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CONTENT

1. Variation of track response with varying bogie axle spacing according to BOEF 

theorem

2. Implications of this variation for the varying track stiffness per wheel: Apparent 

track stiffness.

3. Analytical and numerical assessment of the variation of dynamic impact forces with 

bogie axle spacing.



INTRODUCTION

▪ The study presented herein, analytically evaluates the effect of mutual 

interference of two neighboring wheels within a bogie on the track stiffness “as 

seen” by the wheel. 

▪ The wheels, modify the track curvature by manipulating the vertical pressures 

that generate under the track.

▪ Track stiffness, is a manifested track quality that relates not only to the 

mechanical qualities of the track structure but also to the boundary conditions 

imposed on the track structure by the wheels.

▪ Track stiffness for an independent wheel that is free from the influence of any 

neighboring wheels does not remain the same for a wheel within a bogie, under 

the influence of its neighboring wheel attached to the neighboring axle.



INTRODUCTION

▪ In essence, the mechanical qualities of granular and continuous load supporting 

domains, such as coefficient of subgrade reaction, domain modulus and domain 

stiffness are not constant values of those domains.

▪ If that domain is a track substructure overlain by ballast and subbalast of a railway 

track supporting the frame composed of ties and rails, we discuss about track 

modulus and track stiffness, the values for which are not absolute.

▪ These values not only relate to the relative distribution of interacting rail stiffness 

and granular material stiffness but also to the curvature imposed on the track by 

the wheels.

▪ These wheels, not only transmit forces of the supported train but also impose 

boundary conditions along the railway track thereby modifying its stiffness.



INTRODUCTION

▪ All else being the same, if the stiffness that a wheel manifests along a track 

changes, dynamic impact forces that inversely relate to stiffness must also change.



▪ The track stiffness for an 

independent wheel per rail is k=40 

kN/mm, wheel force is Q=125 kN

(28.1 kip) and axle spacings are 0 

m, 2 m, 4 m and 6 m respectively, 

from (a) to (d).

▪ Each wheel, not only applies a 

vertical force on the track but also 

acts as a support, over which the 

track lays as a continuous 

structure.

COMPARISON OF TRACK DEFLECTIONS WITH VARYING BOGIE AXLE SPACING 
THROUGH THE USE OF THE BEAM ON ELASTIC FOUNDATION THEOREM



COMPARISON OF TRACK DEFLECTIONS WITH VARYING BOGIE AXLE SPACING: 
TWO AXLES

▪ Varying track deflections with varying bogie axle spacing of 1.5 m and 3.0 m for the 

same track bed moduli.

▪ Apparent track stiffness per wheel increase as the mutual interference between the 

wheels diminish. 



COMPARISON OF TRACK DEFLECTIONS WITH VARYING BOGIE AXLE SPACING: 
THREE AXLES

▪ Not only is there soil and structure interaction, but also a train and structure 

interaction.

▪ Each wheel is a support point for the continuous track structure and the apparent 

track stiffness changes in relation to the distance between the supports.



CHARACTERISTIC QUALITIES OF THE VARIATION OF APPARENT TRACK STIFFNESS 
WITH BOGIE AXLE SPACING

▪ The graph below is developed for a track with UIC 60 type rail.

▪ C-to-C spacing of wheels can vary from 1.5 m to 3 m typically.



APPARENT TRACK STIFFNESS PER WHEEL NORMALIZED WITH RESPECT TO THE 
TRACK STIFFNESS OF AN INDEPENDENT WHEEL

▪ As the mutual interference increases between the neighboring wheels with 

decreasing bogie axle spacing, the apparent stiffness that the wheel receives from the 

track decreases.



CHARACTERISTIC QUALITIES OF THE VARIATION OF APPARENT TRACK STIFFNESS 
WITH BOGIE AXLE SPACING

▪ Within a certain axle spacing region, the apparent track stiffness is higher than that of 

an independent wheel due to a mutually reinforcing effect of the neighboring wheels.



Rail 

Type 

Balcı-Bezgin Functions 

L0 L1 L2 L3 

UIC 54 y = 246 x-3 y = 1077 x-3 y = 2557 x-3 y = 13140 x-3 

115RE y = 282 x-3 y = 1263 x-3 y = 3008 x-3 y = 15397 x-3 

UIC 60 y = 323 x-3 y = 1398 x-3 y = 3332 x-3 y = 17057 x-3 

136RE y = 398 x-3 y = 1805 x-3 y = 4279 x-3 y = 22012 x-3 
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BALCI – BEZGIN FUNCTIONS THAT DEFINE L0, L1, L2, L3 FOR DIFFERING RAIL 
TYPES WITH RESPECT TO BOGIE AXLE SPACING

▪ The functions differ based on the bending rigidities (EI) of the rails.



CORRELATION OF L0, L1, L2, L3 WITH THE CHARACTERISTIC LENGTH L



EXTENDED BEZGIN EQUATIONS FOR VARYING TRACK PROFILE AND STIFFNESS
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Rail type  CEN60 Sleeper dimensions  2.5m x 0.25m x 0.14m 

Rail loss factor 0.01 Ballast density  1800 kg/m3 (113 lb/ft3) 

Rail pad stiffness  
150 kN/mm (856 

kip/in) 
Ballast Young’s Modulus  180 MPa (26,107 psi) 

Rail pad loss factor  0.2 Ballast loss factor  0.1 

Wheel diameter 0.9 m (3 ft) Subgrade Young’s modulus  10 MPa (1,450 psi) 

Wheel set mass 981 kg (2,162 lb) Subgrade thickness  3000 mm (10 ft) 

Rail Young’s 

modulus  

210,000 MPa 

(30,458 ksi) 
Subgrade density 2000 kg/m3 (125 pcf) 

Rail density  
7750 kg/m3 (484 

lb/ft3) 
Subgrade Poisson ratio  0.3 

Rail loss factor 0.01 Subgrade loss factor  0.5 

Concrete sleeper 

spacing  
60 cm (2 ft) 

Concrete Young’s modulus 

(MPa) 
35000 (7,076 ksi) 
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▪ Modeling provided by Dr. Mohamed 

Wehbi from Network Rail.

▪ Variation of track stiffness.

▪ Three transition zone lengths of 0 m, 2.5 

m and 5 m.

▪ 200 km/h, Fs=70 kN.

▪ Three axle spacings of 1.5 m, 2.3 m and 

3.5 m.

NUMERICAL MODELLING OF TRACK STIFFNESS TRANSITION 



VERTICAL TRACK DEFORMATIONS ESTIMATED FOR THE THREE BOGIES

▪ Track deflection varies with bogie axle spacing.



VARIATION OF APPARENT TRACK STIFFNESS WITH BOGIE AXLE SPACING

▪ Apparent track stiffness varies with bogie axle spacing.



GENERATED DYNAMIC IMPACT FORCES ALONG THE TRANSITION

▪ FEA indicates varying dynamic impact forces with bogie axle spacing.



ESTIMATED DYNAMIC IMPACT FORCE FACTORS FROM FEA

1.25

1.20

▪ FEA indicates varying dynamic impact forces with bogie axle spacing.

▪ Despite the absence of a transition wedge, the rails provide a certain length of transition 

due to their flexural rigidities.



ESTIMATED DYNAMIC IMPACT FORCE FACTORS FROM EXTENDED BEZGIN
EQUATIONS

1.28

1.08

▪ Analytical estimates indicate varying dynamic impact forces with bogie axle spacing that 

are in agreement with the FEA results.



CONCLUSIONS

▪ This study presents a new look from a new perspective to a theory that is 

roughly 150 years old.

▪ Analytical and numerical findings presented show that all else being the same, 

the apparent track stiffness that manifests, varies with bogie axle spacing. 

▪ Dynamic impact forces that occur along a railway track vary inversely with 

track and rolling stock stiffness. 

▪ Hence, for a given static wheel force and train speed along a given railway 

track with a certain track roughness, two trains with varying bogie axle spacing 

will exert different dynamic impact forces on the track. 

▪ The difference will vary in accordance with the qualities of track roughness, 

train speed and static wheel force.



CONCLUSIONS

▪ This ongoing study suggests that apparent track stiffness should be considered 

with due regard for bogie axle spacing.



Teşekkür ederim              Thank you
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