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Abstract: 
 

The given article considers the method of calculating the track geometry deformation with respect to uneven accumulation 

of residual deformations along the track. The technique proposes two significant changes in existing approaches to 

calculating the efficiency of the ballast layer. The transition from the approach of allowable stresses design in the ballast 
layer to the deformative approach of accumulations of track geometry deformations allows us to draw conclusions 

regarding the intervals of track tamping and the duration of ballast layer life cycle. The transition from the determinative 

to probabilistic approaches makes it possible to draw conclusions not only from the average unevenness, but also with 
regard to all possible facts of unevenness. The method is based on the mechanism of sudden and gradual deformations 

occurrence, which depends on a number of key factors: dynamic stresses on the ballast, non-uniformity of track elasticity, 

performance of current maintenance work. Based on the experimental studies results, the dependencies of sudden 
deformations and the intensity of gradual deformations on the level of stress on the ballast layer were established. The 

experimental results of the influence of the sub-ballast base elasticity on the intensity of accumulation of residual 

deformations are shown. On the basis of the developed method, the prediction of track geometry deterioration for a given 
structure of the track, the rolling stock and the permissible level of geometric deviations for track maintenance is presented. 
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1. Introduction 

One of the most important elements of the track, 

which the life cycle of the track depends on, is a bal-

last layer, since it most intensely accumulates irre-

versible deformations. The track geometry deterio-

ration begins, first of all, due to the deformation of 

the ballast layer, which, in the future, leads to the 

increase of dynamic loads on all other elements of 

the track and the decrease of their service life. 

The work of the ballast layer depends on the simul-

taneous mutual influence of the most important 

groups of factors, namely: factors of the track con-

struction, rolling stock, operating conditions and 

maintenance factors. Based on the knowledge of bal-

last layer deformation mechanisms and factors influ-

encing it, it is possible to predict the process of track 

geometry deformation, and accordingly, to build a 

strategy for current maintenance and track repair. 

The phenomenological model for track geometry de-

formation prediction is proposed in this article. This 

model is based on the results of a series of experi-

mental studies and takes into account the main 

mechanisms of the uneven accumulation of track de-

formation due to the subsidence of the ballast layer. 

 

2. The present phenomenological models of 

track subsidence 

At present, a large number of models, from simple 

phenomenological models to complex finite element 

and discrete element models are presented for calcu-

lating deformation processes in the ballast layer. The 

complex models (Nielsen 2018, Nishiura at al. 2018, 

Miguel at al. 2018), as a rule, consider in detail the 

influence of separate factors on the basis of one ele-

ment of the track in the form of a separate sleeper 

with the ballast, and so on. In practice, as was sum-

marised by Gerber and Fengler (2010), the mainte-

nance of the track, the deformation of the track are 

influenced by a wide range of factors, such as the 

construction of the superstructure of the track, roll-

ing stock, elasticity and uneven elasticity of the sub-

grade of the track, method of maintenance and its 

criteria, atmospheric influences, etc. The analysis of 

theoretical, laboratory and field studies described in 

the literature suggests that suitable for practical use 

prediction of long-term processes can be obtained on 

the basis of simple phenomenological models. The 

results of experimental studies and field observa-

tions of the behaviour of the track are laid in the 

models. 

Many present dependencies describe the process of 

subsidence depending on the number of load cycles 

and many other factors, where the most widely used 

are logarithmic, exponential and linear dependen-

cies obtained during laboratory and field tests. Fur-

ther, the most widely used groups of phenomenolog-

ical formulas for residual subsidence of the ballast 

layer and, separately, the prediction formulas for 

changing the quality indexes of the track are consid-

ered (Table 1). 

 

 

 

Table 1. Survey of the Phenomenological Models of Subsidence 

Author Formula Factors of Influence 

1 2 3 

Popov 

(1955), 

Lysyuk 

(2003) 

 

1

T
h

b T d
 =

 +
 − for clean ballast layer; 

2

1 2

1 1

nT
h a T

b T d
 = + 

 +
 − for soiled bal-

last layer. 

T – tonnage passed; b, d – empirical coefficients 

characterizing the change of characteristics in the 

process of multiple loading; a2, n2 – coefficients 

characterizing the soiling, the humidity of the bal-

last, other factors. 

Selig (1998)  

 
( )

( ) ( )
2

1 3

0.082 100 38.2

1 0.2 log( )

N n

N



 

=   − 

 − + 
 

εN – residual deformations after N cycles of load-

ing; n – initial number of pores; 

σ1 – vertical tension; σ3 − horizontal stress. 

Hettler  

(1984)  

 

( )1 1 logNe e b N=  +    − relation with the 

number of load cycles; 

Ne  − subsidence after N – number of load changes, 

mm;  

 

 

https://www.sciencedirect.com/science/article/pii/S0266352X17302847?via%3Dihub#!
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Author Formula Factors of Influence 

1 2 3 

1 0 6
log

2 10
T

T
e a a

 
= +   

 
  

− dependence on operating load 

1 0 6
log

2 10
T

T
b b

 
= +   

 
 

b − constant (0,2 for a separate sleeper, 0,43 for 

rail-sleeper track panel, according to Hettler's 

model tests );  

1e − subsidence after the pass of the first change of 

load, mm; Te  − subsidence after operating load T, 

t; 0a , 1a  – coefficients of subsidence; T  −  mean 

square deviation of subsidence, mm. 

Fröhling 

(1997) 

 

2
1 2

3

log( )

W

dynmi
Ni

ref

Pk
e K K N

K P

   
= +      

     

 
Nie − subsidence on the first sleeper; k2mi − stiffness 

under the sleeper; Ki − constants; refP − referred 

loading; N – number of load cycles; w – coefficient 

of rail subsidence; dynP – calculated dynamic load-

ing. 

Guerin 

(1999)  
d

d
dN


=   

τ − subsidence; N −number of loads; d − elastic de-

flection of a sleeper; α, β − constants. 

Sato  (1995)  𝜏 = 𝛾(1 − 𝑒−𝛼𝑥) + 𝛽𝑥 𝜏 – increment of subsidence; 

𝛼, 𝛽, 𝛾 – coefficients; x – passing load.  

Shenton 

(1984) 

 

( ) 5

6

0.69 0.028

10 2.7 10

e
N

h NF
e K

N−

 +   +
=    

   

5 5 5

1 1 2 2 3 3
5

1 2 3

...

...
e

F N F N F N
F

N N N

  +  +  +
=  

+ + + 

 

K – coefficient of rail structure; eF  – equivalent 

load (takes into account the effect that high axial 

loads are dominant for subsidence); h – raising the 

track at tamping; 

N – number of passed axles. 

Holtzendorff 

(2003) 

 ( )

0 deg

0log

iN i dyn entl Esub i
z z I I I I I

N N


 = +      

 +
 

ziN − subsidence of the ballast layer under i- sleeper 

after N cycles of loading; zi0 - pre-set backlash; 

σbe - equivalent vertical stress (factor Iσ); Idyn − dy-

namics factor; Ientl − factor of unloading; Ideg - soil-

ing factor; IEsub − hardness factor of the lower struc-

ture of the track; N0 - the number of load cycles that 

were passed to the selected starting point of time. 

Veit (2006),  

Holzfeind, 

Hummitzsch 

(2010), 

Lichtberger 

(2003) 

0

btQ Q e=   

the law of changing the quality of the track 

geometry  

Q0 – quality at the time t = 0 (corresponds to the 

initial quality after stabilisation of the initial sub-

sidence); b – intensity of deformation; t – time or 

tonnage passed. 

Horvat, Kiss  

(2006) 

 

2

0

mvQ Q e=   

change in the quality of the track depend-

ing on the change in the energy per train 

pass 

where α – is the intensity of deformation; m – tons 

of passed load (transport load of the track); v – train 

speed. 

 

Gerber, 

Fengler  

(2010) 

 

1 2s s s= +  

( )1 MAX is a F=   

( )2 1 1 c ts b s e− =   −  

s − subsidence of the ballast layer; s1 – plastic part 

of subsidence; MAX (Fi) – maximum load in the 

history of axial load; s2 – elastic subsidence; a, b, c 

– constants of laboratory or natural measurements; 

t – time, number of load cycles, passed tonnage. 
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In most cases, the phenomenological formulas are 

given by many authors with the subsidence of a sep-

arate sleeper under the impact of many factors 

whose influence remains unchanged throughout the 

life cycle of the track. Therefore, such subsidence 

laws give an average increase in track subsidence, 

which makes it difficult to estimate the change in the 

quality of the track, since it is influenced not by av-

erage subsidence, but by differential subsidence, 

which, in turn, causes the dynamic interaction of the 

track with the rolling stock, and it is an additional 

factor, which accelerates the track deformation. In 

addition, up to now, the presented models take into 

account the main groups of factors separately, with-

out complex consideration of the processes of track 

maintenance. 

 

3. The mechanism of the track geometry defor-

mation 

In general, the work of the ballast layer and the rail-

road is influenced by a large number of external and 

internal factors. In this study, the mechanism of the 

track geometry deformation is considered, taking 

into account the main factors whose influence can be 

determined on the basis of experimental studies, 

field observations, normative and reference litera-

ture. Figure 1 shows the scheme of influence of ex-

ternal and internal factors and their interconnections 

on the development of the unevenness of the track 

due to the deformation of the ballast layer. Primary 

external factors are of three groups: factors of rolling 

stock and operating conditions; factors of the track 

superstructure and the subgrade; repair and mainte-

nance factors. 

These external factors have a separate and reciprocal 

influence on internal factors that directly affect the 

deformation of the ballast layer and lead to the de-

velopment of track unevenness. The internal factors 

are the characteristics of the ballast layer and its 

tense-deformed state, among which the most im-

portant are: the sleeper pressure on the ballast and 

the vibration effect on it, the number of loads and the 

mode of the ballast layer unloading by the sleeper, 

the elasticity of the sub-ballast layer and the sub-

grade, the soiling of the ballast layer, etc. 

 

3.1. The uniform subsidence of the ballast layer 

At the repeated sleeper loading on the ballast there 

is a gradual accumulation of residual deformations. 

The results of measurements (Lichtberger, 2003) of 

track subsidence at two levels of axial loads of 25 

and 30 tons are shown in Fig. 2. The rapid plastic 

deformations occur at the beginning of the load, or 

when the load is changed, after which there is a grad-

ual deformation.

 

Factors of the 

Rolling Stock

- speed

- axial load

- rolling stock parameters

-operational load

Sleeper pressure on 

the ballast σb

Factors of track structure

- parameters of the 

supersctucture

- subgrade parameters

Initial elastic inhomogeneity

Umin, Umax

Intensity of  subsidence b

Number of passed axles N

Plastic component of 

subsidence 

Uneven subsidence ΔS

Track unevenness

Factors of maintenance and repair

- degree of consolidation (effect 

of stabilization)

- the effect of tamping on the 

intensity of deformation 

(shredding, rounding of 

particles) 

Geometric inequalities of the 

track, which are not eliminated 

by tamping (inequalities of the 

rolling surface of the rail; long 

irreqularities; accuracy of the 

correction)

- track state before repair 

(tamping)

Direct relation

Back relation

Slope of unevenness iunev

Prevailing length of 

unevenness L

Unevenness due 

inhomogeneity ∆U

 
Fig. 1. Scheme of the influence of factors on the work of the ballast layer 
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Fig. 2. Subsidence at various axial loads (every 

4*105 cycles at the frequency of 15 Hz) 

(Lichtberger, 2003) 
 

A number of performed laboratory and experimental 

studies (Popp, 2003) during the non-vibration load 

showed that the behaviour of the ballast layer under 

the sleeper during the load cycles is conditionally 

two-phase: the stabilization phase and the phase of 

uniform accumulation of deformations. In this case, 

the stabilization phase can occur not only at the be-

ginning of the load cycle, but also when the level of 

load increases. This behaviour can be described by a 

simple mechanical model from the system of two 

connected elements: viscous and plastic. Simplified 

calculation scheme, according to which the maxi-

mum and minimum subsidence of the ballast layer 

at the prevailing wavelength is considered, which 

depends on the characteristics of the track, rolling 

stock and speed, is depicted in Fig. 3. 

The behaviour of the residual subsidence is de-

scribed by the summation of the plastic part s1 (plas-

tic subsidence independent of time, the initial sub-

sidence) and the viscous part s2 (viscous subsidence 

independent of time, secondary subsidence):  
 

1 2s s s= + .  (1) 
 

The plastic part of the subsidence s1 occurs sud-

denly, and mainly, in the initial period of track sta-

bilization. Such subsidence is calculated by the for-

mula: 
 

1 maxstab Fs s s= + . (2) 
 

The component stabs  is a function of degree of con-

solidation. It is determined on the basis of the normal 

measurements data of the track levelling after 1 mil-

lion tons of cargo passage according to (Umanov, 

2007) and can be at the average 22 mm with tamping 

without stabilization to 11 mm with the single-layer 

stabilization after tamping. This value stabs  is re-

lated to the degree of the initial consolidation of the 

ballast layer with dynamic track stabilizers. This 

component can be determined by the methods of bal-

last layer diagnostics (Sysyn at al., 2010). 

The second component of the plastic subsidence 

maxFs  occurs when the stress in the ballast layer un-

der the sleeper σi, MPa, which value is greater than 

that which arose in the history of loads MAX (σi). It 

was determined by the results of the laboratory tests 

of the All-Russian Research Institute of Railway 

Transport (VNIIZHT) (Verigo at al., 1955) on the 

load of a separate sleeper in the ballast box with a 

cyclic non-vibration load. The ballast was consid-

ered as densely consolidated on the rigid sub-ballast. 
 

min

2 min max( , )s b U N= 
max

2 max min( , )s b U N= 

max

1 max(max( ))s f =
min

1 min(max( ))s f =

sinit

minmin
max

unevL

minS

maxS

S
unevi

Viscous

component

Plastic

component

min
min

 
Fig. 3. Simplified calculation scheme for determining uneven subsidence along the track
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At each subsequent test, the amplitude of the cyclic 

increased loading results in an increase of the level 

of initial subsidence. There was no full unloading of 

a sleeper. Fig. 4 shows the relationship between the 

initial subsidence and maximum in reached pres-

sure, and the formula shows the approximation of 

the dependence by the polynomial of the second de-

gree: 
 

2

max 42,953 max( ) 5,6844 max( )F i is  =  +  ,  (3) 
 

where i  – the calculated stress in the ballast layer 

under the sleeper, MPa. 

The component of the plastic subsidence maxFs  

reaches its maximum value for about 1 million tons 

passage. To describe this, the asymptotic depend-

ence of the ballast subsidence is used depending on 

the number of loads (Lysyuk, 2003): 
 

max( ) F

N
s N s

a bN
=

+
, (4) 

 

where N – number of repetitive loads; a = 10000, b 

= 1 – coefficients that depend on the stress state and 

the physical properties of the crushed stone. 

The viscous behaviour of the residual subsidence de-

pends on the number of load changes. The major dif-

ference of the proposed model to the before men-

tioned consists in considering not the absolute value 

of the subsidence, but its difference; therefore, for a 

simplified description of the elastic component, the 

linear dependence on the number of loads is approx-

imated: 
 

2 ( , )is b U N =  , (5) 
 

where N  – the increase in the number of load cy-

cles; ( , )i sb U  – the intensity of accumulation of re-

sidual deformations, which depends on the stress in 

the ballast layer i  under the sleeper and the elastic 

modulus of the subgrade sU . 

The intensity ( , )i sb U  is defined as the product of 

the corresponding components: 

( , ) ( ) ( )i s i U sb U b k U =  .  

The component of the stresses in the ballast is deter-

mined by the empirical formula of the third degree 

polynomial obtained by processing the results of ex-

perimental tests of the VNIIZHT (Verigo at al., 

1955) for pure crushed stone fractions of 25-60 mm 

(Fig.5): 
 

3 2( ) 1,981 0,199

            0,029

i i i

i

b   



= + +
.(mm/10000 axles) (6) 

 

The three lines at Fig.5 show, that the viscous be-

haviour of the residual subsidence also depends on 

the ballast quality and ballast soiling. The promising 

technique for in-situ ballast aggregate gradation de-

termination is described by Guerrieri, M., Parla, G. 

(2013). 
 

Average initial subsidence

+3σ 

-3σ 

Initial subsidence 

at the pressure of 0,2 MPa

Initial subsidence at the 
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Initial subsidence 
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Approximation of the average 

initial subsidence by the 

polynomial of the second degree
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Fig. 4. Dependence of initial subsidence and maximum in loading history pressure 
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Fig. 5. Dependence of the intensity of subsidence on the stresses in the ballast under the sleeper 
 

3.2. The influence of the subgrade elasticity on 

the uniform subsidence of the ballast layer 

The elasticity of the subgrade has a significant effect 

on the ballast layer, which was studied by a number 

of authors on the basis of the natural measurements 

of the track. Holzfeind and Hummitzsch (2010) have 

examined the track unevenness accumulation at 

lines with different subgrade stiffness. Holtzendorff 

(2003) has taken into account the subgrade influence 

on subsidence intensity with amplifying parameter. 

Especially significant influence of subgrade stiff-

ness was observed and estimated by Kovalchuk at 

al. (2018) at subgrade structures, where the severe 

stiffness reduction was taking place. At present, the 

most common methods of the subgrade elasticity es-

timation are based on track stiffness measurement 

(Droździel, J., Sowiński, B., 2010). 

 The authors of the abovementioned work at the La-

boratory of Railway Transport Department of Tech-

nical University of Dresden performed laboratory 

researches of the influence of the elasticity of the 

sub-ballast base for determining the quantitative in-

terrelationships of the intensity of the ballast layer 

subsidence. 

To do this, a simplified physical model of the ballast 

was created in the form of a cone of sand of 145 mm 

high and 890 mm width, to the peak of which a cyclic 

load was transmitted through a rigid round plate with 

a diameter of 380 mm. The load was carried out by 

a servo-hydraulic test machine ZWICK HB 160 

(Fig. 6) in the form of a sinusoidal shape with a fre-

quency of 2 Hz and different degrees of maximum 

amplitude values: 5 kN, 7,5 kN and 10 kN. 

The elasticity of the sub-ballast base is modelled us-

ing a different number of rubber plates of 8 mm high 

and 600 mm x 600 mm size in 3 versions of elastic-

ity: 0 mm (absolutely rigid base), 8 mm and 16 mm. 

Those are previous measurements of the elasticity of 

a single plate. On the basis of 9 different load con-

figurations and elasticity, the study was carried out 

on the influence of the sub-ballast layer elasticity 

and ballast layer stresses. 
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Fig. 6. Experimental research (Laboratory of Railway Transport Department of Technical University of  

Dresden) 
 

As a result of experimental studies, the residual sub-

sidence of a plate was measured during 1500 load 

cycles (Fig. 7). The process of accumulation of sub-

sidence is divided into two phases. In the first phase 

(up to 50 cycles) there is a rapid accumulation of de-

formations, after which the second phase begins, 

which is characterized by a relatively gradual accu-

mulation of deformations. Each increase of loading 

causes initially the acceleration of subsidence, 

which subsequently grows into a uniform growth of 

residual deformations. 

As a general result of experimental measurements 

for the subsequent calculations, the relative intensity 

of residual subsidence is used depending on the elas-

ticity of the sub-ballast base (Table 2). The increase 

in the intensity of the subsidence with an increase in 

the elasticity of the sub-ballast base is meant under 

this value relative to the intensity at an absolutely 

rigid basis. From the experimental measurements, it 

follows that the relative intensity of residual subsid-

ence, with the number of cycles above 1000, remains 

practically unchanged. 
 

 
Fig. 7. Subsidence of a plate between 50 and 1500 load cycles at 9 different load and elastic configurations



Sysyn, M., Gerber, U., Kovalchuk, V., Nabochenko, O.,  

Archives of Transport, 47(3), 91-107, 2018 

99 

 

 

Table 2. Dependence of the intensity of subsidence 

on the stiffness of the sub-ballast base 

Test 
Rubber 
thick-

ness 

Stiffness of 

the sub-bal-

last base, 
N/mm3 

Rate of sub-
sidence, 

mm/1 cycle 

Relative 

rate 

0 rubber 

plate 
0 ∞ 0,0153 1 

1 rubber 
plate 

8 0,176 0,0174 1,137 

2 rubber 

plates 
16 0,267 0,0215 1,405 

 

The obtained results are well correlated with the av-

eraged data on the influence of the track stiffness on 

the intensity of subsidence (Lichtberger, 2003). Tak-

ing into account these data, the component of the 

elasticity of the subgrade or sub-ballast layer 

( )U sk U  in the form of a dimensionless increasing 

coefficient is calculated. Formula (6) corresponds to 

the maximum rigid basis; therefore, if there is some 

actual value of the coefficient of bedding of the sub-

grade sU , this intensity rapidly increases. 

Taking into account the fact that formula (6) corre-

sponds to the most rigid basis, the empirical relation-

ship between the coefficient of the subgrade bedding 

and the coefficient Uk is formed, which is shown 

graphically in Fig. 8, and has the form: 
 

1,29

6000
( ) 0,74

14 26
U s

s

k U
U

= +
−

. (7) 

 

A number of other factors influence the intensity of 

the subsidence, but due to the lack of experimental 

data on their influence and methods of their actual 

determination, they are not considered in this study. 

 

3.3. The uneven subsidence of the track  

The appearance of a separate unevenness occurs due 

to the uneven subsidence of the track. The origin of 

the unevenness arises as a result of many factors of 

the heterogeneity of the mechanical properties of the 

material of the upper structure of the track, of the 

unevenness of its elements and, accordingly, of the 

unequal dynamic effect of the wheel on the rail. The 

set of factors influencing the origin of unevenness 

form the initial quality of the track. This study takes 

into account the main factors of the initial quality: 

the initial irregular elasticity of the subgrade and the 

initial inhomogeneous subsidence of the ballast 

layer. The initial irregular elasticity of the subgrade 

( min

sU , max

sU ) depends on the quality of the improve-

ment of the subgrade and the arrangement of its pro-

tective layers. 
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1. Very bad subgrade (marshy soils) U up to 30 N/cm3; 2. Bad subgrade (viscous clay soils) U=30-80 N/cm3;  
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Fig. 8. Relationship between the elastic modulus of the subgrade and the coefficient Uk  (the classification of 

the subgrade state according to Lichtberger (2003))
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Several studies (Holzfeind, 2010, Kovalchuk, 2018, 

Grossoni et al., 2018) indicate that the irregular elas-

ticity of the subgrade is the main cause of the origi-

nation and the character of track unevenness growth, 

and the studies (Lichtberger, 2003) give the maxi-

mum and minimum limits of the elastic modulus of 

the sub-rail foundation for various types of soils of 

the subgrade as well as at the presence of a stabiliz-

ing layer. In this calculation, the initial quality of the 

track due to the irregular elasticity is equal to the dif-

ference between the deflections Us  under the ac-

tion of static load 
stP  on the track: 

 
min max

min max

( ) ( )

2 2

z z
U

z z

k U k U
s P

U U

 
 = −  

 
, (8)  

 

where min

zU and max

zU  – the stiffness of the sub-rail 

foundation, which is given for 1 meter of rails, MPa, 

calculated depending on the stiffness of sleeper fas-

tening , ballast and subgrade min

sU , max

sU . 

The studies (Selig, 1998) show the significant influ-

ence of the dynamic stabilisation of the track on the 

subsequent uneven subsidence of the ballast layer. 

In the experimental measurements (Umanov, 2007), 

in addition to the uniform stabilization of the track, 

its deviation from the mean value depending on the 

degree of consolidation of the ballast layer is also 

researched. Such uneven stabilization stabs  in the 

technology of single-layer stabilization of the bal-

last, according to (Umanov, 2007), is 10-18 % of the 

average subsidence stabs  during stabilization. In or-

der to obtain a greater degree of stabilization, the 

layer-by-layer ballast stabilization is required during 

repair. 

The initial uneven subsidence causes the action of 

the initial and, further, additional dynamic load. The 

additional effect of the dynamic load  of the rolling 

stock wheels on the rail, in turn, increases the ten-

sion in the ballast layer, which leads to an increase 

in the intensity of subsidence and even greater une-

venness growth. The initial uneven subsidence takes 

into account three components: 

 

stabinit u geoms s s s =  + + . (9) 

 

The increase of unevenness during the life cycle oc-

curs due to the elasticity component 2s . In this 

study, it is assumed that the unevenness of the track 

is taken into account in the loading of the action of 

unsprung masses of the rolling stock by the formula 

(9) through the mean slope of the unevenness unevi . 

The initial and mean slopes of the unevenness are 

determined by the total difference of subsidence 
max min

unev inits s s s = − +   and the half of the mean 

wave length of the unevenness: 

 

2init init
unev

unev

s
i

L


= ;  

2 unev
unev

unev

s
i

L


= . (10) 

 

Studies (Popp and Schiehlen, 2003) showed that the 

vertical unevenness of the subsidence at some pa-

rameters of the mechanical properties of the track 

has a certain predominant value approaching the 

length of the elastic line of the rail. The author Gude-

hus (1998) gives formula (11) for the determining 

the prevailing wavelength of the unevenness, which 

also takes into account the characteristics of the roll-

ing stock: 
 

2
2 2

2
2 2

к к
unev

z z z

q V q V EI
L

U U U


 
= + + 

 
 , (11) 

 

where qk  – unsprung mass of the rolling stock, kg; V 

– speed of movement, m/s; EI – bending stiffness of 

the rail; Uz – stiffness of the underrail base, which is 

given for 1 meter rail, MPa. 

The stiffness of the connecting elements of fasten-

ings, sleepers and ballast layer is determined accord-

ing to the method (Danilenko, Rybkin, 2006). In the 

calculation algorithm, the force of the unsprung 

mass of the rolling stock is corrected at each calcu-

lation cycle through the calculation of the uneven-

ness slope unevi . The wave length of the unevenness 

unevL  remains unchanged throughout the cycle load 

period. 

 

3.4. Stress determination in the ballast under the 

sleeper 

The subsidence of the ballast layer and the resulting 

unevenness of the track occur in the process of re-

peated loading of the ballast with a sleeper. The 
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main parameter characterizing the level of sleeper 

loading on the ballast is the pressure of the sleeper, 

or the tension in the ballast under the sleeper. How-

ever, the actual pressure of the sleeper on the ballast 

layer is quite an uncertain value, which varies 

widely across the area of the sleeper and depends on 

the shape of the contact between ballast grains and 

the degree of rail tamping. Therefore, to estimate the 

ballast layer performance, the value of the calculated  

sleeper pressure on the ballast layer is used, which is 

found through the equivalent force of the rail on the 

sleeper and depends on the factors of the track con-

struction and the rolling stock, and calculated ac-

cording to the standard method for the CIS countries 

(Danilenko, Rybkin, 2006). The advantage of this 

method is the statistical approach in calculating the 

maximum probable dynamic loads on the track and 

stresses in its elements. The disadvantage of this 

method is the interpretation of the elements strength 

in the form of permissible stresses, after which the 

element is considered to be inoperative. For such el-

ements of the track, as ballast or a subgrade, the de-

formation occurs gradually throughout the period of 

operation, and the change of state depends on the ac-

cumulation of uneven deformations. In this study, it 

is proposed to expand the standard technique in or-

der to take into account long-term processes in the 

track. The following formulae from the standard 

technique (Danilenko, Rybkin, 2006) are used for 

the calculation of the maximum probable dynamic 

stress in the ballast under the sleeper. 

The pressure in the ballast under the sleeper depends 

on the value of the equivalent force of the rail on the 

sleeper ІІ

eqP : 

 
ІІ

eq

b

P



=


, (12) 

 

where 
1

2
a b  =    – the effective bearing area 

of a half sleeper, taking into account its bending (a, 

b – the length of a sleeper and the width of the bot-

tom of its bedding (cm), α – the coefficient of a 

sleeper bending). 

The maximum equivalent load for calculating forces 

in the elements of the underrail base takes into ac-

count the joint action of adjacent axles and is deter-

mined by the formula: 

maxІІ

eq dyn i iP Р P = +   . (13) 

 

Functions i  are dependent on the value ikx , where 

ix  corresponds to the distances from the calculated 

section to each wheel, which is taken into account: 

 

( )cos sinkx

i i ie kx kx −= + , (14) 

 

where і  – the ordinates of the line of influence of 

transverse forces taken in the sections under all 

wheeled carriages that are considered (except for the 

calculated). 

In practical engineering calculations, it is assumed 

that in the calculated section of the rails (that is, in 

the section where the stress state is determined) the 

maximum possible dynamic wheel loading is effec-

tive max

cal dynP P= , and the effect of the adjoining 

wheels is taken as their average dynamic forces 
idynP

, taking into account that the maximum dynamic 

force of the calculated wheel doesn’t coincide with 

the maximum forces of the neighbouring wheels. 

The calculated dynamic load is considered the max-

imum probable value from the combination of the 

influence of constant static and variable dynamic 

forces:  

 

max

prob

cal fP Р P S= = +  , (15) 

 

where P  – the average value of dynamic force; S – 

mean square deviation; f  – the normalizing factor 

( f =2,5) for a given probability level of F= 0,994. 

The average value of the dynamic load is determined 

by the formula: 

 

st рP P Р= + ,  (16) 

 

where Рst  – the wheel static pressure on the rail; 
рР  

– average value of the inertia force caused by oscil-

lations of the over suspension part of the carriage. 

It is conventionally assumed that the average value 

of this inertia force is three quarters of the maximum 

value: 

 
max0,75p pP P= ,   (17) 
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where max

pP – the maximum value of the inertia force 

caused by oscillations of the over suspension part of 

the carriage. 

Dynamic load of a wheel on a rail max

pP with the use 

of empirical dependencies of dynamic deflections of 

spring suspension maxz  with respect to the speeds of 

motion is determined by the formula: 

 
max

maxp pP G z= ,   (18) 

 

where Gp – stiffness of spring suspension of a bogie, 

reduced to one wheel, kN/m; maxz  – maximum dy-

namic deflection of suspension. 

The total average deviation of the dynamic vertical 

load of a wheel on a rail S , is determined by the 

formula of the composition of the probability distri-

bution of its components: 

 
2 2 2 20,05 0,95p рu іum cusS S S S S= + + + .  (19) 

 

Due to specific information, the average percentage 

of axles with an isolated smooth unevenness is taken 

5 %; correspondingly, the average percentage of ax-

les with a continuous unevenness is equal to 95 %. 

The mean square deviation of the dynamic load of 

the wheel on the rail Sр from the vertical fluctuations 

of over suspension part of the carriage max

pP  is deter-

mined by the formula: 

 
max0,08p рS P= . (20) 

 

The mean square deviation of the dynamic load of a 

wheel on a rail Sрu , kN, from the forces of inertia of 

the unsprung masses max

рuP  that arise at the presence 

of the isolated unevenness on the rail line, is deter-

mined by the formulas: 

 
max0,707pu рuS P= , (21) 

2
max 0

2

unev Z к
рu

i V U q
P

kg

 
= ,  (22) 

 

where V – speed of movement, km/h; P  – average 

dynamic load; sll  – distance between the sleeper 

axes, m; Uz – stiffness of the underrail base, which 

is reduced to 1 meter rails, MPa; qk – the value of 

the unsprung mass of the carriage, kN, which falls 

on 1 wheel; unevi  – the  average slope of the isolated 

unevenness; α0 – the coefficient that takes into ac-

count the effect of the inertia of the rail masses, 

which oscilate, on the value of the dynamic force; k  

– the coefficient of relative stiffness of the base and 

the rail, m-1, determined by the formula: 

 

4

4

zU
k

EI
= . (23) 

 

The calculated distances ls between the sleeper axes 

are taken at 0,50, 0,543, 0,60 and 0,625 m respec-

tively for 2000, 1840, 1680 and 1600 sleepers per 1 

km. 

The mean square deviation of the dynamic load of a 

wheel on a rail of inertia forces of the unsprung mass 

Ріum arising from the presence on the rolling surface 

of isolated unevenness is determined by the formula: 

 
max0,25іum іumS P= .  (24) 

 

The mean square deviation of the dynamic load of a 

wheel on a rail Scus, kN from inertia forces of the un-

sprung mass max

cusP during the wheel movement with 

smooth continuous unevenness on the rolling sur-

face is determined by the formula: 

 
max

4 2

0

2 1 2 2

0,225

0,052 10
      

10 3,26 10

cus cus

z к

z к

S P

U V q

d kU k q

−

− −

=  =



 − 

,  (25) 

 

where d – wheel diameter, m. 

After determining the mean square deviations of all 

variables of the inertia forces, it is possible to deter-

mine the total mean deviation S from the formula 

(19) and then determine the maximum probable 

value of the dynamic load max

prob

calP P=  from formula 

(15). 
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3.5. The impact of track maintenance on ballast 

layer deformation 

When performing track tamping, the geometric state 

of the track is improved. However, such an improve-

ment does not occur to the initial state, besides, the 

intensity of ballast layer deformation after tamping 

increases due to further crushing of crushed stone 

particles and the change of their shape. Thus, with 

multiple tamping, a significant deterioration of the 

ballast layer may occur (Fig. 9). The degree of im-

provement depends on the geometric state of the 

track before tamping. In order to take into account 

the degree of improvement at tamping, the results of 

the research are used from (Horvat, 2006, Holzfeind, 

2010, Veit, 2006, Soleimanmeigouni et al. 2016). It 

is taken into account the fact that with the help of 

tamping it is impossible to obtain better quality than 

the initial quality of the track, i.e. the unevenness 

conditioned by uneven elasticity of the subgrade 

Us  and uneven subsidence with a single-layer sta-

bilization of the track stabs cannot ensure better 

quality.  

The author suggests calculating the improvement 

achieved with the help of tamping by the following 

expression: 

 

( )tamp tamp unev U geom stabs k s s s s =   − − − ,   (26) 

 

where tampk  – the coefficient of linear dependence is 

assumed equal to 0,5÷0,8. 

The degree of improvement according to the expres-

sion (26) in percentage is shown in Fig. 9 for 

0,648tampk =  and the initial uneven plasticity of the 

subgrade and uneven stabilization 

stab 1,3Us s mm + = . It is assumed that after pass-

ing the load to the first cycle of tamping, the ballast 

becomes fully stabilized, and for further tamping the 

expression (26) takes the form: 

 

( )tamp tamp unev U geoms k s s s =   − − .  (27) 

 

The growth of the intensity of deformation after the 

performance of tamping depends on the degree of 

damage of particles of crushed stone by the working 

elements of tamping machines. The intensity of de-

formation is influenced by the mechanical properties 

of particles’ resistance to crashing, which, to a large 

extent, depend on the type of ballast material 

(Fischer, 2017).  

Therefore, studies have taken different values of in-

tensity increase. Thus, sources (Holzfeind, 2010) 

show the increase in the intensity of uneven subsid-

ence for 70-90 % of the intensity of tamping, other 

sources show the value of the intensity increase 20 

to 50 %. The railways of east Europe use predomi-

nantly crushed rock aggregate made of granite ma-

terial, which has high resistance to crushing; there-

fore the intensity increase for 20 % is roughly taken 

for calculation. 
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Fig. 9. Dependence of the degree of improvement due to tamping on the geometric state of the track before 

repair and the given initial quality of the track 
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4. The calculation results and discussion  

The following example of calculation of track geom-

etry deformation for the given operating conditions, 

the given construction of the track superstructure, 

the quality of the subgrade and the value of the per-

missible maximum-probable unevenness for track 

tamping works is given. The factor of the initial 

quality of the track depends on the non-uniform 

stiffness of the railway subgrade and the quality of 

the ballast layer consolidation.  

To simplify the problem, the passenger or the freight 

traffic is considered separately with rolling stock 

that is a passenger car on the bogie KVZ-TsNII with 

the speed of 160 km/h and loaded four-wheeled 

freight car on the bogie TsNII-X3-0 with a speed of 

80 km/h. The locomotive impact is not taken into ac-

count. 

The static load from the wheel on the rail for the 

freight car is 116,2 kN, for the passenger car is 71,25 

kN, the unsprung mass is respectively 7,1 kN and 

9,95 kN. The stiffness of the suspension is deter-

mined by the static deflection of a spring in 48 mm 

for a freight car and 155,0 mm for a passenger car. 

In the calculation, the design of the track, which is 

typical for the conditions of the CIS railways, is 

adopted: namely, the long-welded rails of R65 type, 

reinforced concrete sleepers, the fastenings of KB 

type, sleepers’ layout is 1840 pcs./km in straight and 

curved lines. The elasticity of the subgrade varies 

from 
minsgZU =140 N/cm3 to 

maxsgZU =196 N/cm3, 

which corresponds to the second category of base 

quality according to (Prokudin, 2005). Accordingly, 

the maximum and minimum value of stiffness of the 

underrail base, which is given for 1 meter rail: Uz 

min=59,4 MPa and Uz max=67,7 MPa. Operational 

load at the section is 20 megatons per year. 

Calculated by the formula (11), the wavelength is, 

for example, 4,22 m at the passenger car on the bogie 

KVZ-TsNII and at the speed of 160 km/h and 3,82 m 

for the freight car on the bogie TsNII-X3-0 at the 

speed of 80 km/h. The calculated initial slope of un-

evenness і depends on irregular stiffness of the sub-

grade and corresponds 0,073 ‰ for the freight and 

0,038 ‰ for the passenger rolling stock. The total 

initial slope of the unevenness with the initial une-

ven subsidence of the ballast layer is 0,544 ‰ and 

0,493 ‰. 

The calculation of dynamic loads on rails, stresses 

on the ballast layer and the development of track un-

evenness is performed in the form of statistical max-

imum-probable value at the probability level of 

0,994. A certain distribution of a number of isolated 

vertical irregularities of the track depending on the 

state of the track according to the system 

(Danilenko, Rybkin, 2006), which is shown in Fig. 

10, corresponds to these maximum probable depths 

of unevenness assumed in the current calculation of 

the railroad strength. This drawing shows the statis-

tical distribution of subsidence probabilities, where 

the depth of isolated irregularities do not exceed in-

dexes indicated in the work (Sysyn, 2008) for differ-

ent track states and for irregularities greater than 5 

mm deep. The intersection with the horizontal line 

shows the limit value of the unevenness with the 

probability level of 0,994. It follows from the draw-

ing that even excellent condition of the track cannot 

exclude depths appearance in more than 8 mm in 6 

of 1000 cases. 

Thus, on the basis of the probabilistic approach, it 

becomes possible to draw conclusions regarding the 

number of irregularities of a certain range of depth. 

For example, at the maximum probable depth of 

subsidence for 20 mm (corresponding to the value of 

deviation for 10 mm), the number of subsidence of 

the II degree of deviation is 88,3 %, the number of 

subsidence of the III degree of deviation and above 

is 11,7 % at the probability level of 0,994. This result 

does not contradict the current criteria for tamping 

repair, which is the ratio of the number of deviations 

(pcs/km) of the second degree and deviations of the 

III degree and above. 

The calculation of the development of the maximum 

probable depth of unevenness, depending on the ton-

nage passed for passenger and freight traffic is 

shown in the diagram (Fig. 11). Upon reaching this 

value, which corresponds to the admissible criterion 

of maintenance, the implementation of the track 

tamping is taken into account. At the same time, the 

depth of the subsidence is drastically decreasing, but 

does not return to the initial value through life cycle. 

Besides, the intensity of subsidence at each subse-

quent tamping increases significantly, which leads 

to further reduction of the tamping intervals. 
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p=0.994

 
Fig. 10. The subsidence distribution with the probability level of 0,994 at different track states (Sysyn, 2008) 
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Fig. 11. The comparison of the development of subsidence for passenger and freight cars depending on the 

number of passed axles 

 

It is evident from Fig. 11 that the unevenness under 

the influence of a freight car develops much faster, 

and the first tamping is already necessary after the 

passage of 3.76 million axles, while the unevenness 

under the influence of a passenger car reaches the 

depth of 10 mm after passing 7.16 million axles. 

 

5. The conclusion and subsequent studies 

This study presents the method for assessment of 

track geometry deformation, which allows consider-

ing the main factors of the track construction, rolling 

stock, operating conditions and maintenance factors 

in full measure. The proposed method is based on 

the standard normative rules of calculation, which 

allows using it for practically all possible variants of 

factors. At the same time, the proposed improve-

ments by the authors allow eliminating the main dis-

advantage of the standard method – the approach of 

permissible stresses in the ballast layer, which are 

not related to the duration of the life cycle. It is pro-

posed to assess the development of track subsidence 

together with track maintenance effect instead of 

probable stresses. The application of the probabilis-

tic approach makes it possible to draw conclusions 

regarding the number of unevenness. The developed 

methods could be used for improvement of strategic 



106 

 

Sysyn, M., Gerber, U., Kovalchuk, V., Nabochenko, O.,  

Archives of Transport, 47(3), 91-107, 2018 

 

 

maintenance planning of railway infrastructure 

(Wieczorek at al. 2018). 

The purpose of further research is: 

1) to determine the optimal allowable values of the 

vertical track unevenness for track tamping from the 

point of view its frequency reduction and ensuring 

the maximum of the ballast layer life cycle. 

2) the development of the optimal strategy for cur-

rent maintenance which assumes corresponding 

value of the maintenance criterion and aims at en-

suring the maximum possible life cycle of the ballast 

layer. 

 

Acknowledgements 

We own our greatest debt of gratitude to the former 

head of Institute of Railway Systems and Public 

Transport, Prof. Dr.-Ing. Wolfgang Fengler for the 

long-term promotion of international cooperation 

and constant organizational help with the experi-

mental investigations. 

 

References 

[1] FRÖHLING, R., 1997. Deterioration of railway 

track due to dynamic vehicle loading and spa-

tially varying track stiffness. PhD. University of 

Pretoria, 1997. 

[2] GUÉRIN, N., SAB, K., MOUCHERONT, P., 

1999. Identification expérimentale d’une loi de 

tassement du ballast. Can. Geotech, 36(3), pp. 

523–532  

[3] SATO, Y., 1995. Japanese studies on deteriora-

tion of ballasted track, Vehicle System Dynam-

ics, 24, pp. 197-208. 

[4] SHENTON, M., 1995. Ballast deformation and 

track deterioration. Proceedings of a Conference 

by the Institution of Civil Engineers. University 

of Nottingham, London, Thomas Telford, 

pp.253-265. 

[5] LYSYUK, V., SAZONOV, V.,  BASH-

KATOVA, L., 2003. A strong and reliable rail-

way track. Moscow.: Akademkniga, pp.62-68. 

[6] HOLZFEIND, J. HUMMITZSCH, R., 2010. 

Qualitätsverhalten von Gleisen – Effekte von 

Neulage und Instandhaltung. ZEVrail, 5(134), 

pp. 182-191. 

[7] HOLZFEIND, J., HUMMITZSCH, R., 2010. 

Zur Prognostizierbarkeit des 

Qualitätsverhaltens von Gleisen. 

Eisenbahningenieur, 8. – pp. 32 40. 

[8] GERBER, U. FENGLER, W., 2010. 

Setzungsverhalten des Schotters. Eisen-

bahntechnische Rundschau, 4, pp. 170-175. 

[9] NIELSEN, J., LI, X., 2018. Railway track ge-

ometry degradation due to differential settle-

ment of ballast/subgrade – Numerical prediction 

by an iterative procedure. Journal of Sound and 

Vibration, 412, pp. 441-456. 

doi.org/10.1016/j.jsv.2017.10.005 

[10] NISHIURA, D., SAKAI, H., AIKAWA, A., 

TSUZUKI, S., SAKAGUCHI, H., 2018. Novel 

discrete element modeling coupled with finite 

element method for investigating ballasted rail-

way track dynamics. Computers and Geotech-

nics, 96, pp 40-54. 

doi.org/10.1016/j.compgeo.2017.10.011 

[11] HETTLER, A., 1984. Bleibende Setzungen des 

Schotteroberbaus. Eisenbahntechnische Rund-

schau, 33, pp. 847-854. 

[12] LICHTBERGER, B., 2003. Handbuch Gleis: 

Unterbau, Oberbau, Instandhaltung, 

Wirtschaftlichkeit. Hamburg: Tetzlaff Verlag, 

pp. 43-46. 

[13] HOLTZENDORFF, K., 2003. Untersuchung 

des Setzungsverhaltens von Bahnschotter und 

der Hohllagenentwicklung auf Schotterfahrbah-

nen. PhD. Technische Universität Berlin. 

[14] HORVAT, F., KISS, F., 2006. 

Streckenbewirtschaftung in Relation von Gleis-

lagequalitat zu Traktionsenergieverbrauch. Ei-

senbahntechnische Rundschau, 11, pp. 798-805 

[15] POPP, K., SCHIEHLEN, W., 2003. System 

Dynamics and Long-Term Behavior of Railway 

Vehicles, Track and Subgrade (Lecture Notes in 

Applied Mechanics; vol. 6). Berlin-Heidelberg: 

Springer Verlag. 

[16] UMANOV, M., 2007. Research and 

development of recommendations for 

determining the effectiveness of dynamic 

stabilizers of various structures during the 

modernization of the track on long-term closed 

lines. Report № 23/07 ЦТех – 451/07, № 

0107U005237. Dnipropetrovsk: DNUZT. 

[17] SYSYN, М., GERBER, U., RYBKIN, V., 

NABOCHENKO, О., 2010. Determination of 

the ballast layer degree compaction with 

dynamic and kinematic analysis of the acoustic 

waves impacts. Sborník přednášek. Železniční 

Dopravní Cesta. VOŠ a SPŠ stavební. Děčín: 

17.-18. února 2010. pp. 123-130. 

https://www.sciencedirect.com/science/article/pii/S0266352X17302847?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0266352X17302847?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0266352X17302847?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0266352X17302847?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0266352X17302847?via%3Dihub#!


Sysyn, M., Gerber, U., Kovalchuk, V., Nabochenko, O.,  

Archives of Transport, 47(3), 91-107, 2018 

107 

 

 

[18] VERIGO, M., YERSHKOV, O., POPOV, S., 

HEYVESTER. B., 1955. Railway track and 

rolling stock interaction and calculation issues. 

Reports of VNIIZHT, issue. 97. Moscow.: 

Transgzheldorisdat. 

[19] KOVALCHUK, V., KOVALCHUK, Y., 

SYSYN, M., STANKEVYCH, V., 

PETRENKO, O., 2018. Estimation of carrying 

capacity of metallic corrugated structures of the 

type multiplate mp 150 during interaction with 

backfill soil. Eastern-European Journal of 

Enterprise Technologies. Kharkov: 1/1 (91), 

pp.18 – 26, doi: 10.15587/1729-

4061.2018.123002. 

[20] VEIT, P., 2006. Qualitat im Gleis – Luxus oder 

Notwendigkeit?. Eisenbahningenieur, 12 (57), 

pp. 32-37. 

[21] SELIG, E., 1998. Ballast Performance: Consid-

ering more key factors. Railway Track and 

Structures, 94(7), pp. 17-20, 36. 

[22] DANILENKO, E., RYBKIN, V., 2006. Rules of 

railway track calculations for durability and 

stability (TSP/0117). Kyiv: Transport. 

[23] PROKUDIN, I., GRACHEV, I., KOLOS, A., 

2005. Organization of the reconstruction of rail-

ways for high-speed train traffic. Moscow: 

Marshrut, pp.245-248. 

[24] SYSYN, M., 2008. Influence of physical and 

geometrical characteristics of the railway track 

on its stress-strain state. PhD. Dnipropetrovsk 

National University of Railway Transport. 

[25] FISCHER, S., 2017. Breakage Test of Railway 

Ballast Materials with New Laboratory Method. 

Periodica Polytechnica Civil Engineering, 61 

(4), pp. 794–802, doi.org/10.3311/PPci.8549 

[26] GUDEHUS, G., 1998. Entstehung und Bewälti-

gung von Gleisbettwellen. Baugrundtagung 

1998, Stuttgart: DGGT, pp.457-463. 

[27] GUERRIERI, M., PARLA, G., 2013. A new 

high-efficiency procedure for aggregate grada-

tion determination of the railway ballast by 

means image recognition method. Archives of 

civil engineering, LIX, 4, 2013. DOI: 

10.2478/ace-2013-0025 

[28] DROŹDZIEL, J., SOWIŃSKI, B., 2010. 

Method of track vertical stiffness estimation 

based on experiment. Archives of transport, 

22(2), pp. 153-162. 

[29] WIECZOREK, S., PAŁKA, K., GRABOW-

SKA-BUJNA, B., 2018. A model of strategic 

safety management in railway transport based 

on Jastrzebska Railway Company Ltd. Scien-

tific Journal of Silesian University of Technol-

ogy. Series Transport. 2018, 98, 201-210. ISSN: 

0209-3324. DOI: 

https://doi.org/10.20858/sjsutst.2018.98.19. 

[30] MIGUEL, A., LAU, A., SANTOS, I., 2018. Nu-

merical simulation of track settlements based on 

an iterative holistic approach. Journal of the 

Brazilian Society of Mechanical Sciences and 

Engineering 40:381, 

https://doi.org/10.1007/s40430-018-1300-8. 

[31] SOLEIMANMEIGOUNI, I., AHMADI, A., 

KHOUY, I., LETOT, C., 2016. Evaluation of 

the effect of tamping on the track geometry con-

dition: a case study. Proc IMechE Part F: J Rail 

and Rapid Transit, Vol. 232(2) 408–420. DOI: 

10.1177/0954409716671548 

[32] GROSSONI, I., ANDRADE, A., BEZIN, Y., 

NEVES, S., 2018. The role of track stiffness and 

its spatial variability on long-term track quality 

deterioration. Proc IMechE Part F: J Rail and 

Rapid Transit 0(0) 1–17. DOI: 

10.1177/0954409718777372. 

 

 


