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Abstract: The safety assessment of bridges in cold areas under the special environmental effects of
extremely low temperatures, frequent freezing and thawing, and chloride ion erosion from snow
removal with deicing salt, presents challenges that requiring solving. Thus, this paper proposes a
new method of safety assessment based on a combination of Monte Carlo simulation (MCS) and
Bayesian theory that achieves the reliability evaluation and reverse diagnosis of the overall safety
performance of reinforced concrete bridges in cold areas. Additionally, the new method accomplishes
the intelligent grading of various safety performance aspects of the bridge, which provides substantial
references for the maintenance and reinforcement of in-service bridges.

Keywords: bridge evaluation in cold regions; MCS; Bayesian network; reliability evaluation

1. Introduction

With the completion of the “13th Five-Year Plan”, China’s economy has entered a period
of rapid development. Additionally, transportation construction is developing rapidly. Bridge
engineering is an indispensable part of the transportation industry and has become the foun-
dation of our national economy. According to the “Statistical Bulletin of the Development
of the Transportation Industry in 2020”, as of the end of 2020, the total number of bridges in
China reached 912,800, including 6444 extra-large bridges and 119,935 bridges [1]. With the
increase in the number of bridges and their years in service, some in-service bridges have
gradually deteriorated. Moreover, these issues have resulted in significant safety hazards
and have even led to extremely serious traffic accidents.

The daily inspection, monitoring, and evaluation of bridge structures are particularly
important and can effectively ensure the long-term service safety of bridge structures. To
date, assessment methods for the safety of bridge structures are mainly divided into two
categories: comprehensive assessment methods based on expert experience and artificial
intelligence assessment methods based on computer technology. Cold regions are the most
ecologically and environmentally sensitive areas, and changes to these areas comprehen-
sively affect the dynamic Earth system, impacting populations globally. To address certain
limitations in existing evaluation methods regarding the evaluation of bridges in special
environments, we consider various unfavorable environmental factors in cold regions.
We achieve this by using reliability indicators and failure probability as quantitative indi-
cators to establish a reliability evaluation method of reinforced concrete bridges in cold
regions based on the combination of Monte Carlo simulation (MCS) and tests. This method
can be used to evaluate and classify various safety aspects of concrete beam bridges in cold
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regions. Thus, the rapid evaluation and classification of various safety aspects concerning
bridges can be realized for bridge maintenance, which can direct maintenance work and
guarantee structural safety of the bridge.

2. The Construction of the Bridge Evaluation Network and the Determination of the
Node Statistical Parameters

When the safety performance of an engineering structure is evaluated, the structure
is usually required to meet safety, applicability and durability requirements. The safety
evaluation of a bridge usually considers the resistance function of the main girder; the ap-
plicability is usually evaluated by the deflection limit of the main girder; and the durability
is usually evaluated by the limit of the crack width of the main girder.

For reinforced concrete bridges in cold regions, the main factors affecting safety are
the frequent freezing and thawing effects produced by the special environment in the area
and natural or human factors such as the presence of deicing salt from artificial-snow removal
from roads. These factors directly lead to the deterioration of concrete materials. With the
frequent action of various variable loads, cracks in the main beam gradually develop. When
water produced by frequent freezing and thawing and chloride ions in the deicing salt diffuse
to the location of a steel bar, the steel bar undergoes galvanic corrosion and rusts. As a result,
the bearing capacity of the structure is reduced, and the safety of the bridge is reduced. Hence,
there are six main factors that affect the corrosion of steel bars and the reduction in load-
bearing capacity of the structure’s main reinforcement in cold environments: the yield strength
of the steel bars, the initial diameter of the steel bars, the initial chloride ion concentration of
the concrete, the chloride ion concentration on the surface of the concrete, the critical chloride
ion concentration of steel corrosion and the depth of concrete carbonization. There are three
main factors that affect the deterioration of concrete materials: the compressive strength of
concrete cubes, the number of freeze-thaw cycles, and the depth of concrete carbonization.

A hierarchical evaluation model for constructing an overall safety evaluation network
for reinforced concrete bridges in cold areas including these factors is shown in Figure 1.
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Figure 1. Overall safety evaluation network for reinforced concrete bridges in cold areas.
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For the evaluation network model shown in Figure 1, all root nodes are continuous
random variables. Assuming that any two random variables are independent of each other,
each random variable obeys its own known distribution type. Their respective first-order
moment information, namely, the mean and variance, are determined by experiments and
literature research methods and provide data support for subsequent MCSs.
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2.1. Determination of the Distribution of the Strength of the Reinforcement and the Corresponding
Statistical Parameters by Testing

The strength of steel bars in reinforced concrete members is determined by the tensile
testing of steel bars. The design of this test is based on “Steel for reinforced concrete Part
2: Hot rolled ribbed steel bars” (GB/T 1499.2-2018) [2] and “Test methods of steel for
reinforced concrete” (GB/T 28900-2012) [3].

The steel bar sample in this test is the same material as that of the low-temperature
bending test beam. The steel bar sample is an HRB335 steel bar with a nominal diameter of
12 mm. The basic parameters of the steel bar sample are shown in Table 1. The steel bar
tensile test is carried out on a universal testing machine.

Table 1. Parameters of steel bar specimens.

Number Per Group Nominal Diameter (mm) Sample Length (cm)

2 12 50

The test data results of the steel bar tensile test are summarized, and the test data are
plotted as a histogram, as shown in Figure 2.
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Figure 2. Frequency histogram of the reinforcement strength.

Based on the basic theory of hypothesis testing, it can be concluded that at a signifi-
cance level of 0.05, the yield strength of steel bars obeys a normal distribution with a mean
value of 436.7 MPa and a coefficient of variation of 0.102.

2.2. Determination of the Distribution of the Concrete Strength and the Corresponding Statistical
Parameters by Testing

The concrete compressive strength test measures the axial compressive strength of
concrete. The formed test piece and the low-temperature bending test beam are made from
the same batch of concrete. The test is designed according to the specification “Standard
for Test Methods for Physical and Mechanical Properties of Concrete” (GBT 50081-2019) [4],
and the basic parameters of the formed concrete specimens are shown in Table 2.

Table 2. Parameters of the concrete specimens.

Marking Number of Samples = Dimensions (mm)  Temperature (°C) Humidity T(lg;e
C25 140 150 x 150 x 300 20 95 28

The schematic diagram of concrete compressive strength test is shown in Figure 3. The
statistical test data are drawn as a histogram, as shown in Figure 4. According to the fitting
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curve of the histogram, the hypothesis that the compressive strength of concrete obeys the
normal distribution is proposed. After hypothesis testing on the test data, it is concluded
that at the significance level of 0.05, the axial compressive strength of concrete obeys a
normal distribution with a mean value of 25.4 MPa and a coefficient of variation of 0.103.

frequency
=
—
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concrete compressive strenzth (MI'a)
Figure 4. Frequency histogram of the concrete compressive strength.

2.3. Determination of the Distribution of the Concrete Carbonation Depth and the Corresponding
Statistical Parameters by Testing

The carbonization of concrete has a significant impact on the properties of concrete ma-
terials and reinforcement materials. The determination of the depth of concrete carbonation
is carried out in accordance with the “Technical Regulations for Testing the Compressive
Strength of Concrete by the Rebound Method” (JGJT 23-2011) [5]. The test material is
from the same batch of concrete as that of the bending test beam. We plot the concrete
carbonization data as a histogram, as shown in Figure 5.

The distribution curve fitted in Figure 5 puts forward the hypothesis that the concrete
carbonation depth obeys a log-normal distribution. Hypothesis testing theory is applied
to verify this hypothesis, and it is concluded that under a significance level of 0.05, the
concrete carbonization depth obeys a log-normal distribution with a mean value of 1.5 mm
and a coefficient of variation of 0.163.
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Figure 5. Frequency histogram of the concrete carbonation depth.

2.4. Determination and Summary of Other Root Node Statistics

The other six root nodes in the network cannot be determined by experimental means
due to time and equipment factors. Therefore, by consulting relevant domestic and foreign
documents [6-8], we obtain the distribution information and first-order information of these
six root nodes. The moment information, distribution and first-order moment information
are as follows:

The initial diameter of the steel bar obeys a normal distribution, where the average
value is 12 mm and the coefficient of variation is 0.15.

The thickness of the concrete cover obeys a normal distribution, with an average value
of 30 mm and a coefficient of variation of 0.03.

The chloride ion concentration (mass fraction) on the concrete surface obeys the
logarithmic normal distribution, with a mean value of 0.145% and a coefficient of variation
of 0.10;

The initial chloride concentration (mass fraction) of concrete follows the logarithmic
normal distribution, with a mean value of 0.006% and a coefficient of variation of 0.30;

The critical chloride concentration (mass fraction) obeys the logarithmic normal distri-
bution, with a mean value of 0.04% and a coefficient of variation of 0.12;

The number of freeze—thaw cycles follows the lognormal distribution, with the mean
of 98.17 cycles/year and the coefficient of variation of 0.154.

The chloride ion concentration (mass fraction) on the surface of concrete obeys a
log-normal distribution, with an average value of 0.145% and a coefficient of variation
of 0.10.

The initial chloride ion concentration (mass fraction) of concrete obeys a log-normal
distribution, with an average value of 0.006% and a coefficient of variation of 0.30.

The critical chloride ion concentration (mass fraction) obeys a log-normal distribution,
with an average value of 0.04% and a coefficient of variation of 0.12.

The number of freeze-thaw cycles obeys a log-normal distribution, with an average
value of 98.17 times/year and a coefficient of variation of 0.154.

The distribution information and statistical parameters of the abovementioned nodes
are summarized as follows, as shown in Table 3. In the table, N represents a normal distribu-
tion, and LN represents a log-normal distribution.
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Table 3. The distribution information and statistical parameters of the network root node.
. Distribution First Moment Information

Root Node Name Symbol Unit Information Mean Variation Coefficient
Rebar strength fs MPa N 438.7 0.086
Initial diameter of the reinforcement d mm N 12 0.15
Concrete cover thickness C mm N 30 0.03
Concentration of chloride ions on the concrete surface Cs % LN 0.145 0.10
Initial chloride ion concentration of the concrete Co % LN 0.006 0.30
Critical chloride ion concentration Cer % LN 0.04 0.12
Carbonization depth D, mm LN 15 0.163
Compressive strength of the concrete fe MPa N 25.4 0.103
Freeze—thaw times n Times/year LN 98.17 0.154

3. Reliability Assessment of Bridge Safety Performance
3.1. MCS Method and Fuzzy Reliability Theory

MCS is a method of applying basic random variable distribution information, generat-
ing random arrays that conform to the distribution, performing numerical test simulations,
and statistically analyzing a large number of simulation results to approximate the failure
probability of structures. MCS includes the MCS method of direct sampling, the MCS
method of importance sampling, and so on. The main application employed in this article
is the MCS method of direct sampling. The principle of this method is briefly described
below [9-11].

Assume that the joint probability density function of the basic random vector of the
structure is fx(x). The limit state equation is:

Z =g(X) @D

The failure probability of the structure is:

= fx(x)dx 2
0:g(x)<0
The indicative function is:
1 xeQ
19={5 %50 ®

Introducing the indicative function into Equation (2), we can extend the integral area
to the global integral, namely:

pr= [ I(x)f(x)dx
R, (4)
Q: {X[g(X) <0} SRy

According to the definition of mathematical expectation in probability theory, Formula (4)
can be transformed into:

pr=E[I(X)] ®)

According to the known distribution information and mean variance information of
each basic random variable, a random vector array conforming to the distribution can be
generated. If the generated random vector falls into () space, the indicator function value
is 1; otherwise, it is 0. We calculate the value of the indicator function in a large number
of numerical simulation tests and estimate the mathematical expectation of the indicator
function with the statistical average value of the indicator function to obtain the failure
probability of the structure:

N
pr=n L 00) ©
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According to the failure probability, the size of the reliability index can be obtained:

p=—27(py) )

Regarding the definition of deflection and crack failure in the normal service limit
state of the bridge, although the specification stipulates the limit of the deflection defor-
mation and crack width of the bridge, in actual engineering situations, when the crack
and deflection do not exceed the limit, the bridge performance and durability may not be
guaranteed. For the same reason, even if the two exceed the limits, it is difficult to conclude
that the bridge does not meet the applicability and durability requirements. This requires
blurring the boundary between the failure domain and the safety domain. Fuzzy reliability
theory can solve such problems by making the failure criterion fuzzy [12-15].

Assume the limit state equation determined by the basic random vector x = [x1, X2, ..., Xx] T
is Z = g(X). The joint probability density of X is fx(x). The probability density of the
function Z is f7(z). The membership function of the fuzzy random event in the service
limit state of the bridge is y(Z), so the fuzzy failure probability of this fuzzy event is:

pr = 13 u(2)fz(2)dz ®
= Jg, #I8(X)fx(x)dx

Our expectation for the function Z of the service limit state of the bridge is that the
larger the value of the function, the smaller the failure degree of the bridge. Therefore,
the corresponding membership function should be a decreasing function, and thus the
half-ladder membership function is chosen. According to the characteristics of the reduced-
half-ladder membership function, its complementary function is:

#(z) =1-pu(z) )

Hence, it meets the definition of the distribution function of random variables, so we
define a new random variable x,,1. The limit state equation after the failure criterion is
fuzzed is: _

Z =g(X) = Xns1 (10)

Its failure domain is (3 : {X|g(X) < x,,41}, and the reliability index and failure proba-
bility of the limit state equation after the fuzzification of the failure criterion can be obtained
according to the MCS method.

3.2. Structural Safety Classification Based on the Reliability Index

According to the abovementioned basic theory of structural reliability, after appropri-
ate limit state equations and failure criteria are defined, the reliability index for evaluating
the performance of the structure can be obtained. In the current structural safety perfor-
mance evaluation method, the various performance aspects of the structure are usually
graded according to the size of the reliability index. This paper also uses this method for
the evaluation and grading of the various performance aspects of bridges.

According to the classification method in ISO 2394-2015 [16] General principles on
reliability for structures [17], the performance classification of bridge structures is shown in
Table 4.

Table 4. Reliability index classification table.

Security Level Reliability Index Range Performance Safety
I >4.7 Fully meets the design requirements Safe
I [42,4.7) Basically meets the design requirements Overall safe
11 [3.7,4.2) The main components are slightly damaged Basically safe
v [3.2,3.7) Major component defect Basically safe after curing

\% <3.2 Cannot meet the design requirements Unsafe
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3.3. Material Degradation Model Selection

(1) Deterioration model of concrete materials

To evaluate the reduction in concrete compressive strength, domestic and foreign
researchers have proposed a variety of concrete strength degradation models. This paper
applies the Jeda Yoshikuan model proposed by Japanese scholar Yoshihiro Jeda et al. [18],
where distribution information of the concrete’s compressive strength does not change
with time and always obeys a normal distribution but the statistical parameters of the
distribution that the random variable obeys change over time, namely:

fet) ~ N(ng (0,02 (1))
. (t) = 14529 exp (—0.0246(Int — 1.7154)° )y, (11)
o7 (£) = (0.0305¢ + 1.2368)07,,

where t—Concrete service time.

1, —Average strength of concrete cured for 28 days.

0r,—Standard deviation of strength of concrete cured for 28 days.

1, (t)—Average strength of concrete after  years of service.

0y, (t)—Standard deviation of concrete strength after ¢ years of service.

The method proposed in this paper is a method for determining the reliability of
reinforced concrete bridges in cold areas, mainly characterized by frequent freezing and
thawing. Therefore, the concrete deterioration model expressed in Equation (12) is modified
to consider frequent freezing and thawing in cold areas. The modified model [19] of the
influence of intensity is as follows:

feeT = kujckpaka exp(—0.001n) fonpT (12)

where n—Number of freeze-thaw cycles in the area (times/year).
feNnrT—AXial compressive strength of the concrete before freezing and thawing.
fcer—Axial compressive strength of concrete after freeze—thaw cycle.
k., ;c—Concrete water—cement ratio correction coefficient.
kpa—Correction coefficient for concrete fly ash content.
k,—Concrete air content correction factor.

(2) Rebar corrosion model based on Fick’s second law

The formation of galvanic cells is an important factor that causes corrosion of steel
bars. To quantify the degree of the galvanic effect on steel bars, we determine the formation
time of galvanic cells and its influence on the corrosion rate of steel bars based on Fick’s
second diffusion law [20,21].

It is assumed that the direction of chloride ions in the environment into the concrete is
one-dimensional; that is, the ions gradually diffuse only vertically inward along the edge
of the concrete to the position of the steel bars, as shown in Figure 6.

concrete

oo : rebar

direction of erosion

Chlorine ion in environment

Figure 6. Schematic diagram of chloride ion attack on concrete.
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According to Fick’s second law of one-dimensional diffusion and the known initial
conditions, the analytical solution of the chloride ion concentration with respect to time
and diffusion depth can be obtained:

Ca- = Co + (Cs = C) [1 - erf< (13)

7o)

where er f (o)—Error function.

When the chloride ion concentration at the steel bar reaches the critical chloride ion
concentration, the steel bar starts to corrode. By substituting the critical chloride ion
concentration into Formula (13), we can obtain the time when the steel bar starts to corrode:

C2 71 CS - Ccr 72
T = — = 14
1 4D |:€rf < Cs _ CO ( )
where er f~!(e)—Inverse function of the error function.
T;—Time at which the rebar begins to corrode.
The chloride ion diffusion coefficient of concrete is calculated using the Japan Society

of Civil Engineers (JSCE) model [22] in the Japanese Concrete Structure Design Standard.
In this model, the unit of the chloride ion diffusion coefficient of concrete is cm? /year:

IgD = —3.9(w/c)* +7.2(w/c) — 2.5 (15)

When the steel bars in the reinforced concrete members begin to corrode, the corrosion
rate is related to the current density of the galvanic cell. The steel corrosion rate model is
obtained by consulting related literature [18,19]:

r(t) = aig x 0.85(t — T;) % (16)

where a—Correction factor.
r(t)—Rebar corrosion rate.
ico—Rust initial current density.

37.8(1 —w/c) 6

o = C (17)

Due to corrosion of the steel bar, the tensile bearing capacity of the steel bar is reduced.
The calculation of the bearing capacity reduction of the steel bar employs the area loss rate
of the steel bar to characterize the corrosion degree of the steel bar. The definition of the
area loss rate of the steel bar is as follows:

o(t) = Ao=Act) 1009, (18)
A

where Ap—Initial area of reinforcement.

A¢(t)—Remaining area of rebar at time ¢.

The corrosion of steel bars is generally divided into uniform corrosion and local
corrosion. The two different forms and characteristics of corrosion are shown in Figure 7.
The corrosion depths of the two different corrosion methods are:

p) = [ r(w)du (19)

T:

t
p(t) = R/T. r(u)du (20)

where R—Nonuniformity coefficient of local corrosion.
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Figure 7. Low-temperature bending beam test.

In the actual situation, the corrosion of steel bars usually occurs through these two
types of corrosion concurrently, so the two types of corrosion areas are added when
calculating the remaining area after corrosion of the steel bars to obtain the final remaining
area of the steel bars.

3.4. Evaluation Method for Bridge Safety Performance Reliability

(1) Low-temperature bending beam test

A total of 12 reinforced concrete test beams sized b x h x L = 150 mm x 200 mm X
2500 mm are poured for this test. After the test beams are made, they are placed outside in
the cold environment of Harbin City at the same time as the test blocks for the concrete
compressive strength test, and they are degraded in the natural environment for one year.
After the degradation is complete, a low-temperature bending beam test is conducted.
The size information of the test beams and the layout of the reinforcement are shown in
Figure 8.

elevation
1-1

2500 150

=1

30
200

T\ ; + 70
150

2200 150

Figure 8. Test beam size and reinforcement.

The test beam is a simply supported beam with a rectangular single-reinforced section,
and the calculated length is Ly = 2.2 m. The loading method is two-point loading at the
mid-span position, as shown in Figure 9. The test beam loading method uses hierarchical
loading. The magnitude of the load applied at each level, the resulting deflection and the
width of the crack are recorded separately. The test termination mark is the beam body.
The crack width exceeds the limit of 0.2 mm. The concrete in some of the test beams is
damaged during demolding and transportation. In the end, a total of 9 beams are tested
for bending. The test data are summarized in Table 5. According to the data in the table
and hypothesis test theory, the load data are analyzed, and it is concluded that at the end
of the test, the load obeys a normal distribution with a mean value of 13,440.16 N and a
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coefficient of variation of 0.113. In addition, it is known by consulting the literature that the
concrete density obeys a normal distribution with a mean of 2462 kg/m3 and coefficient of
variation of 0.105. The above data are used as the statistical parameters for evaluating the
random variables of the second-layer node load in the network, and the performance of the
bridge is evaluated.

force sensor

- 1000 - - 1000 -
dialgage %2

Figure 9. Test beam loading device and sensor layout diagram.

Table 5. Summary table containing test data of the low-temperature bending beams.

Test Beam Number Load Size at the End  Mid-Span Deflection Maximum Crack

of the Test (N) (mm) Width (mm)
1 13,900.60 2.20 0.26
2 11,595.73 3.10 0.24
3 13,782.53 2.07 0.19
4 14,110.83 3.73 0.29
5 12,877.20 2.98 0.22
6 15,211.47 3.85 0.30
7 10,655.40 1.77 0.18
8 15,203.53 1.99 0.23
9 13,624.10 3.86 0.28

(2) Safety assessment

Figure 1 shows that the limit state equation for evaluating bridge safety is determined
by the resistance function. Therefore, it is necessary to determine the internal force of
the test beam due to the load and the bearing capacity of the test beam. The test beam is
simplified into a simply supported beam structure calculation model. According to the
basic theory of structural mechanics, the maximum bending moment of the test beam
section can be calculated as:

1 1
My = gpmgth% + 5FLy (21)
where Li—Distance between the fulcrum of the test beam and the loading point close to
the fulcrum, 1000 mm

According to the theory of reinforced concrete single-reinforced section beams, the
compression zone height and maximum bearing capacity of the test beam section are:

_ (- p) 7t fsd?
YA 22
M, = fobx (ho - g) (23)

where hp—Effective height of beam, 160 mm
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According to Equations (20) and (22), the resistance function for evaluating the safety
of reinforced concrete beams, that is, the limit state equation, is:

Z1 = M, — My (24)

When Z; < 0, the structure does not meet the safety requirements and is recorded
as status 0. When Z; > 0, the structure meets the safety requirements and is recorded as
status 1. According to the statistical distribution information of each random variable, the
limit state equation of Formula (23) is simulated based on the MCS method, with 1-million
simulations. The simulation results are recorded, and the safety failure probability and
reliability index of the test beam are solved. The safety of the test beam is evaluated; the
simulation results show that the safety failure probability of the test beam is 0.0236, and
the reliability index is 1.9845. Referencing Table 4, we can conclude that the safety level of
the test beam is five, which is consistent with the actual test results.

(3) Applicability evaluation

According to the bridge evaluation network in Figure 1, the applicability of the bridge
is evaluated by the deflection. The test beam is simplified into a simply supported beam
structure model, and the deflection of the simply supported beam can be solved by using
the virtual work principle in structural mechanics. According to the load form of the test
beam, the deflection of the mid-span section of the test beam can be calculated by:

f= % (;FL%LO + 12716L0L1L2) (25)
where Ly,—Distance between the two loading points of the test beam, 200 mm.

B—Flexural rigidity of the reinforced concrete beam section.

In this paper, the method of calculating the bending stiffness of the beam section
employs the concept of the effective moment of inertia of the section from the American
standard ACI 318-11 Building Code Requirements for Structural Concrete and Commen-
tary [23]. The effective moment of inertia of the section is defined as:

3 3
L= (ﬁj) Ig+ 1- <ﬁi;> ‘|Icr (26)
where [.—Effective bending moment of inertia of the section.

I.—Conversion of the full section moment of inertia.

I.,—Conversion of the cracked section to the moment of inertia of the section.

M,;—Maximum bending moment of the section, that is, the above load.

M —bending moment.

M —Cracking moment.

After the steel bars are corroded, the effective section moment of inertia of the concrete
beam inevitably decreases. To consider the loss of this moment of inertia, scholars at
home and abroad have proposed many theories about the section stiffness degeneration of
corroded bridges. This article uses a reduction factor method that considers the degradation
of the effective section moment of inertia [24], namely:

Lee = 7(p)lﬁ (27)
v(p) is a function of the corrosion area rate of steel bars, and the expression is as follows:

1 0 <0.05

() = {1.22 +12.8802 —5.05p p > 0.05 @8
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Therefore, the flexural rigidity of the test beam section is:
B = Ecle. (29)

According to the above theory, the MCS method is used to simulate the deflection of
reinforced concrete beams 1-million times, the deflection data obtained by the simulation
are recorded, and the mean value of the simulated deflection data is calculated to be 2.72
mm. The test record data results in Table 5 show that the test deflection has an average
value of 2.83 mm, and the relative error between the two is:

283272

6= 783 x 100% = 3.9% (30)

Within the allowable range of error, the calculated data are basically consistent with
the experimental data, which proves the correctness of the simulation results.

According to provisions of the “JTG3362-2018 Code” [25], the deflection of a simply
supported beam bridge should not be greater than 1/600 of the calculated span length, so
the limit state equation for evaluating applicability can be defined as:

Lo

Zy = =0 _
27 600

(31)

According to fuzzy reliability theory, the failure criterion is fuzzified, and the reduced
half trapezoidal membership function is selected. The membership function to evaluate the
applicability is:

1 x < —0.183
p(x) = ¢ &8 0183 < x < 0.183 (32)
0 x > 0.183

The failure criterion after the fuzzy membership function is:
Zy =2, - X (33)

When Z, < 0, the structure does not meet the applicability requirements and is
recorded as status 0. When Z, > 0, the structure meets the applicability requirements
and is recorded as status 1. According to the statistical parameters of the aforementioned
random variables, the MCS method is used to perform 1-million simulations to obtain the
failure probability and reliability indicators of the test beam’s applicability.

According to the simulation results, the applicability failure probability of the test beam
is 0.0450, and the reliability index is 1.6959. Compared with Table 4, it can be concluded that
the applicability level of the test beam is five, which is similar to the actual test results.

(4) Durability evaluation

According to the bridge evaluation network in Figure 1, the crack width is used to eval-
uate the durability of the bridge. In this section, we use the large-scale general finite element
software Ansys to numerically simulate the crack width of the test beam. The reinforced
concrete beam model established in this paper is a separate model; that is, different element
types are selected to simulate the steel and concrete to simulate the maximum size of the
test beam. For the crack width, the bond slip between the steel bar and concrete should
also be considered in the model, and the bond element is used to simulate this effect.

In Ansys, the Solid65 element is usually used to simulate the nonlinear properties of
concrete. This element can simulate the nonlinear behavior of concrete by setting the ele-
ment attribute parameters and defining the real constants of the material; the reinforcement
is simulated by the Link180 element, and the real constants are also used for simulation [26].
To describe the nonlinear constitutive structure of the steel bar material, the bond and slip
between the steel bar and concrete is simulated by the spring element Combin39, which is a
nonlinear spring element whose spring characteristics are defined by the load-displacement
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curve. Therefore, by converting the bond-slip model of the steel bar and concrete into
a load—displacement function, we can use the spring to simulate the bond-slip effect by
defining the real constant. The nonlinear constitutive model of concrete is the multilinear
follow-up strengthening model in the Chinese code. The elastic modulus of concrete is
taken as the initial elastic modulus in the strengthening model, Poisson’s ratio is 0.2, the
uniaxial tensile strength of concrete is taken as one tenth of the compressive strength, the
shear transfer reduction coefficient of open cracks is taken as 0.4, and the shear transfer
reduction coefficient of closed cracks is taken as 0.9. In order to make the structural model
converge quickly, the crushing of concrete elements is closed; The nonlinear constitutive
model of reinforcement applies the strengthening model of two broken lines. The elastic
modulus of reinforcement is 20,000 MPa and Poisson’s ratio is 0.3. After entering the
strengthening stage, the strengthening elastic modulus is 10% of the initial elastic modulus,
namely 2000 MPa. The nonlinear constitutive models of concrete and steel bars are:

o {fc [1- (1= og5m)?] e < 00021
fe 0.0021 < e < 0.0033
20000¢5 0 < f
US:{ fs+2000(es = g ) 05 > fo

(34)

The bond between concrete and steel bars can be used to derive the load—displacement
curve required by the Conbin39 element by applying the fourth-order polynomial function
between the bond stress and slip, which was fitted by Houde through experiments in 1965:

F= (5.3 x 10°D — 2.52 x 10*D? 4 5.87 x 10°D% — 5.47 x 106D4) 4{;—67 x mtdl - (35)
The finite element model is established according to the abovementioned material
constitutive relationship and the size of the test beam. Since the structure is symmetrical
with symmetrical loads, to simplify the calculation and to reduce the calculation error, a
semi-structured finite element model is established. The established finite element model
is shown in Figure 10.

ELEMENTS R18.0

Figure 10. Semi-structure-separated finite element model.

This paper uses the Ansys method proposed by Tian Shuangzhu et al. to calculate the
maximum crack width of reinforced concrete members under load. This theory states that
after concrete cracks under load, the crack width can represent the difference between the
strain of steel and the strain of concrete. Compared with the strain of the steel bar, the strain
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of the concrete can be ignored, and thus the following formula is proposed to calculate the

crack width with the aid of finite element software:

m
wm = 0.85¢) _ e5AL; (36)

i=1

where wy,,—Average crack width.

m—Number of units in the average crack spacing.

gs;—Rebar strain of the i-th element in the crack spacing.

AL;—Length of the i-th unit in the crack spacing.

¢—Nonuniformity coefficient of the steel bar strain.

In the end, the maximum crack width of reinforced concrete members under load can

be twice the average crack width, namely:

Wmax = 2Wp,

(37)

The calculation results of the Ansys nonlinear model are used to extract the corre-
sponding element length, steel-bar stress and strain, and the maximum crack width of the
test beam can be simulated according to the above formula. Figure 11 shows the model
strain cloud diagram and the crack width calculated by the test data.
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Figure 11. Strain cloud diagram of the test data and calculation result of crack width.
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According to the modeling process of the abovementioned finite element model, a
simulation system for the crack width of reinforced concrete beams is established based
on the MCS method. The cross-sectional area of the steel bar As, compressive strength of
concrete f, yield strength of the steel bar f; and load F are used as system input, and the
APDL language of Ansys is used to establish a finite element crack width calculation model.
Finally, the maximum crack width of a reinforced concrete beam calculated by the finite
element model is used as the system output, and a crack simulation system is constructed
with the help of macro commands. The total number of simulated cracks is 500,000.

According to data processing, the average crack width obtained by finite element
calculation and simulation is 0.2474 mm, and the average crack width measured by the
low-temperature bending beam test is 0.2433 mm. The error between the two is:

0.2474 —0.2433

0= "o X 100%=17% (38)

Within the allowable range of error, the finite element simulation data and the experi-
mental data are basically consistent, which proves the correctness of the simulation results.
According to provisions of the “JTG3362-2018 Code” [25], when reinforced concrete
beams are used in a freeze-thaw environment, the width of cracks generated by the beam body
should not be greater than 0.2 mm, so the limit state equation that defines the applicability of
the evaluation is:
Z3 = 0.2 — Wmax (39)

The membership function for evaluating the durability of bridges is:

1 x < —0.01
p(x) = ¢ 2-x 0,01 < x < 0.01 (40)
0 x> 0.01

The limit state equation after the failure criterion is fuzzified is:
Zy=Z3— X" (41)

When Z3 < 0, the structure does not meet the durability requirements, and it is
recorded as status 0. When Z3 > 0, the structure meets the durability requirements and is
recorded as status 1.

According to the crack simulation results, the fuzzy limit state equation is simulated
by the MCS method 500,000 times, and the failure probability and reliability index of the
durability of the test beam are obtained.

According to the calculation results, the reliability index of the test beam durability is
—1.0, the grade evaluation is five, and the failure probability reaches 84.13%. In the test,
the load termination condition is that the reinforced concrete beam crack exceeds the limit.
The measured value only has two test beam cracks that have not exceeded the limit, and
the simulation results are in good agreement with the actual conditions, again verifying the
scientific veracity of the evaluation method.

4. Reverse Diagnosis Based on Bayesian theory

Bayesian network theory is derived from the combination of probability theory and
graph theory. Its main advantage is that it decouples complex factors that affect the outcome
of events according to whether they are independent of each other. A network is built
based on the causal relationship between various factors based on graph theory and the
relationship between various factors is reflected in the form of a conditional probability
table to realize the reverse diagnosis of the main factors that induce the event.

According to the overall safety assessment network of reinforced concrete bridges
in cold areas constructed in Section 2.1, a three-layer and 14-node Bayesian network is
constructed. To simplify the calculation, the frequency distribution histogram is drawn
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based on the data generated by the first-level nodes of the network using the MCS method,
and the continuous random variables of the first-level nodes are transformed into three-
state discrete random variables according to the grouping in the histogram as the prior
probability of these nine root node factors. The software Netica is used to build a Bayesian
network that evaluates the overall safety performance of the bridge.

The prior probability and likelihood of all root nodes is input into the Bayesian
network of the overall safety performance evaluation of the bridge, the parameter setting is
completed, and the Bayesian network is activated. In Section 3, the results of the evaluation
of performance and durability applied to the safety of the test beams are all five levels, so
the status of the three leaf nodes in the network is set to 0; that is, the safety, applicability
and durability of the test beam are all in a failed state. Therefore, the test beams are used to
diagnose the main risk factors for the failure and to solve the posterior probability of the
second-layer nodes of the network; after determining the main risk factors for the second
layer of the network, we adjust the risk factors to the most unfavorable state and solve the
first layer of the network again. The posterior probabilities of the nodes can be used to
determine the main risk factors. The posterior probabilities of the most unfavorable states
of all nodes in the network are summarized in Table 6.

Table 6. Summary of the posterior probability of nodes in the Bayesian network.

Node Location Node Name Status Number Posterior Probability
Yl State 0 95.5%
Second level Y, State 0 81.6%
fs State 0 1.40%
d State 0 0.96%
C State 0 1.61%
Cs State 2 0.97%
First level Co State 2 0.60%
Cer State 2 0.06%
D, State 2 1.53%
fe State 0 2.80%
n State 2 2.14%

From the posterior probability calculated by the Bayesian network, it can be concluded
that the main risk factor for failure of the test beam is insufficient concrete strength. The
posterior probability of this node in the first layer of the network is the largest at 2.80%.
The actual conditions of the test beams using C25-labeled concrete are consistent, followed
by the number of annual freeze-thaw cycles with a posterior probability of 2.14%, which
is the most important environmental factor in causing failure of the test beam; the largest
posterior probability in the second layer of the network, the probability of the steel bar
strength reduction node is 95.5%. From this, it can be inferred that the concrete strength of
the test beam becoming too low and the steel bars corroding due to frequent freezing and
thawing result in decreased safety performance of the test beam. This makes it difficult to
meet the structural safety requirements.

5. Conclusions

In this paper, a network model for evaluating the safety performance of reinforced
concrete bridges in cold regions was constructed, and the statistical information of the
root nodes of the network was determined through experiments and literature research.
Furthermore, based on low-temperature bending beam tests and the MCS method, the
safety and applicability of the bridge structure were evaluated. Relying on the methods
of calculating the failure criterion and durability and reliability indexes, in addition to
performing bending beam tests to measure the test beam reliability index and according
to the specifications, we grade the safety, applicability and durability of the structure
according to the reliability indexes and verify the results with experiments. The evaluation
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method is highly consistent with real engineering conditions and can provide technical
support for the safe operation and maintenance of bridge structures. Finally, based on the
Bayesian network theory, a Bayesian network model for bridge assessment was constructed
to realize reverse diagnosis of the main risk factors for the bridge, and the correctness of
the assessment method and diagnosis method was verified via low-temperature bending
beam tests.
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