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Abstract: The safety and reliability of bridges gradually decrease over time under the influence of
disadvantageous environmental factors, primarily due to reinforcement corrosion caused by chloride
ingress. The traditional lateral load distribution (LLD) theory does not consider the influence of
corrosion, which degrades the accuracy of bridge performance and reliability calculation. A time-
dependent reliability assessment method for simply supported T-beam bridges is proposed in this
paper, which considers the influence of reinforcement corrosion on LLD. Firstly, the steel corrosion
process and degree are predicted based on the chloride ingress model, into which the water/cement
ratio and concrete strength are innovatively introduced in order to improve the prediction accuracy.
Secondly, the effective stiffness calculation method for corroded reinforcement bridges is established
with the moment of inertia and section crack condition employed. Thirdly, the modified eccentric
compression method is improved by the effective stiffness and iterative algorithm, which is suitable
for the LLD calculation of corroded reinforcement bridges. The time-dependent vehicle load effect
can be computed combined with the probability distribution of live load. Finally, the time-dependent
reliability of the flexural bearing capacity is obtained by the Monte Carlo method and Bayesian
theory without prior information. A simply supported bridge with five T-beams is taken as an
example for analysis. It is indicated that the results calculated by the traditional reliability method
are conservative, which cannot make a true and accurate evaluation. The method proposed in this
paper can effectively reduce the assessment error caused by model uncertainty while considering the
interaction between reinforcement corrosion and vehicle live load effect.

Keywords: reliability; simply supported T-beam bridge; chloride ingress; reinforcement corrosion;
load lateral distribution; effective stiffness

1. Introduction

As a key hub of the transportation network, bridges play an essential role in social
and economic development. Among them, simply supported T-beam bridges have been
widely used owing to their advantages of low construction cost and simple construction.
Additionally, they have a typical beam-grid structure. This kind of bridge has a simple
structure for theoretical analysis [1–3]. However, simply supported T-beam bridges are
inevitably influenced by disadvantageous environmental and vehicle load factors during
their service life. Reinforcement corrosion caused by chloride erosion is one of the main
degeneration types [4,5] that can reduce the vertical and horizontal load-bearing and seismic
capacity of bridges under service conditions [6,7]. The bearing capacity and stiffness of
T-beams severely decrease with the increase in reinforcement corrosion degree, which
poses a serious threat to the safety of people’s property and normal traffic [8]. Therefore,
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it is of great significance for research on bridge maintenance strategies and guaranteeing
normal traffic to improve the accuracy of the bridge degradation prediction model and
reliability assessment. Special attention is focused on the reliability assessment of corroded
reinforcement bridges considering bridge inspection, which is an essential part of civil
infrastructure maintenance.

The oxidation/reduction reaction caused by environmental chloride erosion is a
mechanism of reinforcement corrosion [9]. With the development of research on this
topic, the chloride diffusion model based on Fick’s second law has been modified and
verified according to the study of laboratory-accelerated and field tests [10,11]. Using
electrochemical techniques, the influence of reinforcement microstructure on corrosion
behavior was analyzed [12]. Reinforcement steel corrosion not only leads to steel quality
loss and section area reduction but also reduces the reinforcement strength and the bond
strength between concrete and reinforcement steel, which further results in the reduction
of bearing capacity [13,14].

Combined with the analysis of shrinkage, creep, and deterioration of concrete, the
adverse effects of steel corrosion and structural deterioration on the reliability of simply
supported bridges were clarified [15–17]. Furthermore, the time-dependent bearing ca-
pacity was predicted based on the degradation model, which considered reinforcement
corrosion, concrete, and structural deterioration as the main influencing factors [18]. In ad-
dition, time-dependent reliability and life prediction methodologies for bridge components
and systems were developed by considering the uncertainties of environmental factors and
geometric dimensions [19–21]. The seismic performance assessment of corroded reinforce-
ment bridges was analyzed by the finite-element model and nonlinear material model [22].
A time-dependent sensitivity analysis was adopted to evaluate the chloride ingress model
and bridge performance [23]. Accurate evaluation of bridge state was achieved by analyz-
ing bridge safety and serviceability reliability of bending resistance, shear resistance, and
deformation. Hajkova et al. predicted reinforcement corrosion caused by chloride ingress
and analyzed the effect of corrosion on bridge serviceability [24]. However, the above
studies only focused on the relationship between performance degradation and bridge
reliability without considering the influence of structural deterioration on vehicle load
effect. Utilizing the weigh-in-motion system, a reliability calculation method with LLD,
number of lanes, and vehicle axle load was proposed [25–27]. The maintenance strategy
can be drawn up with time-dependent reliability, which is improved by the influence of
structural resistance and load on reliability [28]. However, reinforcement corrosion of aging
simply supported T-beam bridges not only results in bridge resistance reduction but also
changes the load-bearing effect of each beam. Consequently, the above works are no longer
suitable for the reliability evaluation of existing simply supported T-beam bridges.

Reinforcement steel corrosion can also cause stiffness changes in bridges. Moreover,
load action is mainly calculated by the modified eccentric compression method, with stiff-
ness as one of the main parameters. Balim and Malumbela et al. analyzed the relationship
between steel corrosion degree and deflection and strain of bridges using laboratory-
accelerated and static load tests. The results demonstrated that both structural resistance
and stiffness would decrease when steel corrosion occurred [29,30]. Li et al. proved that
reinforcement corrosion increased the vulnerability of bridges while reducing stiffness [31].
Based on accelerated and fatigue load testing, Sun et al. studied the flexural stiffness of
a corroded beam under repeated loading [32]. It was found that if quantization between
reinforcement corrosion and structural stiffness is established, it will be effective for the
accurate reliability analysis of simply supported T-beam bridges considering the effect of
steel corrosion on LLD. The American Concrete Association put forward the product of
the elastic modulus of concrete and the effective moment of inertia to calculate the flexural
stiffness of cracked concrete structures [33]. Based on the flexural mechanical experimental
study of corroded reinforced concrete bridges, a modified model of structural stiffness
was obtained by regression analysis [34]. On this basis, experimental results can be deeply
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excavated to obtain the LLD coefficient calculation method under the condition of steel
corrosion, which improves the accuracy of load action analysis.

In practical engineering, the corrosion process is accelerated under the action of vehicle
load, which further aggravates the decrease in bridge stiffness [35]. When the stiffness
of a simply supported T-beam bridge decreases, it will affect the reinforcement corrosion
process with the load action redistributed. Hence, an iterative algorithm can be employed to
deal with the interaction between vehicle load, chloride erosion process, and reinforcement
corrosion. The chloride erosion process is directly related to the water/cement ratio of
concrete [36]. In the Chinese concrete design code [37], the formula between water/cement
ratio and concrete strength is proposed. Thus, the water/cement ratio computed by the
measured data can be integrated into the iterative process mentioned above, which greatly
improves the accuracy of bridge reliability analysis.

Mid- and small-span bridges account for the largest proportion of the existing bridge
structure system, among which simply supported T-beam bridges are widely used due to
their reasonable structure, convenient construction, and economical efficiency. However,
the variation of LLD caused by reinforcement corrosion has a great adverse influence on
the reliability of simply supported T-beam bridges. To overcome this drawback, a reliability
analysis method is established considering the variation of structural resistance and LLD
influenced by reinforcement corrosion. In this paper, a calculation method for corrosion rate
and degree of reinforcement is proposed based on the measured data of concrete strength
and concrete cover thickness. Consequently, reinforcement corrosion analysis is improved
by the proposed method, in which the relationship between reinforcement corrosion and
water/cement ratio is innovatively derived by inspections of concrete strength. The LLD
theory considering the effect of reinforcement corrosion is formed using a modified eccentric
compression method and an iterative algorithm, of which the parameters are updated by
Bayesian theory without prior information. Considering the influence of reinforcement
corrosion on the LLD theory, the modified eccentric compression method is optimized
by effective stiffness. This provides an effective method for the vehicle effect calculation
of corroded reinforcement bridges. The performance function of the bearing capacity is
constructed by the time-dependent structural resistance and vehicle load action model,
which is adopted for the reliability analysis. On this basis, a time-dependent reliability
evaluation method for corroded reinforcement bridges is established, which improves the
accuracy of bridge condition assessment.

2. Reinforcement Steel Corrosion Model

The study of the reinforcement corrosion model is mainly based on Fick’s second law,
which can effectively simulate the diffusion process of chloride. In order to accurately
analyze reinforcement corrosion, concrete strength is introduced into the reinforcement
corrosion model by the relationship between concrete strength and water/cement ratio.
The reinforcement corrosion model is calculated and improved based on the inspection
data of concrete strength and concrete cover thickness. The reinforcement corrosion rate
is evaluated by the residual area of corroded reinforcement steel, which is defined as
uniform corrosion and pit corrosion of reinforcement based on the proposed model. The
effective stiffness is put forward considering the influence of crack caused by reinforcement
corrosion and external load so that the proposed reinforcement corrosion model can be
used for the stiffness degradation of corroded reinforcement bridges.

2.1. Corrosion Time and Rate of Reinforcement

Existing research results show that chloride erosion is the main cause of reinforcement
corrosion. The initial corrosion of reinforcement is marked by a critical chloride concen-
tration on the surface of the reinforcement. Additionally, the diffusion process of chloride
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conforms to Fick’s second diffusion law. It can be concluded that the initial time Ti of
reinforcement corrosion can be expressed as follows:

Ti =
C2

DC

[
er f
(

C0 − Ccr

C0

)]−2
, (1)

where er f is the error function; C is the concrete cover thickness; DC is the chloride diffusion
coefficient; Ccr is the critical chloride concentration; C0 is the mass concentration of chloride
on the concrete surface; C, DC, Ccr, and C0 are all random variables; the probability
distribution types and characteristic parameters of such variables can be obtained by
experimental and theoretical model calculation [13,38]; and the initial corrosion time of
reinforcement Ti is also a random variable according to Equation (1).

The corrosion of reinforcement is an electrochemical reaction process, and there is a
quantitative relationship between the corrosion rate of reinforcement and the corrosion
current density at time t. Stewart provided calculation equations of the corrosion current
density and corrosion rate of reinforcement at time t after the beginning of corrosion [39,40],
which can be expressed as:

ic(t) = ic0 × 0.85(t− Ti)
−0.29, (2)

r(t) = 0.0116ic(t), (3)

where ic0 is the current density at the initiation of reinforcement corrosion, expressed as
ic0 =

[
37.8(1− w/c)−1.64

]
/C, which is related to water/cement ratio w/c and concrete

cover thickness C. As the water/cement ratio of bridge concrete is difficult to be directly
obtained by experimental methods, the relationship between the water/cement ratio and
strength of structural concrete in the specification for mix proportion design of ordinary
concrete in China is innovatively introduced in this paper [37], and the water/cement ratio
of concrete can be indirectly calculated by Equation (4),

w/c =
αa fb

fcu,k + αaαb fb
, (4)

where fcu,k is measured compressive strength of concrete; fb is the 28d compressive strength
of cement mortar, and the value is 32.5 MPa; and αa and αb are regression coefficients, which
are adopted as 0.53 and 0.2, respectively, in this paper.

By substituting Equation (4) into Equation (3), the relationship between the corro-
sion rate of reinforcement, the concrete strength, and the concrete cover thickness can be
obtained, which is expressed as:

r(t) = 0.3727
(

fcu,k + 3.445
fcu,k − 13.78

)1.64 (t− Ti)
−0.29

C
. (5)

Equation (5), used to calculate the corrosion rate, is derived based on Equation (2)
to Equation (4). Reinforcement corrosion is related to chloride diffusion, and concrete
strength and concrete cover thickness are essential influencing factors for chloride diffusion.
The corrosion rate decreases with the concrete strength and concrete cover thickness
increasing [39].

2.2. Degree of Reinforcement Corrosion

Generally, the reinforcement corrosion degree is described by the mass loss rate of
reinforcement or the cross-sectional area loss rate, and the latter is used to represent the
reinforcement corrosion degree in this paper, as shown in Equation (6):

ρ(t) =
As(t)

A0
× 100%, (6)
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where As(t) is the residual cross-sectional area of generally corroded reinforcement at time
t, and A0 is the cross-sectional area of reinforcement before corrosion.

Reinforcement corrosion can be divided into uniform corrosion and pit corrosion
according to the shape types of reinforcement section corrosion. The residual diameter of
uniformly corroded reinforcement at time t can be obtained by Equation (7):

Du(t) = D0 − 2
∫ t

Ti

r(t)dt. (7)

Thus, the remaining cross-sectional area of uniform corrosion of reinforcement is:

Au(t) =
πDu(t)2

4
=

π

4

[
D0 − 1.0499

(
fcu,k + 3.445
fcu,k − 13.78

)1.64 (t− Ti)
0.71

C

]2

. (8)

The corrosion depth of pit corrosion of reinforcement is presented as [34]:

p(t) = R
∫ t

Ti

r(t)dt = 2.2362
(

fcu,k + 3.445
fcu,k − 13.78

)1.64 (t− Ti)
0.71

C
, (9)

where R is the nonuniformity coefficient of pit corrosion, whose value range is [4, 6], and it
is adopted as 6 in this paper.

The residual cross-sectional area of pit corrosion of reinforcement is expressed as [40]:

Ap(t) =


πD2

0/4− A1 − A2 p(t) ≤ D0/
√

2

A1 − A2 D0/
√

2< p(t) < D0

0 p(t) ≥ D0

, (10)

where A1 and A2 are auxiliary surfaces A1 = 1
2

[
θ1

(
D0
2

)2
− b(t)

∣∣∣∣D0
2 −

p(t)2

D0

∣∣∣∣], and

A2 = 1
2

[
θ2 p(t)2 − b(t) p(t)2

D0

]
; θ1 and θ2 are auxiliary angles θ1 = 2arcsin

[
b(t)
D0

]
and

θ2 = 2arcsin
[

b(t)
2p(t)

]
; and b(t) = 2p(t)

√
1−

(
p(t)
D0

)2
.

Reinforced concrete bridges generally have two forms of corrosion simultaneously in
practical engineering. Therefore, the residual cross-sectional area of reinforcement under
general corrosion conditions is

As(t) = Au(t) + Ap(t)− πD2
0/4. (11)

2.3. Flexural Stiffness of Bridge with Corroded Reinforcement

Concrete cracking caused by reinforcement corrosion and external load will lead
to bridge stiffness degradation. The American Concrete Institute uses the product of
concrete elastic modulus and effective bending moment of inertia to calculate the bending
stiffness of cracked bridges [33], where the effective bending moment of inertia is shown in
Equation (12):

Ie =

(
Mcr

Ma

)3
Ig +

[
1−

(
Mcr

Ma

)3
]

Icr, (12)

where Ie is the effective bending moment of inertia, Ig is the bending moment of inertia
of the intact bridge section and Icr is the bending moment of inertia of the cracked bridge
section, Ma is the maximum bending moment, and Mcr is the cracking moment, which can
be deduced as Equation (13):

Mcr =
fr Ig

yt
, (13)
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where fr is the fracture modulus of concrete, and yt is the distance from the neutral axis of
an intact section to its outer edge.

The bending stiffness of the bridge is also affected by many factors such as the cross-
sectional area reduction of reinforcement and the degradation of bond performance when
the reinforcement is corroded. Based on the research of Equation (12) in this paper, the
correction coefficient as shown in Equation (14) is proposed to comprehensively char-
acterize the influence of various adverse factors caused by reinforcement corrosion on
bridge stiffness.

Ice = γ(ρ)Ie, (14)

where Ice is the effective bending moment of inertia of the bridge after reinforcement
corrosion, γ(ρ) is the correction coefficient, and ρ is the corrosion rate of reinforcement. The
relationship between the correction coefficient and the corrosion rate of reinforcement is
shown in Equation (15) based on the experimental results of flexural mechanical properties
of 48 corroded beams [34].

γ(ρ) =

{
1
1.22 + 12.88ρ2 − 5.05ρ

ρ ≤ 0.05
ρ > 0.05

. (15)

3. Load Effect Calculation Method of Corroded Reinforcement Bridges
3.1. Influence Lines of Lateral Load Distribution Considering Reinforcement Corrosion

The modified eccentric compression method is typically used to calculate the LLD
influence lines of simply supported T-beam bridges with diaphragm plates. The modi-
fied eccentric compression method is related to the bending moment of inertia and the
torsional moment of inertia. According to the effective bending moment of inertia shown in
Equation (14), the LLD influence lines considering the influence of reinforcement corrosion
are depicted as follows:

ηij =
Icei

n
∑

j=1
Icej

± β
ai Icei

n
∑

j=1
a2

j Icej

, (16)

β =
Icei

1 + Gl2

12E

n
∑

j=1
TTj

n
∑

j=1
a2

j Ij

, (17)

where Icei is the effective bending moment of inertia of the i-th T-beam after corrosion, G
and E are the shear modulus and elastic modulus of concrete, respectively, and TTj is the
torsional moment of inertia of the j-th beam.

3.2. Vehicle Load Effect Calculation Model

The specific position of vehicles in the lateral direction is determined on the basis of
the principle of the most unfavorable load distribution according to the LLD influence lines.
Then, the influence line value of the wheel position can be obtained in accordance with the
action position of the vehicle. Finally, the LLD coefficient of each beam can be deduced as
Equation (18):

mi =
λ

2

2q

∑
k=1

ηik, (18)

where mi is the LLD coefficient of the i-th beam; λ is the reduction coefficient, whose value
is determined according to the specification [41]; q is the number of vehicle axles with 2 × q
wheels; and ηik is the influence line value of the k-th wheel at the i-th beam, and its value
can be obtained by linear interpolation with the wheel at any position.

Taking Beam 1 as an example, Figure 1 shows the most unfavorable transverse loading
position and its LLD influence line under the action of a single vehicle.
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Figure 1. The most unfavorable position and LLD influence line of Beam 1.

Thus, the vehicle load effect of each beam can be concluded to be

SQi = miSQ, (19)

where SQ is the total effect produced by vehicle load on the bridge, which follows the extreme
value I-type distribution, as shown in Equation (20) during the design reference period.

FSQT = exp
[
− exp

(
− x− βi

αi

)]
, (20)

where αi and βi are the parameters of extreme value type I distribution. The vehicle load op-
eration state of highway bridges is divided into two kinds in the Chinese Design Code [41].
One is the general operation state corresponding to Class II, where αi = 0.084SQk1 and
βi = 0.6376SQk1. The other is the intensive operation state corresponding to the Class I,
where αi = 0.0537SQk2 and βi = 0.7685SQk2. SQk1 and SQk2 are the standard values of load
effect for class II and class I, respectively.

The evaluation standard period is not the same as the design standard period for a
specific evaluation time, and the vehicle load in the evaluation standard period also follows
the I-type distribution, which is expressed as:

FSQTr = exp
[
− exp

(
− x− βTr

αTr

)]
, (21)

where αTr = αi and βTr = βi + αi/n Tr
l , and Tr is the evaluation standard period. There-

fore, the load expectation and standard deviation in the evaluation standard period are
µ = 0.5772 1

αTr
+ βTr and σ = 1.2825 1

αTr
, respectively.

3.3. Performance Function of Flexural Bearing Capacity

The limit state of flexural bearing capacity of the i-th beam can be expressed as,

Z = Ri − SGi − SQi, (22)

where Ri is the resistance of the i-th beam; SGi is the load effect generated by the secondary
dead load, which obeys normal distribution; and SQi is the load effect produced by vehicle
load on the i-th beam.

It is worth noting that the Ma in Equation (12) is equal to the sum of the largest vehicle
load SQi and dead load SGi. Ma in Equation (12) has a direct effect on the effective moment
of inertia of reinforced concrete bridge after corrosion, and the effective bending moment
of inertia also affects the lateral distribution of vehicle load. The LLD coefficient in turn
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affects Ma in Equation (12). Therefore, the iterative algorithm combined with the Monte
Carlo method is used to calculate the reliability index of bridges in this paper.

Figure 2 shows the reliability calculation method for the corroded reinforcement bridge
combined with inspection data of concrete strength and concrete cover thickness, which
takes into consideration the influence of reinforcement corrosion on vehicle load effect. The
inspection results of concrete strength and concrete cover thickness should be obtained
at first and taken into the computational procedure as inputs. The reliability assessment
established in this work is based on the Monte Carlo method, and the iterative algorithm is
also employed due to the interaction between the effective bending moment of inertia and
the LLD coefficient. The allowable error and the parameters of the Monte Carlo method
and the iterative algorithm should be determined at first. Using the inspection results, the
initial time of reinforcement corrosion can be calculated by the reinforcement corrosion
model. When the corrosion occurs, the reinforcement corrosion rate and degree can be
computed. Then, we can calculate and obtain the moment of inertia and cracking moment
with reinforcement corrosion. According to the above results, the LLD coefficient m0 of the
first iteration is calculated by the modified eccentric compression method, which is used to
compute the maximum bending moment Ma. The effective bending moment of inertia Ice of
the corroded reinforcement bridge is obtained by Equation (12) to Equation (15). Therefore,
the LLD coefficient can be recalculated based on Ice and marked as m1. If the absolute
difference between m0 and m1 is less than the allowable error, it demonstrates m1 is the
actual value of the LLD coefficient of corroded reinforcement bridge. It will be recorded and
used to compute the flexural bearing capacity reliability. When the absolute difference is
greater than the allowable error, m1 is assigned to m0. Ma and Ice will be recalculated until
the absolute difference is less than the allowable error. When the termination condition of
Monte Carlo method is met, it will terminate the algorithm and output the reliability index.

Figure 2. Flow chart of reliability calculation.
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4. Results and Analysis
4.1. Overview of the Simply Supported T-Beam Bridge

This paper takes the Xiaobai Bridge located in Jinqianbao, Changchun City, Jilin
Province, as a typical example for calculation and analysis. The bridge is a simply supported
bridge with 5 T-beams, built in 1989 with a span length of 16 m, height of 1.3 m, and roof
width of 1.5 m for each T-beam. The simply supported T-beam bridge is 7.5 m in width,
including 7 m lane width and 0.25 m guardrail width. Four layers of Φ32 mm reinforcement
steel and two layers of Φ16 mm reinforcement steel are arranged in total, and each layer has
two reinforcement steel bars with static spacing of each layer at 35 mm. Figure 3 illustrates
the specific cross-sectional size.

Figure 3. Appearance of typical simply supported T-beam bridge: (a) profile of Xiaobai Bridge;
(b) cross-sectional dimension drawing of T-beam.

4.2. Bridge Detection Data and Probability Distribution Information of Influencing Factors

As shown in Figure 4, the latest regular bridge inspection test was carried out from
May 19 to May 21, 2020. The concrete strength and concrete cover thickness of the abdomi-
nal plate in the mid-span test area were tested by the steel reinforcement detector and the
rebound detector, and the measured data are shown in Table 1.

Based on the existing references, Table 2 shows the probability distribution types
and parameters of the main influencing factors for reinforcement corrosion adopted in
this paper.

Figure 4. Field test diagram: (a) detection of concrete strength; (b) detection of concrete cover thickness.
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Table 1. Detection data of concrete strength and concrete cover thickness of simply supported
T-beam bridge.

Number
Concrete Cover Thickness/mm Concrete Strength/MPa

Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 Beam 1 Beam 2 Beam 3 Beam 4 Beam 5

1 28.1 32.5 29.9 29.6 32.5 24.6 35.8 34.1 35.3 33.3
2 27.9 30.4 30.7 30.2 33.1 28.8 30.6 36.6 27.9 26.1
3 29.3 30.3 29.6 33.5 29.5 33.6 30.0 28.1 30.2 32.6
4 25.6 32.7 29.8 30.6 33.2 27.7 36.3 34.5 29.3 29.5
5 27.5 29.8 30.0 31.3 30.5 26.9 29.9 28.8 36.5 31.4
6 28.5 32.8 29.4 31.5 31.4 32.1 36.7 34.5 37.3 28.3
7 27.0 30.9 28.4 30.7 30.9 28.4 30.8 33.2 31.4 28.7
8 27.5 30.1 31.9 33.7 31.5 34.6 35.6 27.9 34.1 33.2
9 28.9 30.1 31.8 32.9 29.9 32.3 28.1 35.5 33.7 35.8

10 27.3 29.2 29.8 31.9 30.5 27.6 30.8 33.8 35.0 28.9

Table 2. Probability distribution and statistical parameters of influencing factors of simply supported
T-beam bridge.

Parameter Unit Dispersion Pattern Mean Value Coefficient
of Variation Explanation Reference

Cs % Lognormal distribution 0.12 0.10
Chloride

concentration on
concrete surface

[42]

Dc m2/year Lognormal distribution 0.5 0.10 Diffusion coefficient
of chloride [42]

Ccr % Lognormal distribution 0.045 0.10 Critical chloride
centration [42]

fu0 MPa Normal distribution 335 0.0719 Tensile strength of
reinforcement steel [40]

D0
mm Normal distribution 16 0.035 Initial diameter of

reinforcement steel
[40]

mm Normal distribution 32 0.035 [40]

4.3. Analysis of Bridge Load Effect Considering Reinforcement Corrosion

Considering that most small- and medium-span bridges lack historical data and
reference information, which limits the bridge reliability analysis, it can be regarded as a
problem without prior distribution for analysis and solution. The nonprior information
Bayesian analysis method in Reference [43] is adopted for calculation in this paper, and the
inspection data of concrete strength and concrete cover thickness are assumed to follow a
normal distribution N

(
µ, σ2).

The Bayesian estimation of parameter µ is x, and the posterior distribution of σ2 is:

σ̂2 =

2λ +
n
∑

i=1
(xi − x)2

2α + n− 3
, (23)

where α and λ are the shape parameter and scale parameter of the inverse gamma distribu-
tion; α = 102 and λ = 154 for analyzing the concrete cover thickness, while α = 102 and
λ = 536 for analyzing the concrete strength; and n is the number of samples.

The inspection data in Table 1 were processed and analyzed by the above Bayesian
update method without prior information, and the posterior probability distribution pa-
rameters of concrete strength and cover thickness were obtained, as shown in Table 3.
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Table 3. Bayesian estimation results of concrete strength and cover thickness of the simply supported
T-beam bridge.

Influence Factor Beam 1 Beam 2 Beam 3 Beam 4 Beam 5

Concrete
strength/MPa

Statistic
Mean value 29.7 32.5 32.7 33.1 30.8

Standard deviation 3.274 3.237 3.203 3.190 2.952

Bayesian estimation Mean value 29.7 32.5 32.7 33.1 30.8
Standard deviation 2.353 2.351 2.349 2.348 2.335

Concrete cover
thickness/mm

Statistic
Mean value 27.8 30.9 30.1 31.6 31.3

Standard deviation 1.050 1.307 1.086 1.406 1.295

Bayesian estimation Mean value 27.8 30.9 30.1 31.6 31.3
Standard deviation 1.228 1.238 1.229 1.243 1.237

In combination with the Monte Carlo and Latin hypercube sampling methods, Equation (5)
was used to calculate the reinforcement corrosion rate modified based on the measured
data. The probability distribution of the LLD coefficient considering the influence of
reinforcement corrosion was obtained based on the aforementioned derivation process.
The deflection values of the mid-span section of the bridge were obtained by means of dial
gages through the vehicle load test shown in Figure 5. The vehicle load test was taken at
the same time as the bridge inspection test. For the elastic beam, the deflection of each
beam is proportional to the load it bears. In other words, the LLD coefficient of the k-th
beam can be calculated by the measured deflections:

mk = uk

/
nT

∑
i=1

ui, (24)

where uk and ui are the deflection values of the k-th beam and the i-th beam under vehicle
load, respectively, and nT is the number of T-beams.

The probability distribution of the LLD coefficient of Beam 1 and Beam 2 was obtained
according to the method proposed in this paper, and the LLD coefficient without consid-
ering the influence of reinforcement corrosion µ0 was also calculated, whose results and
measured data are given in Figure 6.

In this study, an in situ test was carried out to verify the proposed method. Actual
reinforcement corrosion cannot be measured by nondestructive testing, while the LLD
coefficient can be obtained by static testing. In addition, reinforcement corrosion may not
occur in the early stage of service time. The reinforcement corrosion model proposed in this
paper is still suitable for bridge performance analysis. At this point, reinforcement without
corrosion is treated as intact. The computation results of Equations (11) and (14) are the
same as the uncorroded results. As shown in Figure 6, µ is equal to µ0, and both possess
little standard deviation. This proves the effectiveness of the proposed reinforcement
corrosion model to calculate uncorroded reinforcement. When a bridge has been in service
for 20 to 30 years, the influence of reinforcement corrosion on its performance will be
prominent. Regular bridge inspections are usually carried out every three to five years.
Therefore, the test results of regular bridge inspection in 2020 were used to validate the
study. Meanwhile, the theoretical model was employed to calculate the results for 100 years
of bridge service life, and the theoretical results in 2020 were used to compare with the
measured results and predict the variation trend.

As seen in Figure 6, the LLD coefficients of Beam 1 and Beam 2 are constant without
considering the influence of reinforcement corrosion. When the influence of reinforcement
corrosion is considered, the mean value of the LLD coefficient of Beam 1 is basically stable
in the first 20 years of service, but it drops sharply in the following 20–60 years of service
and then tends to be stable. In addition, the LLD coefficient of Beam 2 shows an upward
trend and is relatively stable in the preservice and postservice periods. This phenomenon
shows that reinforcement corrosion will affect the stiffness of the bridge structure and
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further lead to the redistribution of the load effect. In the case of a vehicle loaded at one
side, the load effect of Beam 1 decreases gradually with the increase in reinforcement
corrosion. Moreover, part of the load effect is redistributed to the internal beams.

Figure 5. Vehicle load arrangement: (a) load vehicle layout along the bridge and measuring point
layout; (b) transverse arrangement of load vehicle; (c) field test.

Figure 6. Time-dependent curves of mean value and standard deviation of LLD coefficients: (a) Beam 1;
(b) Beam 2.

The standard deviation of Beam 1 and Beam 2 does not change significantly during
the first 10 years of service but increases with the increase in service time from the 10th year
and then stabilizes between 30 and 90 years of service. Furthermore, the measured data of
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the LLD coefficient are within the range of one standard deviation, which is close to the
mean value of the LLD coefficient of the load test, which verifies the validity and accuracy
of the calculation method of LLD considering the influence of reinforcement corrosion
established in this paper. The results show that the structure is not affected by the external
environment at the initial stage of service, for which the traditional calculation method can
still be used for structural calculation and analysis. However, performing the calculation
method without considering the influence of reinforcement corrosion will cause substantial
errors with the increase in service time, whereas the method established in this paper fully
considers the influence of reinforcement corrosion on structural stiffness and LLD.

4.4. Reliability Analysis Considering LLD Affected by Reinforcement Corrosion

Based on the analysis of the vehicle load effect influenced by reinforcement corrosion,
the reliability of the flexural bearing capacity was calculated according to the process shown
in Figure 2. The reliability indexes of Beam 1 and Beam 2 were calculated as examples
because the simply supported T-beam bridge in this paper is a five-beam symmetrical
structure, and the beams close to the bridge edge bear a greater load effect. The reliability
indexes shown in Figure 7 were calculated under the combination of LLD variation caused
by reinforcement corrosion and inspection data updates. We present the following three
cases: Case 1: The influence of reinforcement corrosion on LLD variation is not considered,
and the model is not updated by the inspection data; Case 2: The influence of reinforcement
corrosion on LLD variation is not considered, and the model is updated by the inspection
data; Case 3: The influence of reinforcement corrosion on LLD variation is considered, and
the model is updated by the inspection data.

Figure 7. Influence analysis of LLD variation caused by reinforcement corrosion and inspection data
updating on reliability.

It can be seen from Figure 7 that the reliability indexes of Beam 1 and Beam 2 are
the largest in Case 1 and the smallest in Case 3. The reliability obtained by the modified
calculation method based on the comprehensive consideration of concrete strength and
concrete cover thickness is lower, which indicates that the reliability results of the bridge
bearing capacity obtained by the existing reinforcement corrosion calculation method are
too conservative, and the modified calculation method based on Equation (5) in this paper
can reduce this error. The influence of load effect on the reliability caused by reinforcement
corrosion should not be ignored, either. In addition, the reliability index differences between
the three cases are small. For Beam 1 and Beam 2, there is the same pattern, namely, the
difference between Case 1 and Cases 2 or 3 is greater than that between Case 2 and Case 3.
In this study, special attention is focused on reinforcement corrosion, which is one of the
main influence factors for bridge degradation. In the early stage of structural degradation,
the reduction of reinforcement capacity is so small that the reliability index difference
is small.
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The probability distribution information of influencing factors as shown in Table 2,
and the measured data processed by the Bayesian method without prior information as
shown in Table 3 are taken as the input data of reliability analysis and compared with the
time-dependent reliability results calculated according to the traditional LLD theory. Also
taking Beam 1 and Beam 2 as examples, Figure 8 illustrates the time-dependent reliability
index results calculated by the two methods.

Figure 8. Time-dependent reliability of simply supported T-beam bridge: (a) Beam 1; (b) Beam 2.

It turns out that the reliability indexes of Beam 1 and Beam 2 calculated by the tradi-
tional analysis method are larger than those calculated by the proposed method according
to the time-dependent reliability curve of the flexural bearing capacity, and the reliability
indexes calculated by the two methods have the same variation trend. The results indicate
that the reliability evaluation method established in this paper can consider the influence of
reinforcement corrosion on the bearing capacity of the T-beam and the vehicle load effect.
This possible scenario enhances the accuracy of the reliability evaluation of the bridge,
whereas the evaluation results obtained by the traditional method are too conservative.

It is worth noting the variation tendency of the reliability index difference between the
traditional method and the proposed method. In the early stage of reinforcement corrosion,
the corrosion makes less contribution to bridge degradation. Therefore, the difference
between the results of the two methods is small. With increasing service time, the difference
becomes greater and greater. The main factor for the difference between the traditional
and proposed methods is whether the bridge inspection data are used for analysis. If the
corroded bridge reliability is calculated by the proposed method without bridge inspection,
the reliability result will coincide with that of the traditional method. When the bridge
inspection data are updated in time, the reliability assessment will be more accurate and
reflect the real condition of the bridge. In the later stage, the bridge reliability calculated by
the proposed method was also analyzed based on the inspection of concrete strength and
concrete cover thickness, which was measured in 2020. As a result, the difference between
the two methods is small for the later stage. This also demonstrates the effectiveness of the
method proposed in this paper.

The bearing capacity and load effect of the bridge will change substantially after
the reinforcement corrosion in practical engineering. Beam 1 is located at the side of the
bridge, which has a larger contact surface with the environment, and it is more susceptible
to the disadvantageous influence of environmental chloride erosion and vehicle loads.
Consequently, the deterioration process of the side T-beam is aggravated, which further
leads to the reduction of stiffness. Therefore, the effective stiffness of Beam 1 decreases more
than that of the inner T-beam, which is consistent with the degradation law of a degraded
structure. This indicates that the proposed method can truly reflect the changing trend of
degraded structure stiffness. The load effect of the T-beam increases with the increase in
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its stiffness according to the calculation principle of the modified eccentric compression
method. Therefore, the effective stiffness of Beam 1 decreases more than the change of
the internal T-beam. In addition, the resistance of each beam decreases gradually over
time. As shown in Figure 8, although the load effect borne by Beam 1 is reduced, it is clear
that the reliability index of the proposed method clearly remains lower than that of the
traditional method.

The results show that reinforcement corrosion not only reduces the bearing capacity
of the structure but also causes the change of the transverse mechanical properties of the
bridge, thus redistributing the load effect of each T-beam. Meanwhile, the calculation
method of bridge bearing capacity based on the reinforcement corrosion model does
not consider the influence of reinforcement corrosion degradation on load effect, which
increases the error of bridge performance evaluation. The calculation method of LLD
theory with reinforcement corrosion in this paper can fully consider the interaction between
reinforcement corrosion caused by chloride erosion and load effect, which reduces the
influence of calculation model error on bridge reliability analysis.

5. Discussion

In this paper, time-dependent reliability was evaluated considering the influence of
reinforcement corrosion on bridge bearing capacity and vehicle load effect. The compu-
tational results reveal that the LLD coefficient has time-dependent characteristics. This
study proves that bridge stiffness is related to reinforcement corrosion. As one of the
most important parameters of the LLD theory, the vehicle load effect is also shown to be
inevitably influenced by reinforcement corrosion. As a result, the LLD coefficient changes
with the increase in reinforcement corrosion. However, it may present an increasing or
decreasing trend based on the reinforcement corrosion degree of each beam. The LLD
coefficient of Beam 1 decreases over time, which means Beam 1 bears less load effect.
However, the reliability index of Beam 1 still presents a downward trend. This indicates
that the reliability assessment should synthetically consider the influence of reinforcement
corrosion on bridge performance and load effect.

A reinforcement corrosion model combined with bridge inspection data based on
Fick’s second law is established in this work. The model is proposed as a generalized
method that is also suitable for bridges with different geometrical and structural character-
istics. Combined with the corrosion model, an LLD coefficient calculation method with
reinforcement corrosion considered is proposed using a modified eccentric compression
method and an iterative algorithm. Therefore, the proposed method is only applicable for
the vehicle load effect analysis of the kind of bridges calculated by the modified eccentric
compression method, of which the simply supported T-beam bridge is the most typical
bridge model. The method is not limited by other parameters; thus, the proposed method
and analytical results can be extended and suitable for bridges under different conditions.

Moreover, the traditional reinforcement corrosion model is analyzed by chloride
diffusion, of which the distribution parameters can be only obtained by literature and
theoretical analysis. A reinforcement corrosion model combined with bridge inspection
data is proposed. In other words, it can perform specific analysis on the target bridge. As
for the traditional LLD theory, it is an accurate and effective method for uncorroded bridges.
The proposed LLD coefficient calculation method takes into consideration the influence
of reinforcement corrosion on vehicle load effect, which reduces the analysis model error.
The method is also suitable for uncorroded bridge or structural designs. In addition, a
reliability assessment is established by the proposed methods. An iterative algorithm
is adopted to deal with the interaction between effective stiffness and LLD coefficient
considering reinforcement corrosion. Compared with the proposed method, the reliability
index calculated by the traditional method is more conservative. This demonstrates that
the influence of reinforcement corrosion on bridge reliability cannot be ignored.
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6. Conclusions

A time-dependent reliability assessment method for simply supported T-beam bridges
was proposed considering the influence of reinforcement corrosion on vehicle load effect.
Compared with existing reinforcement corrosion model studies, the inspection result of
concrete strength was innovatively introduced to the corrosion model by the relationship
between reinforcement corrosion and water/cement ratio. The modified eccentric compres-
sion method was improved by effective stiffness. The interaction between reinforcement
corrosion and vehicle load effect, it was combined with an iterative algorithm to calculate
the LLD coefficient for corroded reinforcement bridges. The time-dependent reliability of
corroded reinforcement bridges was computed and discussed by the Monte Carlo method.
The following conclusions can be drawn.

(1) Reinforcement corrosion due to chloride ingress not only reduces the bearing capacity
of simply supported T-beam bridges but also results in the deterioration of stiffness.
As a result, the vehicle load effect will be changed, which will conversely aggravate
the reinforcement corrosion process. The traditional LLD theory is no longer suitable
for actual bridge engineering.

(2) Reinforcement corrosion can lead to the redistribution of vehicle load effect. In both
the theoretical and experimental analysis, the load effect of Beam 1 decreases gradually
with the increase in reinforcement corrosion, and part of the load effect is redistributed
to the internal beam. Due to the coincidence of the computational and experimental
results, the correctness of the LLD calculation method for corroded reinforcement
bridges is verified.

(3) The LLD coefficient also possesses time-dependent properties. Because the reinforce-
ment of the bridge is not corroded at the initial stage of service, there is little fluctuation
with increasing time. After that, the LLD coefficients of T-beams will observably in-
crease or decrease according to the position on the bridge and the reinforcement
corrosion degree.

(4) The traditional reliability analysis method for corroded reinforcement bridges only
focuses on the bridge bearing capacity change. The interaction between the effective
bending moment of inertia and the LLD coefficient caused by reinforcement corrosion
is ignored. It increases the reliability calculation model error. The comparison results
demonstrate the reliability index calculated by the traditional method is greater than
that of the method proposed in this paper. This indicates the traditional method is too
conservative and does not consider the influence of reinforcement corrosion on the
LLD of simply supported T-beam bridges.

(5) In this paper, the influence of reinforcement corrosion on the superstructure of simply
supported bridges was researched based on bridge inspection data. For future study,
the reinforcement corrosion influence on vehicle effects for other types of bridges
will be extended. Moreover, modal parameters are used as important indicators for
structural health monitoring, and they are also influenced by reinforcement corro-
sion. If the relationship between modal parameters and reinforcement corrosion is
explicit, structural health monitoring data can be employed to accurately evaluate the
reinforcement corrosion degree and the reliability of corroded bridges.
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