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ABST RAC The design standards for artificial structures of high-speed rail lines set the service life of bridge
structures in a prescriptive way at 100 years. However, the actual average service life of railway

bridges ranges from 40 to 70 years. The service life is one of the key general-purpose characteristics that determine the main
parameters of a bridge structure. However, there are no methods or algorithms for predicting and justifying service lives
of bridges in the design stage. The limit state equations do not contain a time variable, and the factors of safety take into
account the probabilistic variation of the initial parameters, but not their change over time. This study proposes a method for
predicting and justifying the service life of unified reinforced concrete bridge structures developed for the High-speed Rail Line
No. 1, taking into account the simultaneous influence of climatic degradation factors and high dynamic loads in high-speed
conditions. All the initial parameters are random, which is why it is proposed to calculate the service life in a stochastic form,
where the calculation results are used to generate a histogram of service life distribution. Based on this distribution histogram,
it is possible to determine the service life with a specified probability by using target reliability indexes.
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AH H OTAU‘M B HOpMax MPOeKTUPOBAHMS MCKYCCTBEHHBIX COOPYXKEHMIT BbICOKOCKOPOCTHbIX XENE3HOL0POXHbIX

JIMHWUI CPOK CY>KObl MOCTOBBIX COOPYXXEHMI Ha3HavaeTca ampekTnaHo u coctasnset 100 net. MNpu
3TOM (AKTUYECKUI CPeaHUA CPOK CyXKObl XKeNe3HOLOPOXKHbIX MOCTOB HaxoamTcs B Amana3oHe 40-70 net. Cpok cnyx6bl 98-
€TCS OAHOW U3 ONpeaensoLLmMX YHUBEPCANbHbIX XapaKTePUCTUK, OTBEYAIOLLMX 338 OCHOBHbIE NapaMeTpbl MOCTOBOM KOHCTPYKLIMM.
HopMbl NpoekTMpoBaHMs He cofepKaT MeTOAMK M anropuMTMOB NPOrHO3MPOBaHMS U 060CHOBAHMS CpoKa Cy6bl NpoeKkTUpye-

MbIX MOCTOB. YpaBHEHWS NpeaenbHbIX COCTOSHUIM He COAEepKaT NepeMeHHOM BpeMEHH, @ KOIDPULMEHTbI HAAEXKHOCTU YYUTbIBAKOT
BEPOSTHOCTHbIM pa3bpoC MCXOAHBIX NMAapaMeTPOB, HO HE MX U3MEeHeHWe BO BpeMeHW. B JaHHOM wccnepoBaHuu npepniaraeTcs
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Prediction of the service life of reinforced concrete bridge superstructures
on high-speed rail lines

MeToA, NPOrHO3MpPOBaHMS M 060CHOBAHMS CPOKA CNYXKObI YHUPULMPOBAHHDBIX XKee306€TOHHbIX MPONETHbIX CTPOEHUI XKeNnesHo-
LOPOXHbIX MOCTOB, pa3paboTaHHbiX A5 BbICOKOCKOPOCTHOW ene3HofopoXHoM Marnctpanb N2 1, ¢ y4eToM 0gHOBpPEMEHHOMO
BIUSIHUS KIMMATUYECKMX GAKTOPOB Aerpajaumm u 60MbluMX AMHAMUYECKMX HArpy30K B YC/I0BUSIX BbICOKOCKOPOCTHOIO [BUXKE-
HUs. Bce MCxonHble napaMeTpbl MMEIOT CNyYaiiHbIi XapaKTep, BBUAY Yero pacyeT cpoka ciyxbbl npefnaraercs BeCTM B CTOXaCTH-
yeckor dopme, rae no pesynsTataM pacyeta Nosy4yaeTcs rmcTorpamMma pacnpeneneHuns cpoka cnyxosl. [1o gaHHOW ructorpamme
pacnpeneneHns MOXHO OnpenenuTb CPOK CYXObl C 3a,aHHOIM 06ecnevyeHHOCTbI0 Yepes LieneBble MHAEKChl HAAeXHOCTH.

KNKOYEBDBIE C/TIOBA:

Ina umtupoeanua: Lecmosuykuli [.A., Epppemos I'A., Kozak H.B. MporHo3mMpoBaHMe cpoka CyObl ene300eTOHHbIX NposeT-
HbIX CTPOEHMI MOCTOB Ha BbICOKOCKOPOCTHbIX XeNe3HOAOPOXHbIX Maructpanax // TpaHcnopt BPUKC. 2026. T. 5. Bein. 2. CT. 2.
https://doi.org/10.46684/2026.2.2. EDN: UENWHE.
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Ha[EeXXHOCTb; CTOXaCTUYECKMI NOAXOLA; METOL, MOHTE-Kap)'IO

INTRODUCTION

rently, HSR lines are widely in use in Japan, France,

High-speed rail (HSR) lines are an effective tool for
promoting economic growth, regional development,
and introduction of technical innovation. This is so
because HSR projects yield economic returns, increase
human mobility, improve territorial connections, and
induce the development of related industries. Cur-

Italy, Germany, Spain, South Korea, and China.

In August 2023, a decision was made to design and
build Russia’s first 679 km-long high-speed rail line
between Moscow and St. Petersburg with train speeds
of at least 350 km/h. The line will be the first in the HSR
network planned to be built in Russia (Fig. 1).

million people;
9.5% of Russia’s '
1123

;| million people;
L 13.8%
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million people;
30% of Russia’s GDP

million people;
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Fig. 1. The planned high-speed rail network in Russia®

A large number of artificial structures, including
bridges, flyovers and viaducts, are designed on the line.
Two modifications of new standard unified rein-
forced concrete simply supported superstructures

In accordance with the Terms of Reference for
design documentation development and requirements
of applicable regulations>*4, the estimated service life
of the main structures of bridges and tunnels on high-

(types IA and IB) have been designed (Fig. 2). speed rail lines is taken equal to 100 years.

! https://ya.ru/images/search?img_url=https%3A%2F%2Fcs13.pikabu.ru%2Fpost_img%2F2024%2F02%2F20%2F9%2Fog_og_
1708438458259017481.jpg&lr=2&pos=0&rpt=simage&text=xapTa%20BcM%20poccuu

2 SP 453.1325800.2019. Engineering structures for high-speed railway lines. Rules for design and construction (approved by
Order of the Ministry of Construction and Housing of the Russian Federation No. 809/pr, dated December 16, 2019; effective as
of June 17, 2020).

3 GOST 27751-2014. Reliability for constructions and foundations. General principles (put into force by Order of the Federal
Agency for Technical Regulation and Metrology No. 1974-st, dated December 11, 2014).

48P 259.1325800.2016. Bridges in dense urban areas. Design rules. Official publication. Moscow, 2016.
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Fig. 2. Variants of bridge spans for HSR: a — standard unified reinforced concrete split spans in two versions with
a length of 24.6 m and 32.6 m; b — split steel-reinforced concrete span with a length of 50 m; ¢ — continuous steel-reinforced
concrete span according to the scheme 43,9 + 60 + 43,9 m

Based on the available statistics and data on service
lives of bridges all over the world, we can conclude that
the 100-year service life before an overhaul or recon-
struction of a bridge can be met in isolated instances,
mostly for out-of-class bridges. The service life of a super-
structure designed for a C14 load (54.1 %) usually does
not exceed 50 years [1]. Paper [2] states that in Japan, the
average lifecycle of reinforced concrete bridges is set by
the Ministry of Transport at 60 years.

Regulatory documents stipulate that in order to
provide the required durability, the following should
be taken into account during the design phase:

e Operation conditions; environmental exposure;

e Properties of materials used;

e Possible protections against adverse impacts of the
environment;

Possible degradation of their properties;

Possible impact of an aggressive environment or

other adverse operation conditions (freeze/thaw

activity, exposure to deicing chemicals, exposure
to seawater, industrial emissions, etc.).

At the same time, there is no methodological
framework for forecasting, calculation and justification of
service lives taking into account the above listed affecting
factors. The design dependencies for cross-section inspec-
tions provided in the standards do not include a time
variable, and the reliability factors account for the proba-
bilistic random nature of values used in calculations, but
not their change over time. Since the actual service lives
of bridge structures differ from those prescribed by the
regulations, it becomes necessary to justify these service
lives as early as during the design phase, when it is pos-
sible to change the design to ensure that the required
service life stated in the standards is met. Predicting and
justifying the durability of transport structures is one
of the most important tasks to be addressed during the
design phase.

In this study, the authors present the scientific
approaches and methods for predicting and justifying
service lives of superstructures of artificial structures

TRANSPORT INFRASTRUCTURE

taking into account the peculiarities of their operation
in high-speed conditions that are used in the imple-
mentation of the Moscow-St. Petersburg HSR1 project
to justify the stipulated service life of 100 years.

IDENTIFYING DEGRADATION FACTORS

The number of factors influencing the durability of
reinforced concrete bridge superstructures throughout
the service life goes to infinity [3-9]. The original task
was to identify the most significant factors having the
strongest impact on the service life and to develop
the most accurate mathematic models to describe the
influence of these factors on the durability of rein-
forced concrete superstructures over time.

Some of the most significant factors contributing
to degradation and reduction of the service life include
the following:

e Carbonation of concrete in the protective layer by
carbon dioxide;

Corrosion of reinforcement steel;

Dynamic loading by trains, leading to fatigue

processes (Fig. 3, 4).

We did not consider the influence of chlorides,
because this is not a determining factor for railway
bridges outside coastal areas of seas and oceans.

Fig. 3. Destruction of concrete protective layer and intense
corrosion of primary reinforcement steel
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Fig. 4. Fatigue cracking: a - in reinforcement steel; b - in concrete

In the existing durability prediction approaches
and models, effects of climate and forces are usually
considered separately and independently; corrosion
processes are modelled without taking material fatigue

Dmitry A. Shestovitskiy, Gleb A. Efremov, Nikolay V. Kozak

Prediction of the service life of reinforced concrete bridge superstructures

on high-speed rail lines

into account; and fatigue effects from dynamic loading
are calculated without considering corrosion of rein-
forcement steel. In high-speed conditions and given
a large number of dynamic effects, the method pro-
posed in this study integrates effects of both climate
and forces into a single mathematic model, taking into
account their reciprocal influences.

ADOPTED METHOD FOR PREDICTING
AND JUSTIFYING SERVICE LIVES

The model description is based on a hypothesis
that the service life of a reinforced concrete beam
consists of a sum of periods shown in Fig. 5.

A flow chart of the developed and adopted
method for predicting the service life of unified
reinforced concrete 32.6- and 24.6-metre long super-
structures is given below (Fig. 6).

Degradation limit

e

Initiation period

Development period

(Scenario No. 2)

Degradation limit

Degradation

(Scenario No. 1)

Fatigue

growth

Ll

@ Protective layer depassivation

{Eom—
Service life

. Corrosion initiation and pore space filling

@ Initiation and growth of a crack in concrete; acceleration of corrosion

Initiation of a fatigue crack in reinforcement steel
and its growth to a critical level (Scenario No. 1)

0 Decrease in the bearing capacity to a critical level (Scenario No. 2)

Fig. 5. Periods of the service life of reinforced concrete superstructures
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Input: analytical model, load parameters, material degradation
parameters, environmental factors

v

v

Calculate the protective layer
carbonation time

4

Calculate time to cracking in concrete

Y

Define the corrosion depth function
over time

!

v

Make a dynamic load analysis of the
superstructure during a HSR train passage

Y

Analyse a plot of stress from a passage of
a single train at the worst speed; identify
cycles by the rainflow-counting method

Y

Calculate stress ranges

y

Set S - N curve parameters before the onset of corrosion

Y

4

Set the function of stress change over time due to a smaller area of the
primary reinforcement bars

A

4

Set the function of damage rate D over time taking into account changes
of the S - N curve and decrease in diameter

Y

4

Search the graph for the time value at which D=1

Fig. 6. Flow chart for calculating the service life of a reinforced concrete beam taking into account degradation
and effects of dynamic loading

TAKING INTO ACCOUNT DYNAMIC LOADING
FROM HIGH-SPEED TRAINS

Regular dynamic effects from high-speed trains
lead to the gradual accumulation of fatigue damage.
The total damage is estimated by the linear summation
of accumulated damage based on the Palmgren-Miner

Rule:
1
EZ n; - AO'l'm'
i=1

When D, reaches 1, the ultimate limit state is
reached.

To calculate a degree of damage of the super-
structure, a dynamic load analysis of the super-
structure during a high-speed train passage was per-
formed (Fig. 7).

n;

D, =
t Nl'

i=1

TRANSPORT INFRASTRUCTURE

The stress plot was recorded for the speed at which
the maximum stress in the superstructure slab was
registered (Fig. 8).

Fig. 7. 3D finite-element model of the superstructure

The rainflow-counting method was used to convert
the resulting strain gauge records into the stress plot.
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Fig. 8. Changes in stress in the superstructure slab caused by train passage

STOCHASTICAPPROACH

The service lives were calculated in a probabil-
istic setting using the Monte Carlo method which
produced the functions of service life distribution
density for various variations of climatic param-
eters and daily train traffic intensity. The esti-
mated service life was determined with a given
probability which is related to the design reli-
ability level expressed by reliability index B. In
accordance with the log-normal distribution, the

—
_—

Probability

Average
service life, #

estimated service life was determined using the
following formula:

tg = td . e_B'Vt’

where t¢ is the estimated service life; t¢ is the service
life expected value; e is the natural logarithm base; B is
the target reliability index; and v, is the service life var-
iation coefficient (Fig. 9).

The target reliability level was selected in accordance
with applicable regulations at = 4.3; 3.8, and 3.0.

Lognormal distribution
of service life

Time,
years

«——»_Estimated service life

=LV
Reliability Service life variation
index coefficient

Fig. 9. Determining the estimated service life with a lognormal distribution

INPUT DATA AND CALCULATION RESULTS

In order to calculate service lives by the method
developed, we used the input data listed below
(Fig. 1-3). Since the calculation was made in a prob-
abilistic setting using the Monte Carlo method, the
initial parameters were adopted in the probabilistic
form as expected value, coefficient of variation, or

TRANSPORT INFRASTRUCTURE

standard deviation. All the input parameters were
nominally divided into three groups: structural
parameters and characteristics of materials; cli-
matic parameters of the region of operation; and
load parameters.

The calculation results are given below (Fig. 10-12,
Tables 4-5).
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Structural parameters and characteristics of materials

Table 1

Parameter Expected LA Distribution
value coefficient

Beam concrete class

Water-to-cement ratio, w/c ~0.342 0.1
Protective layer thickness, mm 40 0.2
Characteristic compressive strength of concrete (with a probability of 0.95), MPa 25 =
Average strength of concrete, MPa 30.58 0.111
CaO content in cement, % 0.75 0.07
Cement amount, C, kg/m? = 55 0.03
Diameter of reinforcement mesh bars in the slab, mm @212 Alll -

Climate parameters in the region of operation

Expected value Stai_'ldﬁrd

Normal

Normal

Normal

Normal

Normal

Table 2

Distribution

Parameter deviation
“oseow | kin | omvor | “y

Average temperature of warmest month, C* 19,1 17,4 18,3 10C
Average temperature of coldest month, C° -7.8 -10.6 -89 10C
Average humidity of most humid month, C° 84 85 83 5%
Average humidity of driest month, C° 73 66 70 5%
Atmospheric carbon dioxide concentration, ppm 450 420 420 20 ppm

Load parameters

Normal
Normal
Normal
Normal

Normal

Table 3

Rolling stock EVS ITsZhT
Axle load, KN 176.52
Trains per day 20/40/60
s
0.03+
0027+
0244

Probability

800 1.1 11107

Time, years

Fig. 10. Bar chart for distribution of 24.6-metre long superstructure protective layer carbonation time
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Calculation results for service life of 24.6-metre long superstructure slab (reliability index B = 4.3)

Number of Distribution parameters

Rediol trains per day type
Moscow 40
60
20
Klin 40 Lognormal
60
20
Dmitrov 40
60
b 0105+
E oot
©
2 msl
2
(=9

nms+

510

Time, years

Fig. 11. Bar chart for distribution of service life of 24.6-metre long superstructure

Probability

420 515

Time, years

Fig. 12. Bar chart for distribution of service life of 32.6-metre long superstructure
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410
404.7
399.1
435.8
431.2
423.7
4204
414.7
408.6

126.1
125
124.9
122.9
125.5
123.6
1253
1243
123.9

Reliability index, 3

4.3

Table 4

Estimated service

1175107

life, years

109.3
107.2

129.6
1234
120.9
116.7
114.3
110.9
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Table 5
Calculation results for service life of 32.6-metre long superstructure slab (reliability index B = 4.3)

Distribution parameters

Region tr:il::z:: (c,lfay e n- Reliability index, B EStiT;faet’ e:e;a;vice

493 162.2 119.8
Moscow 40 492.7 162.1 119.7
60 4924 162 119.6
20 527.8 171.3 130.7
Klin 40 Lognormal 527.4 171.2 4.3 130.6
60 527 171.1 130.5

20 503 160.1 128

Dmitrov 40 502.6 159.9 128
60 502.2 159.9 127.7

CONCLUSIONS

The findings enable us to make the following
conclusions:

1. All superstructures meet the requirement set out
in section 6.1.11 of SP 453.1325800.2019. In all cases,
the estimated service life of unified reinforced con-
crete 24.6 and 32.6-metre long superstructures exceeds
100 years.

2. The minimum service life was determined under
the climatic conditions of Moscow with the ITSZhT
trains running on superstructures 60 times per day
and the maximum reliability level being B = 4.3. The
mminimum service lives are as follows: 103 years for

the 24.6-metre superstructure; and 119 years for the
32.6-metre superstructure. When the frequency of load
cycling increases, the service life is shorter.

3. All of the resulting service lives are distributed
in accordance with the lognormal law.

4. When the live-load intensity is low and stresses
in reinforcement steel are small, the service life is to
a greater extent determined by the duration of pro-
tective layer concrete carbonation and corrosion of
primary reinforcement bars. This can be seen from
the calculation results for a 32.6-metre beam where
the frequency of live load has almost no effect on the
service life.
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