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ABSTRACT  

Railway pre-stressed concrete sleepers are an integral part of the railway track as they hold and move 

the wheel loads from the rails to the track foundation. Prestressed concrete sleepers are  subjected to 

various types of static load condition after a certain time, which can lead to some reduction in the 

effective behaviour of sleepers. Consequently, in order to preserve efficiency and to prevent the deg-

radation of the railway system, it is important to consider various conditions of support during the 

design of the railway sleepers. The objective of this research was to study the load-carrying capacity 

of the prestressed concrete sleepers where Polybeam and BOEF were used for flexural analysis and a 

Finite element package ABAQUS was used to analyse the static loading response on prestressed 

concrete sleepers considering elastic support. From flexural analysis, at the rail seat the results have 

shown that the maximum bending from Polybeam and  maximum bending  moment from BOEF the 

percentage difference is 0.19%  and at  the center of the sleeper  the maximum bending moment from 

BOEF and maximum bending moment from Polybeam the percentage difference is 5.12%. The max-

imum shear force at rail seat the results have shown that maximum shear force from BOEF and max-

imum shear force from Polybeam are similar because the percentage difference is 0.01%.For deflec-

tions for rail seat and at the center of the sleeper the results have shown that the percentage differ-

ence is 4.9% and 5.47%  respectively. Therefore there is a small portion of difference between re-

sults from Polybeam and BOEF.From static modeling, the possible favorable and unfavorable elastic 

support circumstances have been analyzed. With a lot of variance in ballast rigidity and very soft 

support underneath the center of the sleeper and along the length of the sleeper, for all circumstances 

the results show that the displacements and stresses are significant on the rail seat and it has shown 

that onceballast stiffness reduce at the centre of the sleeper from 100% to 

90%,80%.70%,60%,50%,40%.30%, 20%, and 10% supported  , the displacement of the sleeper in-

creased a small portion of (0.004%-0.091%) more than 100% supported and stresses in-

creased(0.027%-0.07%) more than 100% supported. Therefore, once the ballast stiffness reduces at 

the center of the sleeper there is a small increase in displacement and stresses but to keep the perfor-

mance of the sleeper, the low ballast stiffness at the center of the sleeper should be avoided. once the 

ballast stiffness reduce along the sleeper from  100% supported (full supported) to 90% , 80%, 70%, 

60%,50% and 25% supported , the displacement increased with 3.27%, 7.29%, 12.37%, 18.97%, 

27.94% and 76.7% respectively more than full supported  and von mises stresses increased 0.28%, 

0.86%, 1.06%, 1.062%, 3.12% and 12.04% respectively more than 100% supported . Therefore, 

when there is high ballast stiffness reduction along the sleeper, there is more increasing in displace-

ment. Because it is impossible to predict the exact support distribution, it is of importance for sleeper 

designers and manufacturers to evaluate the influence of variations in ballast stiffness and distribu-

tion. 

Keywords: prestressed   concrete sleepers, static loading, elastic full support and partial support, 

Abaqus 
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Chapter 1: INTRODUCTION 

1.1 Background 

Transportation systems play a significant role in each country's economic and social development. 

The rail system is one of the most effective transport networks that is ideal for long and short dis-

tances [1]. 

Railway track consists of elements of the substructure and superstructure. The sub-structure consists 

of various layers, such as ballast, subballast and subgrade, and the upper portion is the superstructure 

that includes sleepers, rail pads, fasteners and rails. Sleepers are components of the railway track that 

rest transversely on the ballast layer and provide stability and retain the gauge where the stresses are 

transferred to granular material [1]. According to A. Parvez  and S. J. Foster sleepers have been used 

in the railway sector for over 50 years and they can be manufactured using timber, concrete, steel, or 

other engineering materials. According to Ruilin You , et al.  concrete is commonly used around the 

world and it is required to check the validity for sleepers in order to maintain the  good performance 

of  railway geometry [2]. 

Many approaches for pre-stressed concrete sleepers have been developed and tested. Monobloc pre-

stressed concrete sleepers are the most often used among these. Due to their weight advantage, twin-

bloc sleepers are also gaining popularity. Twin-block sleepers are made comprised of two concrete 

components that are joined together by steel reinforcing [3]. 

In research made by Y. Panga, et al repeating wheel loads may cause the bad performance of the bal-

last material, which would affect the support conditions beneath the sleepers. Therefore, understand-

ing the influence of different support conditions on the degradation  of sleepers is necessary for 

maintaining safe railroad operations [4]. Another issue caused by ballast subsidence is the formation 

of a gap between the sleeper and the ballast, resulting in the suspension or partial suspension of the 

sleepers over the settlement ballast. It was   often found that the sleepers hang from the rails at rail-

way sites and the unsupported sleeper is often referred to as " the hanging sleeper'[6] Therefore, the 

support condition of railway sleepers has a major impact on the mechanical efficiency and actions of 

sleepers and railway tracks and one of the important issues in this regard relates to current unsup-

ported sleepers on railway tracks [5].The finite element analysis in this research has presented the 

numerical analysis of Prestressed Concrete Sleepers under static loads   considering different support 

conditions by using ABAQUS as numerical model. 
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1.2 Problem Statement 

Prestressed concrete sleepers are among major components of railway track as their main function is 

to carry and transfer the wheel loads from the rail to the granular material and to hold the rails to 

gauge.Therefore, due to extensive increases in axle loads, speed and traffic volumes in rail transport 

systems; this is needed to provide a more detailed understanding of the behaviour of the prestressed 

concrete sleepers to ensure their efficiency [6]. 

Vertical static forces have been the main subject of study, since they are the main cause of poor rail-

way sleepers efficiency due to  static axle loads [7]. 

 A limited number of researchers considered the support conditions and it was that inadequate sleep-

er support conditions were found to be a critical factor leading to the reduction of comfort and acci-

dents. Also, the ballasts as the support of the sleeper may not provide adequate support in the field 

conditions due to numerous load conditions and may provide ineffective support for the sleeper, so it 

is important to anticipate bending moments along the sleepers. Therefore, in this research  numerical 

analysis of Prestressed Concrete Sleepers under Static loads was conducted with different support 

conditions  

1.3 Research Objectives 

1.3.1 General objective 

The main objective of this study is to study the Performance of Prestressed Concrete Sleepers under 

Static Loading  

1.3.2 Specific Objectives 

1. To review the flexural analysis of monoblock prestressed concrete sleeper 

2. To analyse the effect of ballast reaction reduction on flexural capacity of prestressed 

concrete sleepers  

3. Static  modeling of monoblock prestressed concrete sleeper with elastic support conditions 
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1.4 Methodology 

The existing literature on related topics in the library, and reports, books, journals and other publica-

tions, research paper and sources available in electronic media were reviewed. The basic design pa-

rameters and input data were identified and conducted from Ethiopian Railway Corporation (ERC) 

as some input data; and from different foreign standards like AS1085.14, AREMA, Chinese Standard 

and other acknowledge publications used in the design of pre-stressed concrete sleeper. Generally, 

the following was followed in this research. 

 Input parameters which are obtained from ERC, AREMA, Chinese standard, Australian 

Standard (AS) and other acknowledged publications were used to review the design of a 

monoblock concrete sleeper where flexural moments, shear forces and deflections were cal-

culated by using Polybeam Software with different ballast reaction distribution. 

 For Numerical model ABAQUS  software was used and based on numerical analysis, one 

monoblock prestressed concrete sleeper with different support distribution   and with material 

properties of concrete and steel  such as density, Young‟s Modulus, Poisson ratio  were put in 

model where  static structural analysis conducted to study the prestressed concrete sleepers 

response (Stresses and deformations) under elastic support 

 

The detailed methodology on Numerical model was shown in figure 1.1 
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Figure 1.1 A Flow Chart of the Methodology 
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1.5 Scope and Limitations of the Thesis  

The research has focused on numerical analysis of prestressed concrete under static loads. Flexural 

capacity of prestressed concrete has been conducted and numerical static simulation was developed 

as a suitable way to develop an understanding of the static behavior of PCs sleepers. Only, the verti-

cal wheel load was considered, and elastic support was considered as support condition, the other 

track loadings were not considered. The effect of other track components, like rail pads, ballast bed 

and subgrade, and the experimental investigations were not conducted in this research. Therefore, 

only numerical simulations were conducted. 

1.6 Organization of the Thesis   

This Thesis is presented in 5 chapters as follows: 

 Chapter 1 gives a brief background and the problem statement of the research. The objective, 

the scope, and the research methodology and limitations to the research are found in this 

chapter. 

 

 Chapter 2 Literature Review where the behavior of Prestressed Concrete Sleepers (PCSs) un-

der static loading has been reported. Some numerical modeling using finite element packages 

of PCSs were also discussed. 

 Chapter 3 describes the design of a concrete sleeper with Polybeam as software for analysis 

where flexural moments in the sleeper (positive at rail seat and negative at the center) were 

statically calculated.  Finite Element Modeling as methodology used for Static simulation 

was also discussed and the validation of FEM was shown in this chapter.  . 

 

 Chapter 4 presents the analysis results and discussion: this part contains the numerical analy-

sis result of studied sleepers. The deformations and stresses were presented and discussed. 

 Chapter 5 Conclusion and recommendations. In the final chapter, the research thesis has been 

concluded and further research areas have been suggested. 
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Chapter 2: LITTERATURE REVIEW 

2.1 Railway Track 

The track on a railway or railroad, also known as the permanent way, is the structure that includes 

the rails, fasteners, railroad ties, ballast (or slab track), and the subgrade beneath. It enables trains to 

travel by providing a stable surface on which their wheels can roll on  [8]. 

2.1.1 Railway Track Structure Components 

In compliance with M. A. Sayeed and M. A. Shahin transportation industry has a major drive for 

every country around the world to expand both the economy and society. It is generally understood 

that the railway system now offers the easiest and safest option for either passenger or freight 

transportation [9]. 

Recent increases in passenger and freight traffic have resulted in more extensive use of many railway 

routes than ever before, with a consequent need for more regular maintenance of tracks. The bulk of 

the railways in the world are on ballast lines. The existing asset volume is such that the dominance of 

ballast track is unlikely to change, while new railways may be constructed using slab track [10]. 

The track is subdivided   into two major groups: superstructure and substructure. A category known 

as the superstructure is composed of visible track components such as rails, rail pads, concrete sleep-

ers, fastening systems, under sleeper pads, and ballast as shown in Fig 2.1. The substructure is asso-

ciated with a sub-ballast, ballast mat and sub-grade geotechnical framework [11]. 

  

Figure 2.1 Cross section of a railway track [11] 
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2.1.1.1 Railway track Superstructure Components 

Rails: Rails are the longitudinal steel members that direct the train wheels in an even and continuous 

manner. They must be stiff enough to act as beams, transferring concentrated wheel loads to spaced 

sleeper supports without excessive deflection between them [12]. 

The rail fastening is the system that secures the rails to the sleepers; it prevents the rails from rotat-

ing, provides elasticity to the track, and dampens the transmission of noise and vibrations to the in-

frastructure when trains pass. These can be composed of different materials, namely, plastic, rubber 

or metal. Under in-service conditions, the loading amplitude and frequency of the rail pads depends 

on the speed and axle-load of the train running on the track [13]. 

Sleepers: sleepers are the primary structural elements of a railway track.  Sleepers are responsible for 

ensuring track gauge, ensuring lateral stability of the track, and contributing to better geometrical 

conditions of the track, in addition to pressure distribution and load transfer to the underlying lay-

ers.  sleepers are subjected to vertical, lateral, and axial forces. [14]. 

2.1.1.2 Railway Track Substructure Components 

Ballast :  ballast bed plays a significant role to provide resistances during train operation, provide a 

hard and level bed for sleepers hold sleepers in place during passage of trains ,transfers and distrib-

utes load from  sleepers to larger area , provides effective  drainage and Prevent vegetation growth 

and Provide track stability [15]. 

Subballast: sub ballast is layer, which serves between ballast layer and subgrade layer and composed 

of much finer particles than the upper ballast. It works  as a filter  which on the one hand prevented 

the mutual penetration between ballast and soft soil subgrade and  thickness of the gravel sub-ballast 

layer is 15 cm. Ballast layer are not normally used in some railways project  and they simply use a 

greater thickness of the formation layer, which is placed on top of the subgrade [16]. 

Subgrade: Subgrade is the foundation of the track structure and its primary function of the subgrade 

is to provide a stable foundation for the track structure. The degree of compaction, moisture content, 

and soil type all have an impact on its load bearing capacity. A useful subgrade is one that can with-

stand a high level of loading without deforming significantly [17]. 
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2.1.2 Railway track forces 

The track system forces are usually divided into three groups depending on their existence, which are 

static forces (usually induced by vehicle body mass) Quasi-static loads (or dynamic ride loads) asso-

ciated with vehicle motions and dynamic (dynamic wheel/rail) forces associated with significant ir-

regularities that may occur during the life of the track system [17]. 

2.1.2.1 Static forces on track 

Vertical forces 

Vertical forces include dead loads, dynamic augment of loads such as the effect of speed, the ham-

mer blow effect, the inertia of reciprocating masses, and forces perpendicular to the plane of the 

rails, the actual direction of which is determined by track cross-level and grade, as well as vertical 

wheel and uplift forces  [18]. 

Vertical wheel force 

The vertical wheel force is often simplified as a static component equal to the vehicle weight divided 

by the number of wheels. On moving trains, combining this vertical wheel force with track geometry, 

vehicle dynamics and/or rail and wheel conditions can produce variety of dynamic forces [19]. 

Uplift forces 

Figure 2.2 describes the reaction of a rail to a vertical load at the wheel contact points; the rail tends 

to lift up, drifting away from the wheel. If the weight of the sleeper and rail, as well as ballast con-

finement (frictional force), do not counteract this uplift force, the sleeper will raise suddenly. This 

movement causes a pumping action on the track bed, which can cause track components to deterio-

rate if it sits on cohesive soils or fully fouled ballast [20]. 

 

Figure 2.2 An illustration of uplift force occurrences [21] 
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Lateral force 

The forces in lateral direction act on the track structure, parallel to the long axis of the sleepers, usu-

ally comes from the lateral wheel force due to the friction between the rail and wheel especially 

when a train goes around corners. It also comes from the buckling reaction force of the rail, which is 

usually caused, by a high longitudinal force in the rail [22]. 

Longitudinal forces 

The forces in longitudinal direction act on the track structure, parallel to the rails. It is usually due to 

acceleration and braking of trains and thermal expansion or contraction of the rails [23] 

 

Figure 2.3 Typical wheel load distribution into the track structure [24] 
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2.2 Sleepers  

Railway sleepers are an essential part of railway track design. Its primary aim is to distribute loads 

from the rail foot to the underlying ballast bed and maintaining the gauge. Based on the materials 

used for sleeper construction, they are classified as wooden sleepers, steel sleepers, cast iron sleep-

ers, R.C.C sleepers, and pre-stressed concrete sleepers [25]. 

2.2.1 Concrete sleepers 

Actually, concrete was manufactured with just three ingredients: cement, aggregate, and water; the 

cement was usually Portland cement, as stated in. Soon, very small amounts of chemical products 

were applied to the mix to enhance some of the properties of concrete, either in the fresh or hardened 

condition [26].  

In compression, concrete is solid, but in stress it is weak. Concrete is more elastomeric than plastic. 

Regardless of the concrete's thickness, the ultimate strain for most structural concretes is approxi-

mately 0.0035 [27]. 

The elastic deformations of concrete largely depend on its composition (especially the aggregates). 

From Eurocode 2 [28] the modulus of elasticity of a concrete is controlled by the moduli of elasticity 

of its components. Approximate values for the modulus of elasticity Ecm , secant value between σc = 

0 and O.4fcm, for concretes with quartzite aggregates,  for limestone and sandstone aggregates the 

value should be reduced by 10% and 30% respectively. For basalt aggregates, the value should be 

increased by 20% [29]. 

The value of the design compressive strength is given by 

 

             ⁄  2.1 

 

where:    is the partial safety factor for concrete, , and     is the coefficient taking account of long 

term effects on the compressive strength and of unfavourable effects resulting from the way the load 

is applied. 

Where the tensile strength is determined as the splitting tensile strength, fct,sp, an approximate value 

of the axial tensile strength, fct, may be taken as  

               2.2 

 

Where 

fct is tensile strength of concrete ,fct, sp is splitting tensile strength of concrete 
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Precast concrete should not be too heavy or too thin for better quality, and it should be of moderate 

weight for ease of handling. The specification should be written in such a way that the gauge, track 

alignment, and rail levels can be easily changed and maintained.  

According to Shan [30] , the use of prestressed 60MPa concrete, the sleepers can be able to tolerate a 

wide variety of loading conditions .Furthermore, minor cracks that may occur due to unintentional 

damage close immediately, preventing the reinforced steel from rotting and any damage to the sleep-

ers' reputation. 

2.2.1.1 Prestressed Concrete Sleepers 

In particular, since last 50 years, railway pre-stressed concrete sleepers have been used in the railway 

industry [31].  

Prestressed concrete are sleepers that resist flexure by using concrete and prestressing tendons and 

are important for the structural integrity of railway track structures, transferring wheel loads from the 

rails to the underlying ballast bed, while securing rail gauges for safe train traffic and they    have an 

improved structural capacity and serviceability as compared to conventional reinforced concrete. 

Given their importance, it is crucial to ensure that concrete sleepers are always in excellent condition 

before and during operation [32].  

PSCs are expected to have a longer life cycle, lower maintenance costs than other concrete sleepers 

and structures, and to withstand static and high dynamic loads as well as harsh environments. Be-

cause of their durability and long-term performance, they rely heavily on creep and shrinkage re-

sponses [33]. 

Concept of Prestressing 

The application of an initial load on a structure before it is used is known as the initial load. The ini-

tial load, also known as "pre-stress," is applied to allow the structure to withstand the stresses that 

arise during its service life. Pre-stressing a structure is not the only way to do it. Pre-stressing was a 

term that existed before actual implementations [34]. 

Prestressing is applied to concrete by means of high-strength tendons (usually steel) in tension, pass-

ing through the concrete. This can be accomplished in one of two ways: pretensioning and postten-

sioning, with the main difference being whether the steel is tensioned then when the concrete is cast, 

hence the terms pre and post [35]. 
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Full prestressing and partial prestressing are the two types of prestressing. Prestressing in which suf-

ficient precompression is used to ensure crack-free performance at full design load, and partial pre-

stressing in which precompression is insufficient to prevent cracks at full design load. As a result, the 

member will typically include some conventional reinforcement bars [35] [36]. 

The following stages are involved in pre-tensioning 

1) Anchoring of tendons against the end abutments 

2) Placing jacks 

3) Applying tension to the tendons 

4) Casting of concrete 

5) Cutting of the tendons 

The initial load or „pre-stress‟ is applied to enable the structure to counteract the stresses arising dur-

ing its service period 

 

 

 
Figure 2.4 Stages of pre-tensioning [35] 
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2.2.1.1 .1 Monoblock Prestressed concrete sleepers 

 Prestressed mono-block concrete sleepers can be produced by using individual moulding . When 

prestressing is transferred to concrete via bonds and positive anchorages in the case of pre-tensioned 

sleepers or only via positive anchorages in the case of post-tensioned sleepers, this method is typical-

ly used. The pre-tensioned type mould is designed to withstand the initial prestressing force and must 

thus be stronger than moulds used in other systems [36]. 

 

 

Figure 2.5 A monoblock prestressed concrete sleeper cross-section [37] 

 

2.2.1.1.2 Two-block sleepers  

 Bi-block sleepers are made up of two concrete rail supports connected by steel where blocks are  

joined by transverse steel T bar and they are pretensioned but not reinforced. They have a design that 

flexes and behaves similarly to wood ties.  

Pre-tensioned twin block ties are simpler, lighter, easier to handle, and less expensive and greater 

lateral resistance, and due to more flexible steel connections they are able to resist torsional force 

damage on the sleeper center. Bi-block sleepers are mostly  used in ballastless track systems [38]. 
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Figure  2.6 Two-block sleeper [37] 

2.2.2 Limit States Concept 

The objective of design is to obtain acceptable probabilities that a structure shouldn't become inade-

quate for its intended use, or that it will not reach a limit state. As a result, any circumstance in which 

a structure ceases to be fit for use will be considered a failure and the goal of the design is to prevent 

such a condition from occurring during the structure's expected life [39]. 

Limit state deems that the strength of a structure is satisfactory if its calculated nominal capacity, re-

duced by a capacity factor ϕ exceeds the sum of the nominal load effects multiplied by load factors. 

                                          

Where the nominal load effects (e.g. bending moments) are determined from the nominal applied 

loads by an appropriate method of structural analysis 

Proposed limit states of pre-stressed concrete sleepers  

Ultimate Limit State 

A one-time event, such as a severe wheel, flat that generates an impulsive load capable of destroying 

a single concrete sleeper. Failure in such a severe event would fall under failure definitions that 

cause severe cracking at the rail seat or mid-span. [40]. 

Ultimate Moment Capacity: 

A PSC section's ULS moment capacity is calculated under the premise that plane sections remain 

plane. This is similar to how ordinary reinforced concrete is approached. The strain in bonded pre-

stress steel equals the strain caused by the initial pre-stress plus the change in strain in the concrete at 

the pre-stressing steel level [41] 

The following diagram shows the strain diagram at three stages of loading: 
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Figure 2.7 Strain diagram 

Stage 1  

This is the strain diagram at transfer. The strain in the concrete at steel is compressive, with magni-

tude of: 

    
 

  
(
  

  
 
   

 
) 

Where 

 Ԑct is tensile strain for concrete 

Pt is prestressing force 

A is area of reinforcement bars 

I  Moment of inertia 

 

2.3 

 

 

The stress and strain in the pre-stressing steel are: 

 
    

  
  

 
2.4 

 

Stage 2 

The applied moment is sufficient to determine the concrete at the steel level. Provided there is a bond 

between the steel and concrete, the change in strain in the pre-stressing steel is equal to that of the 

concrete at the steel level. Hence the strain in the pre-stressing steel is now 

         

Where 

Ԑct is tensile strain for concrete 

2.5 
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Stage 3  

This is the strain diagram at the ultimate load. The concrete strain at the steel level, 

    , is related to the concrete strain at the top of the section by similar triangles   

 
        (

    

 
) 

Where Ԑcu is ultimate compressive strain in the concrete 

 

2.6 

 

The change in strain in the pre-stressing steel is, by compatibility, the same as      

Final  

The final strain in the pre-stressing steel at ultimate load is thus: 

                  

 

2.7 

 

In this equation, it is only      that is not known. This can be obtained once a depth of neutral axis is 

found that balance horizontal forces. 

Proposed Ultimate Limit State Design Equations: 

 

                   

 

2.8 

Where 

 MQ is the moment induced in the sleeper by the design value of the wagon weight force;  

MI is the moment induced in the sleeper by the ultimate impact force I for the specified return period; 

 M* is the bending moment at a cross-section calculated using the design load [34]. 

 

Fatigue Limit State 

A time-dependent limit state in which a single concrete sleeper accumulates damage progressively 

over years until it is considered to have failed. Such failure could result from excessive accumulated 
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abrasion or from cracking that has become progressively more severe over its lifetime as a result of 

repeated loading impact forces [42]. 

Serviceability Limit State 

This limit state denotes a situation in which sleeper failure is beginning to restrict the track's operat-

ing capability. A single sleeper failure is seldom the cause of a speed restriction or line closure. 

When a cluster of sleepers fails, however, an operational limitation is normally imposed before the 

issue is resolved [43]. 

2.2.3 Permissible Stress Principle 

This is the most commonly used method for creating sleepers . The allowable stress theory, on the 

other hand, disregards the ultimate strength of materials, the probabilities of actual loads, and the 

possibility of failure, which may lead to the conclusion that current pre-stressed concrete sleepers are 

ineffective and overdesigned  [44]. 

Table 2.1 Maximum permissible stress in the concrete at transfer[34] 

Type of stresses Maximum Permissible stress 

 Stress of  Compression where the 

distribution of stress is triangular or 

approximately triangular 

0.6     

Compression where the 

distribution of stress is uniform or 

approximately uniform 

0.5     

 

Table 2.2 Maximum permissible stresses in the concrete, after allowing for all losses of pre- stress [34] 

Type of stresses Maximum permissible stress 

compression 0.4    

Tension(flexure) 0.4(   )
0.5

 

2.3 Failure modes of prestressed concrete sleepers 

Critical performance criteria such as static capacity, dynamic strength and ultimate impact loading 

capacity should be evaluated as each property are mutually important and interconnected. Although 

the quasistatic capacity is often adopted in design process, the failure modes of the structural compo-

nent must be known [31].  
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According to Remennikov, for static experiments, railway concrete sleepers appear to fail to bend or 

shear. In comparison, due to the splitting mode, the impact resistance of the railway concrete sleepers 

is most likely due to the splitting mode because of the shortage of bonding under complex conditions 

between pre-stressing wires and concrete [45]. 

Based on the research made by Jabbar-Ali, through manufacturing and maintenance, most defects 

occur after the operation stage. Among the statistical society surveyed, 1.2% of sleepers generated 

had defects, 0.3% of which are used in secondary lines and the remaining 0.9% are discarded [14]. 

Rail-seat deterioration and longitudinal cracking are the two key modes of concrete sleeper failure. A 

concrete sleeper's longitudinal cracking can be managed by introducing a special expansive concrete 

around the bolt-hole area while it can be put in transverse reinforcing bars, particularly around the 

bolt hole, to reinforce it transversely [46]. 

The results of North American and global surveys [25] have been received and ranked as the most 

common reasons for concrete sleeper failures as it is shown in table  2.3 . The end result has been 

specified that the primary cause of concrete sleeper failure is deterioration of rail seats in North 

America and the installation or tampering cause global harm However, this varies by country. 

 

Table 2.3  Common damages of prestressed concrete sleepers. 

 

Main causes Damages North Ameri-

can rank 

International rank 

Lateral load  Abrasion of concrete material on 

rail seat  

Shoulder /fastening system wear 

or fatigue 

6.43 

 

6.38 

3.15 

 

5.5 

Vertical dynamic load  Cracking from dynamic loads 

Derailment damage 

Cracking from center binding 

4.83 

4.57 

4.5 

5.21 

4.57 

5.36 

Manufacturing and 

maintenance defects 

Tamping damage (or impact 

forces) 

Other(e.g.: manufactured defect) 

4.14 

 

3.57 

6.14 

 

4.09 

Environmental consid-

erations 

Cracking from environmental or 

chemical degradation 

3.5 4.67 
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2.3.1 Rail-Seat Deterioration (RSD) 

RSD is the deterioration of the concrete structure at the interface between the rail seat and the rail 

pad, and it can cause issues such as loss of cant, gauge-widening, fastener system wear, and other 

track geometry defects that create the potential for unstable rail conditions [47]. 

Based on RSAT (Rail Seat Abrasion Test) experiment made by Ryan G Kernes, et.al [47] , the re-

search shows  that abrasion is a feasible mechanism of RSD. Based on the results of the experiments, 

the frictional characteristics of the touch interface between the rail pad and the concrete rail seat tend 

to have an effect on the movement of forces and relative motion and thus on the process of abrasion. 

The research from Office of Research [48], Development and Technology Washington, DC 20590, 

Results of the rail uplift test indicated that with increasing uniform RSD, both the gage and field side 

fastener toe loads were  reduced. The key contributor to decreased rail longitudinal restraint is this 

reduction in toe load across the rail bench. With increasing uniform RSD, trials showed substantially 

less longitudinal rail restraint. Since the gage side, clip toe load is less affected in triangular RSD sit-

uations; longitudinal rail restriction has been less affected by increasing triangular RSD magnitudes 

According to  Russel Lutch ,et al. [49]  the abrasion of the rail seat happens more often on curved 

track sections as well. It occurs as a result of uneven loading between the inner and outer rails, as 

well as additional lateral forces produced as the train navigates a curve, but it is not the primary 

cause of abrasion.  The study has shown that hydraulic pressures inside the air voids of the cement 

paste have been discovered to be the cause of oxidation, resulting in a microscopic explosion. 

It was shown in this study that railroads and manufacturers have worked to secure the concrete in the 

rail seat using abrasion resistant materials and repair procedures to prolong the life of the tie. 

2.3.2 Longitudinal cracking 

Longitudinal cracking occurred along the sleeper  due to longitudinal axle and at a distance between 

roll-plaques, causing the sleeper muscle component to be ungreased, incorrect screw driving machine 

output, and incorrect concrete vibration within the shape, human faults such as incorrect roll-plaque 

placement, incorrect mixing of concrete constituent  material [50]. 

According to Jesús Donaire-Ávil, et al [51] in their  work, it was shown that  the possible longitudi-

nal cracking connecting dowels,  found  in some real railway pre-stressed precast sleepers even be-

fore being built, and  temperature was considered  as the key study factor. The findings show that 

some apparently not significant changes in the sleeper design and tightening system, particularly 

with regard to the dowels, can be critical and cause stresses that can be responsible for longitudinal 

cracking. 
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2.4 Analysis and Design of Pre-stressed Concrete Sleepers 

The main considerations that contribute in the analysis and design of sleepers are the static and dy-

namic loads imposed on the rail seats and depend upon the type of track (straight or curved), its con-

struction and standard of maintenance, the axle load and axle spacing, the running characteristics, 

speed and standard of maintenance.  

The ballast reaction of sleeper is based on the shape of the standard of maintenance of vehicle and 

also is based on the shape of sleeper, its flexibility and spacing, the unit weight of the rail, the stand-

ard of maintenance of the track and ballast characteristics [34]. 

General condition for design of sleeper 

Type and spacing 

The sleepers shall be prestressed concrete sleepers intended for track designs using centre to centre 

of 500 mm to 750 mm of spacing and the depth and width of the sleeper may vary throughout its 

length. The minimum length of the sleeper shall be determined by the bond development require-

ments of the prestressing tendons ant the base width shall be then determined by allowable bearing 

pressure [52]. 

Clear tendon cover 

Minimum clear concrete cover to tendons at the soffit of the sleeper shall be 35 mm. elsewhere, the 

minimum clear concrete cover to tendons generally shall be 25 mm with the exception that the ten-

don may be exposed at end faces [53] . 

2.4.1 Rail seat Load 

In order to build a sleeper, it is necessary to assess the loads that will be transferred to it. The re-

quired flexural capacity is calculated using the ballast support experienced during the sleeper's life 

and the applied rail seat loads. 

The rail seat load, Qo is dependent on a number of factors. These include the weight of the rail spac-

ing of the sleepers, the stiffness of the sleeper, the track modulus per rail, the rail pad stiffness [54]. 

 

Figure 2.8 Distribution of load from single axle along track[55] 
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The load from an axle is spread among many links as a train travels along the track due to the track's 

rigidity. A single tie typically bears 45 to 55 % of the axle load immediately above it. The tie spac-

ing, fastening system, rail stiffness, ballast and sub-grade conditions are all factors that influence 

load distribution, with tie spacing having the greatest impact [56]. 

2.4.2 Sleeper-ballast contact pressure 

In the structural design of sleepers, the exact contact pressure distribution between the sleeper and 

the ballast, as well as its variance over time, will be important. Ballast support is critical to a tie's 

load-bearing capacity.  

As a result, after applying wheel loads to the tie, wheel loads must be transferred to the ground 

through ballast and sub-ballast content. While an estimate is used to limit bearing pressures to avoid 

unnecessary track depression, the pressure between the tie and the ballast is not standardized across 

the bottom of the tie [57]. 

Ballast stiffness and yield ability are as follows: ballast stiffness is stress based, and repeated load 

applications result in greater deflection under rail seat than under center. It is possible that it'll end up 

with a center-bound track (this is similar to a uniform ballast pressure under load). As a consequence, 

broken connections can occur (at center) [58]. 

The ballast support forces changes as soon as the rail seat forces change. The configuration of ballast 

support forces is presented at lower as it is shown in figure 2.9 [59] 

 

Figure 2.9 Force configuration of sleeper 
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2.5 Static behavior of prestressed concrete Sleepers 

2.5.1 General Static Analysis 

The overall static analysis can involve both linear and nonlinear effects and is conducted due to a 

static load, such as deflection, to determine static behavior. A condition for the analysis to be feasible 

is that it is stable. A static phase uses time intervals as a fraction of the load applied, not as dynamic 

measures [60]. 

According to S. Kaewunruen [61], the rotational capacity, post-failure mechanisms, and residual 

load-carrying capacity of prestressed concrete sleepers under static loading were studied, and the 

static results were found to be in good agreement with the manufacturer's sampling tests. It is clear 

that the prestressed concrete sleeper has a low ductility. Furthermore, the modified compression field 

theory is found to be capable of predicting the static responses of prestressed concrete sleepers.

 

 

Figure 2.10 Schematics of a static test 
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Table 2.4 Experimental moment capacities of PCSs [61] 

Loading  Target conditions Tested moment at fail-

ure(kNm) 

Type of damage 

Static  

 

 

crack 34 First crack is due to bending  

Fail 84 Shear failure 

Dynamic crack 44 First crack is due to bending 

Fail 95 Bending –shear failure 

 

 

2.6 Mathematical model for Railway  

The mathematical model for studying behavior of the track is categorized into three parts: beam on 

elastic foundation, vehicle track model, and discrete component models. 

2.6.1 Beam elements 

Beam elements have been used for the rails and sleepers modelling. A beam element is an element in 

which assumption are made so that the problems reduced to one dimension mathematically. The 

primary solution variable is then functions of the length direction of the beam. For this solution to be 

valid, the length of the element must be large compared to its cross-section. [60] 

2.6.1.1 Beam on Continuous Elastic Support  

The mathematical modeling is done on the elastic foundation of the Winkler type, with the railway 

track acting as an Euler Bernoulli beam. According to Winkler, when a beam rests on an elastic 

foundation under the action of an externally applied load, the reaction forces of the foundation are 

proportional to the deflection of the beam at every point [62]. 

 

Figure 2.11 Beam (bending stiffness EI) on elastic foundation 
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The model has a strong mathematical formulation with a plain and simple physical formulation.   It 

assumes that the rail is built as an infinite beam of Euler-Bernoulli  

 

The general 4 
th

 order differential equation for a beam on an elastic foundation is given by the equa-

tion below: 

 

 
  

   

   
      

 

2.9 

 

Where: 

x = the length coordinate 

q = the distributed load on the rail 

EI = the beam bending stiffness EI (Nm) 

k = the foundation stiffness (N/m per m) 

 

The homogeneous equation is given by 
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By introducing a parameter   (unit L
-1

) 

 
  (

 

   
)
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The solution of the governing equation can be written as  

 

      (                     (                 
 

2.13 

 

Where the constants C1, C2, C3 and C4  are computed with following formula as it is shown from 

Roark ‟formulas for stress and strains[63] 

                2.14 
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                            2.15 

 

                2.19  

 

                            2.20 

 

2.6.2 Elastic foundation models 

The computational model of a structure on an elastic foundation is frequently used to describe a wide 

range of engineering problems, with applications in geotechnics, road, railroad, and marine engineer-

ing, as well as biomechanics. Modeling the interaction between the structural elements the sleeper 

and the ballast is the most important aspect of the analysis. 

2.6.2.1 Ballast Support  

The railway ballast layer, as an important component of the railway track system, must achieve the 

following important goals: stress transfer, high resistance to longitudinal and lateral displacement of 

sleepers, increased elasticity, increased longitudinal and lateral stability of railway tracks, and easy 

repair and maintenance of railway track[64] 

In actual fact, the pressure between the sleeper and the ballast is not uniform across the bottom of the 

sleeper. So, an approximation is used to limit bearing pressures and prevent excessive track depres-

sion. According to AREMA section 4.1.2.5, the average ballast pressure is a function of the applied 

axle loads, impact factors, and tie bearing area. It is essential that the ballast and sub-ballast are not 

over stressed to prevent accelerated deterioration to the track and the ballast itself due to excessive 

depression of the track [65] 

 

 

Figure 2.12 Ballast pressure distribution 
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2.7 Concrete sleeper modeling  

In various researches the most popular finite element packages like Abaqus, Ansyss, and LS-DYNA 

have been used for numerical modeling.  

Remennikov and Kaewunruen  [66] did their work by  modeling a prestressed concrete sleepers with 

holes and web opening and  Abaqus was used   for determining structural capacity and toughness of 

prestressed concrete with and without holes. It was found that the results from finite element model-

ing have been validated using experimental works where there was a good correlation between the 

results from model and experiment. 

 

Another research entitled “Experimental and Numerical Studies of  Railway Prestressed Concrete 

Sleepers  under static and impact loads” was also  done by Remennikov and Kaewunruen where a 

three-dimensional non-linear finite element model of  a railway prestressed concrete sleeper was de-

veloped using  the general purpose finite element analysis package,  ANSYS10 and LS-Dyna  [67] .  

 

In this study ABAQUS was used for numerical analysis of prestressed concrete sleepers under static 

loads where elastic foundation was considered as support condition. 
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Chapter 3: MATERIALS AND METHODS 

3.1 Prestressed concrete sleeper Analysis and Design. 

The load distribution beneath the sleeper and its variation over time has a significant impact on the 

structural design of the sleepers. 

3.1.1 Flexural capacity of sleeper  

The rail seat and ballast pressure loads determine the flexural capacity of the sleeper. According to 

AREMA 2010, the positive and negative moments are located at the rail seat and in the sleeper's cen-

ter [34]. 

The structural design process for prestressed concrete sleepers consists of two steps. First, an analy-

sis is performed to estimate the demand (flexure, shear.) that a structural element is expected to un-

dergo in its lifetime. Second, the element is designed to meet or exceed the demand found in the 

analysis[44]. 

Based on the elastic foundation beam model, the American Railroad Engineering Association (AR-

EA) design method was developed to calculate the required minimum flexural capacity of sleeper in 

order to determine the maximum rail seat load. This method assumes a uniform distribution of con-

tact pressure between sleepers and ballast, resulting in positive flexure at the rail seat and negative 

flexure in the middle of the sleeper. 

The current AREMA method for concrete sleeper flexural analysis is a factored approach that is de-

pendent on sleeper length, sleeper spacing, annual tonnage, and train speed. Design bending mo-

ments are given for four key locations on the sleeper: rail seat positive (MRS+), rail seat negative 

(MRS-), center positive (MC+), and center negative (MC-) 

 

The forces acting on the underside of the rail and the seating area of the sleeper is called Rail Seat 

Load When designing sleepers, the ballast pressure should not exceed some limit (0.5 MPa according 

to BS)  

The effective support area for sleepers 

The product of the sleeper's width and the assumed value of the effective length of sleeper support at 

the rail seat yields the efficient sleeper support area beneath the rail seat. AREA defines the effective 

length of a sleeper as the distance from the end of the sleeper to the extent of tamping inside the rail 

foot.  
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. 

  l = Total sleeper length (mm) 

For wooden, steel, and concrete sleepers, Schramm describes the effective length of sleeper support 

under the rail seat as: 

 
  

   

 
 

 

3.1 

 

Table 3.1 The effective support area for sleepers[34] 

Suggestion by: Effective length of sleeper support at the rail seat 

AREA Distance from the  end of the sleeper to the point inside of the edge of the 

the rail base over which tamping operations extend 

Clarke   (    (  
(    

        
  in which l, g and t are total sleeper length(mm), 

distance between the center- line of rail seats (mm) and sleeper thickness 

(mm) respectively 

Schramm 
  

   

 
 

Simplified 

Clarke 
  

 

 
 

 

During Sleeper Analysis and design different important parameters should be   considered which are 

the rail seat loading at the sleeper, effective bearing area of the sleeper and the flexural characteris-

tics of the sleeper 
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Load distribution on the ballast 

In the structural design of sleepers, the specific contact pressure distribution between the sleeper and 

the ballast, as well as its variation over time, will be critical. In the in-track condition, it's nearly hard 

to forecast the approximate distribution of a sleeper [58]. 

Load case 1: Over time settlement and ballast degradation lead to uniform ballast support inducing 

negative moment at center section and continued positive moment at railseat 

 

 

 

Load Case 2: After installation and tamping, ballast support limited to rail seat region producing 

positive moment in rail seat section  

 

 

 

Figure 3.1 Pressure distribution for maximum centre moment positive 
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Figure 3.2  Pressure distribution for maximum centre moment negative 

 

Bending moment in concrete sleeper  

Bending moment distribution is related to the support condition of the ballast 

Moment at the rail seat 

1. Rail Seat Positive Design Bending Moment  

The maximum positive bending moment shall be taken to occur at the rail seat producing compres-

sive stress at the top and tensile stress at the underside of the sleeper. The value of this moment, the 

rail seat positive design bending moment (MR+), is based on a uniform ballast support beneath each 

rail seat. 

The maximum positive sleeper bending moment at the rail seat Mr (KN m) is given by 

 
   

  (     

 
 

 

3.2 

 
Where 

 l = total sleeper length (m), 

  g = distance between rail centres (m), 

w = assumed uniformly distributed load (kN / m). 

 

2. Center Negative design bending moment 

The maximum negative sleeper bending moment at the centre of the sleeper Mc (KN m) is 

given by 

 

 
   

  (     

 
 

 

3.3 

 

Where 
l = total sleeper length (m), g = distance between rail centres (m), R = Rail seat load  
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Table 3.2 Design pressures and moments-Empirical method [58] 

Distance between 

rail centres(g)m 

 

Length of ballast 

support beneath 

each rail seat (a) 

m 

 

 

Design values 

kPa or kNm 

g> 1.5 m 

(standard gauge) 

 

 

  L-g 

Design ballast 

pressure(Pab) 
    

 

( (    
 

Design Positive 

bending moment at 

rail seat(MR+) 

    
 (    

 
 

Design bending 

moment at rail 

seat(MR- 

            

     (     Design positive 

bending moment at 

the center(MC+) 

          (     

 

Static Load  

The load that comes from weight of train is considered as static load over the railway track. The val-

ue of static load related parameters are taken from ERC feasibility study and previous studies as 

shown Table 3.3 [35]. 

Table 3.3 Statistical parameters of static load 

Parameters Unit Value Source 

Axle Load kN 250 ERC feasibility 

study 

Distribution factor % 0.52 AS 1085.14 2003 

Wheel Load kN 125 50% 0f Axle load 

Rail-seat load kN 81.25 50% 
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Rail Seat Load 

The rail seat load on individual sleeper is dependent on tie spacing, fastening system, rail stiffness, 

and ballast and sub-grade conditions with tie spacing having the largest effect. Typical track design 

with concrete ties utilizes tie spacing of 60cm which correlates with 50 percent of the applied axle 

load being carried by an individual tie.  

The design static wheel load is the maximum load that can be applied to a wheel, as determined by 

the owner based on the tonnage and passenger weight of a vehicle with an axel load of 25 tons. Ac-

cording to Australian Standard vertical design load factor is 250 percent of the static load [68]. 

 

According to AS 1085.14 [68] the rail seat load (R) is given by:  

 
  

 

 
    

 

   
 

 

3.4 

   

Where      

   = Rail seat Load 

Q = wheel Load 

DF= Distribution Factor 

I =Impact Factor 

The impact factor including all quasi-static factors said to be 250% 

Therefore, the assumed uniformly distributed load w (kN/m) over the entire sleeper length l(m) 

 

 
  

  

 
 

 

3.5 
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Figure 3.3  Estimated distribution of load (D.F), AS 1085.14-2003 

 

3.3 Finite Element Modeling 

To investigate the performance of concrete sleeper (such as deformations and Stresses), a finite ele-

ment model was developed using ABAQUS software package under Static loading               

3.3.1 Validation of the FEM 

In this section of a finite element model (FEM) validation for sleeper, the model is established Using 

Finite Element package – Abaqus, which is a numerical tool used to model and simulate the mechan-

ics behavior and response of sleeper. In this study, only static structural analysis was conducted. The 

following sections outline the properties of concrete and prestressing steel wires used as input values 

in finite element analysis.   
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3.3.1.1 Material properties 

Concrete material 

The railway sleeper is made of concrete material. The typical properties of normal strength Concrete 

C55/67 used as input data: 

Density 

(Kg/m
3
) 

Young‟s Modulus 

(MPa) 

Poisson‟s ratio  Compressive 

strength 

( MPa) 

Tensile 

strength 

(MPa) 

2400 30200 0.2 55 2.85 

 

In order to capture crushing and cracking of sleepers, non-linear elastoplastic behavior of concrete is 

assumed when modeling. As a result, the following is a list of plastic behavior: 

Plastic stress-strain relation for concrete  

 

Yield stress (MPa)            Plastic strain 

30                                               0 

50                                           0.001 

48                                          0.003 

 

Pre-stressing reinforcement material 

Prestressed reinforcement in sleeper that can increase tensile capacity of the sleeper is also of im-

portance.  

Typical properties of reinforcement are indicated below: 

 Density: ρ = 7.8 g / cm
3
 

 Young‟s modulus: Ε = 200 GPa 

 Poisson‟s ratio: ν= 0.3 

 Thermal expansion: a = 1.1 * e-5 

 

Plastic stress-strain relation for steel material is shown below 

 

Yield stress (MPa)                                                Plastic strain 

 

0.01                                                                                 0 

1703                                                                                0.0085  

1750                                                                                0.0097 

1797                                                                                0.01 

1978                                                                                0.064 
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3.3.2 Static Modeling of Sleeper with Fixed Support 

Model components dimensions 

Front view of the sleeper 

 

Top view of the sleeper 

 

Side view of the sleeper         The transparent part showing inside bars 

      

Figure 3.4 Skectch of modeled prestressed concrete sleeper 

 

Three-dimensional elements have been used to model pre-stressed concrete sleeper and reinforce-

ment bar elements. This model can help to confirm the theoretical calculations as well as to provide a 

valuable supplement to the experimental investigations of behavior of pre-stressed concrete sleepers 

Element selection 

Because the purpose and desired output vary from model to model, a variety of element types exist 

for both steel and concrete materials. The elements used in modeling prestressed concrete sleepers 

are summarized below. 
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Solid Elements 

The concrete section is represented by a three-dimensional solid element, SOLID65, which includes 

a material model for predicting brittle element failure. This element has eight nodes, each with three 

degrees of freedom in the nodal x, y, and z directions. Because of built-in algorithms that are de-

pendent on the SOLID65, it is capable of cracking tension and crushing in compression[34] 

As the force / moment redistribution, the concrete sleeper is currently designed to resist prestressing 

force completely throughout the entire cross-section. As a result, the smeared crack cannot be used to 

replace prestressing tendons in fully prestressed structures [69][69]. 

 

Figure 3.5 SOLID65 Element 

Bar Elements  

The ability to perform inelastic behavior and define an initial strain are two necessary element char-

acteristics for modeling pre-stressing. It is recommended starting with the LINK8 element in order to 

withstand the initial strain attributed to prestressing forces, as a typical truss element cannot resist 

neither bending moments nor shear forces 

 

An advantage of the LINK8 element is the ability to specify an initial strain. This is useful for defin-

ing the initial pre-stressing force. In addition, pre- stressing transfer can be completed by simply var-

ying the initial strain along the length of the steel mesh. 

 

Figure 3.6 LINK8 elements 
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With the experiment performed by Rikard [71], a simple static sleeper model with fixed support con-

dition is modelled, analyzed, and the obtained results are compared to the experiment performed by 

Rikard in order to assess the quality of the FE model and validate it in comparison to existing ones. 

Six Abetong Teknik AB type A9P sleepers were cut in the middle perpendicular to the sleeper line. 

 

 Each half-sleeper was bent to produce the same primary deflections as if it were in a track system. 

The static study is performed out using a hydraulic jack. A load ranging from 0 to 237.5 KN is ap-

plied to the rail seat area. In this case, the support condition is fixed where sleeper is tied on the 

ground on four locations as shown in figure 3.8 

 
                    

Figure 3.7 Test set-up used in the test done by Rikard [70]. 

 

 

 
Figure 3.8 Static structural model with fixed support [69] 
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Figure 3.9 The load-vertical displacement relation for the six tested half-sleeper 

 

Numerical results 

To validate the effectiveness of this FE model, the sleeper was subjected to the same hydraulic jack 

loading as Rikard and the load applied to the rail seat area is varying from 0 to 237.5 KN. The model 

was then meshed with size of 25 mm as shown in figure 3.11 and  its computational results are then 

compared to those of Rikard  [70], using the load-defection  graph.  

Static modeling of sleeper type A9P 

 

 

 

Figure 3.10 Prestressed Concrete sleeper with applied load 
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Figure 3.11 Meshed sleeper model 

 

 

 FEM results 

Load (kN ) Deflection(mm) 

0 0 

50 0.2535 

150 1.065 

200 1.782 

237.5 3.779 

 

 

Experiment results 
 

Load( kN) Deflection(mm) 

0 0 

50 0.25 

150 1 

200 1.875 

237.5 4 
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Figure 3.12 Load –deflection graph with FEM results and experimental results 

 

As demonstrated in Figure 3.12 the force and deflection diagrams match Rikard[70], indicating that 

the FE model is of acceptable quality. After the model has been validated in relation to the test find-

ings, the FE-model can be used for further investigation. Therefore, as the static results match the 

experimental results; static simulations can be performed using ABAQUS software. 

3.4 Static modeling 

The total length of sleeper is 2.5 m. The central distance between the rail seats (standard gauge dis-

tance) is 1.435 m. 

 

Loading conditions  

The effective sleeper support area 

The useful sleeper support area beneath the rail seat is calculated as the product of the sleeper's width 

and the assumed value of the effective length of sleeper support at the rail seat. The effective length 

of a sleeper is defined by AREA as the distance from the end of the sleeper to the extent of tamping 

inside the rail foot.  

In this thesis, the effective length used is     ⁄  

Where L = Effective length of sleeper support (mm) and l = Total sleeper length (mm) g is the dis-

tance between the center lines of the rail seats in mm 
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Rail seat load 

In this study, the value of 0.52 was used as per figure 3.3 for a sleeper spacing of 60 cm. 

Therefore, the rail seat load was computed as from equation 3.4 

  
   

 
      

   

   
         

 

Table 3.4 Material properties [34] 

 

NO PROPERTIES VALUE 

                                                                                   CONCRETE 

1 Density(ρs) 2400kg/m
3
 

2 Young Modulus(Ec) 37000 MPa 

3 Poisson‟s ratio(υc) 0.2 

4 Thermal expansion(αc) 1e-5 

5 Strain value 0.0035 

6 Compressive strength 55MPa 

7 Tensile strength 2.97 MPa 

                                                                       PRESTRESSING WIRES 

1 Density(ρs) 7800kg/m3 

2 Young Modulus(Ec) 200,000MPa 

3 Poisson‟s ratio(υc) 0.3 

4 Characteristic strength 1570MPa 

5 Strain value 0.00542 

6 Yield strength 1770MPa 

7 Tensile strength 1085MPa 

 

Table 3.5 Maximum permissible stresses in concrete under working conditions as per AREMA 

Types of stress Maximum permissible stress 

compression 0.45*fc‟ 

Tension 0.62(fc‟)
0.5

 

                        fc’is the concrete strength 

 

 



 

42 

 

The controlled stress for stretching prestressed reinforcement must not exceed the allowable con-

trolled stress for stretching as specified in table 3.6 and must not be less than 0.4*fplk  

The standard further recommends an intended stress-relieved prestressing steel wire of diameter of 5 

or 7mm, in this study 10 prestressing steel wires of diameter of 7mm were used and  elastic founda-

tions was considered as support conditions. 

In this model, one monoblock  prestressed concrete sleeper was  studied by considering 3 equal  parts 

along the total distance of the sleeper, and each part has its corresponding   ballast stiffness that are 

K1,K2 and K3, which are at  the rail seat, the centre  of the sleeper. 

Where Ks = ballast  stiffness per sleeper and equals to 250 MN /m [71]. 

 

                   

         
         
         

Where 

 a1, a2, a3 are distribution coefficient 

K1 is base support stiffness for first part of the sleeper (under rail seat) 

K2 is base support stiffness for second part of the sleeper (center of the sleeper) 

K3 is base support stiffness for third of the sleeper (under rail seat) 

 

 

 

 

 

 

 

 After modeling the results like displacement and stresses have been highlighted 

 Different curves and graphs have been displaced to show the displacement and stresses under 

different elastic foundation using different distribution coefficients 

 Incremental percentage for displacement and stresses was computed using the following for-

mal 

 
 (   

(                                   

               
 

3.6 

 
   

(                        

         
 

3.7 
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Where 

I(%)=Incremental percentage, FS= Full Supported, PS= Partially supported 

 

 

 

 First modeling: Ballast stiffness reduction at the center of the sleeper 

         

 
Case a1 a2 a3 K1(MN/m) K2(MN/M) K3(MN/m) 

 

 
1 1 1 1 250 250 250 

 

 
2 1 0.9 1 250 225 250 

 

 
3 1 0.8 1 250 200 250 

 

 
4 1 0.7 1 250 175 250 

 

 
5 1 0.6 1 250 150 250 

 

 
6 1 0.5 1 250 125 250 

 

 
7 1 0.4 1 250 100 250 

 

 
8 1 0.3 1 250 75 250 

 

 
9 1 0.2 1 250 50 250 

 

 
10 1 0.1 1 250 25 250 

  

 Second modeling: Uniformly ballast stiffness reduction along the sleeper 

         

 
Case a1 a2 a3 K1(MN/m) K2(MN/M) K3(MN/m) 

 

 
1 1 1 1 250 250 250 

 

 
2 0.9 0.9 0.9 225 225 225 

 

 
3 0.8 0.8 0.8 200 200 200 

 

 
4 0.7 0.7 0.7 175 175 175 

 

 
5 0.6 0.6 0.6 150 150 150 

 

 
6 0.5 0.5 0.5 125 125 125 

 

 
7 0.25 0.25 0.25 62.5 62.5 62.5 
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Chapter 4: ANALYSIS RESULTS AND DISCUSSION 

4.1 Design of prestressed concrete sleeper 

Flexure Strength of Prestressed concrete sleeper 

Table 4.1 Dimensions of the sleeper 

Sleeper length (L) 2500 mm 

Rail seat width (Top) 170 mm 

Rail seat width(bottom) 280 mm 

Center width(Top) 200mm 

Center width(Bottom) 250mm 

Height rail seat 200mm 

Height of sleeper centre  160 mm 

 

 

Figure 4.1 Cross-section of the sleeper 

 

 

 

   

 

 

 



 

45 

 

1. At Rail seat: 

 Area calculation (Ar) 

   
(            

 
          

 Center of gravity from bottom (Yb) 

   
(          

       
 
   

 
         

 Center of gravity from top (Yt) 

   
(          

       
 
   

 
          

 Moment of Inertia(Ir) 

\ 

   

(    (          (          
  

       
            

 

 Section modulus from bottom (Zb) 

   
       

     
            

 

 Section modulus from top(Zt) 

   
       

      
             

2. at center of the sleeper 

 Area calculation (Ac) 

   
(            

 
          

 Center of gravity from bottom (Yb) 

   
(          

       
 
   

 
         

 Center of gravity from top (Yt) 

   
(          

       
 
   

 
         

 Moment of Inertia(Ic) 
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(    (          (          
  

       
              

 

 Section modulus from bottom (Zb) 

   
         

     
             

 Section modulus from top(Zt) 

   
         

     
             

4.1.1 Prestressing force calculation 

The concrete around the tendons shortens as the prestressing force is applied. The concrete surround-

ing the tendon is shrinking, causing the tendon to lose stress. It is proportional to the amount of 

shrinkage that occurs after prestress force is applied to concrete.  

                      4.1 

 

Where, Pt is allowable prestress force, fct is allowable stress of concrete under compression 

Ac is net area of concrete 

The area of concrete can be considered to be equal to the gross size of the section for preliminary 

parameter iteration. However, the concrete cross-section is divided into two parts for final design: the 

net area of the concrete section (Ac) and the area of prestressing steel (Ap) 

          

 

4.2 

For preliminary design, 10 bars of diameter of 7mm is used 

      
     

   
        

Using the average width and height of the sleeper the net area of concrete was computed in order to 

estimate prestress force at transfer after short-term loss. 
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The prestressing force at transfer is calculated with equation 4.1 

 

                                               not ok! 

Let use              

4.1.1.1 Compression Force of Concrete 

The real distribution of compressive stress in a prestressed concrete part indicates rising parabola 

shape. If the compressive stress block has a parabolic shape, determining its volume takes time. To 

calculate the compressive force in this investigation, an equivalent rectangular stress block was em-

ployed instead of the ascending parabola. This corresponding stress block comprises a depth and an 

average compressive strength of ηfcd. 

All dimensions are in mm 

A) Rail Seat 
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B) Center of sleeper 

                                  

 

Figure 4.2: Conceptual diagrams for calculation bending strength of a sleeper 

Where 

N.A is neutral axis 

Ԑcu is ultimate compressive strain in concrete 

fcd  is design value of concrete compressive strength 

T1, T2, T3 are the forces in steel  

Xu is the depth between the top line and neutral axis and is calculated by the centroid method 

The trapezoidal shape is divided into three area 

 

 

 
   

∑    
∑  

 
4.3 
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At Rail Seat 

   
(     

   
 )  (      

   
 )  (     

   
 )

               
         

At Center  

 

      
      

 
         

                    

 

 

   
(     

   
 )  (      

   
 )  (     

   
 )

               
         

For rectangular stress distribution, the factor λ, defining the effective height of the compression zone 

and the factor η, defining the effective strength, are as expressed below 

 

  {

                                              

    
(       

   

                  

4.4 
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  {

                 

  
(       

   
                      

 

4.5 

 

fck =55MPa 

 

      
(      

   
        

    
(      

   
       

 

Depth of compression zone 

At rail seat                               

At center                                

The compressive force of a simplified distance at the decompression zone is calculated by: 

                 4.6 

 

 
   

     
 

 
4.7 

 

Where C=compressive force, dmax=maximum distance at decompression reinforcement, b=width of 

section 

fcd=Design compressive strength of concrete 

 
    

       
  

 
       

   
          

4.8 

 

 

Where γc is the partial factor of concrete, αcc is the coefficient taking account for longterm effects on 

the compressive strength and of unfavourabe effects depending on the way load is applied and for 

concrete γc is 1.5 (EN 1992-1-1 2004) 

 

Take average value of width of sleeper for computation of compressive force 

At rail-seat 

 
   

  
 

 
     

   
      

4.9 

                           4.10 
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At center 

 
   

  
 

 
     

   
       

4.11 

 

                            4.12 

 

                               

4.1.1.2 Tension forces of steel bars 

The tension forces from steel bars can be estimated by 

                 4.13 

 

Where 

Ԑtn is the total strain of single steel bar on n
th

 row 

E is the Young„s modulus of steel bars 

Ap is the area of steel bar 

ni is the number of steel bars in n
th

 row 

Strain in prestressing steel at transfer (Ԑpt) 

 
    

   

  
 

 

4.14 

 

 

Where fpt is allowable stress of steel, Ep is Young„s modulus of steel 

 
    

 

  
(
  
 
 
  (        

 

 
) 

4.15 

 

 

Where 

A is the area of the cross-section 

Dmax is lowest level of steel in the compression zone 

Yt is the centroid from top or bottom 

EC is Young‟s modulus of concrete 
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I is moment of inertia 

 

The stress at failure corresponding to the total strain  

 

   {

                    

         
      

          
             

 

4.16 

 

 

 

 

Apply similarity of triangle to find strain 

At Rail seat 

    
         

      
       

From top of the sleeper 

    
 

     
(
      

     
 
      (            

          
)         

     
   (      

       
 
      (           

          
         

     
   (      

       
 
      (           

          
          

     
   (      

       
 
      (           

          
         

Assume concrete strain (εcu)= 0.0035 

      
   (      

  
 
      (          

     
        

      
   (      

  
 
      (          

     
        

      
   (      

  
 
      (          

     
        

Summation of strain components 
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The stress at failure corresponding to the total strain is the following: 

         
   

             
         

         
   

             
           

         
   

            
         

 

The corresponding tensile forces: 

                                

                               

                                

           (                                     

At Center 

 

    
         

      
       

From top of the sleeper 

    
 

     
(
      

     
 
      (           

         
)          

     
   (      

       
 
       (         

         
         

     
   (      

       
 
       (         

         
          

     
   (      

       
 
       (          

         
          

Assume concrete strain (εcu)= 0.0035 

      
   (      

  
 
      (         

     
           

      
   (      

  
 
      (         

     
        

      
   (      

  
 
      (          
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Summation of strain components 

                                                  

                                                

                                                  

The stress at failure corresponding to the total strain is the following: 

         
   

             
         

         
   

             
         

         
   

              
         

 

The corresponding tensile forces: 

                               

                             

                               

           (                               

Using PolyBeam software, bending moment and shear force have been determined with different 

pressure distribution as it is shown below            

A. In the analysis, The Australian standard consider for 50% uniform pressure at the center of 

the sleeper, while China standard accounts for 75% uniform pressure at the center of the 

sleeper. In this thesis, the design bending moment is calculated using the center-binding coef-

ficient of 0.5 and 0.75 

 

Rail seat load 

 

  
            

   
         

 

Therefore the assumed uniformly distributed load w (kN/m) over the entire sleeper length l 

(m) is 
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1. Moment at Rail seat 

 

 Rail seat  positive bending moment 

 

 
    

 (    

 
 

 

4.17 

 

  

    
     (         

 
          

 

 

 

 

 

 

Figure 4.3 Shear force, bending moment and deflection diagrams for zero  center binding bal-

last pressure 
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 Rail seat negative bending moment 

The rail seat negative bending moment MR-shall not be less than 67% of the rail seat positive bend-

ing moment MR+  or 14 kNm  whichever greater 

           (                               

2. Moment at the center  

 Center positive design bending moment (a=0.9(l-g)) 

 

           (     
 

4.18 

         (                     

 

 Center Negative design bending moment 

The maximum negative bending moment has been taken to occur at the center of the sleeper . 

In this case totally and partially distribution ballast pressure are considered. 

This maximum center bending moment (MC) with uniform distribution ballast pressure is de-

termined by the following equation: 

 

 
    

 (     

 
 

 

      
     (           

 
          

 

 

 

 

 

 

 

 

 

 

4.19 
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Figure 4.4 Shear force ,  bending moment and deflection diagrams for 100% of  center binding 

coefficient 
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For partially distribution ballast pressure AS 1085.14 accounts 50% the uniform pressure and 75% in 

china‟s standard case were analyzed. 

For this analysis the center binding coefficient are 0.75 and 0.5 

 

 α=75% 

 

 

 

 

 

Figure 4.5 Shear force, bending moment and deflection diagrams for 75% of  center binding 

coefficient  
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α=50% 

 

 

  

Figure 4.6 Shear force and bending moment diagrams for 50% center binding coefficient 

Table 4.2 Summary of results for different ballast distribution pressure at the center of the sleeper 

 

Table 4.2 shows that once ballast distribution pressure reduces at the centre of the sleeper with 75% and 

50%, at rail seat bending moments increase 2% while shear force decrease with 9.3% and 18.43% respec-

tively and deflection decrease with 50% and 100% respectively similar to the centre of the sleeper the 

results show  bending moment decrease with 28.6% and 53.4% respectively and deflection decrease with 

37.5%, 62.5% respectively. 

Support condition Shear force(kN) Maximum Bending 

moment (kNm) 

Deflection(mm) 

Rail seat center Rail seat center Rail seat center 

Full supported 98.15 0 15.93 21.12 -0.04 0.08 

75% supported 89.05 0 16.25 15.07 -0.02 0.05 

50 supported 80.06 0 16.25 9.83 0 0.03 
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B. Ballast pressure distribution with 75%, 50% and 25% reductions under rail seat analysis 

 

 

 

\

 
 

Figure 4.7 Shear force and bending moment diagrams for 75% of ballast distribution pressure 

under rail seat 
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Figure 4.8 Shear force and bending moment diagrams for 50% of ballast distribution pressure 

under rail seat 
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Figure 4.9 Shear force and bending moment diagrams for 25% of ballast distribution pressure 

under rail seat 
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Table 4.3 Summary of results for different ballast distribution pressure under rail seat 

 

Table 4.3 shows that once ballast distribution pressure reduces under the rail seat of the sleeper with 75% 

50% and 25% at rail seat, bending moments decrease with 25%, 50% and 75% respectively while shear 

force decrease with 16.4% , 32.7% and 49.2% respectively  and while at the center of the sleeper shear 

force,  bending moment and deflection remain constant. 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Support condition Shear force(kN) Bending moment 

(kNm) 

Deflection(mm) 

Rail seat center Rail seat center Rail seat center 

100%(Full sup-

ported) 

98.15 0 15.93 21.12 -0.04 0.08 

75% supported 82.06 0 11.94 21.12 -0.05 0.08 

50%  supported 65.98 0 7.96 21.12 -0.07 0.08 

25% supported 49.89 0 3.98 21.13 -0.08 0.09 
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Considering elastic support 

Using BOEF (Beam On Elastic Foundation) spreadsheet developed by Alex Tomanovich , the sleep-

er on elastic support was analysed by computing ,shear force ,bending moment and deflections 

BEAM ON ELASTIC FOUNDATION ANALYSIS 
For Soil Supported Beam, Combined Footing, Slab Strip or Mat Strip 

of Assumed Finite Length with Both Ends Free 

Job Name:         Subject:         

Job Number:         Originator:   Checker:     

                    

Input Data:                   

      

 

  
 

            

Beam Data:                   

                    

Length, L = 2.5000 m               

Width, B = 0.1900 m               

Thickness, T = 0.2200 m               

Modulus, E = 37000 MPa               

Subgrade, ks = 250 MN/m               

                    

                    

Beam Loadings:                 

                    

Full Uniform:                   

              Results:         

                    

  Start End     Beam Flexibility Criteria:     

Distributed: b (m) 
wb 

(kN/m) e (m) 
we 

(kN/m)     for *L <= /4 beam is rigid   

#1:             for /4 < *L <  beam is semi-rigid   

#2:             for *L >=  beam is flexible   

#3:             for *L >= 6 
beam is semi-infinite 
long 

#4:                   

#5:         Inertia, I = 0.00017 m^4   I = B*T^3/12   

#6:          = 0.209  = ((ks*B)/(4*E*I))^(1/4)

          *L = 0.522 
*L = Flexibility Fac-
tor   

Point Loads: a (m) P (kN)     

 

  
 

        

#1: 0.4950 162.50       Beam is rigid   

#2: 2.0050 162.50               

#3:             Max. Shears and Locations:     

#4:         +V(max) = 98.14 kN       @ x = 2.01 m 

#5:         -V(max) = -98.14 kN       @ x = 0.50 m 

#6:                   

#7:             Max. Moments and Locations:     

#8:         +M(max) = 15.96 kN-m    @ x = 0.50 m 

#9:         -M(max) = -22.23 kN-m    @ x = 1.25 m 

#10:                   

#11:             Max. Deflection and Location:     

#12:         (max) = 0.042 mm     @ x = 0.00 m 
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 Figure 4.10 Shear force and bending moment diagrams for uniformly elastic support  

 

Table 4.4 Comparison of Polybeam and BOEF results for full uniformly supported 

 RAIL SEAT CENTER 

 Mmax+ 

(kNm) 

Vmax 

(kN ) 

Dmax (mm) Mmax- 

(kNm) 

Vmax(kN) Dmax (mm) 

Polybeam 15.93 98.15 -0.04 21.12 0 0.08 

BOEF 
15.96 98.14 -0.042 22.23 0 0.0845 

Percentage 

difference 

(%) 

0.18% 0.01% 4.9% 5.12% 0 17.6% 
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4.2 Static modelling of Prestressed Concrete Sleeper on Elastic Support 

In chapter three, the structure, material properties, elements, and parameters used in modeling are 

illustrated. The prestressed concrete sleeper was analyzed using ABAQUS through static structural 

analysis. The analysis results of all models are presented and statically analyzed in this section to 

obtain the deformation and stresses. 

The results for full supported ballast (250MN/m) 

                       

Figure 4.11 Total displacement along  the   sleeper 

 

 

Figure 4.12 Von  mises stress along  the  sleeper 
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Displacement 

The degree to which a structure's element changes shape when a load is applied is referred to as dis-

placement. The change can be a distance or an angle, and it can be visible or invisible, depending on 

the load intensity, the shape of the component, and the material from which it is made. 

Displacement results in ABAQUS are typically obtained as either total displacement or directional 

displacement. 

In this study, Critical sections such as the rail seat, center, and end sections have been highlighted, 

and the rail seat section has the greatest deformation. 

In this study, Ks = total ballast stiffness per sleeper, equals to 250 MN / m[71]  

 

1.  Total  displacement results are displayed for different distribution coefficient ballast stiffness 

at the center of the sleeper   and incremental percentage for displacement has been calculated

 

Figure 4.13 Total displacement   along the sleeper  

 

Table  4.5  Incremental percentage with change of ballast stiffness  at the center of the sleeper 
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Figure 4.13 shows that there is a small variation of displacement It is highlighted   when ballast stiff-

ness as support reduce at the centre of the sleeper from 100% to 90%,80%.70%,60%,50%,40%.30%, 

20%, and 10%   and table 4.5 shows that the displacement of the sleeper increased a small portion of 

(0.004%-0.091%) more than 100% supported and much more displacement occur at the rail seat. 

Therefore, once the ballast stiffness reduce at the center of the sleeper there is a small increase in 

displacement but to keep the performance of the sleeper, the low ballast stiffness at the center of the 

sleeper should be avoided 

  

2. Displacement results are displayed for different ballast stiffness variation along the sleeper 

which are: 250MN/m, 225MN/m, 200MN/m, 175MN/m, 150MN/m, 125MN/m
 
and 62.5 MN/m 

and results are highlighted.  

 

Figure 4.14 Displacement for ballast stiffness variation along the sleeper 

 Table 4.6 Incremental percentage stiffness variation of displacement for ballast along the sleeper 

   

Stiffness(MN/m) 

Max displace-

ment(mm) 

Incremental percent-

age(%) 

62.5 0.045 76.7 

125 0.032 27.94 

150 0.030 18.97 

175 0.028 12.37 

200 0.027 7.29 

225 0.026 3.27 

250 0.025 0 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

0 500 1000 1500 2000 2500 3000

To
ta

l d
is

p
la

ce
m

e
n

t(
m

m
) 

Distance along the sleeper(mm) 

FULL-62.5 FULL-125 Full -150 FULL-175

FULL-200 FULL-225 FULL-250



 

69 

 

 

Figure 4.14 shows the graph of displacement along the sleeper and once the ballast stiffness 

reduce along the sleeper from 100% supported (full supported) to 90%, 80%, 70%, 60%, 50% 

and 25% supported, there is a significant increase of the displacement when the sleeper is sup-

ported at 25 and 50 % and table 4.6 shows that the incremental percentage increased with 

3.27%, 7.29%, 12.37%, 18.97%, 27.94% and 76.7% respectively more than full supported. 

Therefore, when there is high ballast stiffness reduction along the sleeper, there is more in-

creasing in displacement.  

 

Third result: Total   displacement results are displayed for different ballast stiffness variation 

along the sleeper with center ballast stiffness reduction in percentage which are: 90%, 80%, 

70%, 60% and 50%
 
  and results from different stiffness reduction are highlighted.  

 

 

 

 

Figure 4.15 comparison of displacement for ballast stiffness variation along the sleeper 

 

As it is highlighted with Figure 4.15, the graph shows that when stiffness is reduced at the middle of 

the sleeper   with reduction percentage of 50%, 60%,70%,80% and 90%  ,the displacement increased 

with a small portion of  1.2%, 1.28% ,1.29%, 1.32% and 1.4% respectively .There is a small portion 

of increase that cannot affect the sleepers 
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Figure 4.16 comparison displacement for ballast stiffness along the sleeper 

  

As it is highlighted in below figure 4.16, when stiffness is reduced at the middle of  the sleeper   with 

reduction percentage of 50%,60%,70%,80% and 90%  ,the displacement increased with a small por-

tion of  0.01%, 0.046% ,0.05%, 0.079% and 0.13% respectively 

Von-Mises stress 

The von Mises stress is a value that is used to determine whether a given material will yield or frac-

ture. It is typically applied to ductile materials such as metals. According to the Von Mises yield cri-

terion, if a material's von mises stress under load is equal to or greater than its yield limit under sim-

ple tension, the material will yield. As it is shown in the following Figures   the results are displayed 

in curves in three parts 

1.Von mises stress results are displayed for different distribution coefficient ballast stiffness at the 

center of the sleeper   which are, 1, 0.9,0.8,0.7,0.6,0.5,0.4,0.3,0.2,and 0.1 corresponding 

to250MN/m
,
225MN/m,200MN/m,175MN/m,150MN/m,125MN/m,100MN/m,75MN/m,50MN/m 

and 25MN/m respectively and results from different stiffness reduction are highlighted. 
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Figure 4.17 Von Mises Stress of ballast stiffness variation at the middle of the sleeper 

 

 Table 4.7 Incremental percentage of von mises stress for ballast stiffness reduction at the center of 

the sleeper 

 

 

 

 

 

 

 

 

It is highlighted with the figure 4.17 that  when ballast stiffness reduce at the centre of the sleeper 

from 100%(full supported) to 90%,80%.70%,60%,50%,40%.30%, 20%, and 10% supported  , there 

is an insignificant variation along the sleepers for all reductions and table 4.7  von mises stress of the 

sleeper increased a small portion of (0.027%-0.07%) more than 100% supported and much more 

stress occured at the rail seat. 

Therefore, once the ballast stiffness reduce at the center of the sleeper there is a small increase in 

stress but to keep the performance of the sleeper, the low ballast stiffness at the center of the sleeper 

should be avoided. 
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2. Von mises stress results are displayed for different ballast stiffness variation along the sleeper 

which are:250MN/m,187.5MN/m,175MN/m, 150MN/m, 125MN/m and 62.5 MN/m and re-

sults from different stiffness reduction are highlighted.  

 

 

Figure 4.18: Von Mises Stress of ballast stiffness variation along the sleeper 

Figure 4.18 shows the graph  of von mises stresses  along the sleeper and once the ballast stiff-

ness reduce along the sleeper from  100% supported (full supported) to 80% , 70%, 60% ,50% 

and 25% supported , the von mises stresses  increased with 0.28%, 0.86%, 1.06%, 1.062%, 

3.12% and 12.04% respectively more than full supported . It is clear that the stresses increased 

with a small portion that is insignificant to affect the performance of sleeper. 

 

 

3.  KS =125MN/m,  von mises stress results are displayed for different ballast stiffness variation 

along the sleeper with center ballast stiffness reduction in percentage which are: 90%, 80%, 

70%, 60% and 50%
 
  and results from different stiffness reduction are highlighted.  
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Figure 4.19 Von Mises Stress of ballast stiffness variation along the sleeper 

 

It is highlighted with the figure 4.19 that  when ballast stiffness reduce at the centre of the sleeper 

from 100% to 90%,80%.70%,60%, and 50%, supported  , the von mises stress of the sleeper in-

creased a small portion of (0.0007%-0.16%) more than 100% supported ,therefore this reduction will 

not cause too much stress on the sleeper. 

 

 

 

Figure 4.20 Von mises Stress of ballast stiffness variation along the sleeper 
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It is highlighted with the figure 4.20 that  when ballast stiffness reduce at the centre of the sleeper 

from 100% to 90%,80%.70%,60%, and 50%, supported  , the von mises stress of the sleeper in-

creased a  small portion more than 100% supported ,therefore this reduction will not cause too much 

stress on the sleeper. 

 

Shear stress 

When a force applied parallel or tangentially to a surface plane or cross sectional area develops 

shear stress in the material. This force may the result of directly applied loads parallel to an area, 

or more commonly as the result of bending moments, obliquely applied loads, or other unbalanced 

forces. As it is shown in the following Figure   4.21 

 

 

Figure 4.21 Shear stress of ballast stiffness variation along the sleeper 

 

It is highlighted with the figure 4.21 that when ballast stiffness reduce along the sleeper of the sleep-

er from 100% (full supported) to 75%, 50%  and 25 %, supported  , the shear stress of the sleeper 

increased with  2.67%, 6.79%, and 16.87% respectively    more than 100% supported ,therefore this 

reduction will not cause too much stress on the sleeper but it is shown that as the ballast stiffness 

continues to reduce more stress may occur . 
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Bending moment  

 

 

Figure 4.22 Bending moment distribution along the sleeper 

 

Table 4.8  Incremental percentage for maximum bending moment with ballast stiffness 

reduction 

 

The figure 4.22 shows that there is no significant variation of  bending moment once ballast stiffness 

reduced from 100% supported to 75%,50% and 25% supported . Table 4.8 shows that there is a de-

creasing of bending moment  at rail seat with 0.99%, 2.2% and 4.9% respectively and  it shows that 

there is increasing of bending moment  at the center of sleeper as ballast stiffness reduces 6.76%, 

12.8% and 25.6 respectively . 
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Table 4.9 Summary of over all static analysis results 

Description RAIL SEAT CENTER SECTION END SECTION 

No 
SUPPORT CONDI-

TIONS 

 Dispace-

ment(mm) 

 Max von 

mises 

stress(M

Pa) 

Shear 

stress(M

Pa) 

Displace-

place-

ment((m

m) 

Von 

mises 

stress(

MPa) 

Shear 

stress(

MPa) 

 Displace-

ment(mm) 

Von 

mises 

stress(

MPa) 

Shear 

stress(MP

a) 

1 K2=0.1KS 0.025338 2.68 0.51873 0.01106 0.0306 0.05564 0.00064 0.35029 -0.03668 

2 K2=0.2KS 0.025328 2.68071 0.51608 0.01083 0.03017 0.05863 0.00069 0.38752 -0.03522 

3 K2=0.3KS 0.025324 2.68074 0.51254 0.00989 0.05129 0.05924 0.00068 0.66423 -0.03247 

4 K2=0.4KS 0.025321 2.68077 0.50758 0.00878 0.03244 0.05721 0.00035 0.34881 -0.0263 

5 K2=0.5KS 0.025320 2.68082 0.59993 0.00491 0.05531 0.05357 0.00041 0.45997 -0.03668 

6 K2=0.6KS 0.025319 2.68087 0.59994 0.00865 0.02989 0.04855 0.00041 0.50143 -0.0356 

7 K2=0.7KS 0.025318 2.68096 0.59995 0.00983 0.02795 0.04279 0.00041 0.52837 -0.0362 

8 K2=0.8KS 0.025317 2.68109 0.59995 0.01024 0.03167 0.03658 0.00041 0.51508 -0.03654 

9 K2=0.9KS 0.025316 2.68132 0.59996 0.01083 0.02833 0.03038 0.00041 0.48717 -0.03676 

10 K2=1KS 0.025315 2.68186 0.59726 0.00318 0.04368 0.02444 0.00046 0.44203 -0.03179 

11 100% supported 0.025338 2.68 0.59728 0.0097 0.07018 0.01936 0.00047 0.3904 0.00521 

12 80% supported 0.026145 2.68742 0.59729 0.00781 0.03921 0.01563 0.00047 0.33176 0.03706 

13 70% supporeted 0.027164 2.70315 0.5973 0.00984 0.02909 0.01287 0.00047 0.2721 -0.03489 

14 60%supported 0.028449 2.70846 0.5973 0.01004 0.04141 0.0106 0.00047 0.21134 -0.03518 

15 50% supported 0.030121 2.73133 0.51249 -0.0008 0.06506 0.00871 0.00067 0.15353 -0.02659 

16 25% supported 0.044737 2.76369 0.59374 0.0051 0.3985 0.00707 0.00049 0.0993 -0.03006 

18 
100%center stiffness re-

duction(187.5MN/m) 
0.027750  2.67989 0.47650  0.0059  0.2547  0.00563 0.00044  0.43714 0.0 329 

19 
90%center stiffness re-

duction(187.5MN/m) 
0.027770 2.767993 0.45760  0.0032  0.0456  0.00433 0.00046  0.04433 0.0297  

20 
80%center stiffness re-

duction(187.5MN/m) 
0.027780  2.68014 0.45758  0.0045  0.0235  0.01165 0.00047  0.68961 0.023 
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21 
70%center stiffness re-

duction(187.5MN/m) 
0.027783  2.68041 0.45775 0.00817 0.02344 0.00206 0.00049 0.35093 -0.03179 

22 
60%center stiffness re-

duction(187.5MN/m) 
0.027789  2.68115 0.45778  0.0075  

0.02347

  
0.05564 0.00501  0.47133 -0.03122 

23 
50%center stiffness re-

duction(187.5MN/m) 
0.027804  2.68120 0.46375 0.00932 0.02996 0.05863 0.00049 0.5421 -0.03219 

24 
100%center stiffness re-

duction(125MN/m) 
0.032100  2.76183 0.50759 -0.0098 0.08079 0.05924 0.00302 0.60318 -0.01685 

25 
90%center stiffness re-

duction(125MN/m) 
0.032300  2.76185 0.50768 0.00592 0.0396 0.05721 0.00034 0.62476 -0.02474 

26 
80%center stiffness re-

duction(125MN/m) 
0.032410  2.76242 0.50787 0.00246 0.05125 0.05357 0.00036 0.63173 -0.02296 

27 
70%center stiffness re-

duction(125MN/m) 
0.032415  2.76286 0.50788 0.00457 0.0429 0.04855 0.00037 0.62076 -0.02404 

28 
60%center stiffness re-

duction(125MN/m) 
0.032425  2.76378 0.50858 0.00592 0.05962 0.04279 0.00037 0.60159 -0.02474 

29 
50%center stiffness re-

duction(125MN/m) 
0.032450  2.7663  0.5178  0.00603  0.0599  0.5178  0.0004 0.57026  -0.02477 
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Chapter 5: CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

This study has focused on flexural analysis of monoblock prestressed concrete sleeper where 2 soft-

wares Polybeam that used fixed support and Beam on Elastic Foundation (BOEF) that used elastic 

foundation have been used to find the maximum bending moments ,shear forces and maximum de-

flections when a load is externally applied.   A 3D solid monoblock prestressed concrete was also 

used for simulation using ABAQUS and Microsoft Excel was used for the results analysis. 

From flexural analysis, at the rail seat the results have shown that the maximum bending from 

Polybeam and    maximum bending  moment from BOEF the percentage difference is 0.19%  and at  

the center of the sleeper  the maximum bending moment from BOEF and maximum bending moment 

from Polybeam the percentage difference is 5.12%. The maximum shear force at rail seat the results 

have shown that maximum shear force from BOEF and maximum shear force from Polybeam are 

similar because the percentage difference is 0.01%.For deflections for rail seat and at the center of 

the sleeper the results have shown that the percentage difference is 4.9% and 5.47%  respectively. 

Therefore there is a small portion of difference between results from Polybeam and BOEF. 

From static modeling, the possible favorable and unfavorable elastic support circumstances have 

been analyzed. With a lot of variance in ballast rigidity and very soft support underneath the center 

of the sleeper and along the length of the sleeper, for all circumstances the results show that the 

displacements and stresses are significant on the rail seat and it has shown that once    ballast stiff-

ness reduce at the centre of the sleeper from 100% to 90%,80%.70%,60%,50%,40%.30%, 20%, 

and 10% supported  , the displacement of the sleeper increased a small portion of (0.004%-

0.091%) more than 100% supported and stresses increased(0.027%-0.07%) more than 100% sup-

ported. Therefore, once the ballast stiffness reduces at the center of the sleeper there is a small in-

crease in displacement and stresses but to keep the performance of the sleeper, the low ballast 

stiffness at the center of the sleeper should be avoided. 

 Once the ballast stiffness reduce along the sleeper from  100% supported (full supported) to 90% , 

80%, 70%, 60%,50% and 25% supported , the displacement increased with 3.27%, 7.29%, 12.37%, 

18.97%, 27.94% and 76.7% respectively more than full supported  and von mises stresses increase 

with 0.28%, 0.86%, 1.06%, 1.062%, 3.12% and 12.04% respectively more than 100% supported . 

Therefore, when there is high ballast stiffness reduction along the sleeper, there is more increasing in 

displacement. Because it is impossible to predict the exact support distribution due to the gradual 

change in ballast distribution caused by wear and tear, it is of importance for sleeper designers and 

manufacturers to evaluate the influence of variations in ballast stiffness and distribution. 
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5.2 Recommendation 

Given that railway Sleepers and ballast are two most important components of railway tracks, it is 

obvious that this segment of the railway system should be thoroughly examined and controlled. So, 

the investigation of ballast gradation is essential, and must be conducted in the scope of field and la-

boratory tests.  

Additional research could be conducted to study performance of prestressed concrete sleepers by 

studying their strength and serviceability.  Based on field measurements, also other  research could 

be conducted to study the performance of concrete sleepers with various ballast stiffness under dy-

namic loading by considering  all substructure component like  sub ballast and subgrade. 
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