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Abstract
During track construction or ballast bed maintenance, ballast layer compaction qual-
ity plays an essential role in the following track irregularity accumulation, its lifecy-
cle, and maintenance costs. The ballast compaction process is characterized by its 
compaction and the accumulation of the stressed state. The elastic wave propagation 
methods are an effective way for the identification of the ballast bed compaction 
properties. The paper presents the theoretical and experimental studies of the bal-
last consolidation under the vibration loading of the sleeper. The practical laboratory 
study is given by the 1:2.5 scaled physical model of one sleeper and the correspond-
ing ballast layer box. The measurements of ballast pressure and deformations under 
the vibration loading in the ballast layer and the photogrammetric recording of the 
ballast flow are carried out. The measurements demonstrate the accumulation of the 
residual stresses under the ballast layer. Furthermore, the measurements of elastic 
wave time of flight (ToF) using the shakers under the sleeper and acceleration sen-
sors under the ballast show the substantial increase of the ToF velocities after the 
tamping process. Moreover, the distribution of the velocities along the sleeper is 
spatially inhomogeneous. The numeric simulation using the discrete element method 
(DEM) of the tamping and the testing processes proves the inhomogeneous wave 
propagation effect. The modeling shows that the main reason for the wave propa-
gation inhomogeneity is the accumulated residual stress distribution and the minor 
one – the compaction density. Additionally, a method for identifying wave velocity 
spatial distribution is developed by wave tracing the inhomogeneous medium. The 
procedures allow ballast identification in the zones outside the shakers.
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1  Introduction

The ballast layer is a track superstructure part with a quick accumulation of resid-
ual deformations that influences the geometrical quality of railway tracks dur-
ing their lifecycle. The 40–70 million ton standard ballast tamping cycles are the 
shortest maintenance cycles for other track elements (Lichtberger 2005). There-
fore, the lifecycle cost distribution for European conditions is 20% maintenance 
costs, 33% operational hindrance costs, and 47% depreciation costs (Lichtberger 
2005; Fendrich and Fengler 2013). However, because of often and expensive 
maintenance for ballast tamping and cleaning works, the ballast share can reach 
up to 60% in maintenance and operational hindrance costs (Esveld 2014). In addi-
tion, the rail joints (Németh and Fischer 2021, 2018) and the type of the super-
structure (Jover and Fischer 2022; Jover et al. 2020, 2022; A.J.T., K., Marinkovic, 
D., Zehn, M. 2021; Tigh Kuchak et al. 2020; Kovalchuk et al. 2019; Czinder et al. 
2021) can also influence the maintenance costs as well as the life cycle costs of 
the tracks.

In the twenty-first century, artificial intelligence (AI) became an effective 
method not only in informatics but also in the engineering disciplines (Tinoco 
et al. 2021; Sresakoolchai and Kaewunruen 2022). AI can be applied in the pre-
diction and prescription analysis in transportation geotechnics. In (Tinoco et al. 
2021), the authors reviewed the most relevant literature on the topic, mainly 
focusing on design of better earthwork projects, the prediction of jet grouting 
soilcrete mechanical and physical properties, and the stability level of engineer-
ing slopes.

The technical reasons for the quick residual deformations of the ballast layer 
lie in the properties of a grained material of crushed stones that poorly absorb the 
dynamic loads induced by the rolling stock. In addition, the initial inhomogene-
ity of ballast compaction causes inhomogeneous deformations during the tamp-
ing cycle. Thus, controlling the ballast compaction and its inhomogeneity can 
significantly improve the superstructure quality and the operation of the tamping 
machines.

The process of ballast tamping and compaction is considered in many studies. A 
critical review of the tamping mechanisms, challenges, and proposed solutions is 
presented in Guo et al. (2021). The means for improving and developing tamping 
methodology are offered, and advice is suggested for developing novel railway track 
maintenance. A numerical investigation of 3D discrete polyhedral grains under the 
tamping process is presented in Saussine et al. (2009). The influence of vibration fre-
quency on the compaction level, the velocity of tamping tines during the penetration 
phase, and the compaction mechanism of a confined granular layer under horizontal 
vibrations are studied. The effects of sand intrusion into ballast after sleeper tamp-
ing on settlement characteristics of ballasted track were investigated in Kumara and 
Hayano (2013) using one-fifth scale model tests. The relationship of several loading 
cycles and settlement was found, which indicated that the initial settlement process 
and rate of residual settlement alter after 30% sand. The study (Zhang et al. 2014) 
considered the influence of large track maintenance machine operation on sleeper 
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supporting stiffness. It is indicated that during the maintenance operation, ballast 
compactness is enhanced, and the supporting stiffness increases by the tamping pro-
cess. Still, the supporting stiffness decreases due to the effect of stabilizing machine. 
The paper (Zhou et al. 2013) presents an experimental and theoretical study of bal-
last compaction during the tine tamping process. The experimental method is based 
on the water-filling method. The theoretical one utilizes a discrete element analy-
sis model of railway ballast under the loading of tamping tines. The compaction 
was estimated by simply counting the number of particles under the sleeper. The 
dynamic behavior of a railway ballast layer during tamping operation is studied in 
Kim et al. (2018) by using 3D DEM simulations. Three types of sleeper models in 
the ballast layer were considered under a series of tamping operations: lifting the 
sleeper, insertion of vibrating tines and packing, pulling out of tines (i.e., hammers), 
and settling the sleeper. The compaction was estimated by ballast porosity in dif-
ferent zones of the ballast bed. It was shown that the ballast was both compacted 
and loosened during the operations. In (Gyurkó and Nemes 2022), the authors dealt 
with the size effect on discrete element modeling of concrete; however, Szabó et al. 
(Szabó et  al. 2022) investigated the 3D printing possibilities of ballast particles 
– that can be useful for laboratory experimental tests combined with DEM modeling 
of railway superstructure. A DEM and multibody dynamic simulations of ballast 
bed tamping are presented in Shi et al. (2020) to investigate the macro-mesoscopic 
motion of ballasts and the effects of tamping parameters on the mechanical qualities 
of ballast bed. The results show that tamping destroys the uniformity of the ballast 
bed, and the top layer under the sleeper and the crib are the most severely affected 
spaces, whose compactness increased by 7.56% and decreased by 34.77%. A similar 
study (Dama and Ahmadian 2020) evaluates a complete tamping cycle as defined by 
insertion, squeeze, hold, and withdrawal. The compactness of the ballast particles 
was estimated by the average number of contacts per particle. The results indicate 
that minor squeeze and release velocities of the tines yield better compaction, and 
the linear motion of the tines potentially results in better compaction than ellipti-
cal motion. The impact excitation technology was presented in the study (Liu et al. 
2020a) to test and analyze the influence of the number of tamping operations per-
formed by a tamping car on the damping and stiffness of a ballast bed. The results 
showed that a large machine tamping operation changed the values of the two dom-
inant resonances and affected the longitudinal vibration transmission between the 
sleepers. The maximum attenuation rate between adjacent sleepers was 81.25%. The 
paper (Przybylowicz et al. 2020) studies and compares the present tamping methods. 
The possible influence of the tamping technology on the ballast-related maintenance 
costs is analyzed. The material transport process is experimentally studied during 
the side tamping using a scale model of the ballast layer and photogrammetric meas-
urements. A theoretical finite element model (FEM) is validated to the experimental 
results. The analysis of the literature on the process of ballast tamping and com-
paction shows that a tamping operation does not necessarily cause an increase in 
compaction. Thus, the ballast tamping is related to the ballast transportation in the 
voids under the sleeper to correct track geometry. In contrast, ballast compaction 
and compaction processes appear during the following track dynamic stabilization 
and operational loading of trains.
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Ballast layer compaction in its relation to the accumulation of track settlements 
is discussed in Li et al. (2002). It is stated that the compaction process of the ballast 
layer involves not only the change of the mechanical properties but also the appear-
ance of the residual stresses due to the interlocking of the particles into an increas-
ingly tighter arrangement with the increasing number of repeated load cycles. The 
early studies on compaction-induced stresses are presented in Seed and Duncan 
(1986), where the increased lateral earth pressure is referred to as the “locked-in” 
stress. The authors in Selig and Waters (1994) show that the magnitude of residual 
stress in ballast can be up to 10 times higher than the stress from the external load-
ing, depending on the loading and material properties. The mechanism of geogrid 
aggregate interlocking (Kwon and Tutumluer 2009) based on DEM modeling, as 
well as the behavior of geogrids in real (field) circumstances (Fischer 2022a, 2022b), 
is presented in the studies (Kwon and Tutumluer 2009; Fischer 2022a, 2022b). 
Dynamic cone penetrometer test results documented the field-observed stiffening 
and strengthening of the geogrid-reinforced base courses. A similar study (Pei and 
Yang 2018) presents the simulations of the compaction-induced stress development 
in a granular base, with and without geogrid reinforcement.

The residual stress in the geogrid increased with the number of compaction 
passes. The article (Geng et al. 2018) provided a method for studying the locked-
in stress in rock-like material using an empirical formula for the strength of rock-
like material containing locked-in stress. The equations for the influence of locked-
in stress on the strength of rock-like material under uniaxial and triaxial conditions 
were derived based on the Mohr–Coulomb criterion and effective stress principle. 
The effect of locked-in stress on the mechanical properties of rocks is studied in 
Liu et  al. 2020b using rock-like materials and nitrile rubber particles. The results 
show that the peak strength and elastic modulus decreased with locked-in stress and 
inclusion content incense. The proposed approach (Gezgin and Cinicioglu 2019) 
for calculating passive earth pressures considers the influence of locked-in stresses 
that appear during the backfill preparation. The method was based on a small-scale 
physical model of a retaining wall. A laboratory study (Sysyn et al. 2021) presents 
an investigation of locked-in stress distribution under the ballast layer along with the 
sleeper after the cyclic loading on the sleeper. The reasons and the mechanism of 
the locked-in stress distribution are analyzed. The full-scale laboratory measurement 
of stress distribution at different track ballast bed and substructure locations is pre-
sented in Esen et al. (2022) for evaluation of reinforced soil retaining wall system as 
an alternative to a conventional one. The results show that the reinforcement system 
reached its active state already self-standing under its self-weight and train loads 
that resulted in reduction of pressure in retaining walls. The active state is related 
to the appearance of locked-in stresses in the geogrid reinforcement. The presented 
studies on the processes of ballast compaction and the residual stress accumulation 
demonstrate that the compaction processes are usually considered in relation with 
volume change but not with accumulation of the stresses. Thus, the study of the 
influence of each factor would be a promising aim of the further studies.

The control of ballast compaction is presented in many studies. A comprehensive 
review of the methods of ballast layer evaluation is presented in Bold (2011). The 
study (Sysyn et  al. 2019a) additionally shows both reviews on ballast compaction 
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evaluation and a method for ballast compaction evaluation using a dynamic inter-
pretation of the measured vibration impulse response and machine learning. The 
technique was used for compaction evaluation after maintenance works. The best 
opportunities for evaluating earth structure mechanical properties are presented by 
geotechnical methods that exploit the information about the time of wave propaga-
tion. The application of the methods for railway ballast is submitted in Sussmann 
et al. (2017); Park and Miller 2008) based on surface wave measurements. The paper 
(Sussmann et  al. 2017) describes the use of spectral analysis of surface wave for 
characterizing rail track ballast and foundation layers. Young’s modulus variation 
with depth is identified within the method used to assess the tie and track support 
at different locations. The application of a more advanced seismic method of multi-
channel analysis of surface waves is presented in Park and Miller (2008). However, 
both ways were applicable for evaluating fouled ballast and sub-ballast in wet and 
dry conditions.

Moreover, the local resolution of the surface wave methods is evidentially deter-
mined by the sleeper size that is too low for ballast compaction distribution identi-
fication along with a sleeper. The paper (Feng et al. 2021) introduces an innovative 
data-driven prediction approach for crosstie support conditions from a full-scale bal-
lasted track laboratory experiment. The discrete element method (DEM) is lever-
aged to provide training and testing data for the deep learning ResNet that offers 
high accuracy predictions. The trained model presented high accuracy from vertical 
acceleration measurements captured by advanced “SmartRock” sensors from a full-
scale ballasted track laboratory experiment. Another approach for laboratory identi-
fication of ballast compaction distribution is presented in Sysyn et al. 2019b; Sysyn 
et al. 2020). The method is based on determining the wave time of flight (ToF) from 
the impact points on the surface to the array of the microphones and acceleration 
sensors under the ballast layer along with the sleeper. The results show the forma-
tion of the wave velocities gradients from the center of the sleeper to the ends. The 
paper (Xiao et  al. 2021) presented testing results of a laboratory gyratory com-
paction study using real-time particle motion sensors to record particle movement 
characteristics during the compaction process and provide a mesoscale explanation 
about compaction mechanisms. It was found that the quality of compaction and the 
extent of particle breakage appear to be positively correlated, thus necessitating 
the cost-effective balance between them. The paper (Suwal et al. 2020) presents an 
ultrasonic measurement system for application to measure elastic waves on coarse-
grained granular materials. Unlike the seismic methods, the ultrasonic ones could 
be a promising tool for identifying the local compaction and compaction distribu-
tion under a sleeper. The presented seismic geotechnical methods identify only the 
mechanical properties that are the main shortcoming of the methods regarding the 
consolidated ballast layer with locked-in stress. The proposed approaches for control 
of ballast compaction are usually used to identify the ballast elastic properties with-
out differentiation of the stressed conditions. Therefore, there is a necessity for the 
development of methods for ballast stress identification.

In (Ramos et al. 2022), the authors applied a short ballasted track section with 
three sleepers in the laboratory at Heriot–Watt University in the UK. Their meas-
urements and research were related to a receptance test (it was a tool to identify 
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the resonant frequencies that typify the dynamic behavior of the railway track, and 
the results can be applied in a calibration and validation procedure of a FEM/DEM 
model). The response of the railway track was assessed with the help of accelerom-
eters placed on the head and web of the two rails and the sleepers. The considered 
railway track section was loaded with more than 3 million loading cycles, leading 
to the degradation of the structure. The test results provided that there was not a 
total overlap of the experimental curves from tests in symmetric conditions, prob-
ably because of the compaction state of the substructure and the variant settlements 
due to the cyclic loadings. Only the receptance tests related to the middle sleeper 
provided results according to the coherence limit (higher than 0.9) until the frequen-
cies 300–400 Hz.

In (Ramos et al. 2021), the influence of track foundation on the performance of 
ballasted and ballastless (concrete slab) tracks under cyclic loading was taken into 
consideration. The authors performed experimental laboratory tests with 3 million 
loading cycles on a full-scale model, and they considered finite element modeling to 
be able to simulate the same process on a computer. The obtained results from the 
calibration process (short-term and long-term behavior) in the numerical modeling 
show good correspondence between the numerical and experimental results. During 
the sensitivity analysis, the Young modulus and the Poisson’s ratio of the materials 
(railpads, ballast, frost protection layer (i.e., mainly granular supplementary layer), 
and subgrade) were the most relevant parameters. It was observed and stated that 
cohesion of the subgrade could significantly impact the permanent deformation. 
Therefore, predicting the permanent deformations on both types of track structures 
(ballasted and slab tracks) can be an adequate methodology in modeling the long-
term deterioration of the track structures and transition zones.

The relation of stress in granular media to elastic wave propagation is consid-
ered in the following papers. The influence of the stress history on wave veloci-
ties is studied in Cheng et al. (2020); Jia et al. 2021) using DEM simulations. The 
results show that p- and s-wave velocities increase under oedometric compression 
with confining pressure following a power law; the wave velocities vary slightly 
with the input frequency. The studies (Dutta et al. 2021; Dutta and Otsubo 2019) 
present the experimental investigation of elastic wave velocities in the specimens 
with different void ratios and stress. The results show that the increment of the 
normal stress component significantly influences compression wave velocity 
compared to shear wave velocity. The relation to the confinement stress is lin-
ear. The studies (Tang and Yang 2021, 2018) present the numeric investigation of 
factors influencing wave propagation in dry granular materials using DEM mod-
eling. The elastic moduli and Poisson’s ratio of each packing have been obtained 
by compression using pressure and shear wave velocities. A linear relationship 
has been identified between the coordination number normalized by contact force 
and the elastic moduli normalized by confining pressure. It was found that an 
increase in the aspect ratio of particles leads to a notable increase in the elastic 
s- and p-wave velocity, whereas for non-spherical particles with a given aspect 
ratio, an increased particle blockiness causes a moderate reduction in the wave 
velocity. The study (Li et  al. 2021) uses DEM to simulate triaxial compression 
experiments applying spherical particles with four samples isotropically confined 
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at various initial packing densities and then sheared monotonically up to the criti-
cal state. The results reveal that the pressure wave is affected by the major prin-
cipal stress while the shear wave velocity is more influenced by the geometric 
mean stress and the mean coordination number. A shear-wave velocity-based 
constitutive model with a critical state soil mechanics is developed in Muttashar 
and Bryson (2020) to predict the undrained triaxial behavior of fine-grained sedi-
ments. Laboratory tests were performed for sediment samples ranging from silt-
predominant to clay-predominant sediments. A power function was proposed to 
describe the relationship between mean effective stress and shear-wave veloc-
ity. Most of the presented studies are based on DEM modeling that is character-
ized by an intensive calculation process that limits its application to relatively 
small samples. However, there are other promising numerical wave propagation 
approaches studying the whole superstructure, like described in Kurhan (2016); 
Kurhan and Kurhan 2019). The presented papers on wave propagation relation in 
granular media consider homogenous stress distribution, but the railway ballast 
is subjected to the locally inhomogeneous stresses and the corresponding wave 
propagation effects that are the problems of the further studies.

The ballast bed compaction refers to the ability to withstand the accumulation 
of residual deformations under the cyclic loadings after compaction. The ballast 
compaction process appears after the track stabilization by machines and opera-
tional loading of trains. The ballast tamping is considered in the narrow sense 
of tamping tines operation as the ballast transportation in the voids under the 
sleeper. Whereas the ballast compaction is considered equivalent to the porosity, 
the ballast compaction during the compaction process is accompanied on the one 
side by the change of the mechanical properties bulk density and on the other side 
by the accumulation of internal stress. Both factors influence the ballast settle-
ment consolidation and the elastic wave propagation (Fig. 1). Therefore, the rela-
tion between the elastic wave propagation and the consolidation could provide a 
wave to control it and predict the residual deformations.

The present paper aims to explore the influence of the compaction process on 
the elastic wave propagation in the ballast layer and to study the role of internal 
stresses and mechanical properties. The investigation is produced using experi-
mental laboratory measurements and numerical simulations.

Fig. 1   Influence of ballast 
compaction process on the bal-
last consolidation and the elastic 
wave propagation
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2 � Experimental Investigation of Ballast Compaction

The experimental investigation aims to simultaneously measure the stresses and 
wave propagation velocity in the ballast layer before and after the compaction pro-
cess. Additionally, the sleeper settlement behavior is measured during the process.

The laboratory setup for the testing is presented by the 1:2.5 scaled physical 
model of ballast and sleeper (Fig. 2). The ballast is filled between the side walls of 
the box are thick-walled glass plates to form the ballast prism of the initial height 
of 27 cm with the slopes. The ballast material is the crushed stone of granite with a 
fraction 8–26 mm similar to a real particle size distribution line in scaled form. The 
sleeper is presented by a 1.0 × 0.1 × 0.1 m H-beam that is externally loaded in the 
center.

The measurement devices are presented by pressure sensors, impact wave genera-
tion and acceleration sensors, and external loading and settlements ones. The pres-
sure sensors are located under the sleeper beam and the ballast layer. The pressure 
sensors under the sleeper are 3 round pressure cells of the ø 110 mm that are located 
under the beam ends and its central part. The pressure sensors under the ballast layer 
are 11 pressure cells with an active square area of 40 × 40 mm. The sensors are uni-
formly located along the sleeper axis. A more detailed description of the used meas-
urement sensors is presented in Sysyn et  al. 2019c. The QuantumX measurement 
system produces reading and digitalization of the pressure sensors.

The wave propagation velocity measurement system consists of the impact 
generation system and the vibration measurement one. The impact generation 

Fig. 2   Experimental setup and measurement sensors
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system contains three electrodynamic shakers that are located under both ends of 
the sleeper and its center near the round pressure cells. The shakers are controlled 
by the developed microcontroller unit and power module that is programmed to 
produce a series of subsequent impacts on different shakers. The wave sensing is 
produced by 10 MEMS accelerometers ADXL335 located in isolated cases under 
the ballast layer along with the sleeper and the square load cells. The data acqui-
sition of the sensor signals and the shaker contacts is produced by the measure-
ment system E-502(LCard). More information on the wave propagation measure-
ment is presented in Sysyn et al. 2019b; Sysyn et al. 2020).

The dynamic loading is produced by a servo-hydraulic test machine ZWICK 
HB 160. The loading of the machine is applied to the center of H. The vertical 
loading on the sleeper is controlled, and the machine sensors measure its move-
ment. The loading cycle consists of 4-s 40-Hz vibration loading with amplitude 
5 kN and 5.5 kN prescribed static preloading. The test reflects the action of the 
track dynamic stabilizer. The maximal ballast pressure corresponds to the regular 
one in situ, but the frequency 40 Hz corresponds to the worst case ballast liqu-
fication due to track elements’ own frequency. Thus, highest compaction of the 
ballast and the residual stresses could be reached.

Figure  3 presents the actual measured loading and the resulting sleeper set-
tlements. The deviation of the prescribed and the actual loading is caused by the 
intensive ballast settlements at the beginning of the loading and the loading fit-
ting by servo-hydraulic machine. The diagram of the ballast settlements presents 
the intensive settlement accumulation. The settlement intensity decreases up to 
five times until the end of the loading cycle. The settlement intensities are deter-
mined as the increment of the residual settlements during one loading cycle. The 

Fig. 3   Dynamic loading on the sleeper (top) and its settlements (bottom)
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vertical preloading loading on the sleeper is slowly decreased after the vibration 
cycles.

The process of the pressure progress under the ballast layer in different sections 
along the sleeper is shown in Fig. 4. The average pressure on the ballast under the 
sleeper is proportional to the external loading and exceeds 100 kPa under dynamic 
cycles. The pressure decreased to zero during the unloading time. The diagrams of 
the pressure progress under the ballast layer in the sleeper longitudinal Sects. 0 m, 
0.2 m, and 0.5 m show a similar process until the unloading part. Whereas the bal-
last pressure after full unloading of the sleeper in the location under the sleeper ends 
fully disappears, the ballast pressure under the central part of the sleeper remains. 
The maximal residual pressure reaches about one-third of the maximal pressure and 
is higher than the static preloading before the vibration cycle.

The detailed analysis of the pressure distribution maxima along the sleeper axis is 
presented in Fig. 5 in the three characteristic phases: preloading, vibration, and after 
unloading. The preloading line demonstrates more or less uniform stress distribution 
under the sleeper’s most area, which is explained by low ballast deformations and 
flows. The influence of the vibration loading in the second phase is characterized by 

Fig. 4   The measured pressure processes under the sleeper and the ballast during the static preloading, 
dynamic one, and after loading
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pressure concentration under the middle part of the sleeper. The average maximal 
pressure in the vibration phase is about 75 kPa compared to the average 100 kPa 
pressure under the sleeper, indicating the pressure distribution reduction. How-
ever, the ballast pressure under the sleeper is expected to be inhomogeneous. After 
the unloading phase, the residual pressure under the ballast layer appears in the 
zone ± 0.3 m on both sides along with the sleeper. It is characterized by the power 
function of pressure accumulation and depends on the horizontal pressure distribu-
tion. The measurement results correspond to the study’s interlocking stress interpre-
tation (Sysyn et al. 2021).

3 � Simulation of Ballast Compaction Process and Wave Propagation 
Tests

The previous experimental section investigation shows that the compaction process 
is accompanied by the accumulation of inhomogeneous pressure distribution and 
the residual pressure distribution under the ballast layer. However, the experimental 
research does not allow studying the internal processes in the ballast layer. There-
fore, the numeric simulation by discrete element modeling is used to study the influ-
ence of the ballast compaction process on wave propagation and their reasons, and 
the role of the locked-in stress.

The used 3D DEM model considers rolling radii, the tangential stiffness, roll-
ing resistance coefficient, etc. The tangential force model is a Mindlin–Dersiewicz 
one. The normal force model is a Hertzian spring with viscous damping. The model 
geometrically corresponds to the experimental setup. However, the particles form is 
used as simple balls with an 8–26-mm standard size distribution. To be able to cor-
rect the influence of the particle form on the model parameter, the rolling resistance 
is calibrated together with friction and particle elasticity using the experimental 
results of sleeper settlements. The number of particles is 34,375. The particle mate-
rial properties are the following: static friction 0.65, dynamic friction 0.6, restitution 
coefficient 0.72, bulk density 1600 kg/m3, Young modulus 50 GPa, Poisson ratio 0.3, 

Fig. 5   The measured pressure distribution under the ballast layer along the sleeper
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and rolling resistance 0.32. The sleeper properties are the following: static friction 
0.56, dynamic friction 0.54, restitution coefficient 0.72, density 2650 kg/m3, Young 
modulus 20 GPa, and Poisson ratio 0.3. The elastic properties of the bottom and 
the side walls 200 MPa were selected to correspond to the experimental conditions. 
The loading process on the model sleeper corresponds to the experimental one. The 
form of the ballast bed before and after the cyclic loading is presented in Fig. 6. The 
resulting sleeper settlement process (Fig. 7) is similar to the experimentally meas-
ured one and presents quick settlement accumulation intensity at the beginning of 
the tamping process and several times lower at the end. The overall residual settle-
ments of the sleeper are about 30 mm, and the elastic one during the last loading 
cycles is about 1.2 mm. The relatively high elastic settlements are explained by the 
influence of the elastic subbase in the modeling and the experiment.

The distributions of the maximal normal loadings on the particles along the 
sleeper axis after cyclic loadings are presented in Fig. 8. The results are presented 
for the sleeper-ballast area Fig. 8 (top), the ballast-subgrade one Fig. 8 (center), 

Fig. 6   DEM model of ballast bed profiles before (top) and after cyclic loading (bottom)

Fig. 7   Simulated settlements of the sleeper
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and the whole ballast layer Fig.  8 (bottom) in the fully externally unloaded 
sleeper. The sleeper-ballast zone (Fig.  8, top) presents the accumulation of the 
residual stresses in the central part of the sleeper and some accumulation zones 
under the sleeper ends. The residual stress accumulation under the ballast layer 
(Fig.  8, center) has the maximal zones in the middle part of the sleeper beam, 
similar to the experimental measurements (Fig. 5). Some differences to the exper-
imental results in zones under the sleeper beam could be explained with wider 
shoulders of the ballast bed in the simulation model. However, the differences 
between the beam settlements and pressure distribution are minor and less than 
the regular statistical variation of the experimental measurements. The stress dis-
tribution in the whole ballast layer (Fig. 8, center) presents fewer distinct stress 
accumulation zones under the sleeper beam ends than for the case under the 
beam end, the evident zone of the stress accumulation under the central part. The 

Fig. 8   Particle maximal normal loading distribution along the sleeper axis for the sleeper-ballast (top), 
the ballast-subgrade (centre) and whole ballast layer (bottom)
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maximal observed normal loading under the central part is 2–2.5 times higher 
than under the sleeper ends.

The deformations of the ballast layer, excluding the subbase, are considered to 
estimate the average variation of the ballast mechanical properties under the sleeper 
beam and their following influence on the wave propagation. Figure 9 presents the 
elastic deformation of the ballast layer and the average elasticity during the progress 
of the loading cycles. The ballast box under the sleeper beam foot is approximately 
considered for the elastic modulus calculation. The deformation line shows that the 
elastic deformation amplitude decrease from 1 mm at the beginning to about 0.5 mm 
until 2 s, and the following deformation reduction is very slight. The elastic modu-
lus, which depends on the ballast pressure, elastic deformation, and ballast height, 
variates from about 35 to 63 MPa. Thus, the relative variation of the value is about 
50%. However, the form of the modulus line reflects the deformation line. It can be 
considered that ballast elasticity is practically constant after the initial stabilization 
phase.

The amount of ballast material in the volume under the beam bottom surface and 
along its length is studied in terms of the average ballast porosity and bulk density. 
Figure  10  shows that the average porosity decreases from 43.8 to 40.5%, and the 
ballast bulk density correspondingly increases from 1507 to 1609 kg/m3. Thus, the 
relative variation of the values is about 7%. Furthermore, the values change process 
during the vibration loading time is characterized by lower deceleration than ballast 
elasticity (Fig. 9).

The ballast porosity distribution along with the beam before and after compac-
tion with the zone discretization 10 cm is shown in Fig. 11. It is clearly visible from 
the line after compaction the differences between the central part of the ballast and 
the sides where the ballast has 3% lower porosity. Despite the high variation of the 
values, the ballast porosity is about constant along with the beam for the case before 
the compaction.

The ballast compaction under the dynamic loading cause, on the one side, the 
double increase of the elastic modulus, and on the other – the slight increase of 
the material density. Assuming that the values are not depending on the inter-
nal stresses, the theoretical average pressure wave propagation velocity can be 

Fig. 9   Average elasticity of the ballast layer under the sleeper
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estimated using the formula vp =
√

E∕� , that is shown in Fig. 12. The pressure 
wave velocity increases from about 180 to 240 m/s during compaction time 2 s 
and afterward is constant. Thus, the increase of the wave velocity during the com-
paction due to the change of the mechanical properties is about 25%

As demonstrated in the experimental investigations, the ballast compaction 
process is characterized by appearing the residual stresses that remain after full 
unloading of the sleeper beam. The comparison of the normal loadings of the 
particles before and after the loading cycles is presented in Fig. 13. The diagram 
shows the homogenous distribution of the normal loading along with the beam 
before tamping. The local concentrations of high-loaded particles are uniformly 
located, and the vertical distribution reflects the weight of the particles and the 
sleeper beam. However, the distribution of the normal loadings after the tamp-
ing presents the concentration of the high-loaded particles under the central part 
of the beam. The number of the high-loaded particles quickly decreases with the 
distance to the beam ends. The simulation results qualitatively correspond to the 
measured residual stresses (Fig. 5).

The DEM model is used for modeling the wave propagation in the ballast layer. 
The wave is the generation by the one cycle impact loading that is applied under 
the center and both ends of the beam over the area 5 × 5 cm in a short time. The 

Fig. 10   Average porosity and density of the ballast layer under the sleeper

Fig. 11   Ballast porosity distribution along sleeper before and after compaction
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propagation of wave fronts in the time moment 500 μs before and after the cyclic 
loading is shown in Fig.  14. A black-red colormap shows the different absolute 
velocities of the particles. The particles with a velocity less than 0.5% of the maxi-
mal one are not shown.

The wave front diagram for the unconsolidated ballast (Fig. 14, top) shows a sim-
ilar spherical form in all 3 locations of the sleeper beam. The front sphere radii from 
the impact point are about equal in all directions, demonstrating the ballast medi-
um’s homogeneity with a velocity of about 240  m/s. The wave front for the case 
after the cyclic loading (Fig. 14, bottom) is different from that before it in the form, 
size, and location. The form is characterized by corners indicating the stress trans-
mission three that typically appears in the stressed granular material under loading. 
Additionally, the form is not spherical; the wavefront is stretched in the direction of 
the compacted zones: the side fronts are horizontally widened and the central – ver-
tically. The wave propagation velocity under the central part of the sleeper beam is 

Fig. 13   Normal force in particles before (top) and after the tamping (bottom)

Fig. 12   Theoretical average wave propagation velocity resulting from the average bulk density and elas-
ticity of ballast layer
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about 520 m/s, and under the ends of the beam – 280–310 m/s. Thus, it is obvious 
that the wave propagation after the compaction is higher than before it.

4 � Identification of Ballast Compaction Distribution Along 
with the Sleeper Beam

The wave propagation is measured using three shakers under the beam and the 10 
acceleration sensors under the ballast layer along with the beam. The sensors that 
are located near the shakers can record the vibration of the shakers well enough to 
determine the wave time of flight. The 16 pairs of the shaker sensors or wave rays 
are presented in Fig. 15.

The wave propagation in the ballast under the shakers is determined from the bal-
last depth H and the wave time of flight from the shaker to the sensor tToF.Thereby, 
the determined tToF should be corrected by the constant delay time Δt = 1.1ms that 
results from the properties of the low-frequency sensors ADXL355:

Fig. 14   Simulated wave propagation front in time moment 500 μs after impact for unconsolidated ballast 
(top) and consolidated ballast after the cyclic loading (bottom)

Fig. 15   Measurement scheme of the of the wave propagation velocity
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Determining the wave velocities for the sensors that are located outside the 
shakers using the geometric distance between the shaker and the sensor causes the 
overestimation of the velocities for the inclined rays. However, the overestimation 
appears only after ballast compaction. The reason is the influence of the compac-
tion gradient along with the beam that causes the refraction of wave ray if the ray is 
inclined (Fig. 16). Thus, the real wave path from the shaker to the sensor is longer 
than the geometric distance. Therefore, ray tracing is necessary during the calcula-
tion of the wave velocities for the inclined rays.

The wave refraction due to passing through the inhomogeneous medium is 
described by Snell’s law (Margrave 2001):

The whole ray vertical path coordinates through the H zones with velocities Vi 
can be geometrically determined according to Fig. 16:

The vertical path in each zone Δhi depends on the zone width ΔL and the ray 
inclination tan�i:

The ray inclination tan�i follows from Eq. (2):

(1)V =
H

tToF − Δt

(2)
sin�i−1

Vi−1

=
sin�i

Vi

(3)h = Δh
1
+ Δh

2
+⋯ + Δhi +⋯ + ΔhN

(4)Δhi = ΔL ∙ tan�i = ΔL

√

sin2�i

1 − sin2�i

(5)sin�i =
Vi

Vi+1

sin�i+1

Fig. 16   Schematic illustration 
of wave propagation trace in 
medium with variable wave 
velocities
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The resulting equation for the ray-tracing allows determining the first ray inclina-
tion angle �N based on the wave velocities Vi in each zone from the formula:

Figure 17 shows an example of the ray tracing in case of a stepwise distribution 
of the propagation waves along with the beam in 10 zones. The actual distribution 
of the ballast compaction along the beam is continuous; however, for identification 
of the velocity, the ballast bed is divided in zones of the width ΔL . Thus, the ballast 
compaction and the corresponding wave propagation are assumed to be constant in 
each zone. The identified wave paths show the significant deviation of their length 
from the geometrical ones for the inclined rays that pass through different zones 
(Fig. 18, bottom).

The wave velocity distribution for the ray tracing is unknown from the experimental 
measurements. It is determined by a multivariate iterative fitting of the resulting wave 
propagation times to the measured ones for the 16 rays together with ray tracing. Fig-
ure 18, top, presents the measured way propagation times for 16 rays. The propagation 
times for the side rays 1 and 16 are significantly higher than for the central one. The 
identified wave velocities for 10 zones along the beam (Fig. 18, bottom) demonstrate 
the substantial increase under the central part of the beam. The considerable variation 
in speed depending upon location agrees with the DEM simulation results (Fig.  14) 

(6)h =
∑N

i=1
ΔL

i

√

√

√

√

V
2

i
∙ sin2�

N

V
2

N
− V

2

i
∙ sin2�

N

Fig. 17   Example of ray tracing for the medium with variable wave velocity zones
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and the other previous studies (Kwon and Tutumluer 2009; Fischer 2022a). The stud-
ies (Kwon and Tutumluer 2009; Fischer 2022a) present wave propagation measurements 
only for three vertical rays under the middle part of the beam and both ends; however, 
the ToF interpretation for inclined rays produced overestimated velocity estimation using 
the straining path model. The present wave velocity estimation considers the wave path 
refraction that allows exact wave velocity estimation for the inclined rays.

The relation between the residual pressure and the pressure wave velocity is shown 
in Fig. 19. It demonstrates the evident increase of the wave velocity due to the ballast 
residual pressure in the pressure range 0–15 kPa except for two outlier points.

Fig. 18   The measured wave propagation times for 16 rays and the identified wave velocities in 10 zones 
along the sleeper

Fig. 19   Relation between the residual pressure and stress wave velocity
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5 � Discussion

The reviewed literature shows that the compaction process of the granular material 
is accompanied by both the change of the mechanical properties and the accumula-
tion of the residual stresses. Some authors suppose appearing the stresses in the 
railway ballast. However, few studies exist that show the experimental measure-
ments or theoretical simulation of the locked-in stress for railway ballast. The stud-
ies on wave propagation in granular soils indicate the significant influence of soil 
stresses on wave velocities. Therefore, the present study explores the possibility of 
ballast compaction identification using the non-destructive methods of elastic wave 
propagation.

The experimental measurement on the ballast compaction has shown the accu-
mulation of the significant residual pressure under the ballast layer. The measured 
residual pressure is about 30% of the maximal value under the beam loading. The 
DEM simulation of the ballast compaction process shows a similar form of the 
residual pressure distribution along with the sleeper beam.

Both the measurements and simulation of the wave propagation show more 
than two times increase of the wave propagation velocity under the central part 
of the beam after ballast compaction. The increase of the velocity under the beam 
ends was not significant. The identified velocity distribution along the beam indi-
cates the similarities to the residual stress distribution. However, the analysis of 
the simulated porosity distribution along with the beam also presents the inho-
mogeneous decrease of the porosity under the beam center. An estimation of the 
theoretical pressure wave propagation velocity is carried out to explore the influ-
ence of the material density and elasticity on the wave propagation. On the one 
hand, the average ballast porosity and the related density change during compac-
tion are about 7%. On the other hand, the elastic modulus of the ballast box under 
the beam is increased by 50%. It is theoretically resulted in the pressure velocity 
increase by about 25%. The value probably should be considered the maximal 
one due to the possible influence of the residual pressure on the estimated elastic 
modulus. Moreover, both the experimentally measured and simulated wave veloc-
ity increase is 2–3 times higher. It indicates the major influence of the residual 
pressure on the wave propagation velocity. Similar behavior of wave propagation 
was presented in other experimental and theoretical studies (Sysyn et al. 2019b, 
2020; Przybyłowicz et al. 2022; Kurhan and Fischer 2022).

The present study shows a qualitative estimation of the influence of possible factors 
on the wave propagation velocity and its relation to the residual stresses. However, future 
studies are necessary to clear the quantitative concerns. The influence of additional fac-
tors (like ballast and subgrade elasticity) should be studied. More deep data acquisition 
of the pressure and shear wave velocities would provide more information for the ballast 
compaction identification. Moreover, the practical application of the method on a real-life 
railway track is the aim of further studies. The possibilities of the wave propagation meas-
urement with the transmitter and receiver of the ballast surface will be studied.
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6 � Conclusions

The following conclusions can be formulated based on the results of the present 
paper:

•	 The experimental measurement demonstrates the accumulation of residual pres-
sure under the ballast layer and after the ballast compaction by the vibration 
loading on the sleeper beam.

•	 Both the experimental and the DEM simulations show a similar concentration 
form of the residual stresses under the sleeper center and quick stress release 
with the distance to the sleeper ends.

•	 The wave propagation velocity, both in the experimentally and simulations, is 
increased 2–3 times after the compaction.

•	 The wave paths for the inclined rays from transmitter to receiver along the 
sleeper are curvilinear due to wave refraction in the inhomogenous medium.

•	 Consideration of the wave path refraction due to inhomogenous compaction 
along the sleeper allows wave velocity identification for the inclined rays or in 
zones between the wave transmitters.

•	 The form of the wave velocity distribution along the sleeper is similar to the one 
of the residual stress distribution

•	 The residual pressure has a significant influence on the wave propagation veloc-
ity than the change of the mechanical properties during compaction.
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