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Abstract. The railway sleepers are very important component of railway track structure. The
sleepers can be manufactured by using timber, concrete, steel or other engineered materials.
Nowadays, prestressed concrete has become most commonly used type of sleepers. Prestressed
concrete sleepers have longer life-cycle and lower maintenance cost than reinforced concrete
sleepers. They are expected to withstand high dynamic loads and harsh environments.
However, durability and long-term performance of prestressed concrete sleepers are largely
dependent on creep and shrinkage responses. This study investigates the long-term behaviours
of prestressed concrete sleepers and proposes the shortening and deflection diagrams.
Comparison between design codes of Eurocode 2 and AS3600-2009 provides the insight into
the time-dependent performance of prestressed concrete sleepers. The outcome of this paper
will improve the rail maintenance and inspection criteria in order to establish appropriate
sensible remote track condition monitor network in practice.

1. Introduction

The railway transportation system has been developed for decades, which is known as safest and most
economic transportation system. The railway sleepers (or called ‘railroad ties’ in North America) are
the main component of railway track structure. The use of materials in sleepers can be timber, concrete,
steel, or other engineered materials [1]. The five main functions of sleepers are:

1. Support the rail and maintain the track gauge.
2. Transfer and distribute loads from rail to substructure
3. Withstand vertical and longitudinal movement of rails

Prestressed concrete sleepers are very popular used in railway system. They provide stability for heavy
haul and high speed train [2]. Track components consist of superstructure and substructure.
Superstructure includes rails, sleepers, fastening systems, sleeper pad, and ballast bed. Substructure
includes subballast (or called ‘capping layer’), formation and foundation. A number of previous papers
have investigated durability and long-term behaviours of prestressed concrete in long span bridges,
stadiums, nuclear power plants and silos. They have proposed various material models to predict creep
and shrinkage but those were mostly based on general reinforced concrete concept. Due to high initial
elastic shortening in prestressed concrete, the creep and shrinkage effects should be critically re-



evaluated in flexural members [3]. During the time interval, creep and shrinkage strains develop in the
prestressed concrete sleepers and relaxation occurs in the tendons. The gradual change of concrete
strain with time causes changes of stress in the reinforcement. The time-dependent deformation of a
prestressed concrete sleeper is great affected by the quantity and location of the tendons. The tendons
provide restraint to the time-dependent shortening of concrete caused by creep and shrinkage. As the
concrete creep and shrinkage, the tendons are gradually compressed. An equal and opposite tensile
force is applied to the concrete at level of the tendons, thereby reducing the compression caused by
prestress. It is the tensile forces that are applied gradually at each level of tendons that result in
significant time-dependent changes in curvature and deflection [4]. Long-term deflections due to creep
and shrinkage are affected by many variables, including load intensity, mix proportions, member size,
age at first loading, curing conditions, total quantity of compressive and tensile reinforcing steel, level
of prestress, relative humidity and temperature. The change in curvature during any time of sustained
load may be determined. The long-term deflection can be calculated when the final curvature has been
determined [4].

This study will investigate methods to evaluate shortening and approximate deflection due to
creep and shrinkage in railway prestressed concrete sleepers. Comparison between design
codes of EUROCODE2 and AS2009-3600 will provide the insight into the durability of
concrete sleepers. The outcome of the project will help rail track engineers to better design
and maintain railway infrastructure, improving asset management efficacy.

2. Estimating long-term performance concept

2.1. Creep Prediction

The concrete under load that strain increases with time is due to creep. Therefore, creep can be defined
as the increase in strain under the sustained stress and it can be several times as large as the initial
strain [5]. If the load is removed, the strain decreases immediately due to elastic recovery and a
gradual incomplete recovery due to creep. This behaviour is shown in Figure 1.

Microstrain
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strain unloaded

Time after loading (days)

Figure 1: Time dependent creep

When creep is taken into account, its design effects are always evaluated under quasi-permanent
combination of actions irrespective of the design situation considered, i.e. persistent, transient or
accidental.

2.1.1. Eurocode 2
The total creep strain g (o0, tg) Of concrete due to the constant compressive stress of a.applied at the
concrete age of ty is given by :



a,
gce(oo, tp) = (o0, tg) X E_C
c

Where (0,9) is the final creep coefficient, which the value of o.does not exceed 0.45f (o). Ec is the
tangent modulus.
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Where: RH = relative humidity in %, hy = 2Ac/u mm, Ac = cross sectional area, u = perimeter of the
member in contact with the atmosphere, S, R and N refer to different classes of cement.

The final creep will be larger and final creep coefficient (o0,0) is multiplied by a factor k. if the
compressive stress applied at the age of t, exceeds 0.45f(t0) as can happen during prestress transfer
process. The Table 1 shows the value of k.. The factor k. is given by:

Oc

- 0.45)]

Table 1 Value of ks in terms of f

a. k.

fa(to)
0.5 1.078
0.6 1.252
0.7 1.455
0.8 1.691
0.9 1.964
1.0 2.282

The creep coefficient at any age t can be given by empirical solutions [6, 10-12].

2.1.2. Australian Standard 3600-2009
The creep coefficient at any time ¢.. can be determined by:

Pcc = kokskakspec



Where k;, is the development of creep with time; ks is the factor which depends on the age at first
loading t (in days); k, is the factor which accounts for the environment; and ks is the factor which
accounts for the reduced influence of both relative and humidity and specimen size.

For the development of creep with time k, can be calculated by:

@, (t —7)%8

Ik, =
27 (t—1)°% +0.15t,

a, = 1.0+ 1.12¢7 %008t
t, = 24, /u,
Where t is any time in days; tx is the hypothetical thickness; Ay is the cross-sectional area of the

member; u. is the portion of the section perimeter exposed to the atmosphere plus half the total
perimeter of any voids contained within the section.

For factor k3 which depends on the age at first loading T can be shown as:

2.7
3 _Tog(‘r) (fort>1day)

For the factor k, which accounts for the environment:

ky, =0.7 for an arid environment
=0.65 for an interior enviroment
=0.60 for a temperate enviroment
=0.5 for a tropical or near—coastal enviroment

For the factor ks is given by:

ks =1.0 when fc'<50MPa
ks =(2.0-a3)-0.02(1.0—a3)f’c when 50MPa< f’c <100MPa

Where a3=0.7/(k,a,). The basic creep coefficient ¢cc.b is shown table below:
[ f7 (MPa) 20 25 32 a0 | S0 | 65 80 | 100 |

Pecsr 52 42 34 28 24 20 17 15

2.2. Shrinkage Prediction

Both of creep and shrinkage are influenced by the same parameters. Shrinkage is not an entirely
reversible process like creep and it can be also influenced by relative humidity, surface exposed to
atmosphere, compressive strength of concrete and types of cement. Shrinkage can be divided by two
parts [5]:

(1) Plastic shrinkage: it happens in few hours after concrete placed.

(2) Dry shrinkage: evaporation leads to loss of water.

2.2.1. Eurocode 2
The total shrinkage strain ecs can be given by:



Ecs=EdstEas

Where &4 is drying shrinkage strain; and &q is autogenous shrinkage strain.

2.2.2. Australian Standard 3600-2009
The total shrinkage strain & is shown below:

Ecs = Ecse T Ecsd
Where e.s. is autogenous shrinkage strain; e.sq is drying shrinkage strain.
The autogenous shrinkage ecse is given by:

Eese = € ese(1.0 — exp{—0.1t})

&ee = (0.6f! —1.0) x 50 x 107° (f! in MPa)
esan = (1.0 — 0.008f]) X &4

Where €’ .q» depends on the quality of the local aggregates and may be taken as 800x10 ° for concrete
supplied in Sydney and Brisbane, 900x10®in Melbourne and 1000x10°° in elsewhere.

The drying shrinkage strain &.,q after the beginning of drying (t—t4) can be estimated:

Eesa = Kikagoan

Where k; is the factor which describes the development of drying shrinkage with time; and k;, is the
factor which accounts for the environment [4-6].

2.3. Deflection and shortening

In prestressed concrete construction, a large proportion of the sustained external load is often balanced
by the transverse force exerted by the tendons. Under this balanced load, the short-term deflection may
be zero, but the long-term deflection is not zero. The restraint to creep and shrinkage offered by non-
symmetrically placed reinforcement on a section can cause significant time-dependent curvature and,
hence, significant deflection of the member. The mid-span deflection can be determined by:

&

Uf.' = %(FI:A +‘lﬂli|:|:| +|i|:_5:}

2.3.1. Creep-induced curvature
The creep-induced curvature k..(t) of a particular cross-section at any time t due to a sustained
service load first applied at age Ty, may be obtained from:

Pec(t.To)

k()= IE‘:sus,u p

Where kg5 o is the instantaneous curvature due to the sustained service loads,



@cc(t, 7o) is the creep coefficient at time t due to load first applied at age 7,
« is a creep modification factor

2.3.2. Shrinkage-induced curvature
The shrinkage-induced curvature on a reinforced or prestressed concrete section is approximated by:

o (t
() =222,

Where k,- depends on quantity and location of tendons
£.5(t) is the shrinkage strain
D is overall depth of the section

3. Case study: long-term performance assessment of prestresssed concrete sleeper

The effects of shortening and approximate deflections for estimating creep, shrinkage strain will be
evaluated. The fundamental engineering properties of prestressed concrete sleeper used for calculation
are based on previous research by Remennikov et al. The results are generated for comparisons
between Eurocode 2 (EC2) and Australian standard 3600-2009 (AS). Figure 2 shows the cross section
at rail seat of the prestressed concrete sleepers. The parameters of prestressed concrete sleeper are
shown below [7]:

(1) Sleeper length: 2700mm
(2) Track gauge: 1600mm
(3) Prestressing nominal force: SSO0kN

22 -5 MM
Agp = 6.70 mmim

208

l 250 l

Figure 2: Cross section of railway sleepers

The case is estimated for 18250 days (50 years) in same conditions (uniform dimension of sleepers, 70%
relative humidity, steam curing)

4. Shortening and Deflection Evaluations

4.1. Creep shortening

To investigate creep shortening, the 7 cases have been analysed using different characteristic strength
(20MPa, 25MPa, 32MPa, 40MPa, 55MPa, 65MPa, 80MPa), which are plotted in Figure 3. The data of
creep shortening are calculated by EC2 and AS codes respectively. All the cases are estimated from 1



day up to 18250 days (50 years) in the same conditions (uniform dimension of sleepers, 70% relative
humidity, steam curing etc.).
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Figure 3 creep shortening

4.2. Shrinkage shortening
Figure 4 shows 7 cases of different strength of prestressed concrete sleepers on the shrinkage effect.
The data of shrinkage shortening are calculated by EC2 and AS3600-2009 codes respectively.
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Figure 4 shrinkage shortening

Based on the sensitive analysis, we found that long-term performance in prestressed concrete sleeper
depends on various factors. According to obtained data, the shortening and deflection depend on strain,
which means large strain leads to more shortening and deflection in prestressed concrete sleeper.
Previous research had stated that the higher strength of concrete has less loss of prestress and concrete
strength less than 25MPa was not suitable for use in prestressed concrete sleepers [3]. Figure 5 and
Figure 6 indicates total long-term shortening and approximate deflections (due to creep and shrinkage),
which higher strength of concrete has less shortening and approximate deflection. However, in initial
period, higher strength has more shortening than lower strength concrete due to autogenous shrinkage.
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Figure 5 total long-term shortening
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5. Conclusions

In real life, railway infrastructure experiences harsh environment and aggressive loading conditions
from increased traffics and load demands, which means creep and shrinkage strains could have more
significant influence for deformation of track components. When shortening and deflection occur in
prestressed concrete sleepers, the track gauge could change with shortening and deflections. It is
hazard that train derails because of track gauge change. Furthermore, there are many other factors to
affect prestressed concrete sleepers shortening and deflections like relative humidity, curing conditions,
age at first loading, temperature, abrasion etc. In this paper, Eurocode 2 and AS3600-2009 are used in
predicting creep and shrinkage shortening and deflection. Comparison between design codes provides
the insight into long-term performance of prestressed concrete sleepers. This paper presents shortening
and deflections due to creep and shrinkage. It will improve the rail maintenance and inspection criteria
in order to establish appropriate sensible remote track condition monitor network in practice.

Acknowledgment(s)

The authors would also like to thank British Department of Transport (DfT) for Transport -
Technology Research Innovations Grant Scheme, Project No. RCS15/0233; and the BRIDGE Grant
(provided by University of Birmingham and the University of Illinois at Urbana Champaign). The last
author is gratefully acknowledge the Japan Society for the Promotion of Science (JSPS) for his JSPS
Invitation Research Fellowship (Long-term), Grant No L15701, at Track Dynamics Laboratory,
Railway Technical Research Institute and at Concrete Laboratory, the University of Tokyo, Tokyo,
Japan. The authors are sincerely grateful to European Commission for the financial sponsorship of the
H2020-RISE Project No. 691135 “RISEN: Rail Infrastructure Systems Engineering Network,” which



enables a global research network that tackles the grand challenge in railway infrastructure resilience
and advanced sensing in extreme environments (www.risen2rail.eu). We would also like to
acknowledge the support from European Cooperation in Science and Technology (EU-COST) Action:
TU1404 Towards the next generation of standards for service life of cement-based materials and

structures.

References

[1]  Esveld C, “Modern Railway Track,” The Netherlands MRT Press., 2001.

[2] Taherinezhad. J et al, “A review of behaviour of prestressed concrete sleepers”, Electronic
Journal of Structural Engineering, 13(1), 2013.

[3] Li, D., Kaewunruen, S. and Robery, P. “Effects of creep and shrinkage in railway prestressed
concrete sleepers.” United Kingdom: University of Birmingham. 2016.

[4] Gilbert, R et al. “Design of prestressed concrete to AS3600-2009,” second edn., Boca Raton:
CRC Press. 2016.

[5] Bhatt P. “Prestressed concrete design to eurocodes,” first edn., Abington: Spon Press. 2011.

[6] British Standards Institution. “Eurocode 2 - design of concrete structures: Part 1 - general rules
and rules for buildings.” London: British Standards Institution. 1992.

[7] Kaewunruen. S et al, “Reliability-based conversion of a structural design code for railway
prestressed concrete sleeper,” Proc. IMechE., vol. 226, pp. 155 — 173, 2011.

[8] Remennikov, A & Kaewunruen, S, “Determination of dynamic properties of rail pads using
instrumented hammer impact technique,” Acoustics Australia, 2005, 33(2), 63-67.

[91 Kaewunruen, S; Remennikov, A M, “Dynamic properties of railway track and its components:
recent findings and future research direction,” Insight - Non-Destructive Testing and
Condition Monitoring, Volume 52, Number 1, 1 January 2010, pp. 20-22(3).

[10] Kaewunruen, S. & Remennikov, A.M., “An Alternative Rail Pad Tester for Measuring Dynamic
Properties of Rail Pads Under Large Preloads,” Exp Mech, 48: 55. doi:10.1007/s11340-007-
9059-3, 2008.

[11] Kaewunruen, S. “Monitoring structural deterioration of railway turnout systems via dynamic
wheel/rail interaction,” Case Studies in Nondestructive Testing and Evaluation, 2014,
Volume 1, April 2014, Pages 19-24.

[12] Kaewunruen, S. & Remennikov, A.M., “Effect of a large asymmetrical wheel burden on
flexural response and failure of railway concrete sleepers in track systems,” 2008,
Engineering Failure Analysis, Volume 15, Issue 8, December 2008, Pages 1065-1075.

[13] Kaewunruen, S. & Remennikov, A.M., “Experimental simulation of the railway ballast by
resilient materials and its verification by modal testing,” 2008, Experimental Techniques,
Volume 32, Issue 4, July 2008, Pages 29-35.

[14] Remennikov, A.M., & Kaewunruen, S., “Experimental load rating of aged railway concrete
sleepers,” 2014, Engineering Structures, Volume 76, 1 October 2014, Pages 147-162

[15] Kaewunruen. S et al, “Influence of surface abrasions on dynamic behaviours of railway concrete
sleepers”, International Congress on Sound and Vibrasiopn, July 2017.

[16] Kaewunruen S, Remennikov AM, Aikawa A. “A numerical study to evaluate dynamic
responses of voided concrete railway sleepers to impact loading,” Acoustics 2011: Breaking
New Ground, Gold Coast, Australia, 2-4 November 2011, (pp. 1-8). [URL
http://ro.uow.edu.au/engpapers/628/]

[17] Kaewunruen S, Remennikov AM. “An alternative rail pad tester for measuring dynamic
properties of rail pads under large preloads,” Experimental Mechanics, 2008, 65: 55-64.

[18] Vu, M., Kaewunruen, S., Attard, M., “Chapter 6 — Nonlinear 3D finite-element modeling for

structural failure analysis of concrete sleepers/bearers at an urban turnout diamond, in
Handbook of Materials Failure Analysis with Case Studies from the Chemicals,” Concrete
and Power Industries, p.123-160, Elsevier, the Netherlands. 2016



[19]

[20]

[21]

[22]

http://dx.doi.org/10.1016/B978-0-08-100116-5.00006-5.

Wiest, M., Kassa, E., Daves, W., Nielsen, J. C. O. & Ossberger, H. “Assessment of methods for
calculating contact pressure in wheel-rail/switch contact. Wear,” 265, 1439-1445, 2008.

Wolf, H.E., J.R. Edwards, M.S. Dersch and C.P.L. Barkan. “Flexural Analysis of Prestressed
Concrete Monoblock Sleepers for Heavy-haul Applications: Methodologies and Sensitivity
to Support Conditions.” In: Proceedings of the 11th International Heavy Haul Association
Conference, Perth, Australia, June, 2015.

Kaewunruen S, Ishida, T and Remennikov, AM. “Impact analyses for negative flexural
responses (hogging) in railway prestressed concrete sleepers.” J. Phys.: Conf. Ser. 744(1):
012101. 2016. http://dx.doi.org/10.1088/1742-6596/744/1/012101.

Gamage EK, Kaewunruen S, Remennikov AM, Ishida T. “Toughness of Railroad Concrete
Crossties with  Holes and Web Openings.” Infrastructures. 2, 3. 2017,
doi:10.3390/infrastructures2010003.



http://dx.doi.org/10.1016/B978-0-08-100116-5.00006-5
http://dx.doi.org/10.1088/1742-6596/744/1/012101

