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Abstract

The high influence of impact and vibration on the behavior of crushed stone and
ballast materials has been known for a long time. The zones with unsupported sleep-
ers, which are always present in transition zones, crossings, welds, etc., are typically
characterized by impact interaction, ballast full unloading, and additional preload-
ing. However, no studies on ballast layer settlements consider impact vibration load-
ing. Moreover, the influence of the cyclic loading on the ballast settlement intensity
is considered ambiguously, with both decelerating and accelerating trends. The com-
prehensive literature review presents the influence of factors on settlement intensity.
The present study aims to estimate the long-term processes of sleeper settlement
accumulation depending on the loading factors: impact, cyclic loading, and preload-
ing. The typical for a void zone ballast loading pattern was determined for various
void sizes and the position along the track by using a model of vehicle-track interac-
tion that was validated by experimental measurements. The loading patterns were
parametrized with four parameters: maxima of the cyclic loading, impact loading,
sleeper acceleration, and minimal preloading. A specially prepared DEM simulation
model was used to estimate the ballast settlement intensity after initial settlement
stabilization for more than 100 loading patterns of the void zone cases. The settle-
ment simulation results clearly show that even a low-impact loading pattern causes
many times increased settlement intensity than ordinary cyclic loading. Moreover,
the initial preloading in the neighbor-to-void zones can cause even a decrease in the
settlement intensity compared to the full ordinary or partial unloading. A statistical
analysis using a machine learning approach and an analytic one was used to create
the model for the intensity prediction regarding the loading patterns. The analytic
approach demonstrates somewhat lower prediction quality, but it allows to receive
plausible and simple analytic equations of the settlement intensity. The results show
that the maximal cyclic loading has a nonlinear influence on the settlement intensity
that corresponds to the 3—4 power function, and the impact loading is expressed by
the linear to parabolic function. The ballast’s minimal preloading contributes to the
reduction of the settlement intensity, especially for high cyclic loadings that are typi-
cal for neighbor-to-void zones. The results of the present study could be used for the
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complementing of the present phenomenological equations with the new factors and
further application in the algorithms of the settlements accumulation prediction.

Keywords Ballast layer - Unsupported sleepers - Void zones - Impact and vibration -
Ballast full unloading - DEM simulation - Ballast loading patterns - Settlement
intensity

1 Introduction

Sleeper voids or unsupported sleepers are one of the most frequent failure modes
that cause quick deterioration of track geometry. Sleeper voids are usually initiated
by inhomogeneities along the track that cause different ballast loading and differen-
tial settlements. The transition zones to bridges, culverts, underground communica-
tions, rail welds, and common crossings are always subjected to the appearance of
sleeper voids and track irregularities (Kangle Chen 2022; Wang and Markine 2018;
Oliveira Barbosa et al. 2022; Nasrollahi et al. 2023; Varandas et al. 2014; Chen and
McDowell 2016; Kurhan et al. 2020). However, the prediction of track geometry
and void development in the zones is complicated due to numerous acting factors,
which results from many studies with quite different results.

Many last studies on rail-track dynamic interaction present detailed 3D
FEM models and analysis of the dynamic behavior of the ballast layer (Khan
and Dasaka 2023; Sayeed and Shahin 2023; Alzabeebee 2023; Moghadam and
Ashtari 2020; Hadi and Alzabeebee 2023). However, the specific dynamic inter-
action due to void zones is usually not accounted for in the linear models or not
explicitly analyzed in the nonlinear ones. The ballast vibrations were considered
as only the result of wheel-rail interaction or ballast superstructure with subgrade
under moving loadings. The vibrations were induced only by moving quasistatic
loadings and not by geometric or void irregularities’ ballast impact.

The short-term dynamic interaction in void zones was presented by numerous
studies. The theoretical study (Lundqvist and Dahlberg 2005) presents a FEM
simulation of the ballast-sleeper impact because of unsupported sleepers. Lun-
dqvist and Dahlberg (Lundqvist and Dahlberg 2005) simulated several hanging
sleepers with a void depth of up to 1 mm. The results show a growth of up to
70% in the sleeper—ballast force at the neighboring sleepers for a single-hanging
sleeper with a 1-mm void.

An experimental investigation (Zhu et al. 2011) presents a 1:5 scale labora-
tory model and a numerical simulation model that was used to study the dynamic
behavior of unsupported sleepers. Both experimental and simulation results dem-
onstrate the growth in the dynamic interaction due to the unsupported sleepers.

In studies (Sysyn et al. 2020, 2021a), the dynamic behavior of railway tracks with
sleeper voids in the ballast pulverization zone is presented. The evaluation of experi-
mental data has shown a dynamic impact in voided zones, which appears due to the
closure of the voids under the sleeper during the wheel passing in the voided zone.
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The paper (Fang et al. 2023) develops a dynamic analysis framework combining
the discrete element method (DEM) and the multi-body dynamic method (MBD).
The model is used to simulate dynamic responses of the locomotive and ballasted
tracks considering 0-5 unsupported sleepers. Simulations show that the accelera-
tion of the wheelsets begins to increase when running to the position in front of the
hanging area and increases to the maximum when running to the edge of this area.
This effect was also experimentally measured and theoretically substantiated by the
simulations in the studies (Sysyn et al. 2020, 2021a). The model does not explicitly
present the impact on the hanging sleepers of the ballast bed due to the void closing.
Nevertheless, the authors in the further paper (Fang et al. 2024) have also found the
“dynamic impact” that has been in detail studied in Sysyn et al. 2021a some years
before.

Ballast in void zones, different from the well-supported track, is subjected to
different loading conditions (Fig. 1). The sleeper support along the track could
be divided into the following zones (Sysyn et al. 2021a; Holtzendorff 2003; Popp
2003). The ballast under the hanging sleepers is on the one side fully unloaded and
subjected to impact loadings in sleepers before the wheel during the void zone. On
the other side, the neighbor zones carry the hanging part of the track, and they are
subjected to overloading.

The effects of the ballast full unloading and impact loading on the sleep-
er’s settlement intensity were noted in various studies. Authors BaeBler and
Riicker (BaeBler and Riicker 2002) have examined in the full-scale test the influ-
ence of cyclic loading, partial sleeper unloading, and the impact loading on
the sleeper settlement behavior. The test showed that the application of impact
loading without full unloading increases the sleeper settlement intensity up to
4.2 mm/10,000 cycles. In comparison, the intensity under the cyclic loading with
amplitude 35 kN was 0.06 mm/10,000 cycles. Moreover, the following application
of full unloading together with impact one has increased the settlement intensity to
14.5 mm/10,000 cycles. The intensive vertical settlements were accompanied by

Preloaded neighbour Hanging sleeper with impact Hanging sleepers Preloaded neighbour
sleepers sleepers

Preloading

Impact + unloading P Full unloading

Prax

Fig. 1 Ballast loading in zones along the void
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notable horizontal movement of the ballast material in the ballast shoulders, indi-
cating the ballast flow. The decrease in ballast stiffness with increasing unloading
was observed in the triaxial tests by Selig and Waters (Selig and Waters 1994).
The authors showed that the degree of cyclic unloading influences the ballast con-
finement. The original tension is lost so that the stiffness of the ballast layer and,
thus, the residual horizontal stress is reduced. However, the influence of the ballast
unloading mode on the sleeper settlement intensity was not quantified.

1.1 The Influence of Impacts and Vibration on the Settlement Behavior
of the Railway Ballast Layer

The high influence of impacts and vibration on the settlement behavior of the ballast
layer is known from many studies (Holtzendorff 2003; Popp 2003; Pahnke 2010).
It was shown that the residual ballast settlements depend on the level of acceler-
ations or excitation frequency. Some authors propose a limit value of the level of
acceleration of 0.8 g for ballast bed on bridges. Other researchers perform studies
with harmonic fundamental excitation of the ballast sample. In general, the result
is a threshold value for destabilization and subsidence of approximately 1 g (Popp
2003). The destabilization involves a rapid change in the contacts between parti-
cles. From the performed experiments, it is concluded that the influence of the load
frequency parameter is not decisive. With an increase in the frequency of accelera-
tion in the ballast layer and other elements, the tracks can be redistributed, which
will lead to a decrease in the acceleration in the ballast layer. More important is the
simultaneous influence of such parameters as the load level, acceleration, and dura-
tion of the vibration load.

The problem of taking into account the effects of vibration loading consists of the
difficulty of separating the different mechanisms that lead to increased settlement
intensity. Thus, authors (BaeBler and Riicker 2002), separately from the basic track
load, assume two types of vertical dynamic load on the ballast: the impact vibration
load on the sleeper with backlash and the sleeper with good support.

Thus, the unloading mode of the ballast, vibration, and cyclic loading should be
considered as independent factors of ballast resilience that cannot be replaced by
taking into account only maximal cyclic loading.

1.2 Present Approaches for Prediction of Differential Settlements and Factors
Taken into Account

The prediction of long-track geometry deterioration and differential settlements is
considered in many studies by using different phenomenological equations together
with finite element method (FEM) and multibody simulation (MBS) models for bal-
last loading calculations.

The phenomenological models are based on empirical equations that are fitted to
laboratory or in situ experimental data. The exponential and logarithmic forms are
the most popular equations, but there were also linear and physical-based forms used
the last time. There are two major stages of ballasted track settlement, as indicated
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by many authors (Sato (Sato 1995), Dahlberg (Dahlberg 2001), and Grossoni (Gros-
soni et al. 2021)). The first stage is the initial settlements after tamping caused by
ballast volume changes during the compaction process of the ballast layer. The
stage of initial settlements could be partially shortened by machine compaction with
dynamic stabilization. The settlement intensity in the second stage is approximately
constant, and the stage is explained by the lateral movement of the ballast particles,
deformation of the subgrade, particle attrition, breakage, etc.

However, the variance of the predicted settlements in the literature and even
the variance of the measured settlements in the same experimental tests are high.
Figure 2 shows the range of the predictions of the settlement accumulation by the
present phenomenological models for the in situ measurements and full-scale tests
(Grossoni and Andrade 2019; Lichtberger 2005). The high range of variance from
about 1 to 16 mm for 500,000 of load cycles could be explained by different test
conditions. Thereby, the highest variation, 1-13 mm, is observed during the initial
stage until 100-200,000 cycles. The variance of the settlement intensity in stage 2 is
more definite and amounts to 0.001-0.09 mm/10,000 cycles. Moreover, a significant
variance of the settlements accumulation was observed among parallel experimental
tests in Kangle Chen 2022; Demharter 1982).

Figure 2 (middle zone) demonstrates the range of measurement results from the
six repetitions. The author (Demharter 1982) has concluded that the variance could
not be eliminated even though all starting conditions were controlled carefully. It is
notable from the experimental studies that despite the high variation of the initial
settlements of 4.9-8.7 mm in stage 1, the settlement intensity in stage 2 has a com-
paratively low variance of 0.014—0.018 mm/10,000 cycles.
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Fig.2 Variation range of the predicted and measured settlement accumulations
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The high variation of the settlements in stage 1 could be explained by the dif-
ferent initial compaction of the ballast and the uncertainty of the starting point of
the measurement after the stabilization process.

Most authors suppose one phenomenological equation for both stages. How-
ever, the equations include mostly two parameters, of which one of them implic-
itly corresponds to the prediction of the quick deterioration in the initial stage.
Nevertheless, the high variance of the measurement results makes it not possible
to conclude about the best approximation. Independently on the complexity of
the equations, both the exponential and logarithmic forms provide no advantage
compared to the linear equations. Some authors (Wang and Markine 2018; Jeffs
et al. 1987) prefer linear form that has the advantage of better interpretation. The
ability to predict the settlements is determined not by the form of the phenomeno-
logical equation but by the factors taken into account. However, most phenom-
enological equations consider a very limited number of factors like loading cycles
and maximal cyclic loading. The maximal loading is usually considered as the
main factor of the settlements. Table 1 shows a summary of the phenomenologi-
cal models and the main factors taken into account.

A systematization of the factor influence of the ballast settlements in void
zones is presented in Holtzendorff (2003). The proposed model of differential
settlements and void development is based on a logarithmic phenomenological
equation together with MBS and FEM models. The coefficients of the equation
take into account the influence of different factors: equivalent vertical stress due
to cyclic loading, dynamic factor due to impact and vibration, the degree of relief
of the ballast due to full or partial sleeper unloading, the pollution factor, and
initial compaction in the form of the passed loading cycles. However, the study
considers the factors qualitatively, and the necessity of the experimental data for
model calibration and verification is stated.

As proposed by ORE (ORE 1970) using the triaxial cyclic tests, a semi-logarithmic
stress—strain equation suggests the quadratic relationship to the maxima of the cyclic
load. Another logarithmic equation in the study (Shenton 1984) supposes a linear
influence of the loading on the wheel loading on the settlement accumulation. An
empirical coefficient suggests the subgrade properties and the sleeper form, and the
tamping lift is considered directly in the equation. The linear influence of the pressure
is presented in Thom and Oakley (2006) by a full-scale ballast box test. Additionally,
the influence of the subgrade stiffness is explicitly considered in the equation.

The phenomenological equation in Frohling (1997), which was developed in
the course of an extensive measurement in track, takes into account the measured
average track stiffness at a particular sleeper and dynamic load amplification with
the exponent 0.3.

Ballast compaction is taken into account in Stewart and Selig (1984); Ind-
raratna and Nimbalkar 2013) by using empirical coefficients for loose and dense
ballast in a logarithmic equation. Indraratna et al. (Indraratna et al. 2007) dis-
played the influence of the relation of the deviatoric stress to the compressive
strength of ballast with the exponent 1.12 to 1.67, depending on the ballast mate-
rial. Hettler (Hettler 1987), based on scaled laboratory tests, presented a similar
exponent of the loading 1.6 in a logarithmic equation.
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The initial compaction is not taken into account in the equations. Therefore,
the variation of the predicted settlements in the initial phase (< 100,000 t) by dif-
ferent studies is very high.

The exponential settlement equation in Sato (1995) takes explicitly into
account the factors of loading, velocity, subgrade, ballast depth, etc. Thereby, the
linear settlement intensity is considered after the ballast stabilization phase. A
similar approach with a linear equation in the second stage after 200,000 loading
cycles is proposed in Jeffs et al. (1987).

The authors in Kumar et al. (2021) have used a linear model with the settle-
ment intensity rate based on the logarithmic equation (Hettler 1987), the same
exponent of the ballast loading. The equation was used together with a 2D vehi-
cle-track interaction dynamic model to predict track geometry deterioration.

The authors in Wang and Markine (2018) assume the linear process of the set-
tlement accumulation for modeling the long-term behavior of transition zones.
The authors fully ignore the initial nonlinear settlement stage. Thereby, they used
a high exponent of 5.276 of the ballast pressure in the linear phenomenological
settlement equation. The exponent was estimated by fitting to the experimental
data of other studies. Such a high exponent of the pressure allows reflection of the
experimentally measured dips on two sides of transition zones at the late stage
of the degradation. However, the overestimated influence of the ballast pressure
could cause the locally over-dimensioned growth of the settlements under the
separate sleepers without the growth in the neighboring ones.

The physical-based methods, different from the empirical phenomenological
models, have a clear mechanical background. The study (Oliveira Barbosa et al.
2022) demonstrates a 2D lattice model able to describe the compaction behavior
of railway ballast. The model is based on connection as a parallel assembly of a
linear spring, a spring-slider couple, and a spring-gap couple and is able to reflect
cyclic residual settlements. The model of the ballast box after calibration was
integrated into the track model for the transition zone. The simulation results are
compared to other studies and show a deviation that corresponds to the typical
one in the studies (Fig. 2). The main problem of the 2D is that, despite the physi-
cal background, it is not able to reflect the intrinsic processes of ballast settlement
due to the particle flow along across the track.

The study (Nasrollahi et al. 2023) presents an iterative approach for the pre-
diction of long-term differential track settlement in a transition zone. The accu-
mulation of ballast settlements depends on the difference between the maximal
dynamic loading and the threshold loading with some exponent. There is no accu-
mulation of permanent ballast/subgrade deformation if the maximum sleeper—bal-
last contact force generated by a passing wheel is below a certain threshold value.
The value itself is dependent on the accumulated settlement with the negative
exponential relation. Therefore, the settlements in the first 5-8 sleepers near the
slab foundation have a quicker settlement rate than outside. Thus, the close-to-
realistic dip shape is formed. The used exponent of ballast loading is 1. However,
the used negative exponential relation assumes the full settlement stabilization.
The direct influence of the vibration and other factors is not considered.

@ Springer



Transportation Infrastructure Geotechnology

Nguyen et al. (Nguyen et al. 2016) elaborated a computational procedure for the
prediction of ballasted track profile degradation. A hypoplastic model was integrated
into a 2D track-train dynamic model. The model is formed by the combination of
two constitutive laws: a hysteretic model and an accumulation model. It takes into
account strain amplitude, void ratio, average mean pressure, average stress ratio,
etc. The model demonstrates the declining character of the settlement accumulation.
However, the authors did not explore the development of the void under the sleeper.

Varandas et al. (Varandas et al. 2014) presented the simulation of the void devel-
opment along the transition zone and the comparison with experimental measure-
ments. The ballast settlement equation takes into account the loading history that
allows, in case of the loading increase, to reflect the realistic settlement accumula-
tion with local stabilization periods. The settlement intensity of the ballast is propor-
tional to the amplitude of the applied load with the exponent 1.6. The initial ballast
settlements can be also taken into account in the loading history. Another iterative
approach is proposed in Guerin et al. (1999) based on small-scale experiments with
a sleeper and ballast box on an elastic base. The development of the settlement was
split into two phases: phase 1 results from the compaction of the material, and the
settlement development in phase 2 corresponds to the track in operation. The devel-
oped equation presents the settlement intensity as a function of the sleeper elastic
deflection with the exponent 2.51. Thus, the equation takes into account implicitly
both ballast loading and its stiffness.

A rheological approach for predicting the behavior of transition zones in a railway
track is presented in Punetha and Nimbalkar (2023). The 3D FEM model was used
together with plastic slider elements to reflect the residual settlements after reaching
the satisfied yield criterion. The hardening rule and unloading phase are considered
for ballast, sub-ballast, and subgrade. The simulation results present the declining to
some limit settlement trend that depends on the axle loading and the smoothed over
about 1.5-m settlements from the open track to the bridge in the transition zone. An
increase in the axle loading causes an increase in the initial plastic settlements but a
low impact on the settlement intensity. The void development was not shown in the
study.

The application of a simplified rheological approach for the prediction of differ-
ential settlements is shown in the studies (Sysyn et al. 2018; Sysyn et al. 2019). The
parallel connection of plastic and viscous elements describes the permanent defor-
mation. The plastic element describes the initial settlements or the quick settlement
while the loading increases over the threshold defined by the history of the ballast
loadings. The plastic and viscous properties depend on the ballast loading with the
polynomes of 2-3 exponent. However, the models do not take into account the void
development and the resulting sleeper-ballast impact with the unloading mode.

Another paper that considers stress history using a linear Kelvin—Voigt unit in
series with a plastic-hardening unit is presented in Ognibene et al. (2022). The bal-
last layer is modeled by combining a nonlinear visco-elastic element to simulate the
resilient response with a plastic-hardening element for permanent settlement. Such
an approach explicitly considers two intrinsic processes of permanent deforma-
tion: the initial densification and the long-term lateral spreading of the ballast. The
model provides a realistic settlement process in case of a loading increase. However,
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the model does not take into account the influence of vibration loading and ballast
unloading mode.

The analysis of the present approaches of ballast settlement estimation shows a
wide range of equations with quite different observed values of the settlement pre-
dictions. Indeed, even the same experimental studies show such high settlement
variance that the different approaches can be described equally well. Most of the
models explicitly consider the influence of one factor—the ballast loading. Thereby,
some other factors like stiffness and maintenance issues are considered implicitly
with the different coefficients in the equations. However, the influence of the ballast
loading is not unambiguous, with the exponent variance from 0.3 to 5.12. Moreover,
the direct settlement influence of the vibration, impact, and sleeper unloading, which
appear in the void zones, was almost not considered in the settlement equations. The
impact loadings are usually handled the same as cyclic loading. Therefore, there is
no detailed understanding of the mechanisms of the deterioration of track geometry
in zones with voids.

1.3 DEM Simulations of the Permanent Settlement Accumulation

DEM is increasingly used in the last time for simulating ballast settlements. Dif-
ferent from the empirical phenomenological equations that have low mechanical
substantiation, the discrete element method allows consideration of the intrinsic
mechanical processes.

Chen and McDowell (Chen and McDowell 2016) applied the discrete element
method to investigate transition zones from a micromechanical perspective. A bal-
last box with three half-sleepers is regarded as a model of the transition zone. Two
kinds of transition patterns, including a single-step change and a multi-step change
for subgrade stiffness distribution, were tested. The influence of train direction,
speed, and axle load on the transition zone was also investigated. The subgrade stiff-
ness inhomogeneity was analyzed. The differential settlements were examined in 50
loading cycles, and high settlements imply that the ballast was fully uncompacted.
However, the elastic influence of the rail was not defined; thus, the hanging sleep-
ers were not taken into consideration. The ballast box had no free slopes; thus, the
model could not take into account the sleeper settlements due to the ballast flow
along the sleeper.

Another paper (Lobo-Guerrero and Vallejo 2006) presents 2D DEM simulations
to study the effect of crushing on the behavior of a simulated track ballast material.
The model displayed three sleepers under cyclic loading within 200 cycles. The bal-
last fragmentation was detected as the main factor of sleeper settlements, and the
particle flow was not analyzed.

Fang et al. (Fang et al. 2023) introduced a model combining the DEM and MBD
for the simulation of 0-5 sequentially unsupported sleepers within 15 ones in the
already mentioned paper. However, the authors did not investigate the long-term
processes of ballast settlement.

Tutumluer et al. (Tutumluer et al. 2013) used in the study DEM model for pre-
dicting the settlement behavior of full-scale test sections under repeated heavy
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axle train loading. The settlement predictions were sensitive to aggregate shape,
gradation, and initial compaction condition density of the constructed ballast
layer. The number of simulation cycles was limited to 2000 loading cycles. It
is indicated that by properly accounting for the initial compaction conditions,
the ballast DEM simulations closely predicted the settlement performance with
only 2000 car passes. The initial compaction in the DEM model corresponded to
580,000 loading cycles in the experimental measurements.

The researchers (Talebiahooie et al. 2021; Chen et al. 2015) have studied the
settlement behavior of a half-sleeper in a square ballast box. The changes in bal-
last porosity and pressure were analyzed during 1000 loading cycles. However,
the models had no free slopes that did not take into account the lateral spreading
of the ballast along the sleeper.

Bian et al. (Bian et al. 2020) presented the principal stress rotation effect using
DEM simulation of the 30-cm wide ballast box with five sleepers. The authors
applied two different loading scenarios of the sleepers’ loading: stationary cyclic
and moving wheel loading. Numerical results indicated that moving wheel load-
ing induced larger principal stress rotation than under stationed cyclic loading.
Moreover, the permanent settlements of the sleepers during 500 loading cycles
were more than four times higher for moving wheel loading. However, the quasi-
2D model also was not able to take into account the lateral spreading of the
ballast.

The study (Zhang et al. 2019) indicated the importance of load frequency in
applying cyclic loads to investigate ballast deformation under high-speed train loads.
Despite a relatively small-scale ballast box with a 30-cm part of sleeper in the DEM
model, it clearly shows the increase of the settlement intensity for the loading fre-
quency of more than 15 Hz. Thus, the factor of vibration is an independent one that
directly influences ballast resilience and cannot be taken into account through the
maximal loading amplitude. Moreover, the influence of vibration and loading can be
reciprocally amplified.

The analysis of the present studies on long-term settlement accumulation using
DEM shows that the models can take into account the main processes of ballast
compaction, breakage, and flow and consider many factors of the loading, ballast
material, geometrical size, etc. Therefore, the DEM models could be most appropri-
ate for the simulation of the ballast settlements in void zones. However, because of
the computational cost, the track model is usually limited to a small size of ballast
box with one sleeper without slopes or a 2D model for many ones. It complicates the
investigation that includes the railway track together with many sleepers connected
with elastic rail for a void zone. Additionally, both in the simple phenomenological
approach and the detailed DEM simulations, it is unclear how the initial compaction
after maintenance works in some moments of the track life cycle could be taken into
account.

The present study aims an investigation the sleeper permanent settlements’
behavior under the loadings in the void zones using the DEM approach. The overall
structure of the research and the detailed interrelations are shown in Fig. 3.

The manuscript consists of studies of short-term interactions, long-term ones,
and the following interpretation. The detailed research steps are as follows:
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(i) Ballast loading patterns in a void zone are generated by using a vehicle-track
interaction model (VTI) and substantiated by experimental measurements.
The loading patterns correspond to the possible cases of void sizes.

(i) The loading patterns from the different parts of the void zone along the track
are analyzed and parametrized to quantify the main loading factors—cyclic
loading, impact loading, unloading mode, and preloading.

(iii) DEM simulations of the settlement accumulation are performed for the many
cycles of the loading patterns, and the statistics of the settlement intensity are
collected.

(iv) Analysis of the influence of the loading parameters on the settlement intensity
is performed, and the parametrized equations are derived.

2 Short-Time Dynamic Interaction and Loading Patterns
in the Different Parts of the Void Zone

2.1 Experimental Measurements and Simulation of Dynamic Interaction
in the Void Zone

The experimental measurements of the train-track dynamic interaction in void
zones, which were presented in the previous studies (Sysyn et al. 2020, 2021a,
2021b), demonstrate the appearance of the specific impact interaction. The influence
of unsupported sleepers on the dynamics and stability of railway tracks is indicated
in many other studies (Xu et al. 2023; Liu et al. 2023; Malekjafarian et al. 2021;
Sresakoolchai and Kaewunruen 2022). The main feature of the dynamic interaction
in void zones is different from the simple geometric irregularities in that the impact
oscillations appear before the wheel enters the central part of the void zone. Thus,
the maximal dynamic interaction appears in the first half of the void zone, while the
maximal interaction in the geometrical irregularity is usually located in the second
part of the irregularity while the wheel outside is moving. The typical behavior in
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Fig. 4 Measured rail deflections and accelerations in the void zone (top), the ballast pulverization in the
void zone (bottom, left), the corresponding to the measurement rolling stock (bottom, right)

Fig.5 Vehicle-track interaction
model (VTI) with void under
the sleepers (left) and simula-
tion example: right, top—void
along the track; right, center—
rail deflection/acceleration in
section x=11.5 m; right, bot-
tom—ballast loading in section
x=11.5 m (Sysyn et al. 2021a,
2021b)
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the void zone is obviously explained by rail deflection measurements (Fig. 4). The
impact interaction (Fig. 4, top) is clearly presented by rail accelerations that precede
time to the maximal rail deflections. More detailed analysis of experimental meas-
urements is presented in Sysyn et al. (2020).

The reason for the dynamic behavior is the closing of the voids between the
sleeper’s foot and the ballast bed while the wheel enters the void zone. The behav-
ior can be explained by using simple models like those explained in Sysyn et al.
(2020); Sysyn et al. 2021b). The present study uses a 3-beam model coupled with
two discrete masses that was described in Sysyn et al. 2021a. Figure 5 presents the
schematic presentation of the model and a simulation example of rail deflections and
ballast loadings for wheel passing the void zone. The void is considered by nonlin-
ear stiffness in the layers corresponding to the model. The simulations clearly show
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the dynamic interaction while the wheel enters the void zone and the corresponding
sleeper-ballast impact. A full description of the model is presented in Sysyn et al.
2021a; Sysyn et al. 2021b).

2.2 Loading Patterns of Ballast Layer in the Void Zone

The aim of the present section is to study the loading patterns of the ballast layer in
the void zone, their systematization, and preparation for the following estimation of
long-term settlements using DEM simulations. The void zone size and form could
be very different during the track lifecycle. The experimental studies (Wang and
Markine 2018; Varandas et al. 2014) show that the void length could reach 8 m and
depth 10 mm in transition zones. The typical form of the void is unknown. There-
fore, the rectangular void form with smoothed ends is used in the VTI simulation.
The actual length of the void zone with hanging sleepers under their own weight is
variated in the range of 1.2-4.5 m, and the depth is limited to 5 mm according to
experimental measurements. From the overall 25 combinations of the length/depth,
which was described in Sysyn et al. 2021a, the 109 most different ballast loading
patterns were selected for the analysis and further simulations.

The vehicle track interaction model parameters are selected to provide qualitative
agreement with the experimental measurements, reference information about the
superstructure elements, and parameter estimation from other studies (Sysyn et al.
2021a, 2021b; Lichtberger 2005; Malekjafarian et al. 2021; Zhai 2020; Zakeri et al.
2020). The properties of the model beams and the vehicle masses are considered for
one rail and wheel. The superstructure parameters correspond to rail UIC60, half
sleepers B70, and fastening pads Zw.700. The loading of the vehicle corresponds to
the freight wagon with a train velocity of 120 km/h.

The vehicle parameters were selected according to Sysyn et al. 2021a; Sysyn
et al. 2021b; Malekjafarian et al. 2021; Zhai 2020; Zakeri et al. 2020) and are as
follows: car body mass for one wheel 10,000 kg; unsprung wheel mass 650 kg; con-
tact stiffness 50 x 10° N/m; contact damping 110 x 10°> N s/m; suspension stiffness
0.8 x 10° N/m; and suspension damping 30 x 10° N s/m.

The track parameters were chosen according to Lichtberger (2005) and are
the following: rail meter mass (layer 1) 60 kg/m; rail bending stiffness (layer 1)
6.4 MN-m?; fastening foundation coefficient (layer 1) 200 MN/m?; fastenings damp-
ing (layer 1) 1 85 kN-s/m?; sleeper meter mass (layer 2) 300 kg/m; sleeper-ballast
foundation coefficient (layer 2) 600 MN/m?; sleeper-ballast damping (layer 2) 7
5 kN-s/m?; ballast meter mass (layer 3) 500 kg/m; ballast-subgrade foundation coef-
ficient (layer 3) 200 MN/m?; and ballast-subgrade damping (layer 3) 680 kN-s/m>.

The ballast loading patterns could be categorized into three groups that depend
on the position along the void zone: preloaded ballast in the neighbor zone (Fig. 6,
top), impact zone (Fig. 6, middle), and unloaded zone (Fig. 6, bottom). The ballast
preloading in the neighbor-to-void zones varies in a range of up to 20 kN (Fig. 6,
top). The preloading. The impact loading is presented by a peak with full unloading
before and cyclic loading after. Actually, there are only two groups—with and with-
out the full unloading. The group of the full unloading without impact is selected by
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Fig.6 Groups of loading patterns along the void zone: preloaded ballast in the neighbor zone (top),
impact zone (middle), unloaded zone without impact (bottom)

the evident absence of the peaks. The relative position of the impact peaks and the
maxima of the quasistatic loading are different—from superposition with the cyclic
loading to separate impact peaks before them.

2.3 Parametrization of Loading Patterns

The loading patterns should be described with a limited number of parameters for
the following estimation of the quantitative relations between the ballast loading
and the settlement intensity. The most evident parameters that describe the loading

pattern (see Fig. 6) and differ between the three loading groups are as presented in
Fig. 7:
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Fig. 7 Parameters of loading patterns for a void zone (left) and a neighbor zone (right)

(i) The maximal value of the quasistatic loading P,,,,.
(i) The peak value of the impact loading P,
(iii) The minimal loading in the absence of the wheel loading P,,;,.

Thereby, the stepwise increase of the loading (>3.5 kN) after full unloading is
also considered as an impact loading parameter P;,,.

The presented in Fig. 7 parametrization scheme allows simple and evident deriva-
tion of the loading parameters. However, the scheme does not allow the separation
of the parameters according to the factors of vibration and the cyclic loading since
the P;,, includes a part of the superposed cyclic loading. On the other side, consid-
ering only the impact amplitude would bring more uncertainties for the cases with-
out evident impact peaks. More objective separation of the impact and the cyclic
loading could be possible by spectral methods that, however, could cost the inter-
pretability of the parameters. The additional studied parameter is the sleeper maxi-
mal acceleration that was received from the vehicle-track model.

3 Long-Term Settlement Accumulation in the Void Zone
3.1 Experimental Exploration of the Void Geometry Development

The practice of the maintenance of the track with void zones shows that the zones
are characterized by intensive track quality deterioration. The neighbor is only pos-
sible if the depth of the void zone is quicker growing than its length. The present
section aims the exploration of the interrelation of the void length to its depth.

The measurements of rail deflections were produced in 12 places of problem
zones of rail track. The zones were in different conditions of void severity from void
initiation to the time moment before the tamping. Thus, the void zones have differ-
ent sizes and forms during the lifecycle. It is not possible with the available meas-
urements to urge about the evolution of the void development since the data are the
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snapshots in the lifecycle without the known loading history. Nevertheless, the data
enable the exploration of the general relations of the void depth and length during
the lifecycle and, thus, the conclusion about the void’s possible development.

The deflection measurements in 12 void zones are shown on Fig. 8, middle, and
the corresponding reference zones are presented on Fig. 8, top. The problem places
are presented on continuous ballasted track without or with some initial reasons for
the void initiation, like rail welds and subgrade problems. The transition zones are
not considered.

The depth of the void zones under the sleeper is determined as the difference
between the rail maximal deflections in the void zone and the reference one (Ah, ;).
The length of the void zones under the sleeper is the difference of the recorded
waves at the level — 0.1 mm to reduce the uncertainty of the zero point x-coordinate
estimation due to low inclination noise (Al,;4). The relation of the void length to
its depth is shown in Fig. 9. The considered void depth is up to 5 mm, and the void
length is up to 4 m.

Figure 9 indicates that the relation of the void depth to its length is nonlinear.
The void depth is quickly increasing for a length of more than 2 m, which indicates
the acceleration of the differential settlement intensity in the void zone. The range
of the growth of the void length is much lower than the relative variation of the
void depth. The results indicate that the settlement intensity of the neighbor-to-void
sleepers is much lower than that of the hanging sleepers. The causes of this effect
are evidently different settlement intensities in the void zone and outside because of
various loading patterns: impact loading, full unloading, and preloading. The quan-
titative estimation of the settlement intensities depending on the loading parameters
is produced with the help of DEM simulations.

Deflection, mm

Deflection, mm

1 S— 3 4 — — 8 — N — —-

— —

Fig. 8 Rail deflection measurements in 12 void zones and the corresponding reference zones
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3.2 DEM Model and Simulation of Settlement Accumulation

The aim of this section is an estimation of the long-term influences of the ballast
loading in the void zone that are described by a settlement intensity of the residual
deformations. The intensity is defined as the linear accumulation of the vertical
residual deformations per 10,000 loading cycles after the stabilization stage.
Thereby, to avoid the problem of the initial compaction uncertainty, stage 1 of
the initial settlement accumulation is neglected. The ballast layer in the DEM is
maximally compacted before the cyclic loading so that the permanent settlement
accumulation could be close to linear in stage 2. The result of a simulation is the
settlement intensity. The complexity of the model is selected to be able to reflect
the studied effects of void accumulation under the loading patterns. Due to the high
computational cost of the DEM model and many loading patterns, it is maximally
simplified with round particles and a stiff sleeper. The following assumptions and
limitations are noted:
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(1) — To take into account the loading patterns of the ballast that already consider
the superstructure weight, the sleeper mass in the DEM model is low.

(i) — The sleeper is an undeformable body.

(iii) — The ball particles are used with rolling resistance to reflect the particles’
angularity.

(iv) — The ballast compaction process is not considered; the ballast bed is intro-
duced in maximally compacted form with a special compaction procedure to
provide close to linear accumulation of the settlements in the following load-
ing cycles. Within the procedure, the maximal compaction was achieved by
setting the particle and boundary friction close to zero (similar to liquid) and
by inserting the sleeper with vibrating motion in the ballast bed with tempo-
rary slope boundaries, limiting particles flow.

(v) — The ballast layer, after compaction, is stabilized with a set of cyclic loadings
corresponding to the normal loading case (100 kN/rail) in the vehicle track
model.

(vi) — Particle breakage and attrition are not taken into account.

The DEM model for the simulation of the ballast settlements under the cyclic
and dynamic loadings is presented by one sleeper in a ballast box (Fig. 10). The
sleeper geometry corresponds to the B70 sleeper. The particle form is simple balls
with a standard size distribution of 22.5-63 mm. The ball particles are described by
rolling radii, nonlinear contact law, tangential stiffness, rolling resistance, etc. Mind-
lin—Deresiewicz model is used to describe the tangential force. Hertzian spring with
viscous damping was used as the normal force model. The rolling resistance takes
into account the influence of the particle form. The parameters of the model parame-
ters are selected according to experimental and theoretical studies (Xiao et al. 2023;
Zhang et al. 2023a, 2022; Chi et al. 2022; Chi et al. 2022; Guo et al. 2022; Xiao
et al. 2023; Sluganovic et al. 2019).

P(t) — loading patterns:
- cyclic loading
- impact loading
- unloading, preloading

Linear settlement

Compaction procedure in Initial cyclic loadin,
accumulation

DEM model (100 kN 300 cycles

s, mm

Settlement
intensity

v

Fig. 10 DEM model for simulation of the sleeper settlements (top). DEM model preparation for deter-
mining the settlement intensity (bottom)

@ Springer



Transportation Infrastructure Geotechnology

The mechanical properties of the sleepers are the following: density 2650 kg/
m3, Young’s modulus 20 GPa, and Poisson’s ratio 0.3. The degrees of freedom of
the sleeper motion are limited to the vertical motion and rotation relative to the
track axis. The particle properties are the following: the bulk density of 1700 kg/
m3, Young’s modulus of 50 GPa, and Poisson’s ratio of 0.3. The particle interaction
properties are the following: static friction 0.65, dynamic friction 0.61, rolling
resistance 0.41, and restitution coefficient 0.72.

The material properties of boundaries are as follows: right/left trog walls—
Young’s modulus of 20 GPa, Poisson’s ratio of 0.3, bulk density of 1700 kg/m3;
Young’s modulus of trog bottom is 10 GPa and trog bottom bulk density of 1600 kg/
m>. The interaction parameters between the boundaries and the ballast particles
are the following: between trog bottom and particles—static friction 0.6, dynamic
friction 0.58, and restitution coefficient 0.72 and between right/left trog walls and
particles—friction close to zero, and restitution coefficient 0.65.

The interaction parameters between sleeper and ballast particles are taken as
follows: static friction 0.60, dynamic friction 0.58, and restitution coefficient 0.72.
The ballast layer is filled in a ballast trog of a width of 60 cm, and the ballast height
under the sleeper is about 30 cm.

The sleeper in the DEM simulations is considered a rigid body, and all external
loadings are applied to its center. The sleeper is considered to be weightless to
transmit the ballast loading patterns (from Sect. 2.2, Fig. 6) without taking into
account the sleeper mass twice. In this way, the loading on the sleeper (Fig. 10) is
considered to be equal to the loading on the ballast bed. The external loading on the
sleeper depicts the vertical loading on rail seats with a loading cycle of 0.1 s.

The sleeper sides are filled with particles to provide a ballast bed with 40-cm
ballast shoulders and slopes. Ballast bed with sleeper is maximally compacted
before simulations. The number of particles depends on the sleeper type: 21,287
particles for a wide sleeper and 25,788 for a conventional sleeper.

The sleeper deflection simulation results for the typical loading patterns are
presented in Fig. 11. The settlement intensity is determined as a trend line over the
last part of the cyclic line of the sleeper deflections to exclude the initial nonlinear
settlements. Thus, the settlement intensity for the normal cyclic loading (Fig. 11a)
and own weight preloading is about 0.17 mm/10,000 cycles. The increase of the
cyclic loading to 170 kN (Fig. 11b) causes more intensive permanent settlement
accumulation with an intensity of about 2.1 mm/10,000 cycles. The additional low-
impact loading together with normal loading (Fig. 11d) causes many times higher
settlement accumulation than without the impact. The double increase of the impact
loading (Fig. 1le) causes more than three times the increase in the settlement
intensity. Thereby, the nonlinear settlement trend appears at the beginning of the
deflection line. However, the increase of the additional preloading P,,;, of the
sleeper, which is typical for the neighbor-to-void zones, causes some reduction of
the settlement intensity compared to high loading and normal preloading (Fig. 11c¢).
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Fig. 11 Settlement accumulation processes (right) for typical loading patterns (left): a normal cyclic
loading, b high cyclic loading, ¢ preloading, d low-impact loading, and e high-impact loading

4 Analysis of the Settlement Intensity

4.1 Explorative Analysis of Influence of the Loading Parameters
on the Settlement Intensity

The formed in DEM and MBS simulation dataset, before fitting by statistical mod-
els, is qualitatively analyzed on the interrelations between factors. Figure 12 presents
a multiplot of the pairwise interrelation of the settlement intensity and the loading
parameters. The histograms in the main diagonal show the statistical distribution
of the corresponding factor. Thus, the intensity histogram shows that most cases of
the settlement processes have settlement intensities less than 4 mm/10,000 cycles.
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Fig. 12 Interrelation of the settlement intensity and the loading parameters
The parameter of cyclic loading P, is in the range of 40-200 kN/sleeper, with an
average value of about 100 kN. The impact loading P;, is in the range of 0-150 kN,
and the minimal constant preloading P, 0-20 kN. Thereby, both factors exclude
one another—the impact is possible if minimal preloading is absent. The increase
of minimal preloading P,;, slightly decreases the settlement intensity, especially for
low values of P,;,. Thereby, unloading P, ;, well contributes to reduction of the set-
tlement intensity for high P, ,, (Fig. 12, row 2, column 2).

The impact loading parameter P, has the highest influence on settlement inten-

imp
sity (Fig. 12, row 1, column 3). The influence of the cyclic loading P,,,, is several
Jp indicates an

times lower than that of P;,,. The sleeper acceleration parameter A
insignificant influence in the intensity in a range up to 35 m/s>. Moreover, high
acceleration does not always result in high settlement intensities and impact load-
ings (Fig. 12, row 1, column 3).

The parameters P, and P, are independent ones, as is shown from the point
cloud (Fig. 12, row 3, column 2). The parameters P;,,, and A, (Fig. 12, row 1, col-
umn 3) present evident correlation and could be considered as dependent param-
eters. However, for impact loading less than 35 kN, the relationship between the
parameters is weak. Noticeable is the relationship between P, and A (Fig. 12,
row 1, column 2): high sleeper accelerations appear for thy cyclic loadings less than
120 kN.

Principal component analysis (PCA) is performed to explore the common vari-
ation of the parameters without taking into account the settlement intensities. PCA
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is one of the most widely used unsupervised learning methods. Figure 13 shows the
diagrams of the data points in the pairwise spaces of the principal components as
well as the all three ones. The colormap of the intensities highlights each data point.
The direction and weight of each variable (parameter) are presented with vectors.
The most significant weight in the data variation has the variables P,,,, and P;.
The corresponding vectors show, in three directions, the most significant response
variation (settlement intensity). The sleeper acceleration variable A, has a differ-
ent direction than other variables and can be considered as an independent one. The
minimal preloading variable P_; has a comparatively low weight.

4.2 Machine Learning Approach Based on the Parameters’ Dataset

The qualitative analysis of the datasets from DEM and MBS simulations shows
the evident influence of the cyclic, impact loading, vibration, and preloading mode
on the settlement intensity. Various methods can be used to explore the qualitative
relations between the parameters and the settlement intensity. Machine learning
tools are usually used for the solution of many problems in railway engineering
(Tang et al. 2022; Phusakulkajorn et al. 2023). The application of statistical and
machine learning methods for studying the behaviors of ballast layers with or
without unsupported sleepers and zones with stiffness transitions is presented in
Sresakoolchai and Kaewunruen (2022); Soufiane et al. 2023; Zhang et al. 2023bj;
Palese 2023; Miao et al. 2023; Sresakoolchai et al. 2023; Milosevic et al. 2023;
Lesiak et al. 2023). Track geometry deterioration is studied in Zhao et al. (2023);
Jover and Fischer 2022) using data-driven methods and statistical analysis.
Application of advanced deep learning methods for track element diagnostics,
monitoring, and prediction of the residual life cycle is demonstrated in the studies
(Tabaszewski and Firlik 2022; Zhang et al. 2021; Wang et al. 2023; Rahman et al.
2023; Zare Hosseinzadeh et al. 2023; Silva-Rodriguez et al. 2023; Awd et al. 2022).

Fig. 13 Principal component
analysis of the settlement inten-
sity and the loading parameters
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Table 2 Benchmark of machine learning models for the dataset Py, Ppyin-Agp

No Model type/fivefold cross-validation RMSE MSE R? MAE
1 Gaussian process regression (GPR): exponential 3.89 15.17 0.57 2.44
2 Neural network: narrow 3.96 15.73 0.55 2.11
3 Linear regression 4.18 17.48 0.50 2.44
4 SVM: quadratic 4.39 19.32 0.45 2.52

Table 3 Benchmark of machine learning models for the dataset Py,y-PryinPimp

No Model type/fivefold cross-validation RMSE MSE R? MAE
1 Gaussian process regression (GPR): exponential 1.51 222 0.97 0.99
2 Neural network: narrow 1.81 3.29 0.96 1.20
3 Linear regression 2.14 4.58 0.95 1.52
4 SVM: quadratic 2.15 4.61 0.94 1.28

The Regression Learner App from the Statistics and Machine Learning Toolbox
of Matlab is used to automatically train various regression models to make pre-
dictions of the settlement intensities using supervised machine learning. The tool
allows the application of many popular machine learning approaches like conven-
tional linear regression, support vector machine (SVM), Gaussian process regres-
sion (GPR), and neural networks.

The impact or vibration factor is considered by two alternative parameters and
corresponding datasets: with impact loading parameter P;,,, and with sleeper accel-
eration Ag,. The models were trained and validated using fivefold cross-validation.
Table 2 presents the most successful results of model training and validation for the
dataset Py,-Pyi,-Aq, by the benchmark of the following metrics: root mean squared
error (RMSE), mean squared error (MSE), coefficient of determination R2, and
mean absolute error (MAE). However, the R? coefficient presents rather moderate
prediction quality for the dataset Py,-Pyiy-Ag, With the GPR model.

Table 3 presents the best results of the model validation for the dataset P, ,,-P,i,-
P,y The prediction quality, different from the alternative dataset (see Table 2) with
the sleeper acceleration, is much better. The best results are presented by GPR and
the neural network models with RMSE 1.51 and 1.81, which corresponds to the rel-
ative error of 4.3% and 5.2% to the overall variation range of the settlement intensity

The best prediction of the settlement intensity for the dataset Py,-P yiy-Pip,, Using
(GPR) is analyzed in detail. The 2D diagrams of the settlement intensities from each
factor are presented in Fig. 14. The diagrams show the influence of the pairs of fac-
tors with different line colors. The third factor is assumed to be constant: P,

0 kN for the diagrams / (Pmax) and / (Pimp) (Fig. 14, left, center) and P;;,, = 0 kN
1 (Pmin) (Fig. 14, right). Thus, the impact case assumes preloading to be absent and
vice versa. Additionally, the diagrams present the initial points of the dataset, pre-
dicted ones, and the errors between them. The left and central diagrams show that

min
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Fig. 14 Prediction of the settlement intensity using machine learning approach (GPR) for P,;, = 0 kN
(left); P, = O kN (center); Py = 0 kN (right)

the maximal error of the intensity prediction is about 5 mm/10,000 cycles or about
14% for 2-3 points from the all dataset. The maximal error of the intensity predic-
tion depending on the P, (Fig. 14, right) is about 2.3 mm/10,000 cycles, which is
more than 50% compared to the possible variation range of the case with preloading
and absent impact.

The diagram lines / (Pimp) show an increase in the settlement intensity together
with the increase of the impact loading, and the increase in cyclic loading, in gen-
eral, produces an additional contribution to the increase of the intensity. However,
not all trends of the lines are plausibly growing. Moreover, the lines depicting the
influence of the cyclic loading P, (Fig. 14, center) are not monotonic. The dia-
gram I (P, ) (Fig. 14, right) demonstrates some decrease in the settlement intensity
with the increase of the preloading, but the trend is not consistent for all cases of
cyclic loadings.

Thus, the automatized application of the machine learning tools demonstrated
good prediction quality. However, the results are only partially mechanically plau-
sible. It is expected that the increase in the impact and cyclic loading should cause a
definite increase in the intensity. Therefore, the model is overfitted. More statistical
data would probably improve the prediction.

4.3 Analytic Approach Based on the Parameters’ Dataset

The presented in the previous section machine learning approach demonstrates
accurate but not mechanically plausible prediction results. Moreover, the data-
driven model is a black box that does not explain the relationship between the load-
ing factors and the settlement intensity. Therefore, a simple analytic approach is
used as a possible alternative to the machine learning one. Simple polynomial and
exponential analytical equations fit the dataset of the settlement intensities and the
loading parameters. It allows us to search for the best fit within the plausible mono-
tonic trends. Additionally, the dataset is split into two independent datasets with less
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Table 4 Coefficients and fitting

quality metrics for Eq. (2) Equation coefficients Fitting quality metrics
Do 0.08707 MSE 10.25
Po> 0.001046 R? 0.98
P 0.0001382 RMSE 1.26
Dao 5.447e—-07 Fivefold cross-validation 2.05
RMSE

Fig. 15 Polynomial fitting of the
settlement intensity (top) and
the residuals (bottom) in relation
to maximal cyclic loading P,
and impact loading P;,,
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number of parameters: the impact case and the preloading case. The expected result-
ing function of the intensity is supposed to be described by the condition:
=0
>0

I(Poaxs Pinnp)» P
1( Pras Pip» pmin) = {IEPmax anp) b

max> min)’

" (1)

A polynomial equation fits the dataset with the loading parameters Py, andP;,
that consist of 67 data points. The best fit after excluding the nonmeaningful terms
is presented by Eq. (2):

I(Pmax’Pimp) =p2OPimx +p01Pimp +p11PmaxPimp +p02P12mp (2)

Here, P, the maximal value of the quasistatic loading (kN).

Pyt the peak value of the impact loading (kN).

The coefficients of Eq. (2) and the fitting quality metrics are presented in Table 4.

The 3D plot of the fitting surface and the fitting error is shown in Fig. 15. The
surface demonstrates the plausible monotonic trends of the settlement intensities
in both directions. The influence of the impact loading is much higher than that of
the cyclic loading. Thereby, the influence of the cyclic loading is noticeably ampli-
fied with high-impact loading. The residuals plot (Fig. 15, bottom) shows the devia-
tion of the points of the dataset from the fitting surface. The highest absolute error
is about 6-9 mm/10,000 cycles or about 17-25% relative error for 4 points of the

dataset.
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Fig. 16 Polynomial fitting of the settlement intensity in relation to maximal cyclic loading and impact
loading: / (Pmax )—left and / (Pimp )—right

Table 5 Coefficients and fitting

) . Equation coefficients Fitting quality metrics
quality metrics for Eq. (3)
D1 0.02022 MSE 1.97
Py 2.61e—09 R 0.91
RMSE 0.32
Fivefold cross-validation  0.48
RMSE

The quality of the settlement intensity prediction is better visible in 2D dia-
grams (Fig. 16), showing the separate influence of each factor. The influence of
the levels of the additional factor is shown by different line colors as well as the
data points with the corresponding colormap. The diagram (Fig. 16, left) presents
the significant increase in the settlement intensity if even low-impact loading is
present. The variation of the settlement intensity within the range of the cyclic
loadings increased for high-impact loading. The right diagram of the settlement
intensity, depending on the impact loading, demonstrates, in general, the plau-
sible trend. However, the presence of a visually separate cluster of data points
is noticeable for the impacts less than 50 kN. Most of the outliers belong to the
cluster.

The dataset with the loading parameters P, andP,;, involves 37 data points fit-
ted by polynomial and exponential Eq. (3):

](Pmax’Pmin) =p1P4

o ax ° e_PZPmin (3)

Here, P, is the minimal loading in the absence of the wheel loading (kN).
The coefficients of Eq. (3) and the fitting quality metrics are presented in Table 5.
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Fig. 17 Polynomial fitting of the
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max

Equation (3) is presented in the form of a diagram in Fig. 17, together with the
data points and the diagram of residuals. The diagram shows the monotonic non-
inear increase of settlement intensity together with the cyclic load and gradual
decrease related to the minimal loading. The influence of the cyclic loading dom-
inates. However, the influence of minimal preloading is noticeable in the cases
of high cyclic loadings. The residual plot (Fig. 17, bottom) shows the deviation
of the points of the dataset from the fitting surface. The highest absolute error is
about 0.9-1.2 mm/10,000 cycles or about 23-30% relative error for 5 points of
the dataset.

The diagram (Fig. 18, left) presents the clear power increase of the settlement
intensity according to the data points. The reduction of the minimal preloading
amplifies the influence of the maximal cyclic loading. The diagram of the settle-
ment intensity depending on the minimal preloading (Fig. 18, right) shows the
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plausible trend of the settlement intensity reduction altogether, although the cloud
of the data points is widely scattered and could imply different possible trends.

A comparison of the predicted settlement intensities for the case with 100 kN
of the cyclic loading on the sleeper and the absent impact loading shows the val-
ues <0.1-0.2 mm/10,000 cycles that correspond to the upper values of the range
(0.002-0.162 mm/10,000 cycles) of the values from Table 1. The result could be
explained that the settlement accumulation during applied 300 cycles in case of
low cyclic loadings <70 kN was so insignificant and ambiguous that it was consid-
ered zero. Additionally, it should be noted that the particle/sleeper/subgrade mate-
rial properties (friction, rolling resistance) were relatively low in the possible range
presented in the literature (up to 0.8 static friction). It is expected that the reliable
estimation of the settlement intensities in the range 0.002-0.01 mm/10,000 cycles
would require 3000-30,000 cycles in the DEM model.

5 Discussion and Results

Analysis of the previous studies shows that the ballast bed in zones with unsup-
ported sleepers experience complex loadings consisting of cyclic, dynamic ones,
and full and partial unloading. The sensitivity of the bearing capacity of the struc-
tural elements from the cohesionless soils and ballast materials to impact and vibra-
tion loadings is well known from many geotechnical studies.

Nevertheless, the loading of the ballast bed in zones with voids is considered the
same as the simple geometric irregularities while predicting the settlement accumu-
lation and track geometry deterioration. Despite many proposed phenomenological
equations, not all explicitly consider loading, and those considering it present the
influence of the ballast loading with the power functions with the wide exponent
variance from 0.3 to 5.12. Moreover, the direct settlement influence of the vibra-
tion, impact, and sleeper unloading, which appear in the void zones, was almost not
considered in the settlement equations. The impact loadings are usually handled the
same as cyclic loading.

The present studies demonstrate a high variance of predicted and measured pro-
cessed settlement accumulations. Thereby, the highest variance appears in the initial
stage of ballast settlement accumulation (< 100,000 loading cycles). Moreover, even
then same measurement repetitions show a high variance of the initial settlements
and a relatively low variance of the further settlement accumulation.

The novelty of the present study:

(1) The ballast bed loading patterns of the short-time dynamic interaction in the
void zone were classified and parametrized: impact, full unloading, and pre-
loading.

(i1)) An approach for estimation of the long-term ballast settlement processes by
using DEM simulations is proposed and used for determining the settlement
intensities for the loading patterns.

(iii) Estimation of settlement intensity in relation to impact, cyclic loading, and
preloading is presented by machine learning and analytic approaches.
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5.1 Analysis of the Experimental Information

The present study is based on the experimental studies of rail deflection measure-
ments in void zones (Sysyn et al. 2020, 2021a, 2021b). The experimental stud-
ies show that the short-time dynamic interaction in void zones is characterized by
impacts and vibrations together with cyclic loading (Fig. 4).

Thereby, the maximal impact and cyclic loading appear at different times: the
impact loading precedes the cyclic one. The sleeper-ballast impact loading appears
due to void closing. Dynamic loading, because of geometric irregularity, different
from void interaction, appears during wheel rolling-out of the irregularity.

Experimental studies do not present the long-term measurements of the processes
in void zones. However, the multiple measurements of rail deflections in zones with
voids with different severities of the whole life cycle (Fig. 8) can provide an indi-
rect indication of the long-term processes of void evolution. Figure 9 indicates that
the void depth is accelerating compared to its length during the life cycle from low
severity to high severity. It is only possible if the settlement in the neighboring void
zones (with preloading) is less intensive than in void zones with impact and full
unloading.

The previous experimental studies of other authors did not differentiate between
the wheel-rail dynamic interaction and the sleeper-ballast one that appears in differ-
ent time moments and locations along the void zone.

5.2 Short-Time Dynamic Interaction and Loading Patterns

The VTI simulations of the short-time interaction in the void zones of the differ-
ent sizes provided different loading processes of the ballast layer. A simple 1-wheel
model with the separated masses of ballast and sleeper was used to preserve the
clear interpretability of the loading patterns and the limited number of loading
parameters. The experimental measurements show that the highest sleeper-ballast
impact appears before the first axle of the bogie, and further impact can appear only
after full-track unloading. Thus, different combinations of the axle distances would
need additional loading parameters, which could be the aim of many further studies.

The loading patterns could be visually categorized into three groups that depend
on the sleepers’ position along the void zone: preloaded ballast in the neighbor zone
(Fig. 6, top), impact zone (Fig. 6, middle), and unloaded zone (Fig. 6, bottom). The
loading patterns could be split into two groups—with the full unloading and with-
out. The impact group pattern is very different—the relative position of the impact
peaks is usually in superposition within the wave of the quasistatic loading. While
some patterns present rather isolated impacts and quasistatic processes.

A simple intuitive parametrization of the loading patterns was applied (Fig. 7)—
the value of the loading peaks for impact loading P;,,, and the quasistatic loading
P, .- as well as the minimal pre-loading P,,;,. As an alternative parameter corre-
sponding to the impact interaction Py, the maximal sleeper acceleration Ag,,.

The previous studies of other authors considered dynamic interaction and
vibration in void zones as a result of wheel-rail interaction but not sleeper-ballast
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interaction. Thus, void irregularity was considered like a geometric irregularity. Our
present and previous studies clearly show that sleeper-ballast impacts appear in time
before the maximal cyclic loading and the following wheel-rail dynamic interaction.
However our previous studies on void zones (Sysyn et al. 2020, 2021a, 2021b) did
not systemize all cases of interaction in void zone. The present study classified the
loading patterns into three groups and proposed parametrization of loading patterns.

5.3 Long-Term Processes of Settlement Accumulation

The present study takes into account the problem of uncertainty in the initial stage
(which was described in the introduction) and, therefore, intentionally discards it
from consideration. The settlement accumulation intensity is considered in the
close-to-linear second stage. A 3D DEM model of one sleeper in a ballast box with
slopes is used to estimate the intensity. The ballast layer in the model is prepared
maximally compacted and stabilized with initial cyclic loading. It results in the
close to linear settlement accumulation within the low number of cycles. Due to the
high computational cost of the DEM model and many loading patterns, it is maxi-
mally simplified with round particles and a stiff sleeper. The model is applied for the
settlement simulation of more than 100 loading patterns.

The simple but computationally quick DEM model with round particles was used
to estimate the settlement intensity for many variants of the ballast loading pro-
cesses. The model does not take into account many factors like particle breakage
and attrition and real form. Still, it can consider the effect that was aimed in the
study—ballast flow-induced settlements of sleeper, impact, and vibration influence.
The results (Fig. 11) show a clear increase in the settlement intensity by the appli-
cation of even low-impact loading. At the same time, the ballast preloading causes
a positive effect on the settlement intensity reduction, especially for high cyclic
loadings. The effect agrees well with the results of the experimental measurements
indicating low settlement intensity in neighbor sleepers to void zones. However, it
should be noted that the settlement accumulation during the applied 300 cycles in
the case of low cyclic loadings <70 kN was so insignificant and ambiguous that it
was considered zero.

The simulation results indirectly correspond to the experimental measurements.
The available experimental measurements of track deflection in void zones of vari-
ous severities present indicators about the possible trends of the void size evolu-
tion. The results (Fig. 9) indicate that the settlement intensity of the neighbor-to-
void sleepers should be much lower than that of the hanging sleepers. Thus, the void
zone should grow in depth quicker than in width, which agrees with the simulation
results.

The data interpretation and recovery of the relations between the settlement
intensity and the loading parameters are produced with the machine learning
approach and the analytic one. The explorative analysis clearly shows that the
used four loading parameters are independent factors. It was supposed that the
impact/vibration factor could be described either with the first impact P, or,
alternatively, sleeper acceleration Ag,. However, the machine learning approaches
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(Table 4) show moderate prediction quality of the dataset with the parame-
ter of sleeper acceleration Ag,. At the same time, the dataset with the param-
eter P, presents good cross-validation prediction accuracy with R*=0.97 and
RMSE=1.51 for the exponential GPR model. Moreover, the error of the predic-
tion of the single data points is not more than 14%. However, the detailed analysis
of the relations between the predicted intensity and parameters (Fig. 14) shows
that relations are not monotonous and mechanically not fully plausible.

However, the data-driven approach can better describe the local details like
the data cluster cluster of the outliers for P;,,, < 50 kN for the analitycal model
(Fig. 16, right). Larger datasets would improve the quality of the machine-learn-
ing approach.

The applied analytic approach with simple polynomial and exponential relations
allows to control the plausible relations and the function monotonicity. The split-
ting of the datasets into two separate groups and the fitting with different functions
allows the increase of the prediction quality. The validation RMSE of the prediction
quality for the analytic approach is about 25% lower than for the machine learning
approach, but its mechanical plausibility is better. Moreover, the analytic functions
with the 4 and 2 number coefficients (Egs. (1) and (2)) allow a clear interpretation of
the relations.

The diagram (Fig. 16, right) shows a cluster of the outliers for P;,,, < 50 kN that
does not fully correspond to the general trend. It could be explained by the result of
a very simple parametrization of the impact part P;,,, (Fig. 7). The parametrization
scheme (Fig. 7) considers only one impact peak that is partially overlapped with the
wave of the cyclic loading. However, the impact loading process (Fig. 6, center) is
much more complex than the assumed pattern: relative position, form, and number
of impacts can be different. The application of more advanced parametrization with
more parameters could improve the prediction accuracy. However, more parameters
would require longer datasets.

The additional drawback of the presented parametrization scheme is that the pre-
sented Eq. (2) does not allow to factorize it in form I = f(Py,, )f (Pimp) With two
independent factors as proposed in Holtzendorff (2003). It is expected that the
impact/vibration without cyclic loading cannot cause settlements. However, the
diagrams (Fig. 16) show high settlement intensities even if P, = 0. It could be
explained with the used parametrization (Fig. 7), in which the impact parameter P;,,
contains some part of the superposed cyclic loading. Other parametrization schemes
would probably resolve the drawback.

Summarizing all above, it has to be pointed out that the cyclic loading has a non-
linear influence on the settlement intensity that corresponds to the 3—4 power func-
tion of the ballast loading and corresponds to many studies (Table 1). The impact
loading has the influence close linear or parabolic trend. The minimal unloading has
an evident influence on the reduction of the settlement intensity for the cases of high
cyclic loadings that could be described by inverse exponential relation. The esti-
mated settlement accumulation for the reference case agrees in general with the liter-
ature values. However, it should be noted that the absolute accuracy of the approach
is limited to the intensity value of about 0.1 mm/10,000 cycles. Thus, the conclu-
sions of the present study are valid for the cyclic loadings not less than 100-120 kN.
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6 Conclusions

An approach for estimation of the ballast settlement intensity in void zones is pre-
sented in the paper. Different from the previous studies with phenomenological
equations that take into account only the maximal loading, the approach takes into
account the cyclic ballast loading, impact loading, and minimal preloading in form
of simple analytic relations.

The following major conclusions are drawn from the present study:

(1) Present phenomenological equations do not take into account ballast impacts,
vibration, and unloading. The influence of the cyclic loading factor is estimated
by power functions of very different degrees, from 0.3 (decelerating trend) to
5.12 (accelerating trend).

(2) The experimental measurements of rail deflections indicate that the settlement
intensity of the neighbor-to-void sleepers is much lower than that of the hanging
sleepers.

(3) DEM simulation model was used to estimate the ballast settlement intensity
after settlement stabilization for more than 100 loading processes of the void
zone. The DEM simulations show a clear influence of the impact loading on the
settlement intensity.

(4) The cyclic loading has a nonlinear influence on the settlement intensity that
corresponds to the 3—4 power function, and the impact loading is expressed by
the parabolic function.

(5) Ballast minimal preloading contributes to the reduction of the settlement inten-
sity, especially for high cyclic loadings that are typical for neighbor-to-void
zones.

(6) The analytic approach and splitting the data separate datasets with and without
preloading allow to receive plausible simple analytic equations of the settlement
intensity with good prediction accuracy.
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