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Due to concrete shrinkage, concrete creep, resistance degradation, and vehicle load flows, the long-term performance of reinforced
concrete bridges exhibits time-varying characteristics. The vehicle-borne process is a nonstationary random process, which
interacts with concrete shrinkage, concrete creep, and resistance degradation to cause constant changes in bridge internal force
and deformation, further, bridge dynamic reliability occurs. This study presented a reasonable method for calculating the time-
varying reliability of simply supported girder bridges under the effects of traffic loads and shrinkage creep. Stochastic truck-load
models were simulated based on site-specific weigh-in-motion measurements, then the internal forces of the bridge were calculated
when the mean value of vehicle-mounted effects increases by 1% per year. Considering the resistance degradation and load effect
increase, the reliability of the RC bridge in serviceability limit state and capacity-carrying ultimate state were analyzed using first-
passage probability method and Monte Carlo method, respectively. The accuracy of the proposed method was verified by compari-
son. The evaluation results show that the failure probability including shrinkage and creep has increased significantly; creep is affected
by the bridge span and the number of main girders, and the reliability assessment results are safer for bridges with smaller spans.

1. Introduction

With the booming transportation market, the current road
freight volume has grown significantly. Existing highway
bridges are facing a continuous increase in traffic flows and
vehicle loads, and the long-term effects will pose a risk to the
normal use and safety performance of the bridge. As a result,
the service life of bridge will decrease rapidly. To optimize
and manage the available budget for repair and maintenance,
there is a need for rational decision-making methods and
more accurate methods of safety assessment. Reliability or
failure probability-based decision-making is a powerful meth-
odology for such optimization. In recent times, probabilistic-
and reliability-based approaches have been widely used to
quantify bridge safety.

Shrinkage and creep, as the aging behaviors of concrete,
will cause additional deformation of RC bridges over time

which will cause internal force redistribution and deforma-
tion. Further, the unfavorable effects such as the cracking of
RC bridge decks and the loss of prestress will be produced
which will affect RC bridge durability. Therefore, it is neces-
sary to study the shrinkage and creep effects of RC bridges.
In the existing creep analysis [1, 2], the coupling effects of
concrete creep, softening, and cracking on deflection evolu-
tion and stress redistribution are often ignored. Guo et al. [3]
studied the deflection of the prestressed-concrete box girder
bridge considering the effects of creep and shrinkage, but in
the analysis process, only the creep under the bridge’s weight
is considered, and the static vehicle load is used to simulate
the traffic load. Lu et al. [4] proposed a Gaussian process
response surface method based on the dichotomous concept.
This method can predict the equivalent stiffness of steel pipe
concrete arch ribs under the influence of temperature and
shrinkage creep, and obtain the time-varying degradation
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law of the mechanical properties of the ribs, which provides a
means to analyze the structural performance and time-
varying reliability of steel pipe concrete arch bridges under
shrinkage creep conditions. To study the reliability analysis
of a real-complex structure, the uncertain influence of shrink-
age creep is considered, Tonelli et al. [5] based on health
monitoring data of a prestressed concrete bridge, performed
Bayesian inference using aMarkov ChainMonte Carlo (MCMC)
method, and the reliability assessment utilizes importance
sampling (IS) for computational efficiency.

In the long-term service processes of existing bridges, the
structural resistance constantly decaying and the load effect
increases gradually with time, so it is more reasonable to use
the time-variant reliability as an index to assess and predict struc-
tural performance. In the previous studies about structural
resistance degradation, the process is usually described in terms
of a degradation function [6]. Fan et al. [7] proposed a method
based on Bayes theory and resistance degradation model to
update bridge resistance. Yuan et al. [8] considered resis-
tance deterioration process, and proposed a time-dependent
reliability assessment procedure, the study discussed the
nonstationarities of the vehicle-load process, simultaneously.

Vehicle load study is very important for bridge load-
carrying capacity calculation, bridge-reliability assessment
and life prediction, etc. It is concerned with all phases of
bridge design, operation, and maintenance. In the existing
studies on the traffic loadings, to simplify the analysis, the
traffic loads are usually simplified to a stationary random
process [9]. While considering the phase increase of traffic
volume, fatigue damage accumulation is a critical factor
resulting in the failure of RC bridges. Luo et al. [10] researched
the coupled effect of cyclic vehicle loading and environmental
corrosion, and the numerical results provide a theoretical
basis for fatigue life estimation and maintenance of aging
PC bridges. For engineering problems, Kim and Song [11]
present a time-varying reliability assessment method for post-
tensioned concrete box girder bridges considering traffic-load
effects and material deterioration, and applied the method to
evaluate the time-varying reliability of the Hwayang–Jobal
bridge. Li et al. [12] used ANSYS software to build the finite
elementmethod (FEM) simulationmodel of onemain span of
the prototype bridge, then the dynamic reliability when the
heavy vehicles crossing the prototype bridge corresponding to
the middle-span web plate is comprehensively analyzed and
discussed. In addition, some progress has beenmade in recent
years on the reliability of bridge structural systems [13–17],
and time-varying reliability analysis based on bridge health
monitoring data [18–22].

In order to simulate the real-traffic loads and solve the
time-variant reliability of RC bridges considering the shrink-
age and creep effects of concrete during the service periods,
this paper first simulates random traffic flow based on the
existing monitored weigh-in-motion (WIM) data, and fur-
ther combines the FEM to obtain the internal force and
deformation of RC bridge. Then time-varying responses of
the selected different RC simply supported T-beam bridges
are calculated considering the effect of shrinkage and creep.
Finally, the reliability analysis method is adopted to predict

and assess the safety of the bridge. The flowchart of this study
is shown in Figure 1. In the first chapter, based on the prob-
ability distribution information of vehicle load, a reasonable
random vehicle model is established. On this basis, the sec-
ond chapter is based on the use of finite element simulation
and the use of MATLAB programing, to obtain the internal
force response of the bridge. Then the load effect of the
bridge is analyzed according to the calculation method of
shrinkage and creep in the existing code. Finally, in the third
chapter, considering the resistance degradation process, two
kinds of time-varying reliability calculation methods are used
to analyze the reliability considering the deflection limit and
the moment limit, respectively.

2. Random Vehicle Model

In this paper, the random vehicle model considers multiple
random parameters including vehicle type, vehicle weight,
vehicle distance, and vehicle speed. The random traffic
flow is simulated by randomly sampling the vehicle parame-
ter probability model, the research results can provide the
foundation for bridge response analysis under the action of
the vehicle flows. The analysis flowchart in this section is
shown in Figure 2. First, the relevant distribution parameters
of each variable are obtained by referring to the existing
research data, which can be used to simulate the stochastic
traffic flow which is close to the actual traffic load. Then get
the sequence of random traffic flow withMonte Carlo method

MATLAB

ABAQUS

Section 1
Random vehicle model

Random vehicle current parameter information

Section 2
Finite element model of simply supported girder bridge

Load effect of vehicle current Calculate creep and contraction

Section 3
Time-varying reliability calculation

Consider the
deflection limit

Consider the bending
moment limit

FIGURE 1: Technical routes of this paper.
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by MATLAB. At last, use Fortran language to get the informa-
tion into the DLOAD subroutine that needs to be executed.

2.1. Statistics-Based Vehicle Probabilistic Model.WIM system
is a set of sensor systems installed below the road surface
layer to obtain the parameters, such as axle load, vehicle
speed, and the passing vehicle types. With the rapid devel-
opment of sensor technology, the current WIM system has
high-control accuracy, and a probabilistic model of the vehi-
cle can be statistically derived from a large amount of statis-
tical data from the WIM system. The daily vehicle number
has a certain volatility, and with the increase of service time,
the overall trend is increasing.

The statistical research results on the vehicle axle load of
highway bridges both show that the highway vehicle loads
exhibit multimodal distribution characteristics [23, 24], while
the conventional normal distribution and nonnormal distri-
bution only have a single peak. The distribution characteris-
tics cannot accurately fit the total weights and the vehicle axle
loads. Therefore, the Gaussian mixture model (GMM) is used
to fit the probability distribution of the axle loads [25]. The
GMM model is composed of multiple Gaussian functions
according to a certain weight. In theory, GMM can fit proba-
bility distributions with any shape. The probability density
function (PDF) of GMM is:

f xð Þ ¼ ∑
M

i¼1
wi

1ffiffiffiffiffi
2π

p
σi
exp −

x − μið Þ2
2σ2i

� �
; ð1Þ

where wi; μi, and σi are the weight, mean and variance of the
ith variable in GMM, respectively.M is the number of Gauss-
ian models.

2.2. Model Parameters. Referring to Lu et al. [26] fitting results
of the WIM monitoring data from the NanXi Yangtze River
Bridge with four lanes, the passed vehicles are divided into six
types (C1–C6) according to the wheel and axle configuration,
and the probability characteristic parameters of each vehicle
type are statistically obtained and shown in Table 1. The pro-
portion of each vehicle type and the distribution of traffic flow
on the four lanes are shown in Figures 3 and 4.

From above statistical parameters, the vehicles crossing
the bridge are mainly small passenger cars with two axles,
and most of the vehicles are concentrated in the slow lanes
on both sides (Lane 1 and Lane 4).

2.3. Distance between Vehicles. The probability distribution
of vehicle distance varies greatly with time, and the distribu-
tion of vehicle distance has a significant impact on the
dynamic response of RC bridges. In the existing study [27],
the vehicle operating states are divided into three types
according to the distance between vehicles: sparse state, gen-
eral state, and dense state, but there is no clear boundary
division for these three states at present; Zong et al. [28]
suggested dividing the dense and sparse states of the vehicle
with a time interval of 2 s. Sun and Sun [29] suggested that if
the distance between two adjacent vehicles on the same lane
is greater than 500m, then the superposition of load effects
can be ignored. Bailey [30] suggested that in general traffic
conditions, the intervehicle distance x depends on the total
traffic volume V (the number of vehicles per hour), and the
probability distribution function can be expressed as follows:

f xð Þ ¼ V
3600 × 22

exp −
V

3600 × 22
x − 5:5ð Þ

� �
: ð2Þ

Based on the selected bridge span and vehicle speed, the
following classification criteria are adopted in this paper: the
distance between vehicles in the dense state is less than 40m,
and the distance between vehicles in the general state is
40–500m. The vehicle distance is generated by Equation (2),
and the bridge responses under general traffic conditions can
be studied.

2.4. Vehicle Speed and Vehicle Lane. The speed of the vehicle
is related to many factors. In the existing research results,
Wang et al. [31] used probability and statistical analysis
results to show that the vehicle speed generally follows a
normal distribution. In this paper, the analysis is simplified,
and the consideration of vehicle speed is set as: the speed
of the fast lane is 80 km/hr, the speed of the slow lane is
60 km/hr, and the selected bridges are all two-lane traffic.

According to the distribution parameters of each vehicle
type, lane, and vehicle spacing obtained by the above statistical
analysis, the random traffic flow is generated by the Monte
Carlo method. According to the measured lateral and vertical
position distribution of the vehicle,MATLAB is used to generate
random numbers of a certain sequence and size. Then the
DLOAD subroutine is written which can define the variation
of the distributed load amplitude with the coordinates, time,
unit number, integration point number, etc. It is mainly used
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The DLOAD subroutine implements space-time varying loads
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Related parameters of each distribution type

WIM monitoring data

FIGURE 2: Analysis flowchart of random vehicle model.
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to define complex load conditions. In the subroutine, the ran-
dom traffic data of the given sequence generated in the previous
step is read, so as to realize the time-variant moving random
loads on the bridge to simulate the real traffic load flows.

3. Finite Element Model of the Simply
Supported Bridge

In order to simulate the above vehicle load effects and calcu-
late the vehicle-axle coupling responses, an example model

is established by the finite element software ABAQUS. The
concrete is C30, the steel bar is HRB335, and the whole
bridge is not equipped with beams; ABAQUS adopts C3D8R
element, plastic damagemodel, and static general analysis step.
In order to further explore the influence of shrinkage and creep
effects on RC bridges of different bridge types, simply sup-
ported T-beam bridges with different span lengths and num-
ber of main beams were established. The DLOAD subprogram
that had been written was run to calculate the load responses at
critical locations of the modeled bridges through ABAQUS
software.

TABLE 1: Statistical parameters of six typical vehicles.

Vehicle type Vehicle axle Axle load (kN) Axle distance (m)
Lane proportion (%)

Lane 1 (slow) Lane 2 (fast) Lane 3 (fast) Lane 4 (slow)

C1
1 44.9

5 42.29 4.48 6.40 46.83
2 92

C2
1

76.6
1.9

45.54 0.98 1.65 51.832 5.3
3 119.3

C3
1 84.1 4.8

45.54 0.98 1.65 51.832
113.8

1.4
3

C4

1 75.7 3.8

48.21 1.31 1.59 48.90
2 83.3 8.6
3

151.6
1.3

4

C5

1 82.8 3.6

51.56 1.17 0.97 46.30
2 140.5 6.8
3 97.8 1.3
4 1.3
5

C6

1 76.4 1.7

43.47 0.96 0.97 54.60

2
102.8

2.7
3 7.3
4

113.1
1.3

5 1.3
6

18%

20%

3%
5%

53%

1%

C1
C2
C3

C4
C5
C6

FIGURE 3: Proportion of six models.
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FIGURE 4: Proportion of vehicle flow in four lanes.
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Select four types of spans with spans of 20–50m and
three types with 4–6 main beams to establish a total of
12 bridge types of RC simply supported beam bridge models.
The finite element model and the main beam section dimen-
sions are shown in Figures 5 and 6.

In the processes of calculating the bearing capacity, it is
necessary to consider the variable load effect, and the
dynamic response of the vehicle is usually simplified to the
static force by multiplying the corresponding impact coeffi-
cient. When calculating the static bending moment (static
responses), the load lateral distribution coefficient is intro-
duced. According to the bridge design code in China, the
load lateral distribution coefficient is calculated by the ortho-
tropic slab method. Since the actual model of the slab girder
bridge is relatively close to be modeled with the orthotropic
slab method, the orthotropic slab method is used and has
high-calculation accuracy.

The lateral distribution coefficients of midspan loads of
bridges with different span lengths and main beam number
are calculated. Since the distribution coefficient of the side
beams is larger, the most unfavorable case is taken in the
calculation. The lateral distribution coefficient of the side
beams increases with the increase of the number of main
beams, that is, the load borne by the side beams increases.
With the increase of the span length, the lateral distribution
coefficient gradually decreases which indicates that the lat-
eral distribution of the load is more and more uniform.

Figure 7 shows a microscopic simulation of two lanes of
traffic on a simple girder bridge after generating a sequence
of random traffic flows using Monte Carlo simulation (MCS).
In this case, the vehicle speed is set to 80 km/hr in the fast lane
(Lane 1) and 60 km/hr in the slow lane (Lane 2). The vehicle
spacing is referenced to Equation (2), and judging whether the
vehicle is on the bridge by distance and thus applying the load.

Using the C3 model as an example (see Table 1 for axle
load, axle spacing, and other information), the plan dimen-
sions of the vehicle load model are shown in Figure 8. This
simplification of the wheel-road contact surface to an
approximate rectangle is a reference to Liu et al. [32].

4. Time-Variant Reliability Analysis

In structural reliability analysis, the limit states generally
include ultimate limit state and serviceability limit state
which should be both fully considered. The detailed flow-
charts about time-variant reliability for RC bridges are
shown in Figure 9.

4.1. Reliability Considering Ultimate Deflection. For the RC
bridge, the serviceability limit state usually defines that the
dynamic deflection is more than or equal to the maximum
allowable deflection. The function G can be expressed as
follows:

G ¼ ymax − y tð Þ; ð3Þ

where ymax is the maximum allowable deflection and y tð Þ is
the time-variant deflection value under variable traffic loads
including creep and shrinkage effects.

FIGURE 5: Finite element model of simply supported T-beam bridge.
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FIGURE 6: Beam section (unit: cm).
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FIGURE 7: Traffic microsimulation of two lanes of simply supported
girder bridges.
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FIGURE 8: Schematic diagram of typical vehicle load plane.
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4.1.1. Deflection Calculation. Since the integral calculation
about the curvature of each position along the beam is very
complicated. For simplifying the calculation, this operation is
simplified by assuming parabolic variation between adjacent
points. Then, midspan deflection of simply supported beam
can be expressed in terms of curvatures at three critical posi-
tions: left and right supports and midspan point [33].

Δmid ≈
L2

96
kL þ 10kM þ kRð Þ; ð4Þ

where L is the span length, kL; kM , and kR are, respectively,
the curvatures at the left support, midspan, and right support
positions. The total curvature of any section can be obtained
from the sum of three components: elastic curvature coeffi-
cient kelas tð Þ, shrinkage curvature coefficient kshrin t;ð tsÞ, and
creep curvature coefficient kcre t;ð t0Þ [1]:

k tð Þ ¼ kelas tð Þ þ kcre t; t0ð Þ þ kshrin t; tsð Þ; ð5Þ

where t; t0, and ts are, respectively, the calculation time of the
curvature coefficient, the age when the concrete starts to
creep and the age when the concrete starts to shrinkage.
Since the simplified midspan deflection calculation formula
is only applicable under the continuous load actions. Fur-
ther, combining with the FEM, the time-variant deflections

of the bridge girder under the random traffic loads are
solved.

Assume that there is a continuous average stress or
moment for each year, the average is fitted from the applied
load effects along the corresponding time period. The long-
term load actions are considered as a multi-impulse load
process, the time-variant traffic load is decomposed into
individual load increments, and then the total curvature is
calculated by superimposing the individual responses.

Since the shrinkage coefficient does not change with the
load actions. Therefore, at the left and right supports, the cur-
vature coefficient is only caused by the shrinkage coefficient:

kL ¼ kR ¼ kshrin t; tsð Þ: ð6Þ

Assume that the elastic part of the deflection Δelas trafficð Þ is
caused by the traffic load at time t, then the calculation for-
mula of the midspan deflection can be expressed as follows:

Δmid ≈
L2

96
10 kelas tð Þ þ ∑

i
kcre t; tið Þ

� �
þ 12kshrin t; tsð Þ

� �
≈ Δelas trafficð Þ þ

L2

96
10∑

i
kcre t; tið Þ þ 12kshrin t; tsð Þ

� �
:

ð7Þ

Time-varying reliability analysis of bridges

Consider the ultimate bearing capacityConsider the ultimate deflection

Calculate the moment bearing capacity

Calculate reliability (Figures 16 and 17)

Without considering creep and shrinkage Considering creep and shrinkage

Vehicle loading

Numerical integration

Calculate reliability (Figures 15)

Time-varying
bending moment

Consider resistance degradation

Shrinkage and creep calculations

Bridge midspan bending moment

Failure probability (Figures 13 and 14)

Calculate the total deflection of  bridge

FIGURE 9: Flowchart of bridge dynamic reliability analysis.
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The FEM is used to impose random traffic loads on the
bridge model, and the time-history response of the midspan
bending moment is obtained. By fitting the load effects
within a certain simulation time, the bending moment value
M of the T-beam bridge at the midspan section is obtained
and follows extreme value Type I distribution. The elastic
deflection can be solved with the following equation:

Δelas trafficð Þ ¼ f ¼ 5
48

⋅
ML2

B
; ð8Þ

where B is the flexural stiffness of the equivalent section of
the cracked member [34].

In Equation (7), the calculation formula of the creep
curvature coefficient is as follows [35]:

kcre ¼
kelas tið Þ ⋅ φcc

α
; ð9Þ

kelas tið Þ ¼ M tið Þ
EcIef tið Þ : ð10Þ

In the above formulas, φcc is the creep coefficient and
calculated according to CEB-FIP90 mode, Ec is the concrete
young’s modulus; the effective moment of inertia Ief is given
in term of the ratio of cracked moment Mcr to the applied
moment M tið Þ [36]:

Ief ¼
Icr

1 − 1 − Icr=Iuncrð Þ Mcr tið Þ=M tið Þð Þ2 ≤ Iuncr; ð11Þ

α ¼ 0:48ρ−0:5 Icr
Ief

� �
0:33

1þ 125ρþ 0:1ð Þ Asc
Ast

� �
1:2

h i
: ð12Þ

In the above formulas, ρ is the reinforcement ratio of the
main beam section; Asc and Ast are the reinforcement area in
the compression zone and the tension zone, respectively.

In Equation (7), the calculation formula of the shrinkage
curvature coefficient is

kshrin t; tsð Þ ¼ 1:2 Icr
Ief

� �
0:67

1 − 0:5
Asc

Ast

� �
εcs t; tsð Þ

h0

� �
;

ð13Þ

where εcs t;ð tsÞ is the shrinkage strain given by CEB-FIP90
mode and h0 is the effective height of the section.

After calculation, the results of the evolution of mean
deflection induced by traffic loadings are shown in Figure 10,
where the deflection is converted from the annual average
bending moment due to traffic loadings.

By substituting the annual average bending moment
value M tið Þ following the extreme value Type I distribution
and self-weight bending moment into Equations (9)–(13),
the deflection caused by shrinkage and creep of the bridge
can be obtained as shown in Figures 11 and 12.

Figure 11 shows the time-dependent deflection of a sim-
ply supported girder bridge with a span of 20m caused by
shrinkage and creep. The overall value is small, and is like the
development trend of shrinkage and creep coefficients: in the
early period (the first 10 years) grew rapidly and then gradu-
ally slowly. In Figure 12, simply supported girder bridges
with different spans with five main girders are selected,
and the change trend of creep deflection is also similar.
The comparison shows that the deflection value increases
with the increase of the number of main beams and the
span length.

4.1.2. Monte Carlo Method to Calculate the Failure Probability.
With Equations (3) and (7), the performance function about
serviceability limit state is expressed as follows:

G ¼ ymax − ycalc tð Þ ¼ L
500

− Δmid

¼ L
500

− Δelas trafficð Þ tð Þ

−
L2

96
10ψ c ∑

i
kcre t; tið Þ þ 12ψ skshrin t; tsð Þ

� �
;

ð14Þ

where ψ c and ψ s, respectively, represent the modeling errors
of the creep coefficient and shrinkage strain. They both fol-
low the normal distribution with the mean 1.0 and the coef-
ficient of variation (0.339 and 0.451, respectively) [15].

Note that the structural performance function value is Z,
the random variable X follows the known probability distri-
bution, and the sample value x obtained by sampling is used
to calculate the value Z. If Z<0, then the structure fails. N
simulations are carried out, and there is nf times appeared
for Z<0. According to Bernoulli’s theorem in probability
theory, the frequency of random events Z<0 in independent
experiments converges to probability pf , so the estimated
value of the structural failure probability pf is bpf ¼ nf =N .
In MATLAB, for each bending moment value M, through
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FIGURE 10: Evolution of mean deflection induced by traffic loadings.
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106 Monte Carlo numerical simulations, the simulation solu-
tions obtained are shown in Figures 13(a) and 14(a).

Due to the random convergence of MCS, the time-
varying reliability is calculated by the first-passage probabil-
ity method by Andrieu-Renaud et al. [14] to verify the accu-
racy of the calculation. It is assumed that the structural
failure will occur when the dynamic response values (such
as the stress, displacement, and acceleration of the control
point) exceed the critical value or safety limit for the first
time. The more accurate value of time-varying reliability can
be obtained by using this method, and the calculated results
are shown in Figures 13(b) and 14(b).

It is shown in Figure 14 that the two calculation results
are nearly same, which proves the feasibility of this method.
Then analyze the trends in the figure. Figure 10 shows the
change of failure probability for a 20m span simply sup-
ported beam bridge with allowable deflection as an indicator

during the assessment period, it is shown that the failure
probability is related to the main girder of the bridge: under
the same condition of other parameters, the failure probabil-
ity of the normal service limit state increases with the
increase of the number of the main girder. Figure 11 shows
that the failure probability is related to the span of the bridge,
and with the increase of the span, the higher the failure
probability is, the lower the reliability is. The change trend
is like the deflection change caused by the consideration of
shrinkage, creep, and vehicle-borne effect, because the
increase of the number of main beams and span will cause
the increase of the midspan section bending moment value,
then the deflection caused by vehicle-borne effect and
shrinkage and creep increases. Compared with Figures 8
and 9, the increasing trend of failure probability is steeper
during the evaluation period, indicating that the reliability of
the bridge in its normal service limit state decreases rapidly
with the increasing traffic volume, the potential risk of nor-
mal use of existing bridges increases.

4.2. Reliability Considering Ultimate Load-Carrying Capacity.
The ultimate load-carrying capacity state means that the
structure or component reaches the maximum load-carrying
capacity [37]. It is also the frequently considered state in
bridge reliability analysis. The flexural load-carrying capacity
of the section is regarded as the structural resistance. During
the long-term service processes of RC bridges, due to corro-
sion of steel bars and carbonization of concrete, so the deg-
radation of load-carrying capacity needs to be considered.
The degraded time-variant resistance can be expressed as
the product of the initial resistance of the member and
the resistance degradation function, which is expressed as
follows:

R tð Þ ¼ R0 ⋅ g tð Þ; ð15Þ

where R0 is the initial resistance value and calculated accord-
ing to the relevant bridge design specifications; g tð Þ is the
degradation function of the resistance and described by the
piecewise function of the service life T. The resistance degra-
dation function for the medium degradation rate is expressed
as follows [6]:

g tð Þ ¼ 1; t ⩽ 5

1 − 0:005 t − 5ð Þ; t > 5

(
: ð16Þ

For the simply supported girder bridges of medium and
short spans, the uncertainty of bridge load effects is mainly
originated from the vehicle load which can be described by a
discrete random process. According to the measured vehicle
data, the vehicle load effects can be simulated and follow the
extreme value I type distribution. Further, the cumulative
probability function F xð Þ is obtained. Assume that the vehi-
cle operation is basically stable within 1 year, then the cumu-
lative probability function FM xð Þ of the maximum load
effects in the design basis period (T ¼ 100 years) is expressed
as follows:
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FIGURE 11: Time-dependent deflection changes of bridges with dif-
ferent numbers of beams due to shrinkage and creep.
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FM xð Þ ¼ F xð Þ½ �T ¼ F xð Þ½ �100: ð17Þ

4.2.1. Only Consider the Reliability Calculation of the Vehicle.
The occurrence process of the vehicle can be regarded as a

Poisson process, and the Poisson strength is recorded as λ
(the probability that a vehicle occurs once per unit time). If
the service time T is divided into n intervals to form a time
interval sequence Xn;f n ¼ 1; 2;…;g, then for the ith i ¼ 1;ð
2;… nÞ time interval Xi, the occurred probability of a vehicle
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FIGURE 13: Failure probability of simply supported beam bridges with different number of main beams. (a) Failure probability calculated by
MCS. (b) Failure probability calculated by first-passage probability method.
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FIGURE 14: Failure probability of simply supported beam bridges with different spans. (a) Failure probability calculated by MCS. (b) Failure
probability calculated by first-passage probability method.
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load is p ¼ λT=n. As is considered that the load changes with
time, it is assumed that the cumulative density function of
the load effect is FS t;ð sÞ. When T=n is sufficiently small, it
is assumed that the cumulative density function of the
load effect S within Xi remains constant, and is denoted as
FS iT=n;ð sÞ; i ¼ 1; 2… n. At the same time, considering the
randomness of the initial resistance value R0 and the PDF of
which is fR rð Þ, then the time-varying reliability probability
pr Tð Þ of the structure within ð0; T� is defined as follows [38]:

pr Tð Þ ¼ Pr R tð Þ>S tð Þ; t 2 0;Tð �f g
¼

Z 1

0
exp λ

Z
T

0
FS t;R0 ⋅ g tð Þ½ �dt − λT

� �
⋅ fR rð Þdr;

ð18Þ

where R tð Þ and S tð Þ represent the structural resistance and
load effect at the t moment, respectively. It is usually used as
the reliability index β, and its relationship with the reliability
probability is pr Tð Þ ¼ Φ βð Þ.

Statistical analysis on the load-carrying capacity of RC
beams shows that the load-carrying capacity follows a log-
normal distribution with a coefficient of variation (0.15).

A bridge with a span of 20m and a number of five main
beams is taken as an example, the mean and standard devia-
tion about the maximum bending moment of the midspan
section caused by the vehicle loads once-in-a-year (λ ¼ 1)
are 379.067 and 41.187 kN·m, respectively. According to the
relevant specifications, excluding the self-weight of the main
beam, the midspan flexural load-carrying capacity of the
bridge considering the long-term load effects is 1,041.97kN·m.

The load effect S and the load-carrying capacity R, respectively,
follow the extreme value type I distribution and log-normal
distribution. The PDF of the load-carrying capacity and the
cumulative distribution function of the load effect are

fR0
rð Þ ¼ 1

0:149
ffiffiffiffiffi
2π

p
r
exp −

1
2

ln r − 6:938
0:149

� �� �
; ð19Þ

FS sð Þ ¼ exp −exp −
s − 360:531
32:113

� �� �
: ð20Þ

Assume that the vehicle load effect average value
increases with a fixed value every year, and the increment
is 1% of the mean value at the initial time. That is, the annual
increase of vehicle-load bending moment is 3.79 kN·m, so
the function FS updated with time is

FS s; tð Þ ¼ exp −exp −
sþ 3:79t − 360:531

32:113

� �� �
; ð21Þ

where s represents the vehicle load effect and t represents
the service time. Substitute Equations (19) and (21) into
Equation (18), the failure probability can be calculated and
shown in Figure 15.

The results in Figure 15 show that the reliability indices
in the first 10 years are basically the same, and the gap grad-
ually increases, but still maintains a small difference in
50 years. The probability is basically the same in the first
25 years, but the overall value has significantly increased after
the 40th year. It shows that the evaluation results of the
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FIGURE 15: Failure probability and reliability indices without considering creep and shrinkage. (a) The failure probability without considering
creep and shrinkage. (b) The reliability indices without considering creep and shrinkage.
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simulated bridge with aging and increasing load effect are
unsafe and the potential risk is increased.

4.2.2. Reliability Calculation Considering Shrinkage and Creep.
In order to compare the time-variant reliability results, the
Monte Carlo numerical simulation method was adopted,
and the influence of shrinkage and creep was considered,
and the time-variant reliability of the structure with the
average annual increase of the vehicle (1% of the average
value at the initial time) was solved. The detailed steps are
described as follow:

Step 1: according to the log-normal distribution of the
load-carrying capacity of different bridge types, the value
r0 of the initial load-carrying capacity is randomly
generated;
Step 2: Generate 100 time series uniformly distributed
over ð0; T� : t1< t2 …< t100;
Step 3: corresponding to each time interval, the corre-
sponding bending moment value si i ¼ 1;ð 2;…; 100Þ
is generated according to the updated cumulative dis-
tribution function of the vehicle load effect such as
Equation (21);
Step 4: according to Equation (8) and using the previ-
ously calculated creep deflection, the bending moment
values generated by the shrinkage and creep effects can
be inversely calculated, each time is corresponding to a
creep bending moment Mcre ið Þ;
Step 5: for all i ¼ 1; 2;…; 100, if all satisfy r0 ⋅ g tið Þ≥
si þMcre ið Þ, the structure is safe, otherwise it is recorded
as the structural failure;

Step 6: repeat the above steps one to five for N times, in
which the number of failures is nf , and the number of
simulations is also taken as 106, then the failure proba-
bility pf can be estimated from nf =N .

The accuracy of the calculation is still verified by the first-
passage probability method. The results of the simulation
method are shown in Figures 13(a) and 14(a), and the result
of first-passage probability method are shown in Figures 16(a)
and 16(b).

Figures 16 and 17 show the time-dependent reliability of
different bridge types, with the bending moment bearing
capacity as an indicator. The comparison in Figure 17 shows
that the larger the span of simply supported beam bridge is,
the lower the reliability index value considering the ultimate
bearing capacity is, and the shorter the span is, the safer the
bridge is. However, the influence of the number of main
beams on the reliability index is not monotonous. With the
increase of the number of main beams, the reliability index
decreases, however, the calculated value of the flexural capac-
ity is not consistent with the increase of the moment, which
results in the highest reliability index of the bridge with five
main girders in Figure 16.

Figure 14 also shows that the influence of span length on
the reliability index is significant, and the difference of the
reliability index between the spans of adjacent bridges
becomes larger and larger, which further indicates that
the effect of shrinkage and creep is especially sensitive to
the change of span length. In addition, compared with the
time-dependent reliability in Figure 15(b), which does not
include the load effect of shrinkage and creep, the reliability
considering the effect of shrinkage and creep is significantly
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FIGURE 16: Time-varying reliability indices of simply supported beam bridges with different number of main beams. (a) The reliability indices
calculated by Monte Carlo method. (b) The reliability indices calculated by first-passage probability method.
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reduced (the initial value is reduced from 7.5 to 6.26), it
shows that the creep effect should be fully considered in
the reliability analysis of existing concrete bridges. During
the evaluation period, the selected examples are safe, but with
the increase of service life, the reliability index decreases
rapidly, and facing the increasing traffic volume, the long-
term load effect of the bridge increases, and the shrinkage
and creep effect intensifies, it will bring more risk to the
safety of bridge structure.

5. Conclusions

In this study, a simple implementation of a stochastic traffic
load model is proposed, which is prepared in Fortran lan-
guage to read the random traffic flow data generated by
MATLAB, and then the numerical simulation results of the
internal force response of a simply supported girder bridge
are obtained by the FEM. The time-varying reliability analy-
sis was carried out considering the effects of shrinkage, creep,
and vehicle loading of the bridge under two limit states. The
main conclusions were obtained as follows.

(1) In-service RC bridge condition assessment should
fully consider the effects of shrinkage, creep, and
structural deterioration. In the numerical example
of this paper, the initial value of the reliability index
of the bridge after considering shrinkage and creep is
reduced from 7.5 to 6.26.

(2) Comparing different bridge types (variables are num-
ber of main girders and span diameter), it is shown
that shrinkage and creep are significantly affected by

the span diameter of the bridge, and the reliability
assessment results are safer for the smaller span
diameter of the bridge. The number of main girders
increases, and the deformation from shrinkage and
creep increases, but the reliability of the load-carrying
capacity limit state is not monotonically changed.

(3) Compared with the disadvantage of the time-
consuming Monte Carlo method, the first-passage
probability method can perform time-varying reli-
ability analysis of the structure of complex functional
functions with high-computational efficiency and
accurate results.

(4) The stochastic vehicle-carrying model proposed in
this paper can be adjusted according to the vehicle-
carrying probability information of different traffic
states, to reasonably analyze and predict the load
effect of vehicle flow.

Symbols

B: Flexural stiffness of equivalent sections of cracked
members

Ec: Concrete young’s modulus at the age of 28 days
G: The performance or limit state function
KL; KM; KR: The curvatures at left support, midspan and

right support, respectively
L: The span length
M: Bending moment at the span section of the bridge
R: Resistance of bridge
S: Load effect of bridge.
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FIGURE 17: Failure probability of simply supported beam bridges with different spans. (a) The reliability indices calculated by Monte Carlo
method. (b) The reliability indices calculated by first-passage probability method.
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Notations

Asc: The steel area in compression zone
Ast: The area of tensile reinforcement
g tð Þ: Resistance degradation function
h0: Effective height of cross-section
Ief : The effective moment of inertia
Icr: The cracked moment of inertia
kcre: The curvatures induced by creep
kshrin: The curvatures induced by shrinkage
kelas: The curvatures induced by elastic
Mcr: Cracked moment
Mcre: Conversion of deformation caused by creep into

bending moment
pf : The failure probability
t0: The age of concrete at the beginning of creep
ts: The age at the initiation of shrinkage
ymax: The maximum acceptable deflection of bridge
α: Empirical coefficient related to the amount of

cracking and reinforcement quantity
β: Reliability index
εcs: The shrinkage strain
Δelas trafficð Þ: The elastic part of the deflection
ρ: The ratio of reinforcement in the web
φcc: The creep coefficient
ψ c; ψ s: The modeling error for the creep coefficient and

shrinkage strain, respectively.
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