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Abstract. This study proposes a probabilistic model for assessing the service life of a reinforced concrete
railway bridge based on the criterion of corrosion-fatigue durability, taking into account the dynamics of the
moving load. Currently, there is no similar methodology approved in the standards of the Russian
Federation, as well as in the Eurocodes, while corrosion-fatigue destruction of reinforcement is typical in
conditions of chloride-aggressive environments and repetitive loads. In this model, total service life of
reinforced concrete superstructure is sum of three periods: corrosion initiation period, crack nucleation
period, and crack propagation period. In each period, stochastic variables are specified by probability
density functions. As an example of calculating the service life, one of the bridges developed during the
design of the Moscow — St. Petersburg High-Speed Railway was chosen. Monte Carlo method was used
as the way to modelling the stochastic nature of problem. Failure criteria was the critical crack growth, and
crack growth process was modelled using Paris law. The form of the obtained probability density functions
for each stage is lognormal; the greatest contribution to the total service life was made by the period of
corrosion initiation. In the future, the use of the method will allow the engineer to design structures with a
given durability, increase the service life of reinforced concrete bridge spans and more accurately plan
funds for repairs of reinforced concrete bridges.
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1. Introduction

This study focuses on the degradation of railroad bridge spans under chloride-containing
environments. The combination of different effects, in this case chloride ions and repeated load, can lead
to the corrosion pit growth and stress concentration in concrete beam reinforcement. Furthermore,
repeatable train load can cause nucleation and growth of fatigue crack and rebar failure if crack length will
reach its maximum allowed value.

Next some approaches to solving the corrosion-fatigue durability of bridges problem will be
presented. For example, condition of working reinforcement under variable load under corrosion conditions
is considered in the paper [1], which concludes that the fatigue characteristics of a reinforced concrete
girder are reduced as a result of pitting corrosion. European document DuraCrete [2] provides various
models of degradation of the span structure under the action of negative climatic factors. S. K. Verma et al.
[3] proposes to estimate the service life as the sum of two periods: corrosion initiation and corrosion
development period. Some publications are also devoted to the study of bonding of reinforcement with
concrete under conditions of corrosion of working reinforcement [4, 5]. One of the first to apply the
provisions of fracture mechanics and metal corrosion to calculate the corrosion-fatigue life of a reinforced
concrete bridge was E. Bastidas-Arteaga [6]. J. Sun et al. indicated that corrosion, along with temporary
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loading are the prevailing causes of collapse of reinforced concrete structures [7]. C. Cui et al. consider the
negative effects of carbonization together with temporary loading [8]. The authors of a study on prestressed
reinforced concrete beams of U-shaped urban rail transit exposed to chloride ions G. Chen et al. [9] indicate
that the combined effect of temporary loading and chloride-containing environment can reduce the service
life of the span by up to 61.2 %. T. Zhang et al. found that when reinforced concrete beams were jointly
exposed to corrosion and repetitive loading, fatigue failure of longitudinal working reinforcement bars
occurred [10].

From the above, it can be concluded that, firstly, with coupled action of chloride aggressive
environment and repeatable loading, the corrosion-fatigue failure can be typical. Secondly, the problem of
service life assessment is complex and currently it is not possible to collect all the developed models into
a single methodology and provide a reliable prediction of the service life of reinforced concrete bridge
spans. In addition, taking into account the dynamics of span structures is especially important in the
calculation of bridges on high-speed highways. The resulting vibrations of the span structure during the
passage of a train at high speeds can negatively affect the fatigue life of the span structure, which is not
taken into account in the above-mentioned methods. Thus, this task is relevant and requires research.
Therefore, in this study, the task was to develop a method for calculating corrosion-fatigue durability that
could take into account the dynamic effect of temporary load, as well as the probabilistic natural parameters
included in the calculation.

2. Methods

For chloride aggressive environment, pitting corrosion of reinforcement bars is often occurs. It has
the most negative effect on the fatigue of reinforcement under the action of train loading [11]-[13]. The
appearance of corrosion pits leads to stress concentration in the working reinforcement and fatigue crack
initiation. Therefore, when assessing the service life of a span structure by the criterion of corrosion-fatigue
durability, it is proposed to distinguish three main periods: the period of corrosion initiation, the period of
corrosion pit growth and crack nucleation, and the period of fatigue crack growth until the failure:

Further we consider separately each of the periods in the probabilistic formulation of the problem.

3. Corrosion Initiation Period

The model of chloride ions penetration into the protective layer of the concrete of the span structure
is based on Fick's Il law of diffusion [14], [15]. In simplified form for one-dimensional case, it is written as
follows:

oc  o°C
—=D-—, (2)
Ot ox
where C — chloride concentration at depth x, at time #; D — diffusion coefficient of chlorides into
concrete.
Equation (2) was solved by the finite difference method using Mathcad Prime mathematical package.
The scheme for solving equation (2) and the expression for the chloride diffusion coefficient are quite
extensive, so we will limit ourselves to references to the corresponding works [6, 16].
The random nature of the parameters included in the equation was taken into account by means of
Monte Carlo modelling [17]. This method involves solving this problem N times, each using randomly

generated quantities according to their distribution laws. If the number of experiments N is large enough,
the modeling results can be considered reliable.

As an example for the calculation, the rigid-framed reinforced concrete span shown in Figs. 1, 2 was
used. The design of this overpass was considered as a variant on the Moscow — St. Petersburg High-Speed
Railway.
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Figure 1. Cross-section of main span.
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The initial parameters of the distributions of random variables are given in Table 1.

Figure 2. Longitudinal scheme of the bridge.

Table 1. Initial random variables for evaluating corrosion initiation time.

Probability density

Parameter Symbol . Expected value Standart deviation
function
Water cement ratio 0F Normal 0.4 0.04
Initial diffusion Deto Normal 3-10-1" 0.6-10™

coefficient, m?/s

Activation energy of
the diffusion U Normal 41.8 4.18
process, kd/mol

Protective layer of

concrete. mm Ct Normal 50 7.5

The initial constant values are given in Table 2.

Table 2. Initial constant variables for evaluating corrosion initiation time.

Parameter Symbol Value
Number of experiments N 1000
Maximum monthly average T 26
temperature, °C max
Minimum average monthly T, . 5
temperature, °C min
Maximum monthly average
humidity Winax 0.79
Minimum average monthly )
humidity Wnin 0.72
Surface concentration of C 15
chlorides, kg/m?3 s )
Binding constant o 0.1185

Binding constant S 0.09
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The variability of air temperature and humidity is taken into account using the following equation:

Srw(t)= Prmax ;—(pmi“ + Pmax ;(pmin sin (272)+ Ay, 3)

where Q.. is the maximum value of the parameter (temperature, humidity); @,;, is the minimum value

of the parameter (temperature, humidity); ¢ is time in years, AT’W is a random parameter having normal
distribution, mathematical expectation equal to 0 and standard deviation of temperature 3 °C and humidity
0.01. The graphs of these functions (3) are shown in Fig. 3. The sinusoids 7j, (t) and W, (t) are the mean

values of these functions without considering monthly deviations, T(t) and W(t) take into account the

random fluctuations of ambient temperature and humidity.

Temperature, T

T(t)

To(t)

Time, t
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W (t)
Wo(t)

Time, t

Figure 3. Plots of humidity and temperature dependence in deterministic and probabilistic form.

As a result of modeling 1000 iterations, in each of them, profiles of chloride concentration distribution
along the depth of reinforced concrete span were obtained and the time, in which chloride concentration at
the depth of concrete protective layer will reach the critical value, was calculated. The final function of the
corrosion initiation time distribution is shown in Fig. 4.

Probability

Corrosion initiation time, years

Figure 4. Distribution histogram and probability density distribution curve
of corrosion initiation time of the working reinforcement of the span structure.

The graph shows the distribution histogram of the Monte Carlo simulation results and the theoretical
probability density curve, which corresponds to a lognormal distribution with a mean value in these
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conditions of 105.4 years, standard deviation of 55.9 years. The value, below which the corrosion initiation
time does not fall with a 95 % probability or 5" percentile, is 41 years.

4. Time of Corrosion Pit Growth and Fatigue Crack Initiation

The second step in the total service life calculation is the calculation of the time, in which the stress
concentration at the corrosion pit will lead to fatigue crack nucleation. The study [18] uses the following
statement to calculate this time: for crack nucleation, it is necessary for the growth rate of the corrosion pit
to coincide with the growth rate of the conditional crack at a point equal to the depth of corrosion
development. In other words:

da _dp
dt dt’

The left side of equation (4) represents the growth rate of the fatigue crack and is calculated using
Paris's law [19, 20]:

(4)

da
- C,AK™" f, (5)

where a is the crack size; Cp, m, are coefficients depending on the material; AK is the stress intensity

p
factor range [21]; f is the frequency of train loading (number of cycles per year).

The right part of equation (4) is the growth rate of the corrosion pit, calculated by the formula [22]:

p(1)=0,00116a(i.,,, (¢)dt. (6)

corr

Thus, the growth time of the corrosion cavity before fatigue crack initiation is determined by equating
(5) and (6) and solving with respect to ¢. The initial constants and random variables used in the solution
are tabulated below.

Table 3. Initial random variables for evaluating crack nucleation time.

Corrosion initiation time, tini Log-Normal 105.4 559
years
Concrete cover layer, mm Ct Normal 50 7.5
Paris law constant C Log-Normal 1.8-10" 1.118-10""
Paris law constant m Log-Normal 3.34 0.2
Water/cement ratio ¢ Normal 0.4 0.04
Pitting coefficient o Log-Normal 5.65 0.215

Table 4. Initial constant variables for evaluating crack nucleation time.

Parameter Symbol Value
Diameter of rebar, mm d 32
Train load frequency, train/day f 10
Average stress range in reinforcement Ac 75
Number of experiments N 10000

The results of the Monte Carlo simulation in the form of a plot of the probability density function of
the crack nucleation time are shown in Fig. 5.
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Probability

Crack nucleation time, years

Figure 5. Distribution histogram and distribution density curve of the probability density function
of crack initiation time in the working reinforcement of the span structure.

As in the case of corrosion initiation time, the fatigue crack initiation time is a lognormal distribution
with mathematical expectation of 7 years, standard deviation of 4.6 years, and 5™ percentile of 2.2 years.

5. Time of Crack Growth to Critical Value
The crack growth time to critical value is determined using Paris's law, see formula (5).

In this case, to calculate the stress intensity factor, it is also necessary to determine the stress
difference arising from the train load. For this purpose, a nonlinear deformation model can be used; its
basic provisions are given in [23]. The random nature of the parameters included in the calculation was
also taken into account, see Table 5. The forces in the cross-section were found by dynamic calculation in
the program complex realizing the finite element method [24]. The dynamic calculation is necessary to
obtain the spectrum of the force factor and to take into account the contribution of each vibration of the
spanning structure to the fatigue crack growth.

Table 5. Initial random variables to calculate stresses in reinforcement bars

Parameter Symbol Probablllty_ density Expected Sta_nd_art
function value deviation
Cross-section width, m b Normal 10.1-11.6 0.202-0.232
Cross-section height, m h Normal 1.64 0.016
Tensile reinforcement area, m? Agl Normal 0.05466 0.00137
Compressed reinforcement area, m? Ao Normal 0.03537 0.00088
Concrete Young’s modulus, MPa Ep Normal 36000 2880
Steel Young’'s modulus, MPa Es Normal 200000 6000
Cross-section genter of gravity h Normal 0.862 0.00862
location, m g

Table 6. Initial constant variables to calculate stresses in reinforcement bars.

Parameter Symbol Value
Tensile strength of reinforcement, MPa Ry 350
Design value of concrete compressive strength, MPa Ry 20
Ultimate reinforcement strain Es 0.025
Ultimate concrete compressive strain €h 0.0035
Number of cross-section parts n 30
Number of experiments N 1000

Critical crack value, mm Aer 0.74d
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Similar to the previous steps, the probability distribution of the crack growth period was obtained and
the 5 percentile was cut off, which amounted to 5.5 years (Fig. 6).

Probability

A 4

Crack growth time, years

Figure 6. Distribution histogram and probability density distribution curve of crack growth
time-to-failure probability in the working reinforcement of the spanwise structure.

6. Results and Discussions

To calculate the final service life of the structure, Monte Carlo simulation of the sum of three periods
was performed, each of the periods was generated as a random variable based on the calculations
performed. The final nature of the service life distribution can be seen in the figure below:

, Probability

[Total service life, years

Figure 7. Distribution histogram and probability density distribution curve
of the service life probability of the span structure based on the corrosion-fatigue life criterion.

Below is a summary table with the results of calculating the time of each of the periods and the total
service life of the span structure.

Table 7. Results of calculating the time of crack initiation and growth before failure.

Parameter Symbol Probability density Expected Standart 5th
y function value deviation percentile

Corros'onyg‘:r'zt'o” ime. Log-normal 1125 62.8 425

Fatlgu?ir%r:ck nucleation fon Log-normal 7 46 29
, years

Fatigue Cray‘;';?sm‘”th tme, Log-normal 38.2 43 55

Total bridge span service T Log-normal 158.5 75.04 69.5
life, years ’ ’ ’

If we compare results with those available in various sources, we obtain a generally similar expected
value of design service life, for example, in paper [25] for traffic load frequency 50/day and low-aggressive
environment design service life of 157 years was obtain with standart deviation 57 years. The service life
probability distribution density, obtained by the authors, also lognormal. However, with an increase in the
frequency of load and the aggressiveness of the environment, the average service life drops to 20—40
years.
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The authors [8] investigated corrosion-fatigue durability under carbonization and repeatable loading.
Results show that the design service life of a 6-meter reinforced concrete plate superstructure is 162.1
years. However, the authors also conclude that corrosion-fatigue durability decreases by 67 % if traffic
frequency increases from 1000 vehicles/day to 7000 vehicle/day.

A study of train loading coupled with aggressive environmental influences carried out by the authors
[9] also showed a high corrosion-fatigue durability of 164.8 years with a low concentration of chloride ions
and low load intensity, however, an increase in the concentration of chloride ions (from 2.5 kg/m2 to
5.87 kg/m?3) reduced this value by 50 %, and an increase in train load (from 109 trains/day to 721 trains/day)
— by 30 %.

In general, the possible dispersion of final results among different authors is associated with a large
number of initial parameters of the model; the configurations of spans, the type and magnitude of the traffic
load, climatic parameters, materials used, etc.

7. Conclusion

According to the results of the conducted research, we can conclude the following:

1. The corrosion initiation period, fatigue crack initiation time, crack growth time to failure, and the total
service life of the span structure obey a lognormal distribution. The hypothesis that the sample from
the Monte Carlo simulation results belong to the lognormal distribution is tested using Pearson's

¥2 criterion of agreement, the critical value of the 2 criterion is accepted for a significance level
of 5 %.

2. The greatest contribution to the corrosion-fatigue durability is made by the corrosion initiation period,
which indicates that if the working reinforcement is sufficiently protected from corrosion, it will be
possible to significantly extend the service life of the structure. On the contrary, if the train moving
load is significant and, for example, the protective layer is insufficient, the failure of the
reinforcement can occur in a relatively short period of time.

3. The modern engineer has powerful tools for direct dynamic analysis of the structure, which,
according to the proposed methodology, allows to estimate the contribution of each vibration of the
span to the growth of fatigue crack, which can be used at the stage of design of artificial structures.

4. The service life of a structure, like everything in our world, has a probabilistic nature. In practice,
probabilistic calculations are complicated and it is not reasonable to repeat them for each structure.
Based on the results of this study, it is possible to calculate the reliability coefficient for the service
life of the span structure for the example selected for the calculation. However, to develop a system
of reliability coefficients for different initial data, further research on the influence of the variation of
initial parameters on the statistical parameters of the service life of the structure is necessary.
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