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Abstract dow!
Railway sleepers are amongst the vital components of the rail track superstructure and play significant role
in providing integrity and safe operation of the tracks. Such sleepers are manufactured with different
Abol

composition among them pre-stressed concrete sleepers are more common. From the durability and the
track resistance point of view, the sleepers that originate from the same factory posses almost the same
mechanical properties. However, they may end up in different working conditions. Similar to all other types
of structures, an initial reliability index can be assigned to pre-stressed concrete sleepers in the beginning
of their service life. Naturally, this index decreases over the time according to the environmental conditions.
The authors of this article have investigated the impact of penetration of chloride ion on reliability index of
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B0 pre-stressed concrete sleeper. It Is the purpose of this paper to present the correlation between the

A
v A
corrosion due to chloride ion and the reliability index of the concrete sleepers. UIC713 code is used to h
il
provide for the loading conditions and the analysis of concrete sleepers. The limit state function that is used
for the pre-stressed concrete reliability analysis is based on the allowable stress criteria. The simulation
procedures that are used in this article are based on a computational reliability model and the Monte Carlo Cite
technique. The change in the reliability index is calculated in points with significant tensile stresses, such as This
[ ]
the top fiber of the sleeper, the mid-span and the bottom fiber of the rail seat. The sensitivity analyses
indicate that the sleeper reliability is considerably sensitive to the variations of dimension, the strength and
the loading of the sleeper. It is concluded that the sleeper mid-span is more vulnerable than the rail seat
d the fail t thi inti likely t .
and the failure at this point is more likely to occur Rela
. Comy
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1. Introduction

Railway sleepers are amongst the important railway superstructures that lie between the rail and the

ballast. Sleepers are composed of several materials. The most common type of the sleepers are made of S;?:raerl
the pre-stressed concrete [1]. Determination of the health and the performance of the sleepers is a key

factor in maintaining railways [2]. Performance of the pre-stressed concrete sleeper is the same as a pre-

cast beam in withstanding the rail forces and the compression stresses exerted by the underlying ballast 7
layer. Fig. 1 shows a typical railway track. /]
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i . Full-size image (38K)
Fig. 1.

Section of a typical railway track.

Over the past two decades, durability and longevity of concrete structures have been the focus of many
researches [3]. There are several good reasons for such interests. The environmental conditions that cause
deterioration and corrosion in concrete structures are amongst them. The time and the intensity of the
failure are dependent on the type of concrete and the environmental conditions. One of the significant
factors that causes the sleeper deterioration and leads to lifetime reduction is the corrosion of the bars
under the influence of chloride ion.

In the sleeper design and construction processes, attention is paid to the nominal resistance, while
durability and lifetime are usually neglected. This happens while the sleeper is expected to perform in near
destructive environmental conditions. The working zones for using the sleepers in individual countries are
as wide as the railway network in such countries. The pre-stressed concrete sleepers like other structures
have specific reliability index and probability of failure.

One of the most recent methods for obtaining the failure probability of structures is based on the reliability
theory. In this design approach, a specific reliability is determined for the concrete structure. Although,
assessment of reliability indicates safety of the structure in early stages of the operation, but it does not
determine failure probability of the structure during service. As demonstrated in [4] and [5], the reliability of
pre-stressed concrete sleepers has been evaluated in Iran and Australia during the initial stages of the
operation. This main objective of this research is to report variations in the reliability of the type B70
sleepers in conjunction with the corrosion of bars during its operation period. It needs to be noted that
corrosion of the bars is one of the main reasons for replacing sleepers in harsh and destructive
environments. Several methods for the analyses of the internal sleeper forces are discussed that are based
on the design codes. In this article, loading and the analysis of the railway sleeper is based on the
instructions that are provided in the UIC713 code. All the influential parameters in the reliability analysis and
the limit state function are considered as uncertain parameters.

2. Problem definition

In order to investigate the sleeper deterioration, the environmental factors that are effective in the
deterioration need to be investigated, first. In order to increase the durability of concrete in sleeper
production, low water to cement ratios are used [4]. In Iran, for pre-stressed type B70 concrete sleeper the
mandate for the water to cement ratio is 0.35. This assists in decreasing the penetration of ions into the
sleeper concrete. For the purposes of this research, the probability and the time of sleeper failure are
calculated based on some input data that are extracted from the field measurements.

The selected railway path is located in an environment with fine-graded soil and the relative humidity of
about 30%. It is also possible for the local winds to spread soils over the sleepers. Moisture and rain
provide a susceptible environment that causes corrosion of bars in the concrete. Low water to cement ratio
makes the sleeper sufficiently resistant to other climatic conditions such as the temperature variations that
has a minor effect on the deterioration of sleeper in this location [6]. Observations indicate that the main
factor causing failure in the sleepers is corrosion of the bars that is due to the presence of the chloride ion.
Fig. 2 indicates the sleeper destruction due to bar corrosion.

http://www.sciencedirect.com/science/article/pii/S1350630710001822 10/24/2011



ScienceDirect - Engineering Failure Analysis : Time-dependent reliability analysis of B70... Page 4 of 16

~ 1 Full-size image (45K)

Fig. 2.

The railway sleeper destruction caused by the bar corrosion.

2.1. Safety level

In order to calculate the reliability of a structure, the limit state function, safety and performance level need
to be initially defined. The limit state function is the boundary between the safety and the failure of the
structure. Generally, in the limit state approach, the structural safety margin function can be defined by Eq.

(1. [71.
g(x)=Capacity-Demand=R(x)-Q(x) (1)

If g(x) > 0 the structure is safe. The probability of the failure can be obtained by using Eq. (2).
P=P[g(x)<O0]=]..Jf(x)(X..Xn)dX1..dXn ()

where g(x) is a limit state function and fr {xl e _‘{'”::I is the probability density function of x random
variables. There are several methods to investigate the reliability index. These methods include the first and
the second order reliability methods (FORM and SORM) and the Monte Carlo simulation method. In this
research, the initial reliability index is computed by using all of the three mentioned methods. Eventually,
the procedures ended up to the identical results. The Mont Carlo simulation is utilized to obtain variation of
the reliability during the lifetime of a structure.

2.2. Methodology

One of the main reasons for the decrease in the sleeper bending strength is the corrosion of internal bars in
the presence of chloride ion. The methodology of this paper for the investigation of the impact of steel bars
corrosion on the sleeper failure is based upon field and laboratory investigation of concrete samples along
with the computational methods. The computational methods consist of the statistical analysis of the
experimental results and the reliability evaluation under the corrosion conditions. The problem-solving
methodology used in this paper is shown in Fig. 3.
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Full-size image (32K)
Fig. 3.

Problem-solving methodology used in this paper.

3. The design and analysis of pre-stressed concrete sleeper

The design methods of the concrete pre-stress sleeper are similar to the pre-stressed concrete beam that is
based on the allowable stress on the top and the bottom fibers of the beam.

The sleeper internal stresses are created by the influence of the rail forces and the compression stresses
due to the ballast [8] and [9]. Due to some factors, such as the unequal qualities of ballast tamping and the
different types of the ballast grading, the distribution of stress under the sleeper is not uniform. Fig. 4
indicates the stress distribution beneath the sleeper that is mentioned in UIC713 code.
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Fig. 4.

The bending moment diagram and the stress distribution of the sleeper.

3.1. Analysis of the forces acting on the sleeper

In order to calculate the sleeper internal stresses, the initial state is to determine the moments and the
forces that are imposed by the rail on the sleeper. For the purposes of this research, the maximum axle
load is 25 tonnes and the maximum train speed of travel is considered to be 120 km/h.

There are several standards for the calculation of the equivalent static wheel load such as the AREMA [8],
UIC713 [9], and the Australian standards [5]. Eq. (3) presents the equivalent static wheel load based on the
UIC713 code.

http://www.sciencedirect.com/science/article/pii/S1350630710001822 10/24/2011



ScienceDirect - Engineering Failure Analysis : Time-dependent reliability analysis of B70... Page 6 of 16

Qr=q/2(1+ypxyv)x.yaxy~117Kn

where yp = 0.75 is the dynamic factor that is an indicator of the rail pad attenuation, y, = 0.5 is the speed
factor, y, = 1.35 is the sleeper reaction factor that allows variation in the sleeper reaction and yq = 0.5 is the

load distribution factor between the sleepers. In the UIC713 code the bending moment at the rail seat can
be calculated using the following equation:

(Mr=yxQrxy/2)

where y; is the dynamic amplification coefficient of the bending moment due to the irregularities in the

longitudinal support of the sleeper and y is the effective lever arm that is 0.183 m [9].

3.2. Stress in the pre-stressed concrete sleeper

The pre-stressed concert sleeper is designed according to the UIC713 regulations and based on the
allowable stresses at the top and bottom fibers. Generally, these stresses can be defined by using Egs. (4)
and (5)[10].

P Pxe M 4)
==t "z
P Pxe M (5)
= ——+ S —
fo A Zbh  7b

where f; and f, are the allowable stresses at the top and bottom fibers, P is the pre-stressing force, e is the
eccentricity, and M is the bending moment at the rail seat. Zp and Z; are the section modulus for the bottom

and the top fibers and A is the cross-sectional area of the member. The rail seat and the mid-span section
of the B70 Sleeper are illustrated in Fig. 5[4]. The average strength of the cylindrical specimens of the
concrete sleeper is 55 MPa. The Bending moment and the stresses at the rail seat and mid-span are
presented in Table 1.

- (13 ' e 1
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Fig. 5.

The mid-span (Left) and the rail seat (Right) sections of the B70 Sleeper.

Table 1. Bending moment and stresses at rail seat and mid-span.

Moment (KN-m) Position Allowable stress (MPa) Total stress (MPa)

Rail Seat 17.2KN-m Top fiber —24.75 -15.94
Bottom fiber 3.71 1.54
Top fiber 3.7 3.04
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Moment (KN-m) Position Allowable stress (MPa) Total stress (MPa)

Bottom fiber —24.75 —22.66

4. Probabilistic model of corrosion

Corrosion can have severe implications on the lifetime of the concrete structures [11]. Corrosion is the most
influential factor in reducing the cross-section of the steel bars. The chloride diffusion rate depends on
different factors including the concrete cover. In the following section of this article, simulation models of
chloride ion penetration are presented [6] and [3].

4.1. The chloride diffusion models

The process of the chloride ingress into the concrete is generally based on the Fick’s second law of
diffusion [12]. Eq. (6) illustrates the second Fick’s law by a partial differential equation. Initial amount of the
chloride ion is usually less than 1%. For the purposes of this research, the initial chloride ion content is
assumed to be zero.

dC(x, ) D dClx, 1) (6)

[

ot ax
where x is the concrete cover (cm), C is the chloride concentration at x, D, is the chloride diffusion

coefficient (cm2/year) and t is the time (s). Solving the differential Eq. (6) leads to the following equation:

Clx.t) = C (1 = ) ")
x ) = Cy —erf ———
o 1 2 VD1

where C;s is the chloride concentration at the concrete surface (% weight of concrete). erf is the statistical
error function. The chloride diffusion coefficient depends on the concrete properties such as the water—
cement ratio and the material-cement ratio as well as the environmental conditions such as the
temperature and humidity. It should be noted that the parameters D, Cs and x are uncertain parameters
and consequently C(x,t) is also an uncertain parameter. If the chloride concentration around the bar surface
reaches to its critical level then in order to predict the time of initial corrosion, Eq. (7) need to be rearranged
for the time variable and the chloride critical concentration Ccr, at a given effective depth x[3]. Using the
Monte Carlo simulation, and considering the type of distribution of the statistical parameters shown in Table
2[13] and [4] the time of the initial corrosion can be calculated [14].

Table 2. Statistical properties of corrosion parameters.

Variable average Variation coefficient Type of distribution Ref.
Cs 0.381 0.20 Normal [6]
Cor 0.06 0.12 Normal [6]
Dc(cmzlyear) 0.48 0.3 Lognormal [6]
x=3cm 3cm 0.1 Normal [18]
T (year) Normal

http://www.sciencedirect.com/science/article/pii/S1350630710001822 10/24/2011



Fig. 6 shows the probability density function ot the initial corrosion in the sleeper mid-span that is obtained
after generation of 10,00,000 random numbers. The computer program that is tailored for the calculation of
the Monte Carlo numbers is based on the commercially available software program, MATLAB version
2008a. The best fit for the probability density function is lognormal and it is predicted that the time of the
corrosion initiation of the sleeper mid-span is 5.5 year. In the rail seat, however, according to the results
that are presented in Fig. 7, and considering the increase of the concrete cover to 45 mm, the initial
deterioration time has increased to 12 years.
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Fig. 6.

The probability density function versus the corrosion initiation time at the mid-span.
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Fig. 7.

The probability density function versus the corrosion initiation time at the rail seat.

4.2. The corrosion rate model

When the amount of the chloride ions around the sleeper bars reaches to a specific level, assuming that all
of the other conditions are provided, corrosion begins in the bars with failure of the passive film. This leads
to a decrease in the bar cross-sectional area. The corrosion rate can be restrained by controlling the
amount of the water and oxygen at the steel surface [13] and [15]. In other words, when the protective
oxide layer on the bar breaks, the corrosion rate depends on the amount of the moisture and oxygen in the
vicinity of the bars. Stewart expressed an empirical formula for the annual corrosion rate that depends on
the water to cement ratio and the concrete cover [16]. Eq. (8) depicts this empirical formula:

http://www.sciencedirect.com/science/article/pii/S1350630710001822
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FLB(L )

IF-C'f.'."." [ -

cover
where w/c is the water to cement ratio, icor(1) is the corrosion rate at the beginning of the corrosion

propagation, and the cover is in mm. To calculate the corrosion rate after its initiation, another empirical
formula that is presented in Eq. (9) can be used [16].

: 3 .29
feare(lp) = learr(1)-0.850 )
where tis the time at the starting stage of corrosion.

4.3. Reduction of the cross-sectional area of the sleeper bars

After the initial stage, the cross-section of the bars reduces due to the corrosion and this gradually imposes
a negative impact on the sleeper strength. The decreasing sleeper strength leads to a decrease in the
reliability index [13]. The equation for the determination of the reduction of the bars’ cross-section can be
written as follows [14]:

t< T; (10)
D,

Ti<t<T:i+(D;j24) D(t)=4¢ D; =24t —T)
0

t =T, +(D;/24)

where t is the corrosion initiation time, A is the corrosion rate at the surface, D is the initial bar diameter, and
D (t) is the changes in the bars diameter. The corrosion rate at the surface can be approximated as a
function of icor. The resultant value of the corrosion is between [0.0116 and 0.116], which is about 32% of

the maximum corrosion rate [12].

5. Time dependent analysis of the reliability

In the reliability analysis of the pre-stressed concrete sleepers, the maximum stress is considered to be
present in either the rail seat or the mid-span, respectively. These are the areas of the sleeper where the
maximum positive and negative bending moments exist [4]. To obtain the reliability index of the sleepers,
the first step is to accurately define the limit state function as well as all the corresponding variables. Also,
the statistical properties that influence the limit state function need to be determined.

5.1. Probabilistic model of the load and the strength

The concrete sleeper, due to its low water to cement ratio, has different statistical properties compared with
the ordinary concretes. The main strength models of the concrete sleepers in this research are based on
the characteristics and the experimental results that are obtained from the two main sleeper producing
factories in Iran, during the years 2003—2007[6]. The lognormal distribution of the concrete strength is
shown in Fig. 8. The Kolmogorov—Smirnov test indicates that the best distribution for the concrete strength
among all other distributions is lognormal.

http://www.sciencedirect.com/science/article/pii/S1350630710001822 10/24/2011
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Fig. 8.

The Lognormal distribution of the concrete strength.

Table 3 presents the properties and the statistical models of the sleeper in the limit state function [17], [19]
and [6].

Table 3. Statistical model of the selected PC sleeper.

Variable Distribution average Standard coefficient of Ref.
type Deviation variation
Width b(m)  Normal b+ 0.003 [18]
0.002
Height h(m)  Normal h + 0.004 [18]
0.002
Axel load Py Lognormal 125 21.25 0.17 [17]
(KN)
Pre-stressing steel yield stress  foe Normal 1100 44 0.04 [18]
(Mpa)
Model coefficient a Normal 0.945 0.284 0.03 [18]
Dynamic intensification Vi Lognormal 1.6 0.48 0.3 [17]
coefficient of bending moment
Compression stress at transfer {5 Lognormal 26.4 2.64 0.12 [6]
(Mpa)
Tension stress at service fre Lognormal 3.71 0.445 0.15 [6]
(Mpa)
Compression stress at service  fee Lognormal 24.75 2.475 0.12 [6]
(Mpa)

5.2. The analysis of the reliability in operation

One method to obtain reliability of the pre-stressed concrete beams is the limit state function based on the
allowable stress [18] and [19]. Equations of the limit state function in the analysis of the pre-stressed
concrete reliability are listed hereunder. In these set of equations corrosion time function is not considered.

g(x)=0,— oo,
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ScienceDirect - Engineering Failure Analysis : Time-dependent reliability analysis of B... Page 11 of 16

(11)
o, (x) =0, — o, (12)

In the Egs. (11) and (12)g, and ﬁh-. are allowable stresses at the top and bottom fibers, respectively, and
a is the variation coefficient of the model with respect to the sleeper resistance and the loading[18]. Due to
the irregularities in the sleeper shape, concrete cover of the sleepers may have different thicknesses. Low
concrete cover has direct impact on the time of the initial corrosion. Hence, the authors of this article use
allowable stress method to calculate the variation of the sleeper reliability. Such method can help to
investigate the variations in all points with tensile stress. Using the optimization toolbox of the Matlab
software the reliability indices of the concrete sleeper are calculated at the rail seat and mid-span of the
sleeper and are presented in Table 4[4].

Table 4. Reliability indices of B70 sleeper at rail seat and mid-span.

Symbol FORM SORM Monte Carlo

Reliability index at service in top fiber (mid-span) Bete 0.279 0.2620 0.2610
Reliability index at service in bottom fiber (mid-span) Bcbe 0.9428 0.9424 0.9321
Reliability index at service in top fiber (rail seat) Brie 1.9468 1.9424 1.9321

Reliability index at service in bottom fiber (rail seat) Lrve 1.0854 1.8111 1.0431

Considering the results in Table 4, it is indicated that the reliability index in tensile fiber is less than that in
the compressive fiber. As a result, in order to clarify the sleeper failure time, investigation of the variations
in the reliability with time is required.

5.3. Variation of the reliability with respect to time

In the sleeper time-dependent reliability analysis, it is assumed that the existing stresses in the sleeper are
gradually increased while the allowable stress is constant. The limit state function also changes with the
time. Assuming the time dependent stress variations, Eq. (11) can be rewritten as follows, [7].

g[-h". !::I =0y — D“Iﬁ#["r} = g[-r'. E::I - R[E::I - Q[” (13)

In Eq. (13)g(x,t) is a time dependent limit state function and oy(t) is the time dependent allowable stress in

the bottom fiber; X is a variable of the limit state function and ¢ is the time. Fig. 9 presents variation of the
reliability at the top fiber of the mid-span and the bottom fiber of the rail seat.
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Fig. 9.

The reliability variations with time at the rail seat and mid-span.

According to Fig. 9, reliability of the mid-span top fiber reaches zero after 33 years, which indicates that the
sleeper failure is probable by this time. Railway periodic maintenance reports also indicate that the sleeper

replacement time is approximately about what is shown in Fig. 9[2].

5.4. The Sensitivity analysis of reliability variations

The difference between the sleeper sections at the rail seat and the mid-span is a decisive factor that can
make the reliability indices of these sections, different. The reliability of the Pre-stressed concrete structures
is more sensitive to dimension alternations compared with the ordinary concrete structures. Considering
dimension variations, the sleeper, with the new dimension, is analysed once more by using the initial
loading condition and the stresses in the new section are calculated. Fig. 10 and Fig. 11 show the reliability
variations in the top and the bottom fiber versus dimension variations in the sleeper.
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Fig. 10.

The effect of the height variation on the reliability indices of the B70 sleepers at the rail seat.
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Fig. 11.

The effect of the height variation on the reliability indices of the B70 sleepers at the mid-span.

When the height of the sleeper section is increased, the concrete cover on the bars would increase
accordingly. Based on Eq. (6), it is confirmed that the time of the corrosion initiation increases with the
increase in the concrete cover. The corrosion rate and the reliability reduction rate would decrease,
accordingly. For instance, the reliability reduction rate in the sleeper mid-span with the height of 19.5 cm is

lower than that of 17.5 cm.

Considering the UIC713 code, the speed of travel and the axle load of the train are effective factors on the
sleeper loading and the static rail forces [9]. UIC713 code recommends decreasing the axle load for the
speed of travel over 200 km/h (a general issue to be noted for high speeds). The variation in the reliability,
due to the different speeds and loadings of the trains, is shown in two cases in Fig 12 and Fig 13. In the 1st
case, the axle load is constant and is equal to 18 tonnes while the train speed changes. In the 2nd case,
the train speed of 180 km/h is constant while its’ loading changes.

{
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Fig. 12.

The effect of the axle load and speed variations on the reliability indices of the B70 sleepers at the mid-

span.
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Fig. 13.

The effect of the axle load and speed variations on the reliability indices of the B70 sleepers at the rail

seat.

It is clear from the results in Fig. 12 that decrease in the axle load while the speed of travel is kept constant,
results in the increased reliability. For instance, if the train speed increases to more than 200 km/h (in
constant axle load of 18 tonnes), the reliably index in the bottom fiber would then decrease from 2.16 to
1.62. This is an indicator of the fact that the reliability is sensitive to the speed variations according to the

UIC713 code.

In railway sleeper analysis based on the allowable stress, there is a direct relationship between the
concrete strength and the allowable stress. According to Eq. (12), increase in the concrete strength causes
an increase in the bending strength and the reliability index. Fig. 14 and Fig. 15 illustrate the effect of the

strength variation on the reliability indexes of the PC sleepers.

"% Full-size image (49K)

Fig. 14.

The effect of the concrete strength variation on the reliability indices of the B70 sleepers at the mid-

span.
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Fig. 15.

The effect of the concrete strength variation on the reliability indices of the B70 sleepers at the rail seat.

Due to the fact that the reliability index in the sleeper mid-span is less than that of the rail seat, it can be
concluded that the mid-span in more sensitive to the concrete strength variations and the increase in
concrete strengths causes higher increase in the reliability of the sleeper mid-span.

6. Conclusion

This article presented the results of an investigation into the reliability variations in the top fiber of the
sleeper mid-span and the bottom fibers of the rail seat. As a result of the low reliability index in the top fiber
of the sleeper mid-span combined with the low concrete cover in this part of the sleeper, it is concluded that
the sleeper mid-span is more vulnerable than the rail seat.

Also comparing the increased amount of the concrete strength and the increased height of the sleeper
section proves that the reliability variations in the sleeper mid-span are higher when the height is increased.
Obviously, the cost of increasing the sleeper strength overrides the cost of increasing the height [4].
Therefore, the best choice to enhance the reliability index of the concrete sleeper is to increase its’ height.

The rate of the reliability reduction with respect to the load, strength and cover variations has a similar,
constant and descending process. This similarity is due to the constant environmental conditions.
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