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ABSTRACT�On the basis of recent research, a review has been carried out on the experimental determination of the 
mechanical parameters of the materials used as ballast material. Considerable attention is given to the well-

founded selection of input data for the calculation, i.e. quantitative characteristics of the elastic properties of the materials used 
to form the ballast layer, which is treated as a continuous medium. It appears that this approach makes it possible to assess 
correctly the infl uence of grain (grain size distribution) distribution, ballast layer thickness and material type on the stability of a 
railway track to vertical and horizontal disturbances. The data of this review show that material properties and particle size have 
a signifi cant impact on elastic moduli and in fi nite-element modelling of static strength problems, grain-size distribution and 
material properties are only taken into account through these moduli. Experimental results show a non-linear dependence of 
the elastic moduli on the stress behaviour of the ballast prism, which is related to a densifi cation of the medium in compression. 
However, it is established that, after a suffi ciently large number of loading cycles, the medium can be treated as linearly elastic. 
In general, the results of the research allow establishing requirements for damping, geometric and granulometric parameters 
of the ballast prism.
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АННОТАЦИЯ&На основании зарубежных публикаций проведен обзор по экспериментальному определению ме-
ханических параметров материалов, используемых в качестве балластного материала. Данные этого 

обзора показывают, что свойства исходного материала и размеры частиц оказывают влияние на упругие модули и при 
конечно-элементном моделировании статических задач гранулометрический состав и свойства материала учитываются 
лишь через модули. Экспериментальные результаты показывают нелинейную зависимость модулей от напряженного со-
стояния, что связано с уплотнением среды при сжатии. Однако указывается, что после достаточно большого числа циклов 
нагружения можно считать среду линейно-упругой.
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INTRODUCTION

The ballast layer, as an element of the track struc-
ture, signifi cantly predetermines durability of the track 
as a whole, serviceability of the subgrade and scope of 
maintenance and repair works.

Existing semi-empirical path calculation methods 
give a linear dependence of deformation (defl ection) 
on the speed of the vehicle in a fi xed section. However, 
experiments show that this dependence is valid only at 
low speeds (up to 100–150 km/h). At higher speeds this 
dependence becomes non-linear and gives a signifi cant 
divergence from theory.

The interaction of the track and rolling stock at dif-
ferent speeds is determined by force interaction be-
tween wheel and rail, in which a great role is played 
by static and dynamic properties of the ballast prism. 
In general, the calculation of this interaction is related 
to the solution of a dynamic problem in elasticity the-
ory. In fact, one should consider the oscillation of an 
elastic volume under the infl uence of external forceful 
disturbances. Taking into account wave processes in 
such systems as “vehicle-track” is a diffi  culty, which, 
on the one hand, is related to the correct setting of 
appropriate boundary conditions, on the other hand, 
with a reasonable choice of physical and mechanical 
properties of the ballast material, which are put in the 
mechanical-mathematical model of the deformation of 
the track.

MATERIALS AND METHODS

The ballast for the upper part of the track is a gran-
ular material designed to distribute the load applied 
by the moving train evenly. The ballast consists of par-
ticle elements between 20 and 60 mm in size. Today 
it is generally accepted that high quality ballast must 
have well defi ned particles, high density, high shear 
strength, high rigidity, high resistance to abrasion, une-
ven surface and minimum number of cracks and inclu-
sions [1–4]. Many properties of the ballast will change 
under dynamic loading due to ballast discolouration, 
deformation and contamination. Ballast contamina-
tion causes reduction in drainage capacity, hydraulic 
erosion, reduced stability due to sliding particles, wear 

on the bottom of the track and track damage due to 
increased water pressure (during rain) in the pores be-
tween the particles in the ballast.

This raises the need to improve drainage and 
strength properties, which are in a sense contradictory. 
It is fi rst necessary to consider physical and mechani-
cal properties of the ballast and how to mechanically 
and mathematically model the behaviour of the rail-
way track.

The simplest model of track is a sleeper as a bar 
on an elastic base under the impact of a concentrated 
load acting from the side of the wheel. The resilient 
bed must take account of the stiff ness of the sleepers, 
ballast and track bottom (earth, etc.). The values for the 
elasticity modulus of the rail support are derived from 
the results of fi eld tests of the track sections under op-
erating loads. It is defi ned as the specifi c force (acting 
per unit of rail length) per unit of track defl ection
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where P is acting load (force); δ is defl ection of the rail 
under the point of load application; E is Young modulus 
of rail steel; I is moment of inertia of rail cross-section.

More complex analytical track models represent 
rails and sleepers as bars resting on a multi-layer base 
that includes a ballast layer and soil. These models in-
clude computer programmes such as ILITRACK (1975), 
MULTA (1978), GE-OTRACK (1980, 2000), KENTRACK 
(1986), RAIL (2004). Finite element models have also 
been developed based on one-, two- and three-dimen-
sional representations of track elements. In the last 
fi fteen years, calculation programmes based on com-
bined boundary and fi nite element methods have been 
widely used [5-8].

There are two main problems associated with the 
physical and mechanical properties of ballast:

•  determination of maximum elastic deformations 
and defl ections caused by wheel loads;

•  accumulation of plastic deformations as a result of 
repeated characteristic loads.
The concept of elastic recovery modulus (unloa-

ding-loading modulus) Eur is used to describe the be-
haviour of the ballast under repetitive loading condi-
tions. The elastic recovery modulus is defi ned as the ra-

Vladimir I. Smirnov, Sergey A. Vidyushenkov

On some mechanical characteristics of the ballast in assessing the stress-strain behaviour 
of railway tracks

KЛЮЧЕВЫЕ&СЛОВА:� балластный слой; балластные материалы; гранулометрический состав; сжатие; линейно-
упругая среда

Для цитирования: Смирнов В.И., Видюшенков С.А. О некоторых механических характеристиках балласта при оценке на-
пряженно-деформированного состояния железнодорожного пути // Транспорт БРИКС. 2023. Т. 2. Вып. 2. Ст. 3. https://doi.
org/10.46684/2023.2.3.



3TRANSPORT INFRASTRUCTURE

VOL. 2                     ISSUE 2                     2023

tio of the deviator of repetitive stresses to the restored 
part of the axial strain [9]. The most commonly used 
expression for this modulus is

 3 ,
n

ur r
r

E Kp
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 (2)

where K, n are material constants determined by tests; 
p

r
 is reference pressure; δ3 is primary stress.

In [10], on the basis of in-situ experiments, the au-
thors state that the elastic recovery modulus of the bal-
last layer under given loading conditions is one of the 
most important factors infl uencing the value of stress 
deviation at the soil-ballast boundary. With a minimum 
ballast layer thickness of 0.3 m, the stress-deviation 
stresses are maximal at the end of the sleeper and min-
imal at the centre of the sleeper. An increase in ballast 
thickness from 140 to 550 MPa results in a 35 % de-
crease in the stress-deviation stress at the ground near 
the end of the sleeper.

It was also established that the elastic recovery 
modulus has the greatest infl uence on the defl ection 
of sleepers under the wheels. GEOTRACK software was 
used to determine the average deformation of the bal-
last in the vertical direction. The average deformation 
was calculated as the ratio of the diff erence in displace-
ment of the upper and lower surfaces of the ballast to 
the initial thickness of its layer. If E

ur
 is reduced from 

689 to 55 MPa, the deformation of the ballast is in-
creased by a factor of 9. Based on the results of these 
studies, the modulus of elasticity of the base U (1) was 
estimated to increase by 20 % with an increase of E

ur
 

within the specifi ed limits.
In order to investigate the residual deformation in 

ballast, three-axial compression tests must be carried 
out on special stabilometers under repeated loading. 
The tests carried out by many researchers in the last 
30 years showed that there is a limit for the ratio of 
stress deviator of cyclic failure to the value of stress 
deviator of static failure
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where σ1, σ3 are primary stresses.
If the cyclic stresses are less than K

c
(σ1 – σ2)f 

, the 
residual strain of the ballast test piece converges to 
a constant value for that material. The ballast test 
piece then behaves as a quasi-elastic material. If the 
above-mentioned limit is exceeded, the cyclic and 
plastic strain is increased almost linearly from cycle 
to cycle and the test piece fails within a short time 
[11]. Diff erent data are given in the literature regar-
ding the value. Thus, K

c
 = 0.8 according to the results 

obtained in [11] and K
c
 = 0.6 according to the publica-

tion [12].

Several expressions have been proposed for the es-
timation of permanent strain in ballast caused by re-
peated loading.

The Offi  ce of Research and Testing of the Interna-
tional Union of Railways (ORE of IUR) suggests using 
the formula [13]

 ε
N
 = 0.082(100n – 38.2)(σ1 – σ3)

2(1 + 0.2 logN), (3)

where ε
N
 is plastic strain after N cycles of loading; n is 

initial porosity of the test piece; σ1 – σ3 is stress deviator.
In paper [14] it is suggested to determine ε

N
 as fol-

lows

 ε
N
 = ε1(1 + C logN), (4)

where С is constant of the material, C = 0.2–0.4.
Equations (3) and (4) show that plastic strain in any 

cycle ε
N
 can be calculated as a function of the number 

of applied cycles N or of the plastic strain after the fi rst 
loading cycle ε1, irrespective of the state of stress and 
degree of compaction of the test piece. The value ε1 can 
be determined by the formula

 ε1 = ε
a
 – ε

ur 
, (5)

where ε
a
 is axial strain from the stress deviator σ1 – σ3; 

ε
ur

 is recoverable deformation during unloading. Defor-
mation ε

a
 is determined from the ratio
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where E
i
 is initial tangential elasticity modulus of the 

ballast; ϕ is internal friction angle; R
f
 is the ultimate 

fracture ratio, is always less than 1 and is largely in-
dependent of σ3; c is coupling; (σ1 – σ3)f

 is compressive 
strength (fracture stress diff erence obtained in triaxial 
tests); (σ1 – σ3)ult

 is asymptotic value of the stress devia-
tion derived from the test results.

The level of stresses in the ballast layer depends 
not only on the magnitude of the applied loads but also 
on the resistance to them from sleepers, fasteners and 
ballast layer parameters. Numerous fi eld experiments 
have demonstrated that the speed of a train signifi -
cantly aff ects the magnitude of the stresses exerted in 
the ballast. The maximum vertical dynamic stresses 
in Hannover–Wurzburg line were measured [11]. 
When the speed of a train is increased from 150 km/h 
to 300 km/h, the maximum vertical stresses were 70 
and 100 kPa, respectively. The authors [11, 14] defi ned 
the dynamic factor as the ratio of the dynamic stress 
in the ballast to the static stress. Its value was equal to 
1.7 when the speed changed from 150 to 300 km/h. It 
has been reported that stresses on the sleeper-ballast 
soil interface for heavy-load trains can reach a value of 
450 kPa at a speed of 170 km/h [11].
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The horizontal stresses have been measured [15] 
and are not as signifi cant as the vertical stresses. The 
maximum value is 90 kPa at a speed of 150 km/h and a 
vertical load of 140 kN.

The value of the elastic modulus in the full com-
pression test can be obtained from the expression for 
generalized Hooke’s law

 32 .a

a a
E

∂σ ∂σ
= − ν
∂ε ∂ε

 (6)

where ∂σ
a
, ∂ε

a
 is change in axial stress and strain re-

spectively; ∂σ3 is change of volumetric stress; ν is Pois-
son ratio.

Since in full-compression tests there is no change 
in the volumetric stress and the measurement data is 
recorded at discrete points in time, formula (6) takes 
the form of

 .a

a
E

Δσ
=
Δε

 (7)

Since soil and ballast do not behave linearly un-
der loading and unloading, several possible ways of 
determining the modulus of elasticity of ballast can 
be suggested. The following interpretations of “elastic 
moduli” are currently known:

1. The initial tangential elastic modulus, defi ned as 
the initial slope of the stress-strain curve [16].

2. The modulus of loading-unloading (recovery) is 
defi ned as the ratio of the stress deviator of all-round 
compression to the corresponding strain at the end of 
the loading-unloading cycle [17]. This modulus was 
originally used to evaluate the elastic behaviour of 
soils under cyclic loading.

3. Secular modulus, defi ned as the ratio of half of 
the maximum stress deviator to the corresponding 
strain [18].

All of the above moduli can be determined by statis-
tical processing of the experimental data and are rep-
resented in the form of the formula

 E/p
r
 = K(σ3/pr

)n, (8)

where p
r
 is the reference pressure, usually taken as 

1 kPa. To fi nd K and n from relation (8) we obtain

 lg(E/p
r
) = lgK + n lg(σ3/pr

). (9)

The linear regression analysis is then applied to 
the experimental data and the dependence of E/p

r
 on 

σ3/pr
 is plotted, from where the K and n coeffi  cients 

are found. The dependence of these values on bulk 
stresses, particle size and ballast material can be in-
vestigated.

The values of elastic moduli for diff erent materials 
may have diff erent dependencies on the particle size 
of the ballast. It is possible to trace such dependencies 

for limestone, basalt and granite from research mate-
rial [19–21]. Due to limited and often inconsistent ex-
perimental data, further tests are required in order to 
draw defi nitive conclusions. Ballast used in railways 
consists of diff erent particle sizes. GOSTs and national 
regulations regulate the use of a particular type and 
size of particles.

Granite ballast

In [20] data on tests of dry granite ballast particles 
of two sizes as well as mixtures of these particles are 
given:

a) fi ne particles (20 mm diameter) by volume as 
much as the larger fraction (50 mm) and the fi ne parti-
cles were placed on top;

b) the fi nes placed on top have a volume equal to 
1/3 of the volume of the coarse fraction;

c) the fi nes placed on top are 2/3 the volume of the 
coarse fraction;

d) the fi nes placed on top were 1 and 2 layers.
The tests were carried out under cyclic loading 

until 105 cycles were reached. From the test results, 
the authors concluded that the values E

ur
 and E

i
 for 

all particle sizes increased as the volumetric stress 
increased during the test. Particles with a small cross-
sectional area and lower porosity had higher modu-
lus value E

i
 than larger particles. Modulus values E

ur
 

are increased with increasing number of load cycles 
for fi ne and coarse ballast. The same tendency was 
observed for ballast types (a) to (d) above. The mod-
ulus values E

ur
 for cases (a) to (c) were about 30 % 

higher than for ballast of only coarse particles. The 
values of E

ur
 for case (d) were roughly the same as for 

ballast of only coarse particles at pressures of 40 and 
90 kPa.

The results are summarised in Table 1. The conclu-
sion to be drawn from this study is that a ballast prism 
consisting of two layers of diff erent particle sizes has a 
higher shear strength and load-displacement modulus 
than a ballast of the same particle size.

Limestone ballast

Estimates of elastic moduli from triaxial tests of 
limestone ballast are given in [19]. The results were ob-
tained on test pieces of fi ve sizes. Test peices L-2.36 con-
sisted of 2.39–4.75 mm ballast particles; L-4.75 had bal-
last particle sizes of 4.75–9.5 mm and L-9.5 had ballast 
particle sizes of 9.75–19 mm. The following formulas 
can be proposed to determine the parameters required 
for the estimation of the modulus E

ur
 as a function of 

the particle size

n = 0.5624D–0.1655, R = 0.403; 

lgK = 4.102D0.0464, R = 0.619,
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where R is coeffi  cient of determination; D — average 
particle size. Note that the values of n obtained in the 
tests are higher than those predicted by Hertz contact 
theory (n = 0.333).

To estimate modulus E
i
 of dry ballast depending on 

particle size the following values were obtained

n = 0.6006D–0.021, R = 0.938; 

lgK = 3.5065D0.0179, R = 0.708.

The following parameter values are proposed for 
determining the E50 secant modulus

n = 0.7045D–0.1633, R = 0.532;

lgK = 3.2719D0.0611, R = 0.655.

These parameter values are close to those proposed 
in [18], where n = 0.5 and lgK = 3.61 are valid for almost 
all ballast particle sizes.

Basalt ballast

The values of elastic moduli of basalt ballast ob-
tained experimentally in [19] are given in Table 2. The 
dimensions are the same as for limestone at the same 
value of volumetric compression pressure.

Dependence of the initial tangential modulus pa-
rameter E

i
 of dry ballast on particle size

n = 0.381D0.0435, R = 0.403; 

lgK = 0.0057D + 4.0099, R = 0.771.

Similar parameters for the secant module E50

n = 0.9647D–0.473, R = 0.835; 

lgK = 0.4505D + 3.0307, R = 0.857.

Parameters of module E
ur

 of the dry ballast

n = 0.1794D0.2869, R = 0.964; 

lgK = 4.763D–0.0241, R = 0.924.
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Table 1
Strain and initial modulus values of the granite ballast

Average diameter 
particle diameter, mm

Pressure, kPa Ei , MPa
Eur , MPa 

102 cycles
Eur , MPa 

103 cycles
Eur , MPa 

104 cycles
Eur , MPa 

105 cycles

50 40 55 208 244 290 292

50 90 55 292 323 358 368

50 140 81 354 377 388 401

20 40 33 302 388 489 529

20 140 228 563 672 737 818

20 240 — 1327 1533 1596 1949

20 (1/3 of the volume) 40 72 251 298 305 370

20 (1/2 of the volume) 40 71 280 303 364 376

20 (1/2 of the volume) 90 — 368 411 466 493

20 (2/3 of the volume) 40 44 234 297 293 394

20 (1 layer) 40 36 207 219 267 287

20 (2 layers) 40 46 186 236 256 299

20 (1 layer) 90 — 282 300 321 345

Table 2
Elastic modulus values of basalt ballast

Dimen-
sion type

Pressure 
σ3, kPa

Initial 
modulus Ei , 

kPa

Secant 
modulus E50, 

kPa

Unloading-
loading module 

Eur , kPa

B-2,36 35 4.58 Ѕ 104 2.71 Ѕ 104 1.04 Ѕ 105

70 5.76 Ѕ 104 4.24 Ѕ 104 1.20 Ѕ 105

105 7.32 Ѕ 104 4.57 Ѕ 104 1.39 Ѕ 105

B-4,75 35 4.72 Ѕ 104 2.44 Ѕ 104 1.06 Ѕ 105

70 5.49 Ѕ 104 3.71 Ѕ 104 1.28 Ѕ 105

105 7.33 Ѕ 104 4.25 Ѕ 104 1.45 Ѕ 105

В-9,5 35 5.76 Ѕ 104 5.11 Ѕ 104 1.10 Ѕ 105

70 7.59 Ѕ 104 5.92 Ѕ 104 1.62 Ѕ 105

105 9.42 Ѕ 104 6.81 Ѕ 104 1.64 Ѕ 105
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Data for basalt in [19] and [21] diff er from each 
other with the number of load cycles 102 but the dif-
ference is insignifi cant. Possible divergences are ex-
plained by diff erent origin of the material and diff erent 
types of its processing as well as by the fact that parti-
cle sizes in [21] ranged from 16 to 53 mm. Therefore, a 
mixture of pre-compacted particles with diff erent sizes 
was tested. The data of [21] are based on a higher num-
ber of loading cycles than in [19] and therefore have a 
signifi cance of their own. Before the values of elastic 
moduli can be used in practical calculations, ballast 
test pieces must be tested in facilities which allow for 
the triaxial stress state.

The tests [19] of the pieces exposed to water at pres-
sures of 35, 70 and 105 kPa showed that the values of 
elastic moduli of dry test pieces are 25 % less than the 
corresponding values of wet test pieces.

CONCLUSION

The values of elastic initial modulus and secant 
modulus of ballast of basalt are larger for ballast par-
ticle sizes of 4.75–60 mm than for ballast of limestone. 
The diff erence can be regarded as insignifi cant. The 
modulus values increase with ballast particle enlarge-
ment in the above size range.

The loading-unloading modulus of limestone is 
slightly higher than that of basalt. Both materials have 
similar moduli values when the same particle size is 
used. This conclusion is based on tests up to 5•104 load 
cycles. Additional research with 5•105 loading cycles is 
necessary for fi nal conclusions.

Increase of ballast particles size in above range 
of values results in corresponding increase of elastic 
moduli.

The above expressions for initial and loading-un-
loading modulus values depending on ballast particle 
size are valid within 50 % confi dence limits and for the 
estimation of fi nal modulus within 100 % confi dence 
limits.

The values of elastic moduli of dry ballast are on 
average 25 % lower than those of wet ballast.

Double ballast of diff erent particle sizes has higher 
shear resistances and load-displacement modulus va-
lues than single-layer ballast of the same particle size.

There are limited databases available in the public 
domain on research into the elastic moduli of ballast 
of diff erent materials in relation to particle size. There 
are diff erences between domestic test rules and GOSTs 
and foreign ones. Therefore, the above moduli values 
require experimental confi rmation by testing the type 
of ballast which is to be used in practice for track con-
struction.
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