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Abstract The deterioration of the sleeper support on the bal-

lasted track begins with the accumulation of sleeper voids. The

increased dynamic loading in the voided zone and the ballast

contact conditions cause the accelerated growth of the settle-

ments in the voided zones, which results in the appearance of

local instabilities like ballast breakdown, white spots, subgrade

defects, etc. The recent detection and quantification of the

sleeper voids with track-side and onboard monitoring can help

to avoid or delay the development of local instabilities. The

present paper is devoted to the study of the dynamic behavior of

railway track with sleeper voids in the ballast breakdown zone.

The result of the experimental track-side measurements of rail

acceleration and deflection is presented. The analysis shows the

existence of the dynamic impact during wheel entry in the

voided zone. However, the measured dynamic impact is sub-

jected to the bias of the track-side measurement method. Both

the mechanism of the impact and the measurement aspects are

explained by using the one-beam model on viscoelastic foun-

dation. The void features in the dynamic behavior are analyzed

for the purpose of track-side and onboard monitoring. A prac-

tical method of the void parameter quantification is proposed.

Keywords Ballasted track � Sleeper voids � Ballast
breakdown � Track-side measurement � Rail deflection �
Dynamic modeling � Impact � Identification

1 Introduction

The ballast layer is one of the track elements that has the

highest influence on track geometry quality and the main-

tenance costs that can reach up to 30% of the overall

superstructure maintenance costs [1]. Ballasted track from

the mechanical point of view is not the perfect structure

due to a combination of the elastic elements like a sleeper–

rail grid with loose ballast material. Therefore, the residual

reformations of the ballast layer in the contact with sleeper

are inevitable, taking into account the initial inhomogene-

ity of the ballast layer, subgrade, and dynamic loadings.

The sleeper voids are the first symptoms of the sleeper

support deterioration phenomenon. The following ones are

the track geometry errors, ballast breakdown up to sub-

grade settlements, and defects [2]. Thus, the recent sleeper

voids identification, monitoring, and the following main-

tenance planning are a good way of the ballast-driven

maintenance costs reduction.

One of the most extensive contributions in the research

of the sleeper voids development is brought in the work [3],

where the main influencing factors of the ballast settlement

and the settlement mechanisms are taken into account. The

developed complex model of the track short- and long-term

dynamic behavior using hypoplastic law and FEM mod-

eling was proposed for the voids prognosis. The work

results indicate the complexity of the sleeper void deteri-

oration mechanism as well as the necessity of the experi-

mental data for the model calibration and verification. An

experimental study of the void development process due to

the full or the partial relief of the ballast pressure and

vibrations is demonstrated in Ref. [4]. The study shows that

the voids significantly influence the ballast settlement

intensity, and thus, the voids have the self-accelerating

effect. Lundqvist and Dahlberg [5] presented a theoretical
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study of the sleeper contact impact due to unsupported

sleepers. It is found that one single hanging sleeper with

1 mm void can cause the sleeper–ballast contact force at

the sleeper adjacent to the hanging one to increase by 70%.

The dynamic behavior of railway track with different

sleeper supports is presented in the investigations that are

based on the holographic interferometry and acceleration

measurements [6]. The in situ identification of the partially

unsupported sleepers was performed using the multi-point

acceleration measurements on the sleeper and the spectrum

analysis. The analysis has shown that the deteriorated

sleeper support is clearly detectable by structural dynamic

parameters irrespective of the kind of the excitation. A

similar investigation on the effects of ballast voids on free

vibration response parameters of in situ railway concrete

sleepers is presented in Refs. [7, 8]. The different partially

supported void conditions were modeled using full-scale

tests in the laboratory together with impact tests measure-

ments of the free vibrations and FEM modeling. Both the

experimental and the numerical results show that the voids

have a significant effect on the rigid body dynamics and the

first bending vibration of the voided sleepers.

Mathematical modeling of the dynamic behavior of

railway track with sleeper voids is demonstrated in Refs.

[9–14]. Reference [9] describes a flexible track system

model that is integrated into a commercial railway vehicle

dynamics software capable of taking time into account in

the detailed calculation of the nonlinear ballast–sleeper

interaction. The sleeper–gap interaction is described with a

bilinear function. Rezaei and Dahlberg [10] presented

analytical and finite element solutions to the problem of a

vibrating beam, fully, or partly supported by an elastic

foundation. The study shows that the lowest bending-mode

eigenfrequencies are just slightly influenced by the foun-

dation stiffness, whereas higher eigenfrequencies are

affected very little by the foundation. The influence of

railpad stiffness on the sleeper bending-mode eigenfre-

quencies is negligible. Zhu et al. [11] presented the

development of a vehicle–track model assembly, which

couples the integration of the continuous and discrete

system. The model takes into account an uncontacted

spring–damping element underneath the unsupported

sleeper and the triangularly unsupported sleeper. The

model was used to investigate the dynamic interaction

between the wheel and the rail with unsupported sleepers.

The results show that there exists a critical gap size, which

causes the largest force variation. The critical gap size is

estimated to 2.5 mm for four unsupported sleepers. An

investigation on the effect of hanging sleepers on wheel

and rail dynamic interaction in the heavy-haul railway is

presented in Ref. [12] on the basis of the coupled vehicle–

track dynamics model. The results show the estimation of

the dynamics for the completely and incompletely hanging

sleeper. Iterative modeling of long-term differential set-

tlements that takes into account sleeper voids influence is

presented in the theoretical study [13]. The short-term

model is presented with the track finite element Euler–

Bernoulli beam that is coupled with a three-piece bogie.

The model was used for the study of the track irregularity

evolution in the zone of the dipped weld under the influ-

ence of rail pad stiffness and the void depth. Numerical

estimation of sleeper voids on the wheel force and ballast

force in the transition zones between ballast and the slab

track is shown in Ref. [14] using a 3D FEM model with a

penalty-based contact between the sleeper and the ballast.

An application of adjustable fasteners is proposed to

exclude the sleeper voids up to 12 mm and thus for the

reduction of dynamic loadings. The influence of the

adjustable fasteners is estimated by up to 92% of the

maximal wheel loading reduction.

The aspects of the structural health monitoring and

diagnostics of the ballast support are presented in the

studies [15–24]. The most recent studies are related to the

track stiffness measurements using track-side or vehicle-

based and track-based measurement systems. There are

many examples of the stiffness measurement trains like

Rolling Stiffness Measurement Vehicle of Swedish rail-

way, The Chinese Track Stiffness Measurement System,

American Track Loading Vehicle, Swiss Track Stiffness

Measurement Vehicle, etc. [15]. The train measurements

allow the sleeper voids identification from the nonlinear

track stiffness; however, the system has many technical

limitations such as the low train velocity and accuracy. The

frequent application of the systems is limited with high

costs resulting from the necessity of the special measure-

ment trains. The track-side sensor-based measurement

systems for the track stiffness identification in the transi-

tion zones are presented in Ref. [16]. Three different

measurement systems were used for the dynamic deflection

measurements of 18 sleepers: video recording, laser-based,

and geophone. The measurements were used for the esti-

mation of the subgrade linear stiffness based on the beam

on elastic foundation theory. Kaewunruen et al. [17] have

developed a curvature-based damage detection method for

the identification of the ballast voids under railway track

sleepers. This method is declared to be easily deployed in

the field by using fiber Bragg grating strain sensors to

measure strains for curvature analysis. A similar approach

is proposed in Refs. [18, 19], where the quantification of

the ballast support condition is proposed on the basis of the

pressure distribution identification. The approach uses the

measurement of bending moment profile across the con-

crete sleeper for the back-calculation of the ballast support

condition with the use of an optimization algorithm. The

ballast pressure index is also proposed to quantify the

variation of ballast pressure beneath the sleepers. A method
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for identification of the damaged ballast supports by using

track-side vertical acceleration measurement is proposed in

Ref. [20]. The method is based on a dynamic model of the

track as an Euler beam on the discrete supports. The chance

of the periodical natural frequencies in the interaction sys-

tem is considered as an indicator of the damaged support. An

application of onboard inertial measurements from in-ser-

vice trains for the identification of the sleeper support con-

ditions is presented in [21]. The detection algorithm was

developed by a multi-resolution analysis and state machine

design methodology. The multi-source data analysis is

proposed to ensure the rapid monitoring of the entire rail

network. The railway infrastructure condition monitoring

based on data from distributed acoustic sensing and the

fractal analysis of the vertical track geometry is proposed in

[22, 23]. The approach can distinguish whether irregularities

within track geometry are caused by the interaction between

sleepers and ballast (hanging sleeper), ballast breakdown

and fouling, respectively, or weak subsoil condition. Boehm

andWeiss [24] presented a concept of track-side monitoring

to avoid control in the switch zone of a turnout. The moni-

toring is based on the continuous accelerationmeasurements

of a sleeper. The studies [25, 26] demonstrate a method for

track-side assessment of sleeper support conditions. The

proposed method is based on the sampling of the micro-

tremor on sleepers and interpretation of obtained data. Pang

et al. [27] presented a non-contact and nondestructive

method for estimation of the flexural behavior of the con-

crete sleepers under various support conditions. The method

is based on laser speckle imaging. This method was suc-

cessfully implemented for strain sensing in railway appli-

cations and tested in laboratory conditions. An approach for

track support condition monitoring using inertial measure-

ments is presented in Ref. [28]. The approach suggests

identification of sleeper deflection, track modulus, and at-

rest position. Reference [29] indicates the importance of

taking into account the dynamic properties of railway track

components in testing and design.

The above literature analysis shows a wide range of

studies on sleeper void influence on the dynamic track

behavior and track geometry. However, most of studies are

based on theoretical research with low experimental sub-

stantiation. A few experimental investigations on sleeper

support monitoring present some measurement concepts

with less practical results of in situ measurements.

The current study presents a systematical approach that

contains measurement, modeling, and identification parts.

The measurement part presents different measurements for

the voided sleepers and the reference track and aims to find

the main features of the voided track interaction. The

simple modeling part aims to explain the mechanism of the

interaction and some aspects that are important for track-

side and onboard measurement. The third part is directed

on the practical problem of track support diagnostics—the

track void parameter identification and quantification.

2 In situ measurements of rolling stock and track
interaction in voided zone

One of the results of the voided sleepers is ballast break-

down or pulverization that is visible as ballast white spots.

The ballast breakdown typically appears in places where

the sleeper voids appear in groups of many sleepers toge-

ther, causing high track deflections and wear of ballast

stones. The groups of voided sleepers usually relate to

some local disturbances like dipped weld, crossing, sub-

grade stiffness variation, etc. These places with the dif-

ferent development extent were chosen for the

investigation. One of the problem places is shown in Fig. 1.

The track-side measurements were carried out with three

different means (Fig. 2): acceleration sensor on the rail

foot, LVDT (linear variable differential transformer) sensor

between the rail foot and console beam located on the base

1.5 m out of the rail, and multi-point measurements of

sleeper and rail deflections using high-speed imaging. The

present study deals with the results of the first two means.

The high-speed imaging was used as a cost-effective sur-

rogate tool for the statistical data collection from many

problem places. The imaging results will be discussed in

further research.

The acceleration measurement is based on B&K IEPE-

acceleration sensor of type 4513 (� 500 g). The sensors

with adapter plates were glued on the rail foot. The

inductive LVDT sensor is HBM-type W10. The measure-

ment signals were recorded with the sampling rate 2400 Hz

using HBM-Measurement system MGCplus.

All the measurements were carried out synchronously

with two measurement toolsets: in the void zone and the

reference one that is 8–10 m outside without sleeper voids.

The measurement point is located approximately in the

middle part of the visible outside the voided zone. The

measurement scheme is explained in Fig. 3.

One aim of the present research is to identify the dis-

tinctive features of the dynamic behavior in the voided

zone. Therefore, in this work, only the typical measurement

results are considered for one problem place. Three cases

of the void development extent are considered: small voi-

ded zone (case 1), average voided zone (case 2), and big

voided zone (case 3).

The acceleration measurements for the average voided

zone (case 2) and the reference one are demonstrated in

Fig. 4. The measurement corresponds to the passenger train

RBDe 560 (NPZ Domino 3) with the velocity of 125 km/h.

The maximal accelerations reach 300–500 m/s2. The main

difference between the voided and the reference zone
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accelerations is that the accelerations in the voided zone

are about 100 m/s2 lower than in the reference one. The

fact can be explained with the lower track stiffness in the

voided zone. The low-frequency analysis, as well as the

acceleration-based rail deflection result, does not provide

significant features due to the low sensitivity of the used

sensors.

Whereas the acceleration measurements turn out to be

low informative, the simultaneous LVDT measurements

show quite a different result (Fig. 5a). The main difference

between the voided and reference track is the rail deflection

amplitude: The rail maximal negative deflection in the

voided zone reaches about 3.6 mm for the car wheels,

whereas the same for the reference case is 0.5 mm. The rail

deflections under the locomotive are correspondingly

4.9 mm and 0.7 mm for the voided and the reference

zones. The additional features of the voided zone are the

longer wavelength of the elastic deflection as well as the

higher maximal positive deflection of the rail compared to

the reference case. However, the most interesting feature of

the voided zone is the local disturbance points that are

located on the left part of the elastic deflection wave

(Fig. 5a) before the maximal negative deflection is

reached. The disturbance points appear both for the low

and high train velocities. For low axle loadings and high

velocities, there is also a sequence of up to three distur-

bances on the left part of the elastic deflection wave. The

unloading parts of the wave have no obvious disturbance

points.

The differences in the dynamic behavior of the track in

the voided and reference zones are better visible on the rail

accelerations (Fig. 5b) that are determined from rail

deflections. The figure shows that the local disturbance

points of the rail deflection correspond to relatively high

impact accelerations while the wheel entries in the voided

zone. The rail acceleration in the voided zone reaches 7 m/

s2, while for the reference case, the maximal acceleration

points correspond to the maximal deflection and amount to

about 2 m/s2.

The LVDT measurements of rail deflections and the

derived accelerations for the smaller voided zone (case 1)

are presented in Fig. 6. The loading scheme corresponds to

the first part of the passenger train ICE1 with the velocity

110 km/h. The difference between the maximal deflections

of the voided and the reference zones is 1.6–1.8 mm that is

about two times less than for case 2. Different to case 2, the

measured rail deflections (Fig. 6a) have no clearly visible

disturbance point. Nevertheless, there is a dynamic impact

visible on the acceleration diagram (Fig. 6b). The maximal

accelerations for case 1 are almost two times lower than for

case 2. However, their time positions are differently

Fig. 1 White spots of ballast breakdown due to voided sleeper

Fig. 2 Experimental setup for rail deflection and acceleration

measurement
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distributed between the axles. For case 2, the maximal

impacts always occurred before the first axle (Fig. 6b).

The measurement result for the big voided zone case 3

(Fig. 7) is quite different as for first two cases. The max-

imal differential deflections reach 5.1 mm that is about 1.7

times more than for case 2. However, the dynamic impact

with about 25 m/s2 is up to four times higher than for case

2. Notable is the time position of the impact before the first

axle as for case 2.

Thus, the experimental measurement analysis shows that

the voided zones are characterized by an increase in the

deflections. The secondary feature is an increased dynamic

impact. The dynamic impact can be clearly observed on the

rail accelerations. The increase in the rail deflections in the

voided zone causes not proportionally quick growth of the

accelerations. However, the signal forms and impact time

moments are different for the selected three cases of void

extent. The general problem of the presented track-side

measurements is that they are not directly comparable due

to the different conditions of the measurement. First of all,

the sensor positions were selected rather arbitrary not over

the impact point, which is explained with the observed

precession of the maximal acceleration to that of deflec-

tion. This means that the observer bias is possible, which

can lead to other acceleration results for the different

measurement point. It is necessary to study the measure-

ment aspects of the dynamic track interaction in the voided

zone by the mathematical modeling.

3 Mathematical modeling for the measurement
aspects of the dynamic track interaction
in the voided zone

The presented results show that only experimental mea-

surement cannot completely explain the dynamic interac-

tion. The aim of the applied modeling is to explain the

mechanism of the dynamic behavior of the railway track

with sleeper voids and its influence on the track-side

measurements.

The model is presented by one Euler–Bernoulli beam on

an elastic Winkler foundation (Fig. 8, top). The beam

depicts the flexural properties of rails as bending stiffness

EIT and their inertial properties together with fastenings

and sleepers mass in the form of meter mass �mT. The

foundation corresponds to the ballast and the subgrade and

is presented by viscoelastic underlay with the meter stiff-

ness �kT and the meter viscosity �gT. The inertial properties

of the ballast and the subgrade are not taken into account.

The vehicle is presented by the static loading F0 and the

unsprung mass mU that is dynamically coupled with the

beam.

The model takes into account the voids under the sleeper

that are isolated in a group with the parameters: length lvoid
and the void depth zvoid (Figs. 3 and 8, top). The beam

foundation properties �kT and �gT depend on the void

parameters. The influence of the void depth zvoid on the

foundation reactive properties is presented in Fig. 8 (bot-

tom) and is described by the following relation:

Zvoid – depth of the void
Lvoid – length of the voided zone

Zref(t) – measured rail deflection in the reference zone
Zvoid(t) – measured rail deflection in the voided zone

Paxl(vt) – axle loading

Zref(t)
Paxl(vt) Zvoid(t)

Zvoid

Lvoid

Fig. 3 Measurement of rail deflection in the voided zone and the reference measurements
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Fb ¼
� �kT zT � zvoidð Þ � �gT _zT; if zT [ zvoid

0; if zT � zvoid

(
ð1Þ

The model is described by the following differential

equation:

EIT
o4z x; tð Þ
ox4

þ �mT

o2z x; tð Þ
ox2

þ �gT
oz x; tð Þ
ox

þ �kTz x; tð Þ
¼ Fc xc; tð Þ; ð2Þ

where Fc xc; tð Þ is the wheel and rail interaction force.

The force Fc takes into account the excitation geometry

zE due to geometrical track irregularities and couples the

dynamic interaction of the beam and the unsprung mass

within the following equation:

Fc xc; tð Þ ¼ mU €zE xcð Þ � €z xc; tð Þð Þ þ F0ð Þ � d xcð Þ; ð3Þ

where the function d xcð Þ corresponding to the operation

vector d of the dimension nx introduces the wheel

interaction with one-beam element located at the contact

point xc depending on the wheel velocity v and time:

xc ¼ x0 þ vt: ð4Þ

The elements of the operation vector d assume the two

states one or zero, depending on whether or not the contact

force interacts with the beam element:

dj ¼ 1 for jDL ¼ xc;
dj ¼ 0 for jDL 6¼ xc:

ð5Þ

The resulting equation of coupled dynamic interaction

of the unsprung mass and the beam with voids is presented

with the matrix equation:

MT€zT þHT zTð Þ _zT þ KT zTð ÞzT ¼ mU€zTdþ F0d: ð6Þ

whereMT,HT, and KT are the mass, damping, and stiffness

matrices of the continuous beam and foundation of the

length L that are discretized into j ¼ 1; 2; . . .; nx elements

of length DL; zT is the vertical displacement vector of the

elements.

The detailed description of the ordinary differential

equation (ODE) using the finite difference method for the

linear one-beam model is presented in [30].
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Fig. 4 Measured rail accelerations in the voided zone (case 2) and the reference zone
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The model is used for simulation of the rolling stock and

track interaction in the voided zone and the reference case

without voids as described in the experimental measure-

ments (Fig. 3). The model parameters in Table 1 are

selected so that the simulated results approximately cor-

respond to the measured ones (case 2) for the reference

case. The track meter mass assumes the mass of the rail

UIC60 together with half sleepers B70 with fastenings.

Track foundation meter stiffness �kT is chosen to provide

close to the measured rail deflections for the reference case.

The void parameters zvoid ¼ 3 mm over the length 2 m.

The voided zone is located under the mean part of the beam

model of the length 20 m. The simulation results for the

one wheel with velocity 100 km/h are presented as the

track deflection and accelerations.

Figure 9a shows the simulated measurements of rail

deflections in the different track sections relative to the

voided zone as well as wheel trajectory in the track axis

coordinate system. The same simulation is presented for

the track without voids (Fig. 9b). This diagram shows the

typical curves of the beam on the elastic foundation that

have their maxima in the measurement sections of the

track. The wheel trajectory (Fig. 9b) is the horizontal line

and corresponds to the maximal deflection points in the

track sections.

Unlike the reference case, the simulation for the voided

track demonstrates quite different deflections. The simu-

lated deflection measurement curves are different for the

track sections with different positions over the void zone.

The deflections in the left half of the voided zone in the

sections 9.0 m and 9.4 m have their maximal value not

under the wheel loading, but there the wheel position has

the longitudinal track coordinate 9.8 m.

The curves of track deflections measurements in the

right half of the voided zone have their maxima under the

wheel loading. However, all the curves have additionally

local minimum or disturbance point that is located in the

track coordinate 9.8 m. Here, the modeled track deflections

in Fig. 9a show the typically measured deflection curves in

Fig. 5, where the local disturbances appear during the

wheel entry into the voided zone.
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Fig. 5 Measured rail deflections (a) and accelerations derived from LVDT (b) in the voided zone (case 2) and the reference zone
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The wheel trajectory line (Fig. 9a) explains the reasons

for the behavior. The local disturbance point in the track

coordinate 9.8 m corresponds to the maximal wheel

deflection after the entry in the voided zone. After the first

maximum of the wheel deflection follows the second local

one.

Both the length of the wheel trajectory disturbance and

those of the simulated track deflection measurements are

influenced by the length of the voided zone. The wheel

trajectory disturbance has a length of about 3.5 m, and the

track section deflection lines have the lengths about

4.5–5 m, whereas the modeled voided zone is 2 m long.

The negative deflection waves for the track without void

(Fig. 9b) that corresponds to the reference case have the

lengths about 3.0 m. Thus, the comparison of the track

deflection lines for the voided zone and out of the voided

zone potentially can be used for track-side and onboard

identification of the voided zone sizes.

The analysis of the simulated rail and wheel accelera-

tions (Fig. 10) provides additional explanation about the

dynamic behavior of track in the voided zone. This fig-

ure presents the wheel and the track accelerations for the

same track section along the voided zone as in Fig. 9. The

maximal accelerations of the track without voids amount to

2.1 m/s2 that appear during the phase of the wheel passing

the track sections (Fig. 10b). The process of track accel-

eration in the track sections over the voided zone (Fig. 10a)

is quite different. The maximal accelerations for all con-

sidered track sections are reached in one point along the

track with the coordinate 9.8 m. This maximal acceleration

point is explained with the dynamic excitation due to

closing the void under the sleeper and the impact of the

sleeper to the ballast layer. Except the first impact, the

track acceleration lines show the latter following the sec-

ond and the third maxima that correspond to the dynamic

interaction due to the flexible beam line and the dynamic

wheel trajectory during run-out from the voided zone.

Comparing the measured and simulated accelerations

for voided zone shows similarities and also significant

differences. The maximal accelerations amount to about
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Fig. 6 Measured rail deflections (a) and accelerations derived from LVDT (b) in the voided zone (case 1) and the reference zone

Experimental investigation of the dynamic behavior of railway track with sleeper voids 297

123Rail. Eng. Science (2020) 28(3):290–304



4–16 m/s2 depending on the distance from the first impact

point to the measurement section. Thus, the acceleration

simulation results correspond to experimentally estimated

accelerations about 7 m/s2 (Fig. 5b) taking into account

that the measurement sensor position has the distance

0.4–0.5 m to the first impact point. Thus, similar to the

experimental results, the simulated maximal acceleration

occurs before the maximal rail deflection is reached.

Different to the simulated deflection, the form of the

simulated acceleration over time is less similar to the

measured one. The process of the measured acceleration

shows more oscillations both for the void and reference

cases. The similar frequency about 28 Hz for both cases

could be explained with the frequency of track grid due to

fastenings. The one-beam model cannot take into account

these oscillations.

Comparison of the maximum positions of the first and

the second impacts in the acceleration and deflection dia-

grams can be used for the track-side identification of the

void beginning and end coordinates relatively to the mea-

surement track section.

4 Parameters identification of track with voided
support

The goal of the section is to develop a simple practical

method for track voids parameters quantification. On the

one side, the conventional visual inspection methods pro-

vide very coarse estimation of the void visible length and
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Fig. 7 Measured rail deflections (a) and accelerations derived from LVDT (b) in the voided zone (case 3) and the reference zone

Table 1 Parameters of the dynamic model

Parameter Value

Static wheel force F0 = 100 kN

Unsprung wheel mass mU ¼ 1000 kg

Track meter mass �mT ¼ 330 kg/m

Bending stiffness EIT ¼ 6:4 MN�m2

Foundation coefficient �kT ¼ 120 MN/m2

Track damping �gT ¼ 0.25 MN�s/m2
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its severity in the form of several levels of grading. The

presented track-side measurements compared with the

reference case provide additional information about the

void depth. Moreover, the calibration of the presented one-

beam dynamic model would potentially bring new

parameters like foundation stiffness and damping distri-

bution along the track, void depth distribution, etc. The

model calibration is based on the multi-dimensional

parameters search with fitting the simulation results to the

experimental ones. However, such approach is quite time-

expensive and can lead to the parameter uncertainty, which

is not suitable for the practical application. Therefore, a

simplified approach is proposed, taking into account the

analytical equation of the rail flexible line on elastic

foundation. Therefore, the dynamic behavior of the track is

neglected.

The approach allows the identification of the dynamic

loadings and the local track stiffness in the voided zone.

The similar approaches are presented in [31, 32]. The void

size quantification of the track stiffness can provide the

information about the reasons of the void appearance. The

vertical rail deflections on elastic foundation under point

loading are described by Eqs. 7–9:

z xð Þ ¼ a

2szL
g xð ÞFz ¼ ẑg xð Þ ð7Þ

where a denotes the distance between sleeper axles along

the track, Fz the vertical loading of the wheel on the rail, sz
the vertical foundation coefficient of rail sleeper, and L the

characteristic length that is determined by

L ¼
ffiffiffiffiffiffiffiffi
4EI

sz

4

s
; ð8Þ

EI is the bending stiffness of rail; g xð Þ the shape function

that determines the elastic line distribution along the rail,

which is determined by

g xð Þ ¼ e
�
x� xF

L

��� ���
cos

x� xF
L

��� ���þ sin
x� xF
L

��� ���� �
; ð9Þ

xF is the relative coordinates of the elastic line to the

loading point.

The real rail support has nonlinear elastic properties that

are expressed with the initial settlements z0. The

Fig. 8 Beam model of track and wheel interaction
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settlements are related to material consolidation and voids

between sleeper and ballast. The identification of voided

track parameters is based on optimization approach. Track

dynamic loading Fz, track elastic properties L, and the

initial settlements zvoid are determined using the track-side

measured rail deflections zm and the minimization of

Eq. (10):

min
Fz;i;L;zvoid

Xm
j¼1

�zm xj
� �

þ zvoid þ
Xn
i¼1

ẑ Fz;i;L
� �

gi xj
� �" #2

;

ð10Þ

where m is the number of measurement point, and n the

number of train axle loadings.

The optimization takes into account the train type

known before and the axle distance for the identification of

trail velocity. The measurement points for the model fitting

are limited to the elastic line length around the loading

points. The identification results of axle loadings and the

local track stiffness for the both rails are presented in

Fig. 11. Two loading types from the deflection measure-

ments case 2 (Fig. 5) are analyzed: car and the locomotive.

The results of the model fitting to the rail deflection mea-

surements in the reference track are presented in Fig. 11a,

b. The identified axle loadings for the car are in the range

of 95–134 kN. Therefore, the front axles of the bogies are

more loaded than the rear ones that indicate the possible

acceleration of the train. The identified axle loadings for

the locomotive are 204 kN and 215 kN, respectively. The

difference between the locally fitted elastic line and the

measured global deflections is interpreted as the initial

settlements or void depth zvoid. The reference track shows

some low initial settlements 0.06–0.1 mm that are related

to the structural consolidation nonlinearity under the wheel

loading. The identified local track stiffness for the whole

track is 153 kN/mm for the car and 146 kN/mm for the

locomotive.

The analysis of the model fitting for the voided track is

presented in Fig. 11c, d. The identified axle loadings are up

to 17% higher than for the reference case. That is explained

by the additional track irregularity due to differential set-

tlements in the voided zone. The void depth zvoid is

3.06 mm. The identified track stiffness is significantly

lower than for the reference case and amounts to 136 kN/

mm for the car and 127 kN/mm for the locomotive. Thus,

the voided zone has significantly lower local stiffness than

the reference one that can provide evidence to the subgrade

inhomogeneity and can be one of the reasons of the void

Fig. 9 Simulated rail deflections and wheel trajectory in the voided zone (a) and the zone without voids (b)
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initiation and development. The stiffness identified with the

locomotive loading should be considered as more infor-

mative since it supposes the fuller closure of the voids

under the sleeper.

The identification of void length can be approximately

determined from the comparison of the wave lengths

between the fitted reference and the voided case that results

in the length of 2.5–3.0 m.

5 Discussion

The previous literature overview shows that despite of

many studies on the void sleeper development, voided

track modeling, and measurement concepts, there are few

experimental results that explain the dynamic behavior of

the voided track with many voided sleepers as a group.

The measurements of three different means show their

advantages and shortcomings. The failed interpretation of

the acceleration measurements is explained with over

dimensioned sensor range and therefore low sensitivity.

The sensitivity could be significantly increased by using

the low range acceleration sensor together with sensor

location transition from rail to sleeper. The one-point

LVDT measurements can detect the dynamic impact, but

its value is also influenced by measurement point position.

Therefore, the void diagnostics would require the multi-

point measurements. The high-speed imaging would be a

simple and cost-effective alternative for the multi-point

LVDT measurement. The results of high-speed imaging

will be presented in the further studies.

The measurements analysis for the voided and the ref-

erence track has shown that the behavior of the voided

track has many features that can be potentially used for the

track-side diagnostics. Except of the differential settlement,

the additional feature can be the dynamic impact due to the

sleeper void closure during wheel entry in the void zone.

However, the impact acceleration process and their max-

ima locations are quite different for the considered three

cases of void development. The accelerations are subjected

to the influence of many factors and first of all the LVDT

sensor position along the track. The estimation of the factor

is carried out using the presented mathematical modeling.

The experimental results are explained with the help of

relatively simple simulation of the single beam on the

continuous viscoelastic foundation with void zone. The

model shows that the measured rail deflections and accel-

erations depend on the measurement point position rela-

tively to the impact point. The simulation model shows that

the acceleration in the impact point location can be more

than two times more than the measured maximal 7 m/s2.

Moreover, the accelerations on the contact between the

Fig. 10 Simulated rail and wheel accelerations in the voided zone (a) and the zone without voids (b)
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ballast and the sleeper during the impact can be even

higher. Thus, the dynamic behavior in the voided zones

makes the conditions for the accelerated growth of the

zones. The long-term behavior of the zones is the subject of

the further theoretical and experimental research. The

proposed one-beam model generally explains the dynamic

behavior of the voided track but is oversimplified and does

not involve the dynamics of the ballast layer, partially

supported sleepers, multiple vehicle masses, etc. The

analysis of wheel accelerations shows the similar acceler-

ation process for the track sections with the position in the

first impact point. This indicates the possibility of using the

cost-effective onboard measurements instead of track-side

ones for the purpose of recent void identification.

Another feature of the voided zone, except for the dif-

ferential settlement and the dynamic impact, could be the

local stiffness considered in the proposed identification

method. The method for void parameters identification and

quantification is based on an assumption that the local

elastic wave near the rail loading points is close to the

beam on the elastic foundation. This allows simple

estimation of the void depth, wheel loadings, and the track

local stiffness. The identified stiffness parameter in the

voided zone shows significantly lower value than in the

reference one, which can explain the void generation. The

voided zone length can be determined by comparing the

measured wavelengths. However, the proposed method

does not take into account the features of dynamic impact

and has a bias of the measurement point location. It should

be noted that the proposed identification approach does not

take into account the geometrical track irregularity. How-

ever, its influence on the dynamic axle loading can be

considered without separation from other factors.

6 Conclusions

1) The experimental measurement analysis shows that

the voided zones are characterized by a dynamic

impact that appear due to the closure of the voids

under the sleeper during the wheel entry in the voided

zone.

(a) (b)

(c) (d)

121 kN 134 kN 95 kN 131 kN

CR=153 kN/mm

215 kN204 kN

CR=146 kN/mm

CR=136 kN/mm

128 kN 157 kN 95 kN 131 kN

CR=127 kN/mm

237 kN 251 kN

Measurement Model

Fig. 11 Identification of axle loadings and the local track stiffness in the voided zone (a, b) and the reference zone without voids (c, d), for the
passenger car (a, c) and the locomotive (b, d)
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2) The impact position relatively to the position of

maximal rail deflection depends on the sensor along

the track.

3) The applied one-beam model on the elastic foundation

explains the mechanism of the interaction and its

influence on the track-side and onboard measurement

patterns.

4) The modeling shows that the measured impact accel-

eration could be more than two times higher if the

measurement sensor could be located over previously

unknown impact point.

5) The multi-point measurements using high-speed imag-

ing or other methods are necessary for void

diagnostics.

6) The proposed practical method for the voided track

parameter estimation provides the feature of local

track stiffness that is considered as the possible reason

of the void initiation and development.
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