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1.	 Introduction

The increase of dynamic effects in railway track structures is 
connected with the train service speed and axle load increase. An 
increase of ballast stress is caused not only by the higher dynamic 
effects but also by the use of concrete sleepers and bearers which 
are characterized by higher bending stiffness and a  relatively 
small contact area with ballast bed [1]. The dynamic effects 
occur due to imperfections of a railway track. The dynamic effects 
cause changes in sleeper or bearer support in ballast bed that 
unfavourably influence quality development of track geometry 
parameters.

A progressive deterioration of the track quality characterized 
by irregular supports of concrete sleepers or even by voiding 
sleepers which can vibrate in the ballast bed (so called dancing 
sleepers) as described, e.g., in [2 and 3], is a consequence of the 
evidence that track imperfections and higher dynamic effects are 
closely connected together [4] and [5].

Under sleeper pads (USPs) which are fixed on the underneath 
surface of a  sleeper decrease the railway track stiffness. The 
contact area between sleepers or bearers and ballast is significantly 
higher. Static and dynamic loads on sleepers and bearers decrease 
and vehicle–track dynamic system properties are modified. 
Similarly, furthermore, the transfer of vibrations to a ballast bed 
is interrupted and damping of vibrations is moved to upper parts 
of a track [6], [7] and [8].

Two test sections for concrete sleepers and bearers with 
under sleeper pads were built in the Czech Republic in 2007 
[9]. The basic motivation for the construction of the test track 
sections was an evaluation of the influence of under sleeper pads 

on improvement of track quality as a  consequence of ballast 
bed protection against extreme stress. The paper comprises 
experience with applications of under sleeper pads in the Czech 
Republic from point of view of track settlement. Positive influence 
of under sleeper pads on track quality and influence on sleepers 
and bearers deflection and vibration was observed during six years 
of monitoring.

2.	 Description of USP test sections

The first test track section was built in the Plana nad Luznici 
railway station (4th Czech railway corridor: Prague - Ceské 
Budejovice - Linz) in the Czech Republic in 2007. The test section 
comprises of a  turnout J60-1:12-500-I with USPs and adjacent 
track. The traffic load of this track ranges from 20 000 to 40 000 
gross tons per day.

The assembly of the USPs for the turnout was designed in the 
finite element model [10] with the aim to reduce abrupt changes 
of track vertical stiffness. The basic bedding modulus of installed 
USPs (ballast plate) is 0.25 N.mm-3 – Getzner SLB 2210. Softer 
USPs – Getzner SLS 1010 and SLS 1707 – were used in the 
crossing panel just behind a  frog nose and in the area of long 
bearers behind the crossing. The softer USPs are only in the 
middle part of the bearers. The transition zones that allow smooth 
transition of vertical track stiffness between the track with USPs 
and the track without USPs were designed. The bedding modulus 
of USPs in the transition zones is 0.30 N.mm-3 – Getzner SLB 
3007. The length of the transition zone is 32.4 m, i.e., 54 sleepers. 
The total length of the track with USPs is 205 m. The pads were 
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after the tamping of the turnout and the ballast consolidation. 
The tamping was carried out three times in the test track section: 
6th April 2008 (during reparation works, only the turnout with 
USP), 12th November 2008 (only the turnout with USP) and 23rd 
July 2009.

In 2007 the second test section in the Czech Republic was 
constructed in a  curve of tight radius with the primary aim to 
evaluate the influence of USPs on reduction of rail corrugation 
development and, consequently, on the quality of track geometry 
parameters worsening. Test section was built in Havlickuv Brod 

installed on the underneath surface of sleepers and bearers by 
gluing. The neighbouring turnout and the adjacent track were 
chosen as a  comparative conventional section. Continuous 
welded rail was constructed in the whole track section including 
both turnouts. The review of the whole test section is in Fig. 1.

Discrepancies between the assembly design of USPs and its 
installation (lacking USPs, wrong glued-on USPs) were found 
out after the turnout had been laid on 9th November 2007. 
Speed restriction was imposed. The discrepancies reparation was 
finished on 7th April 2008 and the speed restriction was removed 
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Fig. 1 The scheme of the test track section for USPs in the turnout in Plana nad Luznici railway station
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•	 quality of track geometry parameters;
•	 track settlements;
•	 vertical deflections under a running axle;
•	 vibrations of railway superstructure elements;
•	 transfer of vibrations to a track vicinity;
•	 noise propagation to a track vicinity.

This article deals with the track settlement monitoring by 
precise levelling. The aim of this assessment is to verify the 
stability of the support of sleepers and the long bearers with USPs 
in ballast bed.

3.2	Track level and settlement – precise levelling 

The height of running surface of both rails was monitored 
through a precise levelling. Rail levels, bracket-type datum mark 
heights and other check points were monitored. Ninety three 
sections within 74.848 - 75.282 km are being monitored in the 
Plana nad Luznici track section. The length of sections in the 
track between the turnouts has the distance of 6 m; the sections in 
the turnouts have the distance of 3 m. Seventy four sections were 
established within 224.770 - 225.208 km in the step of 6 m in the 
Havlickuv Brod – Okrouhlice track section.

The track level is evaluated in a  relative altitude system. 
Relative deviations from the optimized track position, which was 

- Okrouhlice (the second main line Prague - Brno) track section 
in track No. 1 in length of 350 m. The curve radius is R = 288 m, 
speed V = 75 km.h-1 and cant D = 139 mm, see Fig. 2. The section 
is partially on an embankment, partially in the cut and includes 
track on two bridges. Rail 49 E1, fastening Vossloh W  14 and 
sleepers B 91S (the Czech design and product) were installed 
in the section. Rail fastening with high elasticity Vossloh E  14 
is installed in adjacent track and in  track No. 2. The design 
track vertical stiffness in the case of E 14 fastening and sleepers 
without USPs is almost the same as the vertical stiffness of track 
with W  14 rail fastening and sleepers with USP. Therefore, no 
transition zones were constructed in this test section. The static 
bedding modulus of USPs (ballast plate) is 0.25 N.mm-3 - Getzner 
SLB 2210.

3.	 Monitoring of USP test sections

3.1	Review of monitored parameters

The tests sections were built with the aim to protect 
permanent way elements against extremely high dynamic loading. 
That is why all parameters that could be influenced by the 
application of USPs are assessed. The following parameters are 
being observed:
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Fig. 3 The track settlement in Plana nad Luznici after track tamping (23 July 2009) relatively to the track level of 19 August 2009  
(ZV - front joint of turnout, KV - heel joint)
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Fig. 5 The track settlement in Havlickuv Brod – Okrouhlice test track section after track tamping relatively to the track level of the 5 December 2008
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in which symbols mean:
S

(l)
	 …	 function of settlement [mm];

l	 … 	service load [MGT … million gross tons];
L	 …	 limit of settlement [mm];
k	 …	 slope of tangent at l = 0 [mm.MGT-1].

The regression functions were determined by least square 
method to find the minimum of the function:

min f x x X E2| ! 1^ h" ,	 (2)

in which:
x	 …	 vector of parameters of the regression function [k L]T;
X	 …	 subset defined by constraints k > 0 and L > 0 of Euclidean  
		  space E2.

The function f (x) was defined:
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in which:
i	 …	 index of track levelling epoch;
n	 … number of last epoch;
s

i
	 …	 measured track settlement [mm];

l
i
	 …	 service load till levelling epoch number i [MGT].

The min f (x) occurs at the point x *:

f x 0
T

d =)^ h 	 (4)

in which f xd ^ h is gradient vector:
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The system of nonlinear algebraic equations was evaluated 
from the equation (4):
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The system of nonlinear equations was solved by Newton’s 
method [11]:

x x f x f xk k k k1 2 1
$d d= -+ -^^ ^hh h	 (8)

found out by regression in the initial observation, were calculated. 
Designed parameters of height curves were taken into account. 
The evaluation of relative geometry parameters – settlement, track 
twist – was chosen for two reasons. The first reason is the fact 
that a printing of absolute track level in a chart doesn’t provide an 
evidence of the track level deviation which is relatively tight to the 
absolute track level. An expression of the deviation relative to the 
designed track level is influenced by overall changes of the track 
level in the whole section - settlement or tamping of the track - 
which is the second reason. Deviations from relative designed 
position, track twist in a few wavelengths and a progress of track 
settlement were calculated.

The longitudinal level of the track in both test track sections 
was measured three times every year after the test sections had 
been put into operation. There is an evident local extreme of 
settlement in the vicinity of heel joint of turnout No. 11 in Plana 
nad Luznici without USPs in relative stationing of 1050 m, see 
Fig. 3. The local extreme is caused by unsymmetrical settlement 
of bearer in the crossing panel and just behind it. The undesirable 
unsymmetrical settlement is the main reason for the USPs 
installation on bearers. Such local extreme doesn’t appear in the 
crossing panel in turnout No. 12 with USPs. It can be stated that 
the installation of USPs in this test track section is a preventive 
measure improving the track quality.

Next important parameter of track quality is the track twist. 
The track twist was calculated from computed cant. The distance 
of the measurement points is either 3 m (in the turnouts) or 6 m 
(for the points out of the turnouts). Therefore, the twist was 
calculated for the track length of 3 m (only in turnouts), 6 m, 12 m 
and 18 m. The twist for the last measurement is to be found in 
Fig. 4. The influence of USPs is obvious from the results, mainly 
for the track between turnouts. The track twist for unloaded track 
in turnouts is roughly the same. Here, the discrepancies during 
construction of turnout No. 12 with USPs, which are described 
above, influence the evaluation of track twist.

A  significantly higher settlement is evident for the track 
with USPs in comparison to the track without USPs and elastic 
fastening Vossloh E  14 in Havlickuv Brod – Okrouhlice test 
section, see Fig. 5. Both bridges dominantly influence settlement 
of the track and local extremes of the track settlement occur just 
in transition zones of the bridges.

3.3	Evaluation of track settlement

The settlement progress analysis in both sections for plain 
track with and without USPs was carried out. The exponential 
regression of settlement curves was calculated by least square 
method following the formula:

S l L e1 L
k
l$= - $-^ ^h h	 (1)
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and could be omitted regarding other parameters, which influence 
behaviour of the track sections.

A  negative relative settlement is evident for the state of 
monitoring before last one. This effect has not been explained 
completely yet. The reason can be either the limited precision 
of measurement and evaluation methods or influence of isolated 
maintenance impacts in points of the most deteriorated track 
level.

The progress of standard deviations of track settlement 
is also an interesting phenomenon. The standard deviations 
of settlement values, which correspond to the track quality 
parameters, were compared only for plain track with or without 
USPs in both sections, see Fig. 7. The exponential regression is 
again included into the chart. The significant differences between 
tracks with USPs and without USPs as well as differences between 
tracks with USPs in both sections are evident. The worsening 
of standard deviation in Plana nad Luznici test section almost 
converge but do  not converge in Havlickuv Brod - Okrouhlice 
section where the value of standard deviation is influenced by the 
bridges and their transition zones. If plain track with and without 
USPs are compared in Plana nad Luznici for the same loading 
better behaviour of the track with USPs is evident.

in which f x2d ^ h is the symmetric Hessian matrix:

		
f x

f

f

L
f
k Lk

f

L k

2
2

2

2

2

2

2

d
2

2 2
2

2
2

2
2

2 2

=^ h
R

T

S
S
S
SS

V

X

W
W
W
WW

	 (9)

Upper index k  means a  step number of the numerical 
iteration. If convergence error was less than tolerance f  = 1.10-4, 
i.e.:

f xkd # f^ h ,	 (10)

the calculation was stopped and the parameters k, L were 
determined.

The average operational load is approximately 5.6 MGT 
per year in Plana nad Luznici section and 9.8 MGT per year in 
Havlickuv Brod - Okrouhlice section. The settlement progress is 
roughly the same for plain track with and without USPs in Plana 
nad Luznici test track section (L = 10.8 mm without USPs, L 
= 10.7 mm with USPs) and is significantly slower with rather 
less limit in the track in Havlickuv Brod - Okrouhlice (L = 10.1 
mm), see Fig. 6. The difference in the settlement speed could be 
explained by the fact that in Plana nad Luznici a new subgrade 
structure was constructed. The settlement limit is not significant 
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is better and track geometry deterioration is slower compared 
to the track quality without USPs. This can be explained by the 
reduction of stress in ballast bed under a sleeper due to the use 
of USPs;this phenomenon was analyzed by static and dynamic 
analyses by FEM [8]. As a  consequence the lifetime of ballast 
bed is extended. The positive influence of USPs is usually evident 
after longer period of time considering traffic density of a track. 
The higher track load the sooner influence of USPs is evident and 
the more investment in USPs would be efficient from the point of 
view of life cycle costs.

The monitored data show that the influence of USPs had 
started to be evident two years after the USPs installation. The 
track settlement and deviations of track geometry parameters 
are lower in the section with USPs between the turnouts. It is 
expected that longer time period is required to get evidence of the 
influence of USPs in the turnout.
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4. Conclusion

A summary of results of the evaluations of both track sections 
are following:
•	 the deviations of the parameters at the beginning of monitoring 

were comparable for both sections with and without USPs;
•	 the deviations in the turnouts are higher than in the plain 

track in general;
•	 USPs are efficient regarding to the quality of track geometry 

parameters in comparison to the track without USPs;
•	 the most deteriorating factor for track quality occurs on 

bridges and their transition zones, USPs application does not 
improve situation significantly;

•	 USPs reduce an effect of unsymmetrical settlement of long 
concrete bearers in the crossing panel and adjacent track;

•	 Vossloh E  14 rail fastening with high elasticity is more 
effective from the point of view of track settlement, but it 
needs an extra maintenance effort.

The trial track sections in the Plana nad Luznici railway 
station and in Havlickuv Brod - Okrouhlice track section were 
built with the aim to assess a USPs‘s influence on track geometry 
quality. The basic conclusions are that the track quality with USPs 
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