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ABSTRACT 
 

Prestressed concrete sleepers play an essential role in the railway track’s performance and safety responses, having an important 

function of transferring and distributing loads from the track’s superstructure to ballast bed. Cracks on the prestressed concrete 

sleepers are mainly caused by impact loadings form wheel and rail interactions. Thus, the excessive railway track maintenance 

cost. The effect and optimization of different prestressed sleeper shape under static and impact loadings has not been previously 

well investigated. Therefore, this paper focused on the optimization of prestressed concrete sleepers (PCS) shape looking at 

sleeper safety and sleeper volume. ANSYS 16 was used to analyze the static and impact loading on sleepers. The concrete part 

of the sleeper was modelled using a three-dimensional solid element, SOLID65 and the pre-stressing wires by truss elements, 

LINK180, to withstand the initial strain attributed to pre-stressing forces. This paper revealed that irregular hexagon sleeper 

shape with different width at rail seat and center section having 251 mm and 175 mm center width and height respectively; 281 

mm and 200 mm end and rail seat width and height respectively is safe. This paper; thus, point out to irregular hexagonal shape 

sleeper are more economical and safe unlike the other modelled shapes. 
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1. Introduction 

Sleepers form an integral part of the railway superstructure 

track components that help in transmission of rail vertical loads 

to the substructure. As reported by [1], the most important func-

tions of railway sleeper include the transfer and distribution of 

vertical loads from superstructure to foundation, restrain of lat-

eral, longitudinal and vertical movement of rails. Cracks in con-

crete sleepers are due to impact loading caused by wheel/rail in-

teraction with or without wheel/rail irregularities. [2, 3 &4], 

noted that impact loads appear in short duration but of very high 

magnitude wheel loads due to abnormalities on the wheels and 

or on the railhead surface. Prestressed concrete sleeper (PCS) 

was analyzed numerically and analytically by different research-

ers. The analytical and numerical method was conducted by [5], 

to analyse and optimize a PCS by varying one shape dimensions 

of the existing sleeper. Concrete grade, and tendon (wire) type 

and profile were considered. Moreover, [5] did not consider im-

pact loading in the design and other sleeper shapes like rectan-

gular, hexagonal sleeper sections. Prestressed concrete sleeper 

was optimized by [6] considering different dimensions and pres-

sure distribution beneath the sleeper. In the analysis, only one 

cross section shape has been used, others cross section shape at 

both rail seat and center of sleeper were overlooked. Optimiza-

tion of prestressed concrete sleeper has been conducted by [7] 

using sensitivity analysis with different sleepers so as to deter-

mine the number and position of rebars. Studies on different 

sleeper shapes and dimensions were overlooked. The effect and 

optimization of different prestressed concrete sleeper shape sub-

jected to both static and impact loading were not previously well 

investigated. PC design has utilized the permissible stress prin-

ciple taking into account only the static and quasi-static loads 

used in the design of PC sleepers, thus not tolerating the small 

sleeper cracks due to large spikes from track loading. Cracked 

sleepers must be replaced by new sleeper, that make the railway 

maintenance very costly. The main objective of this study is to 

numerically investigate the behaviour of concrete sleeper and 

optimize sleeper shape subjected to static and impact loadings. 
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2. Optimization formulation  

Optimization is defined as the selection of the best element 

which can be cost, profit, quality, safety or environment impact; 

from some set of available alternatives. In this paper, optimiza-

tion was conducted to ensure the sleeper safety and volume. In 

this case, two objective functions are analyzed. As reported by 

[8]; to transform a multiobjective optimization problem into a 

single objective; weighted sum method could be used.  Objec-

tive functions such as sleeper safety and sleeper cost in times of 

sleeper total volume are given as  
1
f x  and  

2
f x  respectively. 

Combining the two, the following scalar objective is given as: 

 

1 1 2 2
( ) ( ) ( )F x f x f x                  (1) 

 

Where, 1
  and 2

  are the weighting coefficients with   

1 2
1   , 1

  and 2
  are from literatures. According to 

[9], in his study; a rail safety of 59% was reported with 41 % 

cost. The sleeper safety is based on the way the sleepers behave 

under both static and impact loading. Bending stress at top and 

bottom has to be considered and compared to the permissible 

stress provided by AS 1085.14 [10]. The sleeper volume was also 

taken into account. The weighted sum method was used to select 

the best geometrical sleeper shape. The two objective functions 

(safety and volume) are formulated from ANSYS software after 

importing some parameter into the software. 

 

3. Model Validation 

Static sleeper model was modelled, analyzed and compared 

with Rikard (2000) model [11]. ANSYS 16 was used to simulate 

the behaviours of a sleeper. Three-dimensional solid element, 

SOLID 65 was used to model concrete part which has the mate-

rial model to predict the failure of brittle materials. To simulate 

the behaviour of prestressing wires, truss elements, LINK180, 

were used to withstand the initial strain attributed to prestressing 

forces, by assuming perfect bond between these elements and 

concrete. Sleeper was subjected to the same hydraulic jack load-

ing as Rikard model (2000). The load is applied to the rail seat 

area varying from 0 to 237.5 kN. The vertical deformation as 

shown in figure 1 at a load of 237.5 kN shows symmetry of the 

sleeper at the centre and it shows the maximum directional de-

formation. It is clear from the load-deformation graph (figure 2) 

that the force and deformation diagram matches very well to the 

Rikard (2000) model which proves that the quality of the FE re-

sults is good. Therefore, further modelling and analysis using 

FEM follows in the next sections of the paper. 

 

 

Figure 1. Deformation at 237.5 kN                 

           Figure 2. Force - Deformation graph 

4. Numerical Model 

 

4.1. Geometrical shape and dimensions of modelled sleeper 

Different cross sections of sleeper at both rail seat and center 

were selected: trapezoidal, rectangular, and irregular hexagon 

cross section, taking into account the variation in sleeper size. 

The sleeper is symetric in shape and size about its centre portion. 

The selections of sleeper dimensions were first based on the min-

imum values of bottom and top width at both rail seat and center 

section and minimum height. Using the equation proposed by 

Australian Standard (2003) [10], the rail seat load was computed 

as 159.375 KN based on the axle load of 25 tones, distribution 

factor of 0.51 and impact factor value of 250% proposed by 
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[4,10]. Minimum bottom width, top width and height were lim-

ited to 255 mm, 168 mm and 160 mm respectively. Existing 

sleeper used by Ethiopian Railway Corporation (ERC) [12] was 

considered and its corresponding volume, surface was computed 

as 0.1139 m3 and 0.68 m2 respectively. Sleeper having same 

volume, soffit area, heights, volume and soffit area, volume and 

heights, soffit area and heights as the existing sleeper were con-

sidered as constraints. The excel random between functions be-

tween the minimum and the maximum dimensions, was used to 

generate the random geometrical parameters. In addition to this, 

the moment of inertia at both sleeper rail seat section and center 

section was taken also as the basis of the sleeper selections. 

Therefore, fifteen models with their corresponding dimensions 

were selected. 

 

4.2. Material properties 

 

The concrete grade C60 and prestressing steel wire of 7 mm di-

ameter was used in this paper.  The maximum permissible 

stress in concrete after allowing all losses of prestress were pro-

posed by [4,10] and in compression and in tension, the formula 

of 
'*45.0 cf  and 

5.0' )(*4.0 cf was proposed respectively. 

The value of stress for stretching prestressed reinforcement in 

the steel wire of plkf*75.0 must be used as proposed by Chi-

nese Standards [13]. Therefore, a use of characteristic strength 

and young modulus of steel wire of 1,570 Mpa and 200,000 Mpa 

was proposed. The initial strain of 0.00058875 m/m = 5.8875 

mm/m was also computed. Table 1 shows in details the for con-

crete and prestressing wires properties. 

Table 1 Material properties of concrete and prestressing steel 

[11,13,14] 

S/N Properties Concrete Prestressing 

wires 

1 Density (𝜑𝑐), kg/m3 2400 7,800 

2 Young’s modulus, (Ec), Mpa 37,720  200,000 

3 Poisson’s ratio (𝜇𝑐) 0.2 0.3 

4 Thermal expansion (𝛼𝑐), /c 1*10-5 - 

5 Strain value 0.003 0.00542 

6 Yield strength (Mpa) 55  1,750 

7 Tensile strength (Mpa) 2.85 1,085 

8 Shear transfer 0.9 - 

9 Characteristic strength 

(Mpa) 

60 1,570 

 

4.3. Prestressed concrete sleeper modelling 

4.3.1. Static analysis in ANSYS 

Sleeper modelling was conducted with ANSYS 16.0. For 

analysis purposes, since the sleeper was symmetric, a half 

sleeper was considered. Hex dominant meshing method was 

used for all models with mesh size of 25 mm for all models (fig-

ure 3). The support of the sleeper is modelled as a spring, as per 

(Shan, 2012) and [15]. For all cases, the ballast stiffness was 

computed considering two layers; ballast and sub-ballast. As per 

[16]; the distribution angles for both ballast and sub-ballast are 

assumed to be 30 degrees and 35 degrees respectively for the two 

layers with 300 mm and 200 mm thickness respectively. The cor-

responding elastic moduli for the two thicknesses are 200 Mpa 

and 150 Mpa respectively,[17,18]. A set of solutions are availa-

ble in ANSYS such as deformation (total or directional) and 

stresses (equivalent, and shear). The relationship between the 

three stresses was reported by [19] when the normal stress in 

times of bending stress was converted into an equivalent stress.  

With  V = Equivalent (Von-Mises) stress, b = bending 

stress and  s = shear stress, then 

2 2( ) 3*( )
b V s

                    (2)   

4.3.2. Explicit dynamics in ANSYS 

Explicit dynamic in ANSYS Workbench was used to model im-

pact loadings so as to analyze impact analysis of prestressed con-

crete sleeper (figure 4). The model is hammered by the impactor 

that generates an impact force when it is given an initial velocity. 

The velocity given to the impactor and its contact to the element 

to analyze, creates an impact force.     

Figure 3. Hex dominant mesh method 

The mass of the impactor is taken as the mass of the wheel as 

reported by [4&15]. It was assumed that the rail and the impactor 

are made of steel that bear similar properties according to [4]. 

The same meshing method and element size used in static struc-

tural analysis was maintained for explicit dynamics analysis. In 

this paper, the same properties used for static structural analysis 

are assumed to be same for explicit dynamic analysis corre-

sponding to both concrete and prestressing wires. The drop ve-

locity was 1.373 m/s equivalent to 0.1m drop height. The initial 

velocity on the impactor was set so that the impact event on the 

sleeper is created. The ballast stiffness used to support the 

sleeper is not supported by explicit dynamics, hence, the fixed 

support was assumed for all models which don’t affect the stress 

result. 
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Figure 4. Model geometry 

5. Results and Discussions 

In this section, the analysis results of all models are presented to 

obtain the deformation and stresses for different sleepers. 

Stresses and deformations at rail seat were considered, results at 

center and end section were not considered in the analysis as they 

were too small. 

5.1. Static results 

In ANSYS 16, static structural analysis determines the displace-

ments, stresses, strains, and forces in structures or components 

caused by loads. Critical sections such as the rail seat, center and 

end sections were emphasized and maximum deformation and 

stresses in concrete are located at rail seat section. The higher 

total deformation and stresses are located at rail seat section and 

at end and center sections are too small compared to the rail seat 

results. The equivalent stresses and shear stresses were recorded 

from ANSYS 16.0 and the corresponding bending stresses were 

computed based on equation 2. Both total deformation and 

stresses are shown in figure 5, 6 and 7. The lower deformation is 

located in rectangular section sleeper (SL-2) and (SL-5), whereas 

the higher pick values at sleeper, (SL-7). As shown in Figure 6 

and 7; the higher bending stress at top sleeper section were lo-

cated in sleeper (SL-4) followed by sleeper (SL-10) while the 

lower value to sleeper to sleeper (SL-1) followed by sleeper (SL-

8) and ((SL-13). The higher bending stress at bottom rail seat 

section was located to sleeper (SL-5) followed by sleeper (SL-

10) and the lower value at sleeper (SL-70. The results in Figure 

6 and 7 shows that all modelled sleeper resist the static loadings 

imposed on them. Therefore, all selected sleepers are safe.  

5.2. Impact results 

The impact simulations were conducted on fifteen models. The 

total deformation and bending stress are also shown in figure 5, 

6 and 7. The lower pick deformation is located in rectangular 

section sleeper (SL-2) and (SL-5), whereas the higher pick at 

trapezoid sleeper section, (SL-6) and irregular hexagon sleeper 

section, (SL-8). The equation 2 has been used to compute the 

bending stress. The higher bending stresses at top sleeper section 

were located in sleeper (SL-8) while the lower value to sleeper 

(SL-2) and (SL-5). The higher bending stress at bottom rail seat 

section was located to sleeper (SL-5), (SL-2) while the lower 

values to sleeper (SL-9) and (SL-13). The sleeper: (SL-7), (SL-

8), (SL-9), (SL-11) and (SL-13) was found to be safe. The simi-

larities from SL-1 to SL-6 found in figure 5 for deformation of 

those sleepers subjected to both static and impact loadings is due 

to the similar shape of the sleeper base. 

Figure 0. Deformation due to both static and impact loadings 

Figure 6. Bending stress at top sleeper due to both static and impact 

loadings 
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Figure 7. Bending stress at bottom sleeper due to both static and im-

pact loadings 

 

5.3. Selection of the best geometrical sleeper shape 

 

5.3.1. Ranking the sleeper according to safety 

Safety ranking was based on bending stress in comparison with 

the permissible stresses. The total deformation was not consid-

ered in the analysis as they are qualifying very small values as 

shown in figure 5. The bending stress has to be lower than the 

permissible stresses provided by Australian standard [10]. 

Therefore, the ratio between the permissible stresses and the 

bending stresses should be greater than 1. The corresponding 

permissible stress in compression and tension are 27 Mpa and 

3.1 Mpa respectively. Ratios for the selected five sleepers were 

computed for the sleepers as shown in table 3 with their corre-

sponding safety ranking. To evaluate and rank the consideration 

of the criteria in theses sleepers;a value of 1 to 5 was assigned to 

the selected sleeper. The two objective functions (compression 

and tension) contributing to the overall ranking, are having equal 

coefficient. Therefore, the overall ranking was computed with 

the summation of the two objective functions values. Rank one 

was given to the lower value as shown in table 2. The sleeper 

with lowest overall ranking was selected as the safest sleeper to 

resist impact loadings. 

 

The static results were reviewed against safety for the sleeper 

shown in table 2 above. Respective individual ratios and ranking 

are shown in table 3. The overall safety ranking as far as static 

loadings are concerned, were computed in the similar procedures 

as for impact results. The overall safety ranking combining both 

static and impact results is shown in table 4. Investigations made 

on the sleeper able to resist the applied impact loadings showed 

that sleeper (SL-7) of irregular hexagon shape with a varying 

width was the safest compare to the other selected sleeper 

shapes. Sleeper (SL-13) was the safest when the static loadings 

were considered. The selected sleeper was of rectangular sec-

tions, trapezoid sections and irregular hexagon sections. Among 

those models; the irregular hexagon sections were the safest 

sleeper shape as far as the impact loading and static loading are 

concerned. 

 

Table 2 Ratio of permissible and bending stress according to impact results and safety ranking 

Table 3 Ratio of permissible and bending stress according to static results and safety ranking 

Sleeper 

Cases 

Top Bending 

Stresses (Mpa) 

Ratio Ranking Bottom Bending 

Stresses (Mpa) 

Ratio Ranking Sum of 

rankings 

 

Overall 

ranking 

 

SL-7 3.306 8.166 3 0.647 4.795 1 4 2 

SL-8 3.122 8.648 2 1.040 2.982 3 5 3 

SL-9 3.333 8.100 4 1.660 1.868 4 8 4 

SL-11 3.336 8.095 5 1.672 1.854 5 10 5 

SL-13 3.117 8.663 1 0.872 3.553 2 3 1 

 

 

  

Sleeper 

Cases 

Top Bending 

Stresses (Mpa) 

Ratio Ranking Bottom Bending 

Stresses (Mpa) 

Ratio Ranking Sum of 

rankings 

Overall 

ranking 

SL-7 15.52 1.74 1 3.02 1.026 2 3 1 

SL-8 20.20 1.34 5 3.08 1.006 5 10 4 

SL-9 17.43 1.55 4 2.97 1.044 1 5 2 

SL-11 16.28 1.66 2 3.06 1.013 4 6 3 

SL-13 16.38 1.65 3 3.056 1.014 3 6 3 
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Table 4 Safety ranking according to both static and impact results 

S/N Sleeper 

Cases 

Safety 

ranking 

as per 

static 

results 

Safety 

ranking 

as per 

impact 

results 

Sum of 

rank-

ings 

Overall 

ranking 

1 SL-7 2 1 3 1 

2 SL-8 3 4 7 4 

3 SL-9 4 2 6 3 

4 SL-11 5 3 8 5 

5 SL-13 1 3 4 2 

 

5.3.2. The total volume of the selected sleeper 

 

Total number of sleepers modelled for static and impact sim-

ulations are fifteen. As far as impact results are concerned, five 

sleepers were selected to be safe. The corresponding total vol-

umes and ranking were shown in table 5. It shows that the lower 

the volume, the lower the ranking number 

 

Table 5 Total volume of the selected sleepers and their ranking 

S/N Sleeper 

Cases 

Volume 

(m3) 

Ranking 

1 SL-7 0.11419 4 

2 SL-8 0.11421 5 

3 SL-9 0.11215 2 

4 SL-11 0.11366 3 

5 SL-13 0.11211 1 

 

The overall sleeper safety and volume ranking was computed ac-

cording to equation 1. The objective functions are shown in table 

4 and 5, the weighting coefficients are given as 0.59 (59%) and 

0.41 (41%) for sleeper safety and sleeper volume respectively. 

As shown in table 6, the sleeper having the lower sum of ratings 

was considered as the best geometrical sleeper shape. Therefore, 

Sleeper (SL-13) having a sum of ranking of 1.59 was recom-

mended as the best geometrical sleeper shape (figure 8), which 

was characterized by a different width at both the center and rail 

seat sections. In comparison to the existing sleeper (in the Addis-

Djibouti railway track) in Ethiopia; the best geometrical sleeper 

shape has a 1.75% volume reduction. Irregular hexagon forms a 

sleeper that is safe compared to sleepers of other shapes consid-

ered in this research. 

 

Table 6 Best geometrical sleeper shape selection 

S/N Sleeper 

Case 

Sum of 

rankings 

Overall 

ranking 

1 SL-7 2.23 2 

2 SL-8 4.41 5 

3 SL-9 2.59 3 

4 SL-11 4.19 4 

5 SL-13 1.59 1 

 

 

Figure8. Best geometrical sleeper shape 

 

6. Conclusion 

 

Results from static simulation revealed that rectangular sleeper 

shapes are having the lower top stress and higher bottom stress 

compare to the other sleeper shapes. The trapezoid and irregular 

hexagon sleeper sections are having lower stress compare to rec-

tangular sections. However, impact simulation’s results proved 

that the irregular hexagon sleeper shapes resisted impact load-

ings much better compared to the other sleeper shapes. Optimi-

zation of sleeper was based on the criteria of sleeper safety, and 

sleeper total volume. Analysis results showed that the best geo-

metrical sleeper shape was (SL-13) of an irregular hexagon with 

different widths at rail seat and center sections; 251 mm center 

width, 281 mm end and rail seat width, 175 mm height at center 

section and 200 mm height at end and rail seat sections.  As per 

this research, the sum of rankings that included sleeper safety, 

cost in times of total volume for the best geometrical sleeper 

shape was 1.59. Sleeper (SL-7) was the next best geometrical 

sleeper shape with a similar ranking sum of 2.23. The shape of 

sleeper (SL-7) was an irregular hexagon with a varying width 

from center to end sections, having 248 mm as center width, 308 

mm on the end section, 171 mm height at center section and 

207.8 mm height at end and rail seat sections. This paper points 

out to irregular hexagonal shape sleepers to be economical and 

safe. Therefore, sleeper model (SL-13) that has an irregular hex-

agon shape is proposed for use on future extension of the existing 

lines and or in the construction of new lines. Future research in 

regards to concrete sleeper optimization are proposed to ensure 

the proper lateral stability; incorporating other track components 

such as rail, rail pad, ballast and subgrade as part of railway track 

system in order to better comprehend the effect of these compo-

nents to the sleeper. To ensure both safety and fair sleeper man-

ufacturing and material, sleeper cross-sectional and front view 

dimensions are recommended for further optimizations. Labora-

tory investigations are also recommended to be conducted in fu-

ture. 
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