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Abstract– The focus of this research is on presenting an optimized structural design for 
prestressed concrete sleeper type B70. In approaching this optimized design, current practices in 
the design of concrete sleepers, assumptions and design criteria are surveyed and then the 
sensitivity analysis with SAFE software is made based on 5 criteria. 40 sleepers with different 
dimensions are put in this analysis. Having chosen the one with the best geometrical condition 
among those 40 sleepers, the prestressed concrete design method is used for determining the 
number and the place of rebars. Finally, the designed sleeper is analyzed and a comparison 
between the proposed sleeper and the current B70 with regard to the structural strength and the 
construction costs is presented.           
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1. INTRODUCTION 
 

The classical railway track basically consists of a flat framework made up of rails and sleepers that is 
supported on a ballast. The ballast bed rests on a sub-ballast layer that forms the transition layer to the 
formation. Figure 1 presents the construction principle of the classical track structure. The rails and 
sleepers are connected by fastenings. The main advantages of a ballasted track are: proven technology, 
relatively low construction costs, simple replacement of track components, relatively simple correction of 
track geometry (maintenance), small adjustments of track lay-out (curves), good drainage properties, good 
elasticity and good damping of noise. The type of structure chosen depends not only on the expected axle 
loads and speeds, but also required service life, the type and amount of maintenance, local conditions and 
availability of basic materials. This means that the choice of a track system is a technical and economic 
question which has to be answered according to each individual case. [1] 

In a ballasted track, the rails rest on the sleepers and together form the built-up portion of the 
superstructure. Timber and concrete sleepers, and to a limited extent steel sleepers, are used in Iran. The 
general functions and requirements of sleepers are: to provide support and fixing possibilities for the rail 
foot and fastenings, to sustain rail forces and transfer them as uniformly as possible to the ballast bed, to 
preserve track gauge and rail inclination, to provide adequate electrical insulation between both rails, and 
to be resistant to mechanical influences and weathering over a long time period. Specific advantages of 
concrete sleepers are: heavy weight (200-300 kg), long service life, great freedom of design, and they are 
relatively simple to manufacture. There are two basic types of concrete sleepers. The twin-block sleeper, 
which consists of two blocks of reinforced concrete connected by a coupling rod or pipe, and the mono-
block sleeper, which is based on the shape of a beam and has roughly the same dimensions as a timber 
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sleeper. The advantages of the twin-block sleeper over the mono-block sleeper are: well-defined bearing 
surfaces in the ballast bed and also high lateral resistance in the ballast bed. The advantages of mono-
block sleepers are their lower cost and the low susceptibility to cracking. [1] 

 
Fig. 1. Components of ballasted track 

 
In Iran, mono-block concrete sleepers, type B70, have been produced and used. However, optimization in 
this type of sleeper has not been studied; therefore no optimum design procedure is available. In this 
research an optimized structural design for prestressed concrete sleeper type B70 is presented. 
 

2. CURRENT PRACTICES IN DESIGN OF SLEEPERS 
 
In the current practices, analysis of sleepers comprises four steps [2].  
- Considering a dynamic coefficient 
- Calculating rail seat loads 
- Assuming a stress distribution pattern under the sleeper 
- Applying static equilibriums to a structural model of sleepers. 
 
a) Dynamic coefficient factor 
 

In the current practices wheel load is considered to be static, taking into account a dynamic coefficient 
factor. Researchers all over the world have recommended several formulae and values for the calculation 
of the dynamic coefficient. Table 1 presents a summary of the main recommendations for the dynamic 
coefficient factors. In this study, applying Sadeghi equation, considering poor maintenance condition and 
160 km/hr speeds of trains, a dynamic factor equal to 1.6 is assumed. 
 

Table 1. Recommended relationship for dynamic coefficient factors 
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Parameters are defined in the nomenclature list 
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b) Rail seat load 
 

The exact magnitude of the load applied to each rail seat depends upon the following parameters: the 
rail weight, the sleeper spacing, the track modulus per rail, the amount of play between rail and sleeper, 
and the amount of play between sleepers and the ballast. The influences of the last three factors vary based 
on the standard of the track maintenance. An abstract comparison of the formulae used for the calculation 
of the maximum rail seat load is presented in Table 2. In this study, the method of three adjacent sleepers 
as commonly used in Iran [12] is assumed, so that qr = 0.5×P, in which qr and P represent the rail seat load 
(kN) and the design wheel load respectively. 
 
c) Stress distribution pattern under sleeper 
 

The exact contact pressure distribution between the sleeper and the ballast and its variation with time 
is an important item in the structural design of sleepers. In order to calculate the sleeper bending stresses 
several approaches have been proposed. Table 3 presents a hypothetical distribution of sleeper bearing 
pressure under the sleeper. A uniform contact pressure distribution between the sleeper and the ballast is 
assumed to occur in practice. [13], [14] 
 

Table 2. Comparison of the formulae used for calculation of the maximum rail seat load 
 

Maximum rail-seat 
load (kN) Methods 

qr= 0.5p 3 Adjacent sleepers method [15] 
qr= 0.43p Australian formula, ARS [16] 
qr= 0.6p AREA method (Pre-stressed concrete sleepers at 760 mm centers) [17] 

qr= 0.65p ORE method (BR type F pre-stressed concrete sleepers at 760 mm centers) [5] 
 

Table 3. Hypothetical distribution of sleeper bearing pressure (current practices) 
 

Item 
No. 

Distribution of 
bearing pressure Developers Remarks 

1  ORE [5], Talbot [18] Laboratory test 

2  
ORE [5], Talbot [19], Bartlett [15], 

Clarke [20] Tamped either side of rail 

3 
 

ORE [21], Talbot [19] Principal bearing on rails 

4  ORE [21], Talbot [19] Maximum intensity at the 
ends 

5  Talbot [19] Maximum intensity in the 
middle 

6  Talbot [18] Center bound 
 

7  
Talbot [18] Flexure of sleeper 

produces variations form 

8 
 

ORE [21], Talbot [19], Kerr [22], 
Schramm [23] Well tamped sides 

9  ORE [21], Talbot [19] Stabilized rail seat and 
sides 

10  
AREA [17], Raymond [24], Talbot 

[19] Uniform pressure 

 
3. PROPERTIES OF CURRENT B70 SLEEPER 

 
The designs of all mono block concrete sleepers manufactured in Iran are based on the B70 German 
Vossloh concrete sleeper. Table 4 and Fig. 2 present the dimensions and the geometrical properties of this 

www.SID.ir



Arc
hi

ve
 o

f S
ID

J. M. Sadeghi / A. Babaee 
 

Iranian Journal of Science & Technology, Volume 30, Number B4                                                                              August 2006 

464

sleeper. The strength of the 28th day of cubic specimens of the sleeper's concrete is considered to be more 
than 65 MPa. The steel type of the rebar's members is ST160.  
 

Table 4. Dimensions of B70 Vossloh concrete sleeper  
 

Code Description Dimension (mm) 
L Total length of sleeper in the bottom 2600 
l1 Maximum width of sleeper 300 
l2 Minimum width of sleeper in the end side 226 
l3 Width of sleeper in the middle side 220 
h1 Height of end side of sleeper 210 
h2 Height of sleeper from bottom to rail seat axle 224 
h3 Height of middle side of sleeper 175 
d1 Length of bottom side of sleeper from end to rail seat axle 550 
d2 Length of up side of sleeper from end to rail seat axle 508 
E Length of sleeper from left rail seat axle to right rail seat axle 1822.2 
El Distance between two roll lock 202 

 

  
Fig. 2. Current B70 Vossloh concrete sleeper 

 
4. DESCRIPTION OF 40 SUGGESTED SLEEPERS 

 
In order to reach the optimum geometrical properties of a B70 sleeper, 40 suggestional dimensions of B70 
are evaluated in this study. Figure 3 and Table 5 present these dimensions. (Sleeper NO40 has exactly B70 
dimensions). Using a finite element software (SAFE 2000) [27], 40 models with those proposed 
dimensions are developed and a distributed support of strings with a 2.5cm * 2.5cm area are used beneath 
each model for the simulation of the ballast support condition of the sleeper. Models were saved according 
to “sleeper NO” in separate files (NO refers to the model’s number).  
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Fig. 3. Geometrical design of proposed sleepers  

 
Table 5. Properties of modeled sleepers 

 
Sleeper H3 H2 Load V d4 d3 L3 L1 

NO (Cm) (Cm) (kg) (km/h) (Cm) (Cm) (Cm) (Cm) 
1 20 20 9000 160 0 130 20 30 
2 20 20 9000 160 12 112 20 30 
3 20 20 9000 160 12 106 20 30 
4 20 20 9000 160 12 100 20 30 
5 20 20 9000 160 12 94 20 30 
6 20 20 9000 160 24 94 20 30 
7 20 20 9000 160 24 88 20 30 
8 20 20 9000 160 24 82 20 30 
9 20 20 9000 160 24 76 20 30 
10 20 20 9000 160 24 58 20 30 
11 20 20 9000 160 24 46 20 30 
12 20 20 9000 160 24 34 20 30 
13 20 20 9000 160 48 58 20 30 
14 20 20 9000 160 36 58 20 30 
15 20 20 9000 160 24 58 20 30 
16 20 20 9000 160 36 40 18 30 
17 20 20 6855&9345 50 36 40 18 30 
18 20 20 9000 160 24 58 18 30 
19 20 20 6855&9345 50 24 58 18 30 
20 20 20 9000 160 24 52 18 30 
21 20 20 6855&9345 50 24 52 18 30 
22 20 20 9000 160 24 52 18 30 
23 20 20 9000 160 24 46 18 30 
24 20 20 9000 160 24 40 18 30 
25 20 20 9000 160 36 40 18 32 
26 20 20 9000 160 36 34 18 32 
27 20 20 6855&9345 50 36 34 18 32 
28 18 22 9000 160 36 40 18 32 
29 18 22 6855&9345 50 36 40 18 32 
30 18 20 9000 160 36 46 18 32 
31 18 20 6855&9345 50 36 46 18 32 
32 18 22 9000 160 36 46 18 32 
33 18 22 6855&9345 50 36 46 18 32 
34 18 22 9000 160 36 46 18 32 
35 18 20 9000 160 36 46 18 32 
36 18 20 9000 160 36 46 18 32 
37 18 22 9000 160 36 40 18 32 
38 18 22 6855&9345 50 36 40 18 32 
39 18 22 9000 160 40 30 18 30 
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5. ANALYSIS OF PROPOSED SLEEPERS 
 
For the analysis of the models, the following assumptions are taken into account: 
- The maximum transferred load to the sleeper exactly under the wheel is 50% of the wheel load. 
- The design speed of trains is 160 km/hr. 
- The dynamic factor of loads based on the worst maintenance conditions, the wheel diameters of Iranian 
wagons and the design speed would be φ = 1.60. 
- The axial load is considered to be 22.5 Tons. [25] 
- The concentrated load at each rail seat position is 9000 kg: qr = 0.5 × 1.6 × 11250 = 9000 kg. 
- The pressure strength of the ballast beneath the sleeper is 3 kg/cm². 
- The concentrated wheel load is considered to be as a uniform load with a surface of 18cm * 18cm (pad 
dimensions). [26] 

To define an accurate model of a sleeper with the SAFE program, the principles of foundation design 
should be considered in the modeling procedure. By applying a combination of loads, some zones beneath 
the sleeper would have tensional reactions. Because of the low tensional strength of the ballast, these parts 
should be omitted. So a repetitive analysis is made to reach a model without any tensional zone. Figure 4 
shows the analysis results of three models obtained in the SAFE program, applying the assumptions. The 
positive and the negative pressures under the sleepers are obtained by the calculation of the amount of 
forces in the springs beneath the sleepers. Therefore, the pressures referred to here are the elemental 
pressures. Different parameters such as the maximum and the minimum ballast pressures beneath the 
sleeper and the maximum positive and negative moments along the sleeper can be used to determine the 
total mechanical strength of the sleeper. The negative and the positive moments refer to the bending 
moments, which cause tension stresses at the top or at the bottom fibers of the sleepers, respectively. 
Focusing on the improvement of one of these parameters for achieving optimized dimensions may result 
in weakening of the others. So a sensitivity analyses based on 5 criteria were made for 40 suggested 
sleepers. Based on the result of these analyses the optimum sleeper was selected. These 5 criteria are 
discussed as follows. 
 

 
Sleeper 1 

 
Sleeper 7 

 
                 Sleeper 37 

 
Fig. 4. Three samples of ballast pressure stresses obtained from analysis of the models in SAFE (numbers  

       below the figures are the amount of the ballast pressures beneath the sleeper in kg/cm2) 
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a) The maximum and the minimum of ballast pressure beneath the sleeper 
 

The maximum and the minimum pressures have been used as the first criterion in this study. The 
average pressure of 2.6 kg/cm2 was computed for the maximum and the minimum of ballast pressures 
beneath the models. As indicated in Fig. 5, sleepers with the maximum and the minimum pressures lower 
than 2.6 kg/cm2 are known as having “poor condition”. “poor condition”, “failed condition” and “well 
condition” are the clauses which are used to categorize and rate the models in order to reach the best 
conditions.  
 
b) Differences between the maximum and the minimum of ballast pressure  
 

In Fig. 6 the differences between the maximum and the minimum pressures beneath the models are 
presented. The less the difference between the maximum ballast pressures and the minimum ballast 
pressures beneath the sleeper, the greater the uniformity of ballast pressure beneath the sleeper. The 
sleepers with differences greater than 0.07 kg/cm2 are considered to have “poor condition”. 
 

                  
Fig. 5. The maximum and the minimum of ballast pressure 

beneath the sleeper (qmax & qmin) 
Fig. 6. Differences between the maximum and the minimum 

pressure in ballast beneath the sleeper 
 
c) The position of the maximum and the minimum pressure beneath the sleeper  
 

The appropriate positions of the minimum ballast pressure are at the center and at the end side of the 
sleeper, the former is better though, due to the higher decrease in the negative bending moment of the 
sleeper. On the other hand, the most suitable position of the maximum ballast pressure is at the support 
point (rail seat position). Hence the distance range of 40 to 70 centimeters from the end sides of the 
sleeper is the best place for the maximum and minimum ballast pressure to occur. The positions of the 
maximum and the minimum ballast pressure in the models are depicted in Fig. 7. Models in which the 
positions of the maximum ballast pressure occur within the range of 40 to 70 centimeter from the end 
sides of sleepers are considered as “well condition”.  
 
d) The maximum positive bending moment and the maximum negative bending moment 
 

The negative and positive bending moments are regarded as leading factors in the design of the 
sleeper. In Fig. 8, the positive bending moment at the rail seat point and the negative bending moment at 
the center point of the sleeper are presented based on the analyses of the 40 models. 1150 kg.m is assumed 
as the limit point for the positive moments. Models with the positive moments higher than this limit are 
supposed as having a “poor condition”. For negative moments, two limit points of 600 kg.m and 400 kg.m 
are assumed. The models with negative moments higher than the first limit point are supposed to have a 

Sleeper No Sleeper No 
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“failed condition” and those with moments between the two limit points are considered to have a “poor 
condition”. 

 

            
Fig. 7. The position of the maximum and the minimum 

ballast pressure beneath the sleeper 
 

Fig. 8. The maximum positive bending moment (M+
max) 

and the maximum negative bending  
moment (M-

max) 
 

e) The differences between the positive bending moment and the negative bending moment 
 

The more the differences between the maximum positive bending moments and the maximum 
negative bending moments, the better the condition of the sleeper. Therefore, differences greater than 600 
kg.m would show an acceptable condition (well condition) and the differences less than 400 kg.m are 
considered as a “failed condition”. These differences are presented in Fig. 9. 

 

  
Fig. 9. Differences between the maximum positive bending moment and the 

 maximum negative bending moment  
 

6. SELECTION OF THE BEST PROPOSED SLEEPER 
 
Evaluation of the analyses results is presented in Table 6. For choosing the best sleeper, six models with 
no poor condition were selected as indicated in Table 7. In this table, the six models are ranked based on 
the consideration of each discussed criterion. In other words, the better a model satisfies each criterion, the 
better rank it gets. To evaluate and rank the consideration of the criteria in the models, a value from 1 to 6 
was assigned to the model for each criterion. The eventual comparison is presented in Table 7. The final 
score (rank) was calculated with the summation of these values. The model with the highest score was 
selected as the optimum model.  
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Table 6. Rating between all models 
 

M+ M- (M+) - (M-) qmax & qmin (qmax- qmin) X= qmax Condition Sleeper 
NO 

Well Poor Well Poor Fail Well Poor Fail Well Poor Well Poor Well Poor  

1 √       √     √   √   √   √ Failed 
2 √       √     √   √   √   √ Failed 
3 √       √     √   √ √     √ Failed 
4 √       √     √   √ √     √ Failed 
5 √       √     √   √ √   √   Failed 
6 √       √     √   √ √   √   Failed 
7 √     √       √   √ √   √   Failed 
8 √     √     √     √ √   √   3 Poor 
9 √     √     √     √ √   √   3 Poor 
10 √     √     √   √   √   √   2 Poor 
11 √     √   √     √   √   √   1 Poor 
12   √   √   √     √   √   √   2 Poor 
13 √     √   √     √   √   √   1 Poor 
14 √     √     √   √   √   √   2 Poor 
15 √     √     √   √   √   √   2 Poor 
16   √ √     √     √     √ √   2 Poor 
18 √   √     √     √   √   √   0 Poor 
20 √   √     √     √   √   √   0 Poor 
22 √     √     √   √   √   √   2 Poor 
23 √   √     √     √   √   √   0 Poor 
24 √   √     √     √   √   √   0 Poor 
25   √ √     √     √     √   √ 3 Poor 
26 √   √     √     √     √   √ 2 Poor 
28 √   √     √     √   √     √ 1 Poor 
30   √ √     √     √     √   √ 3 Poor 
32   √ √     √     √   √   √   1 Poor 
36 √   √     √     √   √   √   0 Poor 
37 √   √     √     √   √   √   0 Poor 
39 √   √     √     √     √   √ Failed 

 
Table 7. Comparison between the best models 

 
Sleeper 

NO M+ M- (M+)-(M-) qmax & qmin qmax - qmin x=qmax 
Flexural 

Point 
Total 
Point 

18 6 1 1 1 1 1 8 11 
20 5 3 2 2 6 2 10 20 
23 4 4 3 5 3 4 11 23 
24 3 5 5 3 5 3 13 24 
36 2 2 4 4 2 6 8 20 
37 1 6 6 6 4 5 13 28 

 
7. EVALUATION OF THE OPTIMUM MODEL 

 
Selecting the optimum model (NO 37) is based on the criteria mentioned above, the pressure distribution 
beneath the sleeper, the shear stress and the bending moment studied. Figure 10a shows the variations of 
the stresses in the ballast beneath the sleeper. Figure 10b indicates the variations of the shear stress in the 
optimum model and Fig. 10c presents the variations of the bending moment along the sleeper. After 
analyzing the selected sleeper and obtaining the results, dimensions of the sleeper, as well as the number 
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of tendons were determined by the pre-stress concrete design method [28]. Figure 11 presents the 
geometrical properties of the optimized sleeper and Figs. 12a and 12b show the comparison between the 
cross sections of the middle point of the proposed model and that of the conventional B70. The maximum 
allowable bending moment and the ratio of the maximum allowable bending moment to the applied 
bending moment (λ) are presented in Fig. 13a and 13b respectively. 
 

         
                                 (a)    (b)  

 .  
(c)  

Fig. 10. a) Variation of pressure in ballast beneath the optimum model, b) Variation of shear stress in the optimum 
model, c) Variation of bending moment in the optimum model 

 

 
Fig. 11. The optimized sleeper (Dimensions are in Cm) 
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         (a)                                 (b) 

 
Fig. 12. a) Cross sections of middle point of optimized sleeper, b) Cross sections of middle  

point of conventional B70 (Dimensions are in Cm) 
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Fig. 13. a) The maximum allowable bending moment b) The ratio of the maximum allowable bending moment to 

applied bending moment (λ)  
 

8. CONCLUSION 
 
In this research, an optimized structural design for prestressed concrete sleeper type B70 was presented. 
Surveying the current practices in the design of concrete sleepers, the sensitivity analysis with SAFE 
software was made based on 5 basic sleeper design factors (as the design criteria). Having chosen the 
model with the best condition among the 40 possible sets of conditions for the B70 sleeper, analysis of the 
optimized model was made and a comparison between the proposed mode and the current B70 was 
presented.  

With regard to the mass production of concrete sleepers in Iran, the achieved reduction in dimensions 
and number of rebars does have a valuable economic effect in the manufacturing costs. In addition to the 
reduction of manufacturing costs, a higher mechanical strength would be reached by using this 
optimization process as indicated in Table 8.    
 

Table 8. Comparison between current B70 and new optimized sleeper 
  

 Item B70 sleeper Optimized sleeper Variation (%) 
Weight of concrete (kg) 282.4 229.1 18.9 
Weight of tendons (kg) 6.12 4.59 25 

λ ratio 0.85 1.32 55.3 
Final cost (Rials) 193600 153000 21 

 
NOMENCLATURE 

 
Ø dynamic coefficient factor      
V velocity speed (km/h)      
D wheel diameter (mm)      
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δ coefficient dependent upon the track condition 
η coefficient determined by the speed of the vehicle     
α’ coefficient related to the mean value of the impact factor  
β’ coefficient related to the mean value of the impact factor  
λ’ coefficient related to the standard deviation of the impact factor 
α1 + α2  total rail joint dip angle (radians)  
Dj  track stiffness at the joints (kN/mm)     
ps  static wheel load    
λ  ratio of maximum allowable moment to applied moment   
pu  unsprung weight at one wheel (kN)     
k  track modulus (MPa) 
qr rail seat load       
v  shear force in sleeper 
g  gravitational constant (m/s2)    
P design wheel load 
L sleeper length 
H sleeper height 
H3 height of middle side of the sleeper  
H2 height of rail seat position of the sleeper 
t  coefficient for the chosen upper confidence limit  
d4 length of middle side of the sleeper 
d3 length of end side of the sleeper 
L3 width of middle side of the sleeper  
L1 width of end side of the sleeper 
q ballast pressure beneath the sleeper 
qmax maximum ballast pressure beneath sleeper 
qmin minimum ballast pressure beneath sleeper  
M moment 
M+

max maximum positive moment 
M-

max maximum negative moment  
Mcr maximum allowable moment 
Mu applied moment 
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