over the life
cycle of a structure. When two component failure modes,
flexure failure and shear failure, are taken into account, the
number of the component failure modes is 42 for overall
structure and 14 for each span as shown in Figure 12, and the
key parameters of the structural failuremode are summarized
in Table 5. Three structural failure modes can be sought out

(1) Serial number of component failure mode

1∼14 15∼28 29∼42

Figure 12: The component failure modes.

from the model bridge, in which the designated minimum
degrees of static indeterminacy are 0, 1, and 2, respectively.

The variation of the system reliabilities for different
structural failure modes throughout the service life is dis-
played in Figure 13, showing that the time-variant system
reliabilities with respect to the structural failure modes
2 and 3 are identical. This is because (1) the minimum
individual reliability of component failure mode appears on
the side span and (2) the structure is symmetrical. Thus,
when a component failure mode in a side span occurs, its
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Table 5: Key parameters of the structural failure mode.

Structural failure mode Minimum degree of
static indeterminacy

Subset
serial number

Minimum number of
the occurring CFMs∗

Including
CFMs

1 2 1–14
1 0 2 2 29–42

3 3 1–42
2 1 1 2 1–42
3 2 1 1 1–42
∗CFMs: component failure modes.
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counterpart in another side span has also appeared. The
system reliabilities of different structural failure modes from
0 to 50 years are shown as the dash lines, since they cannot be
calculated by using the prescribed number of samples (i.e.,
200,000). However, we are concerned with the variation of
system reliability below the allowable reliability index [𝛽] (i.e.,
in the failure area), which can be evaluated and is shown
as solid lines in the figure. The actual system reliability of
the overall structure should be between the star-solid line
and the circle-solid line, the shadow region of Figure 13,
showing that the difference of the system reliabilities among
the structural failure modes gradually decreases from 50 to
100 years. In addition, the system reliabilities with respect to
all the structural failure modes reduce to negative values at
the end of service life. Thus, maintenance interventions are
required to improve the structural performance during that
life. According to the obtained system reliability profile, the
appropriate maintenance application time should be at 50
years when the system reliability is about to decrease to the
failure area.

5. Conclusions

A finite element- and Monte Carlo simulations-based com-
putational methodology is proposed in this paper to evaluate
the time-variant system reliability of deteriorating concrete
bridges under environmental attacks.Methods for solving the
reduction of concrete section and the variation of structural

load effect are investigated for time-variant performance. For
system reliability, a novel structural failure mode searching
technique is proposed. Accordingly, two programs, CBDAS
and SRMCS, are written to perform these analyses from
which the time-variant system reliability of deteriorating
concrete bridge can be calculated. Finally, two examples are
presented to demonstrate the functions of CBDAS, SRMCS,
and the combination of the two programs. The following
conclusions can be drawn:

(1) The first example shows that the differences of the
critical time variants between the edges in a concrete
section may be significant due to the various values
of the design parameters among the concrete edges.
These differences have great influence on deteriora-
tion in the reinforcing steel and concrete sections of
bridges.Thus, to simulate the actual reduction process
of concrete sections, it is necessary to delineate the
concrete section by using its edge as the basic unit.

(2) Again from the first example, it is clear that the
variations of the performance indicators reflecting
the structural serviceability and strength, such as the
structural vertical displacement and flexuralmoment,
are significant due to the effect of concrete creep
and shrinkage and reduction of sectional areas at
the beginning and end of service life and the degree
of variation related to the serviceability-performance
indicator is more significant than that of strength-
performance indicator. This is because the reduction
of reinforcing steel and concrete sections has a great
effect on vertical displacement but little effect on
flexural moment. Moreover, since essential variables
such as the construction process, concrete creep, and
shrinkage and the reduction of sectional areas and
variations in overall structural performance can be
measured collectively by using the finite element-
based approach, the lifetime performance of concrete
bridges exposed to aggressive environments can be
accurately evaluated.

(3) The time-variant system reliability of concrete bridges
with environment attacks can be evaluated accurately
using the Monte Carlo simulations-based and the
finite element-based approach because (a) determi-
nation of the correlation coefficients of the indi-
vidual component failure modes is not needed in
the proposed method; (b) by using the proposed
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finite element-based assessment method, the limit
state functions of the individual component failure
modes are sufficient to obtain good results; and
(c) based on the structural failure mode searching
technique, the relationship between the individual
component failures and the overall structural failure
can be effectively simulated during the lifetime of
bridges negatively affected by adverse environmental
conditions.
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