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Abstract: The reliability of concrete cable-stayed bridge structure is time variant. This is due to strength
deterioration and time-variant mechanical and environmental loadings. Demands for keeping concrete cable-
stayed bridge structure in functional and reliable states require maintenance interventions. Limited financial
resources require optimal maintenance strategies. These strategies have to consider the effects of uncertainties
not only on the structural reliability deterioration but also on the maintenance interventions. By analyzing
variation of concrete cable-stayed concrete cable-stayed bridge liabilities and benefit expectation through
different maintenance programs, on the condition of satisfying the concrete cable-stayed bridge performance,
with the maximum expected benefit as the target to discuss repair and reinforcement strategies for the concrete
cable-stayed bridges in service. The method takes into account the present performance and future expected
benefit, optimizing the performance of the concrete cable-stayed bridge and the expected benefit through
determination policies of concrete cable-stayed concrete cable-stayed bridge maintenance program. The
proposed method also includes an advanced cost model which takes into account the interaction between costs
of maintenance interventions and their effect on reliability. Examples are presented demonstrating the
application of the proposed method to a stock of existing deteriorating concrete cable-stayed bridges under
various maintenance scenarios.

Keywords: concrete cable-stayed bridge in service; maintenance repair and reinforcement; environmental
sustainability durability; time-dependent reliability; forward and inverse reliability theory

1. Introduction

The design and construction of new structure of civil engineering especially bridges was a
dominant trend in the 1960’s and 1970’s. During this period, maintenance based on component
replacement was the main solution in terms of management of bridges. Today, many of these bridges
are getting old and a very large existing stock of bridge structures is in need of maintenance,
rehabilitation, or replacement. In the early stages of implementation of management of structural
systems, solutions based on the replacement theory and simple mathematical models such as survival
functions were used. These approaches do not include the effects of preventive maintenance
interventions and, therefore, are not practical for modern bridge structure management systems.
These interventions introduce additional uncertainties in the lifetime performance of structures. The
uncertainties associated with maintenance interventions can be taken into account by using different
approaches based on probability, reliability, and fuzzy set theory.

Modern bridge management systems include time-variant conditions of bridge elements based
on Markov process. Current condition states of bridge elements are investigated and Markov
transition probabilities between different condition states are used to evaluate and predict future
performance of deteriorating systems. However, currently predominant Markov based management
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systems have several important limitations. For instance, most of these systems are based on
subjective condition assessment associated with visual inspection and empirical probability models
to predict future condition states. As a result, objectivity and consistency in treating different
condition states, failure modes of elements, and overall system condition and safety cannot be
achieved.

Structural management systems should be developed based not only on structural deterioration
but also on time-varying loads. In general, uncertainties associated with structural deterioration
processes and loads increase over time. In traditional computations, time-varying resistance and
loads are considered separately. There are distinct advantages in considering both resistance and
loads simultaneously by using a time integrated approach. This can be achieved by using a reliability
index profile approach by simultaneously considering time-varying effects of both loads and
resistance deterioration.

During the service period, the structural resistance will deteriorate with time due to
environmental factors, load factors and their own design and construction factors. At the same time,
the reliability of the bridge will decrease with the increasing of the load level during the service
period. When the structural reliability is reduced to a certain level, it is necessary to repair and
reinforce the bridge structure. However, each maintenance method has a certain scope of application,
and will incur corresponding costs. Therefore, it is necessary to allocate the limited maintenance
funds reasonably in order to make the concrete bridge structure meet the required service life and
the specified service performance. The optimization of concrete bridges maintenance strategy is to
solve the problem of when and how to use maintenance methods to achieve the highest efficiency of
maintenance costs, that is, the maximum expected value of revenue.

As a built structure, the concrete cable-stayed bridge in service is quite different from the bridge
to be built. Firstly, the existing concrete cable-stayed bridge is an objective entity with measurable
structural material strength and section size; secondly, the service life of the existing bridge is
different from the design reference period of the concrete cable-stayed bridge to be built, which can
be shortened or extended according to the specific conditions, purpose and requirements of the
structure; thirdly, the existing concrete cable-stayed bridge has successfully withstood traffic load
and has accumulated some information for reliability assessment.

In this paper, the time-dependent resistance model and time-dependent load model are revised
to calculate time-dependent reliability by considering the durability and the change of load with time
during assessment base period of components in various environments. Taking time-dependent
reliability as a decision variable, life-cycle as a time parameter, and profit expectation in life-cycle as
an objective, maintenance schemes are selected.

The structure of this paper is organized as follows. The conception of time-dependent reliability
was firstly introduced. And then a decision-making of maintenance scheme was developed.
Latterly, an example was used to demonstrate the application of the proposed method. Finally, the
significant conclusion was summarized.

2. Time-dependent symmetry reliability

2.1. Durability analysis in general atmospheric environment

In general, atmospheric environment, for the durability of concrete, this paper considers that the
carbonation of concrete leads to the decline of concrete durability. The calculation model of concrete
carbonation depth established in Ref. [1] is used to predict the change of concrete carbonation depth
with time:

x,(8) = Kok ik, (28 _ 5 7a)E @

cuk
where, x.(t) is carbonation depth of concrete (mm); f ,xis standard value of cubic compressive
strength of concrete; k,; is the regional influence coefficient, 1.0 in the north and 0.5-0.8 in the South
and coastal areas; k,; is the indoor and outdoor influence coefficient, 1.0 in the outdoor and 1.87 in
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the indoor; k; is the maintenance time influence coefficient, and 1.50 in the general construction
situation.

The model takes the standard value f,, of cubic compressive strength of concrete as the main
parameter, and it is an effective and practical method for predicting the carbonation depth of
concrete. In addition, Ref. [2] gives a more comprehensive and detailed model for predicting the
depth of concrete carbonation considering factors, and the two models are comparatively close.

x.(t) = 2.56k;k o,k k, VT(1 — RH)

57.9 @

4
fcuk -0 76)\/E

where, k; is the corner correction factor, kc, is the influence factor of CO:concentration, k, is the

RH(

correction factor of pouring surface, kg is the influence coefficient of working stress; T is ambient
temperature (°C) and RH is ambient relative humidity (%) .
The cracking time of concrete is predicted by the depth of carbonation model:

xc(t) + xpc = d ®)
where, d is the thickness of concrete cover (mm); xj. is the length of partial carbonization zone (mm).

In the process of concrete carbonization, the strength of concrete will deteriorate continuously.
At the same time, steel bar begins to corrode along with concrete carbonization and cracking, which
reduces the area and the strength of steel bar. The cracking of concrete and the corrosion of steel bar
cause the bond between concrete and steel bar changes, as a result, the coefficients of cooperative
work between concrete and steel bars are constantly changing. Finally, it leads to the reduction of
component resistance.

In Ref. [3], Niu presented a time-dependent model of concrete strength in general atmospheric
environment. The model was established through a large number of actual test data and test results,
but because the model was obtained through concrete cable-stayed bridge detection in Japan, it
needed to be revised in practical application by introducing correction coefficient according to actual
environmental conditions. In Ref. [4-5], a model of corrosion depth of steel bars before and after
cracking of concrete protective layer in atmospheric environment is given, and the relationship
between corrosion depth and corrosion rate of steel bars is also given:

ny(8) ~ 20 @)

where, n,(t)is the corrosion rate of reinforcing bars, 8,(t)is the corrosion depth of reinforcing bars
(mm) and D is the diameter of reinforcing bars (mm).

The calculation model of strength reduction coefficient of corroded steel bars is given in Ref. [6],
the calculation model of the cooperative working coefficient of corroded steel bar and concrete is
given in in Ref. [7].

2.2. Durability analysis in chloride environment

The durability of concrete members is mainly affected by chloride ions when the concrete cable-
stayed bridge structure is in the marine environment or in the environment with more chloride ions.
Fick's second diffusion law is used to simulate chloride diffusion in concrete:

- _ X ®)
C(x,t) =C, <1 erf (%/ﬁ))

where,C(x, t) is the chloride ion concentration (%) a time t from x (mm) of concrete surface; Cy is the
chloride ion concentration (%) in concrete surface environment; D, is the concrete diffusion
coefficient (mma?/a); erf () is the error function.

In Eq. (4), let x = d,C(x,t) = C,, — C; then the initial corrosion time ¢t; of reinforcing bars under
chloride ion environment can be calculated; d is the thickness of concrete cover (mm); C,. is the
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critical chloride ion concentration (%) for reinforcing bars to start corrosion; and C; is the initial
chloride ion concentration (%) in concrete.

Similarly, under the chloride ion environment, the strength of concrete will continue to
deteriorate. At the same time, the steel bar will also corrode with chloride ion, which will reduce the
area of steel bar and the strength of steel bar. Due to cracking of concrete and the corrosion of steel
bar, the bond between concrete and steel bar changes, which leads to the constant change of the
cooperative working coefficient between concrete and steel bar and reduce component resistance.

A time-dependent model of concrete strength in marine environment is given in Ref. [8]. In Ref.
[9], the diameter of t-moment of corroded steel bar in chloride ion environment is given as follows:

(6)
D(t) = Dy — 0. ozszf iporr (D) dE
0
In the formula, D(t) is the diameter of corroded steel bar at time t (mm); D, is the diameter of
non-corroded steel bar (mm); ic,,-(t) is the current density at time t (nWA/cm?) after the beginning

of corrosion, which is measured on site or calculated according to the formula below.

1-— E)-m 7
icorr(t) =32.13 + t—0.29
Corrosion rate of reinforcing bar is:
n5() = [D3 — D*()|/D} ®

2.3. Time-dependent resistance

Referring to Specifications for design of highway reinforced concrete and prestressed concrete
cable-stayed bridges and culverts (JTGD62-2015) and considering the change of durability
parameters with time, the probability model of resistance attenuation of existing concrete cable-
stayed bridge members can be expressed as follows:

R(t) = Krp(OK,Ry[f i(8), a;i(t), kpi (2] )
where,R(t) is a stochastic process of component resistance; Krx(t) is a stochastic process taking into
account the influence of resistance parameter testing and prediction, and the subscripts T and F
represent the test and prediction respectively; K, is an uncertain random variable of resistance
calculation model, as shown in Table 1; R, is a resistance function; f;(t), a;(t) are the predicted
value of performance and geometric parameters of the type material based on test;k,;(t) is the
predicted value of the cooperative working coefficient of the ith reinforcing bar. It should be pointed
out that the time zero of the prediction model is the current moment, and the resistance parameters
of the current moment are measured. The resistance parameters of the prediction model are based on
the predicted values of the current moment test.

Table 1. Statistical parameters of basic concrete cable-stayed bridge components Kp.

Mean Standard Coefficient of
Stress state o o
value p deviation o variation v
Axial compression (short column) 1.0105 0.0709 0.0702
Axial tension 1.0000 0.0400 0.0400
Bending of normal section 1.0980 0.0780 0.0710
Oblique section | Rectangular cross section 1.4861 0.4209 0.2832
sheared T shaped section 2.0152 0.1781 0.0884
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Rectangular cross section
1.0650 0.0937 0.0880
(large eccentricity)

Eccentric stub

Rectangular cross section
column 8 ° 1.0700 0.1017 0.0950
(small eccentricity)

Circular section 0.9480 0.1062 0.1120

2.4. Time-varying characteristics of Cable

Once the structural system of the concrete cable-stayed bridge is determined, the stress state of
the completed bridge is mainly determined by cable force. However, due to the influence of its own
relaxation effect, the cable force will change with time. At this time, the relaxation effect of the cable
will affect the stress and strain of the whole bridge. The variation law of the relaxation rate of the
cable of this bridge over time is as follows:

u = 0.6233 + 0.33571gt (10)

2.5. Time-dependent loading

The dead load belongs to the permanent load, which changes slightly with time. It can be
approximated that the stochastic variable probability model can be used to describe the dead load,
which keeps a constant value during its continued use period. It is generally believed that the dead
load of structures obeys normal distribution. When evaluating the reliability of old concrete cable-
stayed bridges, the standard values can be used for statistic parameters of dead load (Ref. [11]).

For a long time, there are two opinions about the variable load value of service structure in
engineering circles: the first is that when the trial period of service structure does not exceed the
original design reference period T, the working state of the structure in [ty, T] is still in the design
reference period, and its load is the same as that of the design structure; the second is that the load of
the service structure should be in accordance with the available one. The continuation life of
reliability analysis is re-estimated. At present, in the load estimation of serving structures, a more
consistent view is that if the load of serving structures is still taken according to the design reference
period, it is unreasonable to estimate the load according to the continuing service period of serving
structures. The evaluation reference period refers to the time parameter used to determine the
evaluation load. Ref. [12] gives the calculation method of evaluation reference period based on equal
transcendence probability criterion.

As the basic variable load of concrete cable-stayed bridge structure, vehicle load plays an
important role in the load of concrete cable-stayed bridge. For the vehicle load, because of its strong
randomness, the stochastic process model can be used to describe it. In order to simplify the analysis,
the full-pavement stationary binomial stochastic process is often used in the stochastic process of
vehicle load, as shown in Figure 1.
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S(t)
HJ

Figure 1. Full paved stationary binomial random processes.

Considering the influence of evaluation reference period and concrete cable-stayed bridge
overload, the probabilistic model of vehicle load effect of existing concrete cable-stayed bridges is
established:

Sq(Tl) = KSq(Tl)quqk (11)
where, S, (T;)is assessment value for vehicle load effect; qu (T;) is a random variable considering
the ratio of vehicle load effect to Sqk in the evaluation reference period T, Ky (T1) obeys the extreme
value I distribution, &, is the correction factor of live load effect, and Sy is the correction factor of
live load effect. In order to standardize the effect value of standard automobile load calculation,
highway-class II standard load is used in general operation state and highway-class I standard load
is used in intensive operation state.

With the same vehicle load, the crowd load of highway concrete cable-stayed bridges can be
described by a stationary binomial stochastic process with full pavement. The hypothesis test shows
that the distribution of load section obeys the extreme value I distribution. For the convenience of
reliability analysis, the process of crowd load shorthand should be converted into random variables.

Considering the influence of the evaluation reference period, the probability model of crowd
load effectiveness of existing concrete cable-stayed bridges is as follows:

$,.(T1) = Ks, (TS« (12)
where, S.(T;) is the evaluation value of crowd load effect; K; (T;) is the random variable

considering the ratio of crowd load effect to Srk in the evaluation reference period T1; K, (T;) obeys
the extreme value I distribution; S, is the effect value of standard vehicle load calculation.

2.6. Time-dependent symmetry reliability assessment of concrete cable-stayed bridges in service

The time-dependent reliability of bridge components is defined as the ability of a bridge
structure to complete its intended functions within a specified period of service, under normal service
and maintenance conditions, taking into account factors such as environment and component
resistance attenuation. Measured by reliability [13]:

P.(t) = P{Z(t) > 0}, t € [ty T,] (13)

Z(t)=R(t) —S¢c—S4(T1) — 9.S,(T1) (14)
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where, R(t) is a component resistance prediction based on current resistance value; S; is the
component dead load effect; S,(T;) is the vehicle load effect considering the evaluation reference
period; S,(T;) is the crowd load effect considering the evaluation reference period; ¢.is effect
combination coefficient taken as 0.8 according to literature [14]; T1 is the evaluation reference period.

The resistance random process R(t) is divided into m random variables R;. The size of R; is
taken as the median value of resistance in the ith period. The equivalent resistance, which reflects the
process of resistance change in the subsequent service period, can be expressed as:

R = —aiTln [iz'& exp(—“TRi)] )

where, aris a parameter in the probability distribution function of the maximum vehicle load effect
Sqr in the design reference period (0, Ts). See Ref. [11].

3. Decision-making of maintenance scheme

3.1. Minimum reliability index

The reliability of serving concrete cable-stayed bridges decreases due to various reasons. When
the reliability decreases to the lowest allowable reliability index, the concrete cable-stayed bridges
need to be repaired and strengthened. Therefore, in the decision-making of concrete cable-stayed
bridge maintenance scheme, the lowest reliability index of components should be determined first.

In Ref. [11], the target reliability index of the code is calculated according to the maximum value
calibration method of load effect in the design reference period, and the corresponding time region
is the design reference period. For serving concrete cable-stayed bridges, the corresponding time zone
is the evaluation reference period, so the lowest reliability index of serving concrete cable-stayed
bridges should be adjusted. In this paper, the lowest reliability index is 0.85 S (Ref.[15]), and Sr is
the target reliability index in the design reference period.

3.2. Revenue expectation

Because the structural cost and reliability index have the following exponential relationship
roughly:

P-(0)=1-(1-p e’ (16)

Increasing reliability must come at the expense of greater costs. Therefore, it is necessary to carry
out economic optimization analysis of concrete cable-stayed bridge maintenance and reinforcement.

Bridge life expectancy mainly includes bridge life-cycle cost-initial cost C,, periodic inspection
cost Cjys, maintenance and reinforcement cost Crys, bridge operation benefit-economic benefit I of
bridge in normal service life, which is a time-dependent parameter with the change of traffic volume
and national economy, bridge failure loss-bridge damage to national property. The loss S caused by
personal safety and transportation is related to the traffic volume and the flow of people, and it
changes with time.

When calculating concrete cable-stayed bridge operation benefit and failure loss, the influence
of risk rate should be considered. The risk rate is the conditional probability that an event does not
occur until t, but occurs in the subsequent d, period. h(t)is used to express the risk rate of concrete
cable-stayed bridge structure at time t (Ref. [16]), then:

_ 1 dps® 17
h(t)_l—pf(t) . 17)

Because different maintenance schemes have different effects on structural reliability, the
operation time and annual failure risk of the strengthened bridge are also different. In addition, in
theory, several maintenance and reinforcement optimization designs can be carried out for a concrete
cable-stayed bridge, but after one maintenance and reinforcement, it can be operated for many years,
so the maintenance and reinforcement after many years still needs to be maintained according to the
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actual situation at that time. Optimal analysis of repair and reinforcement. Therefore, the calculation
method of the expected return of maintenance plan is as follows:

[ L(-n Sch(t ; c
E= Z:l:to (ltfrt)(t(—z(),) - (1+:t)étit0) — Cres — Zil:to m,ﬂtl)% (18)

where, I, is the normal operation benefit of the concrete cable-stayed bridge in the t year; h (t) is the
failure risk of the concrete cable-stayed bridge after T-Year normal operation; ris the first T-year the
discount rate of funds; S;is the loss caused by the failure in the t year; Cjysis the cost for the periodic
inspection of concrete cable-stayed bridges; and Cggs is the cost for the maintenance and
reinforcement of concrete cable-stayed bridges using this scheme.

The impact of various maintenance schemes on structural reliability indicators are shown in

Table 2.
Table 2. Effects of various maintenance schemes on structural reliability indices and costs.
Reliability index Degradation Effect
Maintenance activities Number ) )
increment rate duration/year
Epoxy resin injection +
) i R1 0.50 0.055 3
section repair
Glass fiber + epoxy resin
L R2 0.60 0.06 5
injection
Adding Beam + Epox
& poxy R3 070 01 3
Resin Injection
Stick 2 steel plates R4 1.50 0.08
Stick 4 steel plates R5 2.10 0.075
Reinforcement by adding
. Ré6 0.80 0.09 9
section

3.3. Optimal analysis of maintenance scheme

The optimization model of concrete cable-stayed bridge maintenance scheme is as follows:

max E
st.tE=>0
B:=PBm

Cres < Cresm

(19)

where, f; is the reliable index in the remaining service life, f,, is the lowest reliable index, and
Cresu is the allowable maintenance and reinforcement cost.

In order to solve the constraint equation (18), the optimization algorithms named decomposition
techniques was used in this paper. More details about the algorithms of decomposition techniques
can be found in the Reference [17].

4. Probabilistic analsysis method

The relationship between the load wind effect § and the basic random vector X (such as flutter
derivatives, aerodynamic coefficients, wind resistance safety factor, etc.) can be expressed as

$=5X) (20)
when applying the finite element first-order reliability method to an implicit function such as that
regarding wind resistance of flutter or aerostatic instability of cable-supported bridges, the limit state
function is


https://doi.org/10.20944/preprints202402.0282.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 February 2024 doi:10.20944/preprints202402.0282.v1

g[s(x),x] = G(w) 21)
In order to solve the Equations (19), we can use the symmetry reliability method [18]. The
equation B(X,d,r) = BT can be rewritten as a general nonlinear equation

f=pXdr)=p" (22)
Using the Taylor expansion, B at point 8 J can be expressed as
—pl L9 j+1 _ g
Br=2R +690,(9 6’) (23)

J
where 6 is the design parameter and j is the number of iterations.

The solution of the equation of assessment parameter can be obtained as:

B" = B(X,6%)

0B(X,0)
a0

6=0"+ (24)

9*

5. Example

A reinforced concrete cable-stayed bridge near 40 years of service has a main span with 180m.
Based on the test data and the calculation model, the strength correction coefficient k.of beam
concrete, the cross-section corrosion rate 73 of main reinforcements, the cooperative working
coefficient kpg of main reinforcement and concrete, and yield strength reduction coefficient k, with
time for corroded main bars are obtained, and the variation law of mean and standard deviation of
bending resistance with time is obtained, as shown in Figure 2. The rule of reliability varying with
time under maintenance and reinforcement can be obtained. Considering concrete cable-stayed
bridge maintenance cost, operation benefit, service life and expert opinions, the following
maintenance options and related costs are obtained.

Scheme 1: glass fiber + epoxy resin injection.

Scheme 2: adding measurement + epoxy resin injection.

Scheme 3: two steel plates are pasted.

Scheme 4: adding cross-section reinforcement cost. Considering the influence of maintenance on
reliability, comparing the reliability of unmaintained reinforcement, the variation law of reliability
with time after maintenance and reinforcement is shown in Figure 3, and the variation law of failure
probability with time is shown in Figure 4. By calculating the earnings expectation of each scheme,
the expected earnings of each scheme can be obtained as shown in Table 3.

The studies above indicate that shrinkage and creep have strong influence on the stiffening
girder; it is therefore necessary to take the long-term effects of shrinkage and creep in the operation
into consideration when determining the reasonable bridge state. The reduction of the hanger force
has the greatest impact on the mechanical properties of stiffening girders during operation; thus,
increasing the hanger force of the initial completed bridge state by an appropriate percentage can
lead to good results. The increase of the hanger force (usually less than 5% of the devised hanger
force) will alleviate the impacts of shrinkage and creep on the hanger force and ensure the
reasonableness of the final completed bridge state in 60 years.

After increasing by 2.5~5% of the devised hanger force, the stress in corresponding sections is
shown in Table 3.

Table 3. Solution options and revenue expectations.

Scheme
Scheme . Scheme2 Scheme3 Scheme4

Remaining service life/year 24 27 57 30
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Figure 2. Time-dependent variation of mean and standard deviation of flexural resistance.

no maintenance

— = glass fiber + epoxy resin injection

adding measurement + epoxy resin injection
5 Tr= — + = adding cross-section reinforcement
‘~.., |= " -two steel plates pasted

Reliability versus time

0 10 20 30 40 50 60

Remaining Life (year)

Figure 3. The curve of reliability versus time.

From the above results with Table 3 and Figure 2—4, it can be seem that the failure probability
with time was increase quickly because it has no maintenance measure. Through the comparison of
various schemes, it can be seen that scheme 3 - sticking two steel plates is the best scheme. In practical
bridge engineering, the measure of two steel plates pasted can be recommended to strengthen the
bridge structure both considering the reliability and cost.
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Figure 4. The curve of failure probability versus time.

The probability parameter that affects the safety performance of large-span cable supported
bridges is mainly the coefficient of variation, and the magnitude of variation has a significant impact
on the structural reliability index and probability safety factor of maximum cable stress results. In
order to quantitatively study the impact of the magnitude of variability on the structural reliability
indicators and cable probability safety factors of structure, parameter sensitivity analysis was only
conducted on the structural reliability indicators and cable probability safety factors for 10, 20, and
30 years. The coefficient of variation is taken as 0.5, 1, and 2 times the original value, respectively. The
specific results are shown in Tables 4.

Table 4. The effect of variability on reliability index and safety factor of concrete cable-stayed bridge.

e Safety factor of cable with maximum
. Structural reliability index
Time (Year) stress
0.5 1 2 0.5 1 2
10 11.5132 10.9171 9.6221 8.1824 7.6543 6.6471
20 10.7215 9.9533 8.8187 7.6276 6.6431 5.2232
30 19.1157 8.2152 6.8319 6.7391 5.9887 4.5265

Through the analysis of Table 4, it can be found that the structural reliability index decreases
with the increase of parameter variability. The reason is that the coefficient of variation reflects the
discreteness of structural parameters and is located in the denominator term of the reliability index
calculation expression. Therefore, the calculation result of the reliability index is inversely
proportional to the magnitude of parameter variability. Similarly, through the analysis of Table 4, it
can be found that the probability safety factor of cable with maximum stress decreases with the
increase of parameter variability. The reason is that the coefficient of variation reflects the discreteness
of structural parameters, and the greater the variability, the smaller the safety reserve of the structure.
Therefore, the calculation result of the probability safety factor is inversely proportional to the
magnitude of parameter variability.

6. Conclusions
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In this paper, the time-dependent resistance of concrete cable-stayed bridges is obtained based
on the durability changes of concrete cable-stayed bridges in various environments, and the time-
dependent reliability of concrete cable-stayed bridges is obtained by considering the load changes
during assessment base period. By taking time-dependent reliability as a decision variable and taking
the expected value of benefit in the whole life cycle of concrete cable-stayed bridge as a decision
objective, the decision-making of concrete cable-stayed bridge maintenance and reinforcement is
carried out. Through the analysis of an example concrete cable-stayed bridge application, the
following conclusions can be drawn.

(1) A computational tool that can be used to predict the lifecycle reliability performance, cost, and
optimal maintenance interventions of deteriorating concrete cable-stayed bridge structures was
described. This tool uses random variables to describe reliability index profiles and cost
functions of individual or groups of deteriorating bridge structures.

(2) For the loads on concrete cable-stayed bridge structures, the loads in the design base period
should be calibrated, and the assessment base period should be taken as the time variable. And
the resistance of concrete cable-stayed bridge structures should also consider the effect of time
variable. Based on the time-dependent of resistance and load in performance function, the
results of cost and reliability index can be calculated reasonably.

(3) The economic evaluation of maintenance and reinforcement should consider not only the cost
of maintenance and reinforcement, but also the benefits of various maintenance and
reinforcement schemes, so as to prevent the situation of low cost but low benefit.

(4) In the decision-making process of maintenance and reinforcement, reliability and benefit
expectation should be considered comprehensively to avoid excessive one-time investment and
unnecessary safety reserve. The decomposition technique was recommended to solve the
maintenance scheme.

(5) The variability of parameters has a significant impact on the reliability index and probability
safety coefficient of the structure. In the operation process of cable-stayed bridges, it is
necessary to focus on observing the discreteness of the main parameters that affect the safety
performance of the structure, and develop targeted measures to ensure the safety of the
structure.

Data Availability Statement: The data used in the manuscript can be replicated through calculation method as
described in the manuscript. The data supporting the conclusions of the study can be obtained in the manuscript.
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