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T he railway track structure dete-
riorates with increasing rail
traffic, because vertical and
lateral dynamic loads transmit-

ted by the track increase with growth of
speed and axle load. The vertical forces
transferred on the rail (FV) consist of six
different components [1]. These are: sta-
tic wheel force FV0 (100%); quasi-static
force in the curve FVk (0 – 40%); dyna-
mic force caused by rail unevenness
FVds (0 – 300%); dynamic force due to
wheel flattening FVdh (0 – 300%); bra-
king force FVdb (0 – 20%); influence of
FVj asymmetry, e. g. excess or deficien-
cy of cant (0 – 10%). Increased dynamic
loads are caused by imperfections in
wheels or rails (e. g. wheel flattening,
switches, crossings, expansion gaps
between rails, imperfect welds or rail
corrugation). The increased loads trans-
ferred further to the granular layers

cause progressive deformations of the-
ses layers as the trains pass, resulting in
a cumulative deterioration of the track’s
geometry, the geometry being a basic
parameter, especially on high-speed
lines [2]. Settlement of the granular
layers is a result of a loss of contact
between grains or their cracking, under
the influence of repeated dynamic lo-
ads. The settlement is equal to the sum
of the deformations of the various lay-
ers used to distribute the loads transfer-
red to the interacting layers. Article [3]
presented that ballast is the layer with
the greatest contribution to the settle-
ment of the railway track structure
(up to 50 – 70% of the total vertical de-
formation). The authors of publications
[3 ÷ 5] proved, on the basis of railway
track measurements, that the ballast set-
tlement is „non-linear” or there is a li-
near relationship between the average
settlement and the vertical deformation
of the track. This means that an increase
in ballast degradation may lead to a

significant degradation of the railway
track geometry. The progressive degra-
dation of the geometry, as well as noise
and vibration caused by the deforma-
tions, have been identified as important
problems that need to be reduced, e.g.
by modifying the vertical stiffness and
aiming to achieve its homogeneous va-
lue along the track. One method to mi-
nimize these problems is to install ela-
stic elements (e. g. under-rail pads, pla-
stic sleepers, under sleeper pads or
under ballast mats) in the railway track
structure [2]. Interesting are analyzes of
the possibility for predicting, using
artificial neural networks, values of sta-
tic and dynamic ballast modulus of
recycled prototype sleeper pads (USP)
in order to adjust their technical parame-
ters (density and thickness) [6]. More-
over, vibration isolators based on recyc-
led elastomeric materials have a poten-
tial to be widely used in ecologically
sustainable railway track systems [7].
The arising vertical vibrations also
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Streszczenie. Główną rolą współpracujących ze sobą warstw
ziarnistych w nawierzchni kolejowej, tzn. podsypki, warstwy
ochronnej i podtorza jest zapewnienie przekazywania obciążeń
oraz odpowiednie podparcie rusztu torowego. Podsypka jest jed-
nak najsłabszym elementem nawierzchni kolejowej, dlatego wy-
maga odpowiedniego doboru materiału, uziarnienia, wzmocnie-
nia czy zagęszczenia. W artykule opisano stosowane rozwiąza-
nia w materiale ziarnistym podsypki tłuczniowej zwiększające
trwałość zarówno samej podsypki, jak i eksploatowanej na-
wierzchni kolejowej. Zastosowanie elementów sprężystych wg
ich sztywności rekomendowano w celu zwiększenia trwałości
podsypki kolejowej na etapie projektowania, budowy i utrzyma-
nia eksploatowanych nawierzchni kolejowych. Wskazano rów-
nież zalecane rozwiązania do stosowania w praktyce inżynier-
skiej, które można dostosować do aktualnego cyklu życia na-
wierzchni kolejowej.
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cau se fa ti gue of the co ope ra ting ele -
ments (e.g. the fa ste ning sys tem) and
may in i tia te lo ose ning of the bal last,
which, after re aching a cri ti cal le vel of
gra in ac ce le ra tion, le ads to bal last pla -
sti ci za tion [8, 9].

Chan ges in the geo me tric po si tion of
ra il tracks al so oc cur as a re sult of chan -
ges in the ir sup port and works per -
for med in the track (track tam ping or
bal last cle aning). The cau se of the track
de for ma tions is a dif fe ren tia tion of 
sup port cha rac te ri stics in the track’s 
va rio us cross -sec tions, re sul ting from
une ven set tle ment of the bal last du ring
ope ra tion, in cre ased de for ma tions espe -
cial ly due to the so -cal led bal last di spla -
ce ment from un der sle epers, or we ak
sub gra de. As a re sult of une ven ness, 
in cre asing due to the se fac tors, a re duc -
tion of con tact be twe en the sle eper and
the bal last lay er (e. g. the ef fect of han -
ging sle epers [10, 11]) can oc cur. The
stif f ness of the track in an unlo aded 
sta te (wi tho ut lo ads from ve hic les) cau -
ses the sle epers to rest on the bal last
with va ry ing de gree of sup port. In the
most unfa vo ra ble ca se, the re may be
a com ple te lack of con tact be twe en the
sle eper and the bal last. Ha ving on ly an
unlo aded ra il way track it is dif fi cult to
es ti ma te ef fects of such lo cal une ven -
ness when the track works in a ver ti cal
pla ne. The chan ges in the track sup port
by the bal last can on ly be de scri bed
when it is lo aded, after ap ply ing lo ad
from, for exam ple, a lo co mo ti ve axle
[12, 13].

Ballast in the railway track
structure

The bal last in the ra il way track is
a lay er of lo ose, co ar se -gra ined sto ne
ag gre ga te with a gra in dia me ter of
31.5 – 50.0 mm and sharp ed ges. 
Re qu ire ments for the bal last are in c lu -
ded in Po lish re gu la tions [14, 15], which
pro vi de ba sic re com men da tions re gar -
ding ag gre ga te for ra il way bal last and
ba sic re gu la tions for pro duc tion and 
ac cep tan ce of na tu ral and re cyc led bal -
last used in ra il way tracks. The ma in
pro blems that ari se in an ope ra ted 
bal last are cru shing, abra sion and con -
ta mi na tion. Suc ces si ve opti mi za tion of
its gra in si ze is ma in ly re la ted to mi ni -
mi zing the cle aning and ma ke -up pro -

ces ses du ring ro uti ne ra il way track ma -
in te nan ce ac ti vi ties [16, 17]. 

Figure 1 shows the criteria for the
ballast cleaning . The ballast regains it’s
full working function after being
profiled and cleaned. The general rules
for cleaning and replenishing the ballast
are as follows [16]:

■ ballast cleaning becomes necessary
when more than 30% of grains have 
a diameter of less than 22 mm;

■ cleaning of the ballast is absolutely
necessary when the contamination
exceeds 40%.

Fulfillment of the tasks set for ballast
in the railway structure is achieved 
by [17]:

● proper profile and size of the ballast
pile;

● use of bedding materials with high
compressive strength, resistant to
weather conditions and with sufficiently
low crushability;

● good compaction and maintenance
of the ballast;

● placing ballast on a stable, properly
shaped and drained track subgrade.

Du ring the ope ra tion of a jo in tless
ra il way track, va rio us forms of whe el -
-ra il con tact, sle eper -bal last con tact,
and unfa vo ra ble, unin ten tio nal im per -
fec tions at the con tact be twe en the
track and gro und sur fa ce oc cur. Un der
the in flu en ce of pas sing tra ins, im per -
fec tions oc cur in the whe el and ra il sur -
fa ce, re du cing the du ra bi li ty of the ra -
il way sur fa ce [11,18]. As shown by the
expe rien ce of Eu ro pe an ra il ways [2],
the re com men ded va lue of ver ti cal stif -
f ness of the track is 50 – 80 kN/mm
(due to dy na mic lo ads, ener gy dis si pa -

tion, ener gy co sts, de te rio ra tion of its
con di tion, co sts in cur red du ring ma in -
te nan ce).

Stresses transferred 
to the ballast 
and railway subgrade

I per for med a field re se arch and an
ana ly sis of une ven ness in the ra il way
track. In the ca se of the ge ne ra ted une -
ven ness, by track li fting along a length
of two sle eper spa cings, the fol lo wing
va lu es we re ob ta ined in sec tion no. 2
(Fi gu re 2a):

It sho uld be em pha si zed that the si -
mu la ted in e qu ali ty chan ges the va lue 
of the for ce trans fer red from the ra il to
the ra il way sle eper (Fi gu re 2b) from
44.284 kN to 59.763 kN (by 34.95%).
This for ce cau ses an ave ra ge stress ac -
ting on the bal last (un der the sle eper),
that is cal cu la ted from the fol lo wing for -
mu la [19]:

where:
Qmax – maximum force transferred from the rail
to the railway sleeper [kN];
A – sleeper support area [m2];
α – sleeper deflection coefficient [-] (1.0 in the
case of a concrete sleeper, 0.8 – a wooden
sleeper).

The ob ta ined from the te sts (Fi gu -
re 2b) va lue of the for ce, with the ad op -
ted dy na mic co ef fi cient, cau ses a chan -
ge in the stress trans fer red to the bal last
from 0.28 MPa up to 0.44 MPa (at the
per mis si ble va lue of 0.5 MPa for hard
rock bal last [19]). The se va lu es al low
to vi su ali ze the sca le of a chan ge that ta -
kes pla ce, and abo ve all, the in cre ased
stres ses trans fer red to the bal last. The
stress trans fer red to the ra il way sub gra -
de is cal cu la ted de pen ding on the bal last
thick ness, sle eper di men sions and the
cur rent con di tion of the bal last – using
a pa ra me ter η [19, 20]:

(2)

where:
Qi – force transferred from the rail to the sleeper [kN];
pp – sleeper length [m]; sg – track width [m];
w – sleeper width [m];
hp – ballast thickness [m];
η – angle of stress propagation in the ballast [°],
depending on the ballast condition; η = 36°
(good condition), η = 35° (average condition);
η = 32° (bad condition).
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Fig. 1. Criterion of ballast cleaning [16]
Rys. 1. Kryterium oczyszczania podsypki [16]
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A permissible stress acting on the
track surface, taking into account the
number of load cycles n (during
operation), is calculated from the
following formula [16]:

(3)

where:
Ev2 – deformation modulus [MPa] [21];
n – number of load cycles [-].

Assuming the following data for
calculations:

a) value of the force transferred from
the rail to the sleeper Q = 50 kN and 
Q = 100 kN;

b) length of pp sleeper = 2.5 m; track
width sg = 1.5 m; sleeper width w = 0.27 m;

c) angle of stress propagation in the
support [°]; η = 36° (good condition)
and η = 32° (bad condition);

d) deformation modulus Ev2 at the
values: 60, 100 and 120 MPa and 
the number of load cycles (n) in the
range of 2·102 ÷ 2·107, the relationships
shown in Figure 3 and Figure 4 were
obtained:

As indicated by observations and
measurements on the track in use (e.g.
measurements by a measuring trolley),
the author’s test (Figure 2c) and
analyzes [10 – 12], during operation 
the permissible stresses transferred 
from the railway sleeper to the ballast
and the track may be exceeded.

Granular material 
of breakstone ballast

The basic material for the ballast is
crushed stone with sharp edges,
obtained from hard magmatic intrusive

rocks (diorite, gabbro, granite, syenite)
and extrusive rocks (basalt, porphyry).
In the ballast track structure, the ballast
is the weakest element in the rail-
sleeper-ballast system. Therefore, there
is a need to increase its durability. One
of the solutions used is a selection of
the crushed stone by quality, type and
grain composition. Crushed stone
ballast solutions used to slow down 
its degradation and increase the
durability of a used railway track are
as follows:

■ elimination of the ballast layer from
the railway track structure (ballastless
track solutions);

■ use of components that increase 
the resistance of the ballast layer to
fragmentation (deconsolidation), e.g. 
a ballast composite in the form of a layer
of crushed stone reinforced with
geogrids [22] - photo a;

■ local chemical stabilization
(surface spraying with a special binder
based on polyurethane resins) [22, 23]
– photo b;

■ stabilization of the crushed stone
ballast using polyurethane foam
injected into the windows between 
the sleepers;

■ laying special mats stabilizing the
position of ballast grains or using ballast
bags [24] on the high-speed line 
(photo c);

■ reducing overloads occurring on a
railway embankment put a flexible
(weak) base by using light [25], natural
and artificial granular materials (e.g.
Leca – light expanded clay aggregate
or Glasopor – foamed glass aggregate
[26]) – photo d; additional advantages
of light materials include: low bulk
density, low water absorption and high
durability;

■ using elastic elements in the
superstructure [2, 27 ÷ 30] – photos e
and f, such as:

– soft rail pads with stiffness up to 
80 kN/mm [2] (effective in reducing the
pressure transferred to the track and
reducing vibrations of sleepers and
ballast); reducing the stiffness of these
pads can reduce vibration and noise
from sleepers and ballast particles;

– soft underlay pads (Under Sleeper
Pads – USP) – effective in reducing
settlement and vibration of the ballast;
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Fig. 3. The stress transferred on railway
subgrade (concrete sleeper)
Rys. 3. Na prę że nie prze ka zy wa ne na to ro wi -
sko (pod kład be to no wy)

Fig. 4. The allowable stress acting on the
surface of railway subgrade
Rys. 4. Dopuszczalne naprężenie działające
na powierzchnię torowiska

Fig. 2. Analysis of the irregularity in the
railway track (own calculations): a) the
scheme of the generated irregularity; b) the
force transferred from the rail to the
sleeper; c) stress transferred to the ballast
due to the generated irregularity (for the
assumed dynamic coefficient of 2.0) where:
f0 – the generated irregularity in the
railway track, mm; P – applied force: 
90 kN/wheel; ES•I – track stiffness in 
the vertical plane (I=1819 cm4), MNm2; 
gt – track weight 0.0022 MN/m; 
a – sleeper spacing 0.6 m
Rys. 2. Ana li za wy wo ła nej nie rów no ści w to -
rze ko le jo wym (ob li cze nia wła sne): a) sche -
mat wywo ły wa nej nie rów no ści; b) si ła prze -
ka zy wa na z szy ny na pod kład; c) na prę że nie
prze ka zy wa ne na pod syp kę wsku tek ge ne ro -
wa nych nie rów no ści (w przy pad ku przy ję te -
go współ czyn ni ka dy na micz ne go 2,0), gdzie:
f0 – nie rów ność wy wo ła na w to rze ko le jo -
wym [mm]; P – przy ło żo na si ła 90 kN/ko ło;
ES·I – sztyw ność to ru w płasz czyź nie pio no -
wej (I = 1819 cm4) [MNm2]; gt – cię żar to -
ru 0,0022 MN/m; a – roz staw pod kła -
dów 0,6 m
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– under sleeper pads increase the
contact surface between the sleeper and
the ballast stones (from 5 – 8% up to 
30 – 35% with a deformability of 
0.2 N/mm3) and reducing the pressure
on the ballast by approx. 10 – 25%;

– reduction of the force transferred to
the ballast caused by the “hanging
sleepers” effect;

– stiff under sleeper pads – effective
in reducing the thickness of the ballast;

– soft under sleeper pads (0.08 – 
0.15 N/mm3) [6, 29] should be installed
into the superstructure to reduce the
stresses transmitted to the ballast;

– pads with medium stiffness (0.15 –
0.25N/mm3) [6, 29] are most suitable to
achieve a progressive change in the
stiffness of the whole track;

– under ballast mat (Under Ballast
Mats – UBM) – allows for an increase
of contact area between the ballast layer
and the protective layers, significantly
reducing the stresses transferred by the
ballast to the railway subgrade, thus
causing less settlement;

– the under ballast mat protects the
ballast, significantly reducing the contact
of the ballast with the railway subgrade
and providing a greater flexibility of the
track system, thanks to which the load of
trains is distributed over a larger area,
thus reducing the transferred stresses;

– under ballast mats (UBM) are used
mainly to reduce low-frequency
vibrations transferred to the ground and

to increase track flexibility, but it is
advisable to use soft mats (with a
modulus of less than 0.06 N/mm3) [30,
31]); at the same time, these mats reduce
the stress transferred to the track or
protective layers of the subgrade;

■ successive cleaning and refilling of
the ballast (Figure 1);

■ new methods for analyzing the
particle size distribution of the railway
ballast using image processing tech-
niques [32] or well-thought-out recy-
cling of ballast [13];

■ methods of mechanical compaction
of the ballast [33 – 35] or selection of
grain size and grain shape [36];

■ innovative railway sleepers (e.g. the
Spanish project called Aurigidas [24]).

Conclusions
The use of the weakest element, i.e.

ballast, in a ballasted railway track
structure requires the use of appropriate
solutions to extend the operational
durability of both the railway track
superstructure and the ballast itself.
The following groups of solutions are
used:

a) group I – elimination of ballast in
the railway surface (ballastless tracks);

b) group II – strengthening the
crushed stone ballast (e.g. ballast
composite, chemical stabilization or
ballast mats and ballast bags);

c) group III – attempts of using
various types of light, durable, natural

and artificial granular
materials;

d) group IV – use of elastic
elements on the surface (rail
padss, USP or UBM);

e) group V – successive
cleaning and refilling of the
ballast and methods of
analyzing the distribution of
railway ballast particles
using e.g. image processing
techniques;

f) group VI – further
search for optimal grain size,
ballast material and effec-
tive methods of mechanical
compaction of the railway
ballast.

Theoretical analyses,
laboratory tests, observations
and measurements in the

track, as well as experience successively
gained in many countries allow us to
optimize the methods and solutions
used, which significantly influence the
behavior of the track during its
operation. The use of elastic elements in
the railway surface (appropriately
selected rail pads, under sleeper pads
(USP) or under ballast mats (UBM))
should be treated as recommendations
aiming to increase the durability of the
railway ballast at the design and
construction stages, and especially
during the long-term maintenance of
used railway track structures (table).

Se lec ted cur ren tly used so lu tions pre -
sen ted in the pa per al low to in cre ase the
du ra bi li ty of ra il way bal last (as se pa ra -
te so lu tions or by a sy ner gic well -tho -
ught -out co in ci den ce). Re com men ded
so lu tions for use in en gi ne ering prac ti -
ce can be ada pted to the cur rent li fe cyc -
le of the ra il way track:

1) at the design stage, e.g. selection of
appropriate parameters of rail pads, USP
or UBM;

2) at the operation and maintenan-
ce stage, e.g. tamping, refilling and
cleaning of the ballast, chemical
stabilization or replacement of rail 
pads (which are subject to rapid
degradation and are most often the 
first to be qualified for replacement) at
the replacement (major repair) stage,
e.g. using USP, UBM or plastic
sleepers.
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Solutions used in the granular material of the breakstone ballast increasing the durability of the
operated railway track structure: a) breakstone composite [22]; b) chemical stabilization of the ballast
[22]; c) ballast bag [24]; d) lightweight granular materials [26]; e) geosynthetics [37]; f) under sleeper
pads (USP) [38]
Stosowane rozwiązania w materiale ziarnistym podsypki tłuczniowej zwiększające trwałość eksploatowanej
nawierzchni kolejowej: a) kompozyt tłuczniowy [22]; b) stabilizacja chemiczna podsypki [22]; c) worki
podsypkowe [24]; d) lekkie materiały ziarniste [26]; e) geosyntetyki [37]; f) podkładki podpodkładowe
(USP) [38]

a)

d) e) f)

b) c)

Leca
Glaspor
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The use of elastic elements in the railway track structure according to their stiffness [2]
Zastosowanie elementów sprężystych w nawierzchni wg ich sztywności [2]

Field of aplication
Rail pads USP UBM

stiff soft sztywne miękkie sztywne miękkie
Decrease in rail deflection + +

Reduction of damage in sleepers +
Reduction in sleeper movements 
and vibrations +

Decrease in ballast stettlement due to
stress reduction + + +

Decrease in the stress trnsmitted
to sublayers +

Reduction in stiffness changes + +

Longer life of fastener system +

Reduction in ballast degradation + + +

Reduction in sleeper and ballast vibration +

Decrease in ballast layer thickness + + +


