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ABSTRACT

This article presents the results of experimental
research of vibrational processes in the ballast layer
at the depths of 100 mm and 200 mm below the
sleeper sole under non-stationary loads caused by

crushed stone fragments, ballast layer, wheel faults.

Background. Non-stationary modes of loading
emerging in the interaction between the rail and
wheels that have faults on their treads are a factor that
causes intensive deterioration of a track under train
load. Experimental and theoretical studies are known
that look into the processes of vibrational impact on
granular media, including crushed stone ballast of a
railway [1-4].

This article discusses the results of our studies of
dynamic and vibrational processes induced in the
contactarea of the wheel and the rail, and in the ballast
layer, under the impact of percussive forces created
by wheels with faults.

As such percussive forces impact the rails,
vibrational dynamic processes are induced in the
elements of the track’s upper structure, including the
ballast layer. These processes reduce the internal
friction between ballast particles, cause «vibrational
fluidity» in granular media, and intensify setting of the
ballast layer.

Objective. The objective of the authors is to
consider vibrational processes in the ballast layer
under non-stationary load conditions.

Methods. The authors use general scientific and
engineering methods, experimental methods, graph
construction, evaluation method.

Results.

Research setup

To study vibrational processes in the ballast layer
with due account of vertical forces, an experimental
segment was selected on the Golutvin-Ozyory run of
the Moscow Railway.

The characteristics of the segment are presented
in Table 1.

To evaluate the forces involved in the interaction
between the wheels and the rails, both rails were fitted

Table 1
Characteristics of the segment

Characteristic

Value of the characteristic

Track straight, continuous welded
rail

Rails P65

Sleepers reinforced concrete

Fasteners KB-65, standard tensioning

Sleeper density at least 1,840 pieces per 1 km

Ballast crushed hard stone,

fractions 25 to 60 mm
from 1/20 to 1/22
up to 90

Rail canting
Speed range, km/h
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with six measurement modules that performed
continuous measurement of vertical forces. On the
neutral axis of either rail, 48 resistive strain sensors
spaced at 130 mm were glued on the inner and outer
sides.

Installation diagrams for the vertical force
measurement resistive strain modules, and a general
view of the experimental segment are shown in
Figures 1 and 2.

To obtain quantitative values of the vibrational
fields induced in the ballast layer depending on the
magnitudes of percussive forces, acceleration levels
in the ballast layer were measured. To this end,
simulated ballast particles were made of an epoxy
resin as irregularly shaped particles 50-70 mm in size
inside which KD-35 vibration sensors were installed
in mutually perpendicular positions. The sensors were
connected to vibration amplifiers and then to with the
MIC-026 measurement system (manufactured by
NPP MERA Research and Production Association).

The simulated crushed stone particles with
embedded vibration sensors were installed in the
ballast at the level of 100 mm =10 mm below the
sleeper sole, and at the depth of 200 mm =10 mm,
and were oriented in relation to the vertical and
longitudinal horizontal axes of the track. Three
measurement modules were used in order to
determine the positioning of the percussive force
zones.

Adiagram showing the positioning of the simulated
crushed stone particles is presented in Figure 3.

For the period of the research, an experimental
train was formed consisting of two 2TE 116 locomotive
units, an experimental car, and a laboratory car
(Figure 4).

Vibration measurements were performed as the
loaded tank car with wheels having faults in the form
of a wheel flat was passing. The faults on the treads

Table 2
Geometric parameters of flat spots

Fault Geometric parameters of
the spot, mm
Flat spot Depth Length*
1 64
2 87
3 101
4 129

*Chord length of the flat spot
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Figure 1. Diagram of a vertical force continuous measurement module: a) wiring diagram; b) installation of strain
sensors on the rail.

Figure 2. General view of the track equipped with vertical force measurement instruments.
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Figure 3. Positioning diagram of simulated crushed stone particles with embedded vibration sensors.
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Figure 4. Experimental train composition.
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Table 3

Average and maximal values of forces of interaction between wheels with flat spots and the
railway track for summer conditions of operation
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1.1* 1 64 108
2 87 112
3 101 127
4 129 147
32 1 64 284 145 210 43 338
2 87 290 194 242 35 347
3 101 386 290 330 32 426
4 129 567 346 465 65 659
42 1 64 265 153 188 39 306
2 87 300 210 261 31 355
3 101 415 307 374 34 476
4 129 550 392 463 52 620
49 1 64 271 191 237 35 343
2 87 307 225 262 37 373
3 101 440 320 366 52 522
4 129 547 373 455 85 710
60 1 64 296 183 261 43 391
2 87 320 220 272 38 387
3 101 440 300 361 53 520
4 129 622 563 602 23 672
70 1 64 271 193 241 32 336
2 87 289 239 262 20 323
3 101 431 292 373 58 548
4 129 641 447 551 67 752
79 1 64 269 180 197 31 289
2 87 280 220 252 30 342
3 101 400 300 336 46 474
4 129 550 400 484 51 638

of the wheelset were artificially made at the AO VNIKTI
industrial facility.

The geometric parameters of the flat spots are
specified in Table 2.

For the experiments, two flat spots with the depths
of4 mm and 1 mm positioned at 180° relative to each
other were formed on the left wheel of the first
wheelset. On the left wheel of the fourth wheelset of
the other bogie, 3 and 2-mm deep flat spots
positioned diametrically opposite each other were
similarly formed. Such a positioning of the wheelsets
in the front and rear bogies of the tank car made it
possible to view them as the leading wheelsets
whether the car moved forward or backward (cf.
Figure 4).
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* A single passage at the speed of 1.1 km/h was made for the purpose of calibrating the sensors.

Measurements were performed as the loaded car
(the tank car) was passing the measurement segment
forward and backward at speeds of 30-80 km/h, at
the speed increment of 10 km/h. For each speed, at
least five iterations of the measurements in either
direction were made. Prior to the experiments, the
measurement channels were calibrated by the vertical
forces by means of rolling the experimental train at a
speed of 1-1.5 km/h, with known wheel load values.

Outcomes of the experiment

Levels of vertical forces applied to the rails. In the
course of the research, the forces of interaction
between the wheels with faults and the railway track
in the summer conditions of operation were
determined by experiment.
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Figure 5. Impact of wheels with faults in the form of flat spots on the rail at the experimental train speed of

32 km/h.
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Figure 5 shows a typical curve reflecting the
process of impact to the rail caused by the wheels
with faults in the form of flat spots at the speed of
32 km/h.

As the wheels with 1, 2, 3, and 4 mm-deep flat
spots interact with the rail, percussive pulses are
generated whose magnitudes during the passages of
the experimental car were 206, 232, 396, and 471 kN,
respectively.

The process of a wheel with a flat spot moving on
the rail was characterized with a period of wheel
unloading from the beginning of its turn relative to the
end of a flat spot to the moment of its contact with the
rail when a percussive pulse was initiated. For the
4 mm deep flat spot, the duration of the unloading

period was 0.0156 seconds, with the magnitude of
the percussive pulse reaching 471 kN. The actual time
intervals and the amplitudes of the vertical forces are
determined by the sizes and shapes of flat spots, the
speed of movement, the stiffness of the permanent
way, and the static load on the wheel with a flat spot.

The distribution of the vertical forces was mapped
according to their statistical characteristics such as
their maximal, minimal, and average values as well as
their standard deviations. The values of the vertical
forces and their statistical parameters for various flat
spots depths and various speeds of movement are
presented in Table 3.

Figure 6 shows the curves of change in the
average value of the vertical percussive load on the
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Figure 7. Vertical vibrational accelerations of crushed stone particles in the ballast layer at the depth of 100 mm
from sleeper soles caused by wheels with flat spots.

rail caused by a faulty wheel depending on the size of
the flat spot and the speed of movement. The curves
demonstrate that the vertical load on the rail grows
as the speed increases, reaching the maximal value
at speeds of 55-65 km/h. With further growth of the
speed of movement, the vertical force on the rail
caused by a wheel with a flat spot decreases.

Levels of vibrational accelerations in the ballast
layer. The behavior of the dynamic processes
emerging in the ballast layer under the percussive
interaction between wheels with flat spots and the rails
is illustrated in Figure 7.
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The process of change in the vertical and
longitudinal vibrational accelerations of ballast
particles is similar to and concurrent with the process
of vertical force impact on the rail.

Reviewed below are the most representative
measured parameters of vibrations in the ballast
layer caused by the impact of the wheels with flat
spots.

When the experimental car was moving at a speed
of 32 km/h, the percussive pulse of 510 kN was
measured by the nearest sensor located at a distance
of 0.3 m.
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The pulse was transmitted to the elements of the
permanent way, with an increase in both vertical and
longitudinal accelerations. By their nature, the
dynamic processes of vertical accelerations were
identical to those that would be caused by an impact
of a force.

At the moment of wheel unloading, the
acceleration is directed opposite to the direction of
elastic rebound of the rail-and-sleeper assembly, i.e.
downward. At this point, the acceleration reached
wr .,=-51.9 m/s’. As the wheel reestablishes its
interaction with the rail, the percussive pulse is
directed downward. At this moment, the accelerations
change their directions to the opposite, with their
values reaching W" _ ,= 109 m/s? and their range
Weane =160 m/s?(16-g).

Longitudinal accelerations increased
synchronously but their levels were weaker, from 1/4
to 1/2 of the vertical accelerations, which is due to the
direction of the impact. The pattern of longitudinal
acceleration was closer to a symmetric cycle as
compared with the asymmetric vertical acceleration.

The oscillatory process had an evanescent nature
on both the vertical and longitudinal axes (fading out
in 0.02-0.03 s) because of the significant damping in
the granular medium of the crushed stone ballast.

The next spike in the oscillation was of a
significantly lower level than the first one, and was
observed after a half-turn of the wheel att=0.17 s.
At the speed of the experimental train of 31.8 km/h,
this corresponded to a travel of approximately 1.5 m
and the interaction of the flat spot of h = 1 mm with
the rail. The oscillatory process consisted of a set of
5-6 oscillations with vibration levels of W ,= 12—
18 m/s?and W, _,=3-4 m/s? Another half-turn later
(1~3m), the next interaction of the flat spot of h =4 mm
with the rail was observed as it increased the
accelerations of ballast particles. However, the
accelerations did notexceed W, ., =W, . <5-6 m/s’.
As the train moved on, the oscillatory process in the
crushed stone particles associated with the percussive
impact was discontinued. Thus, in a powerful
percussive interaction (in our case, involving a flat
spot of h =4 mm), waves of vibration were spreading
to a distance of up to 3 m, engaging particles of the
ballast layer in an oscillatory process.

The vibration graphs show periodic areas of
increased vertical and longitudinal accelerations
defined by the regular periodic impacts of the wheel
with flat spots.

With tread faults in the form of a flat spot ofh = 1 mm,
the vertical vibration levels were recorded as W, =
22.4-27.1m/s? longitudinalas W, ,=12.8-19.2m/s?,
which is1/4 to 1/2 of the levels caused by a flat spot of
h =4 mm. The lower vibration levels are explained with
weaker percussive forces generated by a flat spot of
h=1mm that were recorded as P/*° = 180-220 kN.

With flat spots of h = 2 and 3 mm, the oscillatory
process retained its pattern while the accelerations
had intermediate values to those measured with flat
spots of h=4and 1 mm.

Figure 8 presents dot charts of vertical
accelerations of crushed stone particles at the depths
of 100 mm and 200 mm below the sleeper sole,
directed down (a) and up (b), with the acceleration
range shown in chart (c), relative to the vertical
percussive force caused by the interaction of the
wheels with flat spots with the rail. Only those
acceleration values were adopted that were caused
by percussive pulses recorded immediately above,
or in a very close vicinity of, the vibration sensors.
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Figure 8. Dot charts of vertical accelerations of
crushed stone particles at the depths of 100 mm and
200 mm below the sleeper sole directed downward
(a) and upward (b) relative to the vertical percussive
impact, and the range of acceleration values.

All the diagrams contain envelope curves drawn
by the maximal values of vibrational accelerations
since such maximal accelerations have the greatest
effect on the stability of the ballast.

Our analysis of the experimental data indicates
the following:

- vertical accelerations are proportional to the
magnitude of the percussive force impact of the faulty
wheel on the rail;

« in line with the existing tendency toward the
maximal increase of the force impact of flat spots in
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Figure 9. Dot charts of vertical vibrational movements of crushed stone particles at the depths of 100 mm (a) and
200 mm (b) below the sleeper sole, directed downward and upward relative to the vertical percussive load.

the speed range from 40 to 50 km/h, a particular
consistent pattern existed in the range of accelerations
of crushed stone patrticles;

« the dot charts show a considerable scatter in
the accelerations of crushed stone particles, which is
explained by the scatter of the force impacts caused
by the faulty wheels to the rail during repeat passages,
the random distribution of distances between the point
of impact of the wheel fault on the rail and the cross
section in which the acceleration sensors are installed;

+ as the depth at which the crushed stone
particles were located was increased from 100 mm
to 200 mm, the observed levels of vibration tended to
be reduced by 15-30 %. However, because of the
scatter in the acceleration values, there were cases
when such values exceeded the accelerations of
crushed stone particles located at the depth of

100 mm in the same conditions of testing. On the
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whole, observed in a greater sample was a tendency
toward lower acceleration levels as the depth of
particles’ location increased, which is due to the
attenuation of the percussive waves as they
propagated in a granular medium;

+ a comparative analysis of downward accele-
rations induced by the interaction of flat spots with the
rail revealed a significant difference in the values of
such accelerations at different depths, which
reconfirms the probabilistic nature of the process;

= on the vertical axis, the oscillatory process is
asymmetric, with upward accelerations having greater
values. On the longitudinal axis, acceleration values
are on average 1,5-2,5 of the vertical ones, with the
process being closer to a symmetric cycle.

Together with the accelerations of crushed stone
particles, their vibrational movements were
determined.
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Presented in Figure 9 are dot charts of vertical
vibrational movements of crushed stone particles at
the depths of 100 mm and 200 mm below the sleeper
soles, which movements were directed downward
(Figure 10a) and upward (Figure 10b) relative to the
percussive vertical load created by the interaction of
wheel flats with the rail.

Our analysis of the experimental data indicates
the following:

« vibrational movements of crushed stone
particles have a steady tendency to increase as the
vertical percussive forces grow;

« at equal levels of percussive forces, vibrational
movements of crushed stone particles vary widely.
Thus, at P, P = 300 kN, vertical movements of
crushed stone particles varied within the range of
0.1-1.1 mm for downward movements, and 0.05-
0.72 mm for upward movements. This phenomenon
can be explained with the non-linearity of granular
media characteristics;

« there are differences between the levels of
downward vibrational movements (in the same
direction as the direction of the percussive force) and
the upward movements (the direction of elastic
rebound). The differences between upward and
downward vibrational movements provide evidence
that, apart from the elastic deformation under
percussive impacts, there exists residual deformation
of the ballast layer. The greater the percussive force,
the greater are the differences between upward and
downward movements, and the greater the residual
deformation.

Conclusion

As aresult of the research, the values of forces of
interaction between wheel flats and the rail under
summer conditions of operation were obtained in
experiments. Our analysis indicates that:

« percussive interactions between wheel flats and
the rails are a powerful factor inducing vibrations in
the ballast layer, which reduces the coefficient of
effective friction in the ballast layer and leads to
intense residual setting and deterioration of the track;

« under percussive impact of wheels on the rail,
crushed stone particles engage in three-
dimensional oscillations; on the vertical axis, the
oscillatory process is asymmetric, with greater
intensity in the downward direction, and smaller
intensity in the upward direction; longitudinal
oscillations are harmonic, with an insignificant
asymmetry coefficient;

« the levels of vibrations are determined by the
force of the percussive interaction that depends on
the type of the fault, its geometric dimensions, the
speed of movement, and on the distance from the
source of the percussive impact. As the distance
grows, the levels of vibration diminish. Under a
powerful percussive impact (e.g. from a wheel flat of
h =4 mm), the waves of vibration propagate to
distances of over 3 m;

- the oscillatory process in the ballast has the form
of a rapidly evanescing process due to the high
damping coefficient of the granular medium; an

acceleration pulse caused by a percussive force fades
out practically after the first oscillation.
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