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The object of research is the degree of compaction of the ground backfill of transport structures made
of prefabricated metal corrugated structures. An experimental method for estimating the degree of
compaction of ground backfill of transport structures made of prefabricated metal corrugated
structures has been developed. Based on the results of experimental studies, regularities of changes
in the speed of propagation of sound waves of ground backfill of precast metal corrugated structures
of transport structures depending on its density are obtained. It is established that with an increase in
the degree of soil compaction, the speed of the sound wave of impact increases. Experimental studies
of the speed of sound wave propagation were conducted in three series of experiments. When
comparing compacted ground backfill with bulk density, in the first series of tests, the increase in
wave speed was 31.09%, in the second series of tests, the increase in speed was 8.5%, and in the third
series of experimental tests — 8.4 %. It is inserted that by increasing the speed of sound wave
movement, it is possible to estimate the degree of compaction of ground backfill of transport
structures made of prefabricated metal corrugated structures. This will ensure the standard degree of
compaction of the ground backfill during its layer-by-layer filling and compaction, which has a direct
impact on the load-bearing capacity and durability of transport structures made of metal corrugated
structures.

transport structures made of metal corrugated structures; ground backfill; degree of soil compaction;
wave speed

. INTRODUCTION

In the transport construction of railways and
highways, progressive transport structures made of
precast metal corrugated structures are used [1, 2].
Such structures work as the complex "metal shell —
ground backfill". Transverse rigidity of precast metal
corrugated structures (TRPMCS) is provided due to
the thickness of the elements and their wavy
corrugated shape. The strength and spatial rigidity of
the metal shell is provided by the interaction of metal
structures with the compacted backfill soil around
the structure, in the thickness of which there is a
transport structure made of PMCS. One of the most
important indicators during the construction of
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transport structures with PMCS is to ensure the
standard degree of compaction of the soil
compacting backfill around metal corrugated
structures. The process of installing ground backfill
of a tunnel overpass with PMCS is shown in Fig. 1.

The device of soil backfill is performed by filling
a layer of soil with a thickness of no more than 20-
25 cm. At each stage, symmetrical compaction of the
soil is performed on both sides of metal structures.
This process of compaction of the ground backfill of
metal structures of the structure occurs to the top
(arches of the structure). At the same time, it is
important to control the degree of soil compaction on
each filled-out soil layer [3-7].
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Figure 1. Device of ground compacting backfill of a structure made of TRPMCS

The vertical load acting on a transport structure
made of prefabricated metal corrugated structures is
transmitted through the side surfaces to the ground
backfill of the structure located around the metal
structures. If the physical and mechanical
characteristics of the soil do not meet the regulatory
requirements regarding the value of the compaction
coefficient, the geometry of the metal structures of
the structure may be violated. Also, this can lead to
partial loss of stability and rigidity of the structure.

In this regard, ensuring the design coefficient of
the degree of soil compaction qual to 0.98, at the
construction stage of the structure, is an important
task during the construction of transport structures
made of precast metal corrugated structures [8-11].
Since, only with a standard degree of compaction, it
is possible to ensure the load-bearing capacity and
durability of transport structures made of PMCS [8].

I1. ANALYSIS OF LITERATURE DATA AND
PROBLEM STATEMENT

In [9], it is indicated that during the construction
of transport structures with PMCS, it is necessary to
control the geometric position of structures. In the
case of a small height of the ground backfill above
the arch of structures, during the passage of
construction equipment, significant deflections of
structures can occur. Experimental studies have
established that in the case of good compaction of
soils around metal corrugated structures, trouble-free
operation of structures in the area of butt joints is
ensured.

Well — known methods of field control of the
compaction coefficient of ground backfill of
transport structures from prefabricated metal
corrugated structures are the sand hole method, and
when determining the elastic modulus of ground
backfill- by static stamp Tests [3, 10-12].

The sand hole method (Fig. 2) it is used to
determine the compaction coefficients of soil
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mixtures containing engraved particles, crushed
stone, frozen soil particles, as well as in the
construction of embankments made of stone
materials.

Figure 2. Sampling of a compacted crushed
stone-sand mixture by the well method

On the compacted layer of soil, level a small area,
and dig a hole with a depth of 10-15 cm and a volume
of 3-5 liters. the soil selected from the hole is
selected and weighed. A double funnel with dry sand
of a fraction of 0.5-1.0 mm, or 1-2 mm, is installed
above the hole, which does not contain dusty and
clay particles. Sand is filled with a hole with a
complete filling of the selected volume of compacted
soil. Knowing the mass of sand filling of the hole and
the density of sand, determine the volume of the
hole.

The density of the soil selected from the well is
determined by dividing the weight of the selected
soil by the volume of the well. In addition, this
method allows you to determine the soil moisture by
drying and then weighing the selected and dried
volume of soil. Static stamp testing method (Fig. 3,
a) is used to determine the elastic modulus of ground
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backfill of transport structures made of prefabricated
metal corrugated structures.

To do this, arammer roller or excavator is installed
on the compacted layer of ground backfill of
structures made of PMCS (Fig. 3, b). Installation is

b)

Figure 3. Scheme of static stamp testing of
soils: a) elements of stamp equipment
b) principle of use of stamp equipment:
1 — hydraulic pump; 2 — pressure gauge;
3-connecting hose; 4 - hydraulic cylinder;
5 - stamp; 6- rod.

carried out in such a way that the distance from its
wheels to the stamp is not less than 1.7 m. the place
of installation of the stamp is filled with sand and
levelled with a thin layer 1-3 mm thick.

The device for performing static stamp testing of
ground backfill consists of a hydraulic pump with a
pressure gauge, which is connected to the hydraulic
cylinder through a connecting hose, a die and
loading equipment.

With the help of a hydraulic pump, a static load is
carried out on the soil backfill layer. After the
deformation fades, the strain count is recorded in the
field measurement log. Then the pressure in the
hydraulic pump is released, this leads to unloading
of the ground backfill and damping of the reverse
deformation, as a result, a new reading on the
indicator is recorded again. These operations were
repeated to the obtained values, which differ by no
more than 10 %. After that, the average deflection
value is taken as the value of elastic deflection.
Determination of the elastic modulus is further
carried out in accordance with DSTU B V. 2.3-42
[3]. In the works of the authors [13-22], it is
indicated that such malfunctions of the rail track as
subsidence of the roadbed and disorganization of the
ballast of the railway track lead to an increase in the
dynamic effect on rolling stock. Therefore, during
the construction of transport structures made of
prefabricated metal corrugated structures on
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railways, it is necessary to ensure the load-bearing
capacity of such structures and prevent deformations
of the vertical and horizontal dimensions of the
structure. Since residual deformations of metal
corrugated structures of the structure lead to
subsidence of the railway track [23].

According to the results of the conducted studies,
which are given in the works [24, 25, 26], it was
established that the load-bearing capacity of a pipe
made of metal corrugated structures depends on the
degree of compaction of the ground backfill. In case
of insufficient compaction of the ground backfill, the
load-bearing capacity of the pipe decreases.

In [27], it is noted that when vibrations are excited
in an elastic medium by a source located near the
surface, two main types of waves are formed — bulk
and surface. At the same time, studies [28] have
established that the nature of wave propagation in the
ground of the roadbed is influenced by its transverse
profile and the types of soil masses involved in the
compaction process.

In study [29], investigations of three-dimensional
shell structures were carried out taking into account
two different porosity distributions. The theoretical
basis improved in this way provides a more accurate
representation of the transverse shear stress
distribution within the structure, considering the
complexity of its behavior under loading conditions.

In paper [30], an experimental study of the
relationship between cavitation acoustic waves and
the erosion threshold is presented. The authors found
that the relationship between the sound pressure
level and the area of the eroded surface does not
depend on the geometry and dimensions of the water
tunnel.

This research paper [31] presents an efficient
analytical method, namely the Sardar Sub-Equation
Method (SSM), to construct new families of
traveling solitary wave solutions of Fractional Partial
Differential Equations (FPDES), i.e., the Fractional
Phi-Four Equation (FPFE) and the Fractional
Generalized Duffing Equation (FGDE).

In study [32], repeated low-velocity impacts are
numerically applied to investigate laminates using a
layer-wise modeling strategy. The impact results are
then directly used to predict the residual compressive
strength of the laminates by performing
compression-after-impact simulations.

In study [33], investigations of the behavior of
ballasted railway tracks during settlement under
dynamic loading were carried out, providing a
comprehensive assessment of track deterioration
models using extensive field data.

Studies [34-40] present investigations of the
behavior of railway track ballast under loading. It
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was established that track deterioration depends on
ballast compaction.

Study [41] established that the modulus of
elasticity of the soil backfill of transport structures
made of metal corrugated structures influences the
stress—strain state of such structures.

In study [42], investigations of changes in the
dynamic modulus of elasticity of asphalt mixtures
with the addition of polymethyl methacrylate were
carried out.

The above methods for assessing the degree of soil
compaction of the roadbed have a number of
disadvantages. The disadvantage of the sand hole
method is that the value of the compaction
coefficient shows how close the backfill soil density
is to the maximum, but does not make it possible to
quantify the load-bearing capacity of the backfill
soil. When using the stamp test method, there is a
need to use expensive measuring and loading
equipment. Therefore, the development of effective
experimental technologies for monitoring the degree
of compaction of ground backfill of structures made
of prefabricated metal corrugated structures is an
urgent task of scientific research.

I11. MATERIALS AND METHODS OF STUDYING

THE DEGREE OF COMPACTION OF SOIL
BACKFILL BY INERTIAL MEASUREMENT
TECHNOLOGIES

1. Inertial method for measuring the degree of
compaction of ground backfill of structures
made of prefabricated metal corrugated
structures

An improved method for determining the degree
of compaction of soil compaction backfill of
structures made of PMCS consists in the use of
inertial measurement technologies. The essence of
the method is to determine the time and speed of
sound wave propagation through the thickness of the
soil backfill layer. In this case, the speed is
determined depending on the thickness of the soil
layer and the degree of compaction.

The general scheme of the device for conducting
experimental measurements of the degree of
compaction of ground backfill of structures with
PMCS is shown in Fig. 4

Impact striker
Impact mechanism
Contact to the
Metal plate ADC channel Connection }o +3V
A

Compacted soil
backfill

Sound wave

promitlon

Ac1 ACZ

PC with software

Wave velocity:
=5/t

Ax

Figure 4. Diagram of a device for conducting experimental measurements of the degree of compaction of
ground backfill of a structure made of prefabricated metal corrugated structures

The installation consists of a corrugated pipe,
which is located in the soil thickness of the
embankment of the roadbed. Restrictions on the size
of the ground backfill are the glass walls of the glass
case. Four ADXL-335 analog high-frequency
inertial acceleration sensors are embedded at the
bottom of the case.
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To set the sound wave of the impact that
propagates through the thickness of the ground
backfill, an impact mechanism is used. When the
Impact striker falls from a certain height on a metal
plate, an impact occurs, which causes sound waves
propagating through the thickness of the ground
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backfill. To fix the beginning of sound wave
propagation, the contact closure method is used. To
do this, a 3.3 V contact goes from the shock striker
to the analog-to — digital converter (ADC), and from
the metal plate-a contact to the ADC channel. As a
result, when the contacts are closed on the analog
channel, a signal of 3.3 V occurs, which corresponds
to the beginning of the pulse (shock) setting.

Sound waves propagate through the thickness of
the soil backfill to inertial sensors that are located at
the base of the soil prism. In our case, with four
sensors, we assume the distance from the impactor
to the accelerometer A. equal to S;; to the
accelerometer A, — Sy; to the accelerometer Aqs — S3
and to the accelerometer A4 equal to Sa.

In the study, it is assumed that the sound wave
propagates along the shortest distance from the
impulse source to the receiving sensor. The distances
Si1, Sz, Ss, and Ss are determined by geometric
measurement along the shortest path of sound wave
propagation. The wave will propagate over time. We
denote the wave propagation time in accordance
with the acceleration sensor numbers. We accept the
wave propagation times taci, tac, tacs, tacs according
to the acceleration sensor numbers.

All records of the propagation time of the sound
wave of the impact are stored in the computer's
memory.

2. Program of experimental tests for determining
the time and speed of propagation of the sound
wave of impact through the ground backfill of
structures made of metal corrugated structures

A view of a full-scale experimental setup for
determining the time and speed of propagation of

sound waves of impact in the ground backfill of
structures with TRPMCS is shown in Fig. 5.

Figure 5. Installation for determining the speed of
propagation of a sound wave of impact

The program of experimental measurements
provided for determining the speed of propagation of
the impact wave depending on the degree of
compaction of the soil backfill and the thickness of
the soil layer. The research program is shown in
Table 1.

A series of three tests was performed, with ten
pulse beats set in each series. The drop height of the
impact striker was assumed to be the same, equal to
38 cm above the surface of the metal plate. In each
test series, the soil on the left side of the prism was
compacted to the maximum possible degree of
compaction by a manual rammer. At the same time,
on the right side, the ballast prism was filled out
without additional compaction, that is, there was a
bulk density of soil. A view of the experimental
setup for determining the degree of density of the
soil compacting backfill of a structure with a metal
corrugated pipe in three series of tests is shown in
Fig. 6.

Table 1. Program of experimental studies to determine the time and speed of sound wave propagation in soil

backfill
Number of preset strokes, PCs.
I.\'O' of the Graphic view X i . -
experiment program Left side Right side

1 10 10

h=170
2 10 10

h=260
3 h=350 10 10
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c)

Figure 6. The process of experimental
determination of the degree of compaction of
soil backfill in three series of experimental
tests:

a) first series of tests b) second series of tests
c) third series of tests

In the first series, the backfill height was 170 mm
after compaction on the left side and 170 mm on the
right, but without additional compaction. Similarly,
in the second series of tests, the height of the soil
compacting backfill was 260 mm on both sides of the
corrugated pipe and in the third series — 350 mm.

IV. RESEARCH RESULTS

1. Results of recording the propagation of sound

waves of impact in various series of
experimental tests of ground backfill of
structures

The time of movement of the impact wave from
the moment of setting the pulse in the metal plate to
the receiving sensor, in three series of tests, is
determined by the diagrams shown in Fig. 7.

When setting the impact on the left side of the
compacting soil backfill, the time is determined by
the wave propagation to the accelerometers A¢ and
Ac. If the pulse is set from the right side of the
ballast prism — to the accelerometers Acz and Aca.
Similarly, the propagation time of sound waves of
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impacts in the second and third series of

experimental tests is determined.

A
a)

Ac

A
b)

Figure 7. Schemes for determining the
propagation time of a sound wave from the
moment of impact to inertial sensors: a) to sensors
Aer and A.2; b) to sensors Acz and Aeq

The results of sound wave propagation of the
impact in three series of tests are shown in Fig. 8—
10.

From the graphs of recordings of the propagation
of sound waves of the impact, it can be seen that the
sound wave arrives at the sensors with a certain
delay. As a result, the time difference between the
pulse setting and the time at which the pressure
sound wave arrived at the sensor will be the time of
propagation of the sound wave.

The formula for calculating the propagation time
of a sound wave of an impact has the form:

NACn—NACimpact
100000

tAcn -

M

where: Nacn is the moment when the pulse begins
on the receiving acceleration sensor; Nac impact.- the
moment when the impact setting starts, which leads
to the propagation of the sound wave of the impact.

When dividing the difference in Signal points
between the start of the impact setting and the arrival
of the wave to the acceleration sensor by the
sampling rate, when performing experimental tests,
it was 100 kHz, we get the propagation time of the
sound wave of the impact.
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Figure 9. Wave propagation during the second
series of tests: a) left side of the strike setting
b) right side of the strike setting
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Figure 10. Wave propagation during the third
series of tests: a) left side of the strike setting
b) right side of the strike setting

From the results of experimental studies, it was
found that in the case of compaction of the left side
of the ground prism, the average time of sound wave
propagation is less than the right uncompressed side
of the prism. In the first series of experiments, the
wave propagation time in the compacted state of the
backfill was taci=4.7-10*s and ta,=4.87-10*s, and
in the bulk density of the soil — tacs=6.81-10"s and
taca=6.89-10s.

In the second series of experimental studies, the
propagation time of the impact wave on the left
compacted side of the backfill was tac1=7.68-10* s
and ta=7.667-10*s, and on the right side, which
has a bulk soil density, it was tac=8.4-10* s and
taca=8.4-10"s.

In the third series of experimental studies, the
propagation time of the impact wave on the left
compacted side of the backfill was ta;=10.07-10*s
and tacz=9.92-10*s and on the right side, which has
a bulk density of soil — ta3=11.01-10* s and
tAc4:lO.86' 10"4 S.

2. Results of determination of the speed of
propagation of the sound wave of impact in the
ground backfill

The analysis of the speed of propagation of the
shock wave in three cycles of the experiment was
carried out by the formula:
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Vae = —+ 2
Ac tAc ( )

where: S, is the distance from the impact setting to
the receiving accelerometer along the shortest
rectilinear trajectory of the wave; ta. is the
determined time of wave movement from the
beginning of the impact setting to the corresponding
receiving accelerometer.

Based on the results of the propagation time of the
sound wave of the impact, the speed of the wave
movement was studied. The results of the wave
velocity during the first series of experiments are
shown in Fig. 11, in the second series of tests — in
Fig. 12 and the third series of tests are shown in Fig.
13.

In Fig. 11 it can be seen that the speed of
propagation of the sound wave of impact on the left
side of the backfill is higher than on the right. At the
same time, the values of the wave velocity to the
sensors A1 and A, respectively, are vac=363.44

m/s and vac,=354.28 m/s. at the bulk density of the
soil (the right side of the soil backfill), the wave
velocity to the sensors Acz and Acs, respectively, is
Vac3=250.42 m/s and Vacs=248.44 m/s.

In Fig. 12 shows that the average value of the wave
velocity on the compacted left side of the backfill to
the Ac and Ac» sensors, respectively, is vac=339.21
m/s and vac2=340.55 m/s.

With the bulk density of the soil on the right side
of the backfill, the wave velocity to the sensors Acs
and A, respectively, is vac=310.41 m/s and
Vacs=310.39 m/s.

In Fig. 13 it can be seen that the average value of
the wave velocity on the compacted left side of the
soil backfill to the sensors A¢i and A, respectively,
IS Vac1=347.79 m/s and va=353.39 m/s. with the
bulk density of the soil on the right side of the soil
backfill, the value of the wave velocity to the sensors
A and A4, respectively, is vac=318.56 m/s and
Vacs=323.36 m/s.
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V. THE RESULTS OF THE DISCUSSION

From the results of experimental studies, it was
found that in each series of tests, the propagation
time of the shock wave to the A¢; and A, SENSOrS is
shorter than that of the Ac; and Acs Sensors. This is
due to the greater compaction of the left side of the
ground backfill of the metal corrugated pipe
compared to the right side, which has the bulk
density of the ground backfill.

Analysis of the propagation time of sound waves
of impact shows that an increase in the degree of
compaction of the ground backfill of structures with
PMCS leads to a decrease in the time of wave
movement through the backfill thickness to the
receiving sensor in comparison with the bulk density
of the soil.

It should be noted that the difference in the
reduction of the wave propagation time in the three
series of experimental tests is explained by the
higher degree of soil compaction on the left side of
the corrugated pipe compared to the right. In
addition, in each series of tests, during the filling of
the soil, the soil itself was compacted on the right
side of the corrugated pipe. This also affected an
increase in the degree of soil compaction on the right
side of the ballast Prism, which is explained by a
smaller difference in the propagation time of the
sound wave of the impact in the second and third
series of tests.

From three series of experimental tests of soil
backfill with different thickness and degree of
compaction, it was found that the speed of the impact
wave increases with increasing degree of density of
the soil backfill. When comparing the compacted left
side of the soil prism with the bulk density of the
right side of the soil backfill, in the first series of
tests, the increase in wave speed is 31.09%, in the
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second series, the increase in speed is 8.5%, and in
the third series of experimental tests, the increase in
speed is 8.4 %.

So, by increasing the speed of movement of the
sound wave of impact, it is possible to judge the
degree of compaction of the ground backfill of
transport structures made of prefabricated metal
corrugated structures.

One of the disadvantages of the research is the
failure to take into account changes in the speed of
propagation of the sound wave of impact during
different humidity of the soil backfill. Such studies
will be conducted in the following research papers.

V1. CONCLUSIONS

1. With an increased degree of compaction of the
ground backfill of transport structures made of
prefabricated metal corrugated structures, the time of
movement of the sound wave decreases. When
performing three series of tests, it was found that in
the first series of experiments on the left compacted
side of the soil backfill, the wave propagation time is
tAc1=4.7-10-4 s and tAc2=4.87-10-4 s, and on the
right side of the soil backfill with a bulk density —
tAc3=6.81-10-4 s and tAc4=6.89-10-4 s.
Accordingly, in the second series of experimental
studies, the propagation time of the impact wave is
tAcl=7.68-10-4 s, t tAc2=7.667-10-4 s,
tAc3=8.4-10-4 s, tAc4=8.4-10-4 s. in the third series
of experimental studies, the propagation time of the
impact wave is tAc1=10.07-10-4 s, tAc2=9.92-10-4
s, tAc3=11.01-10-4 s, tAc4=10.86-10-4 s.

2. When comparing the propagation time of the
sound wave of impact on the compacted side to the
uncompressed side, the reduction in the wave
movement time in the first series of ground backfill
tests was by 28.6%, in the second series it was by
8.6% and in the third series it was by 8.5 %.
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3. From three series of experimental tests, it was
found that the speed of the impact wave increases
with an increase in the degree of density of ground
backfill of structures made of prefabricated metal
corrugated structures. In the first series of
experimental tests, on the compacted left side of the
backfill, the average wave velocity was vac1=363.44
m/s and vac=354.28 m/s, and on the right side,
which has a bulk soil density, the wave velocity was
Vacs=250.42 m/s and vacs=248.44 m/s.

In the second series of tests, the average wave
velocity on the compacted left side of the backfill
was Vac1=339.21 m/s and vac2=340.55 m/s. with the
bulk soil density on the right side of the backfill, the
average wave velocity was vac=310.41 m/s and
Vaca=310.39 m/s.

In the third series of tests, the average wave
velocity on the compacted left side of the backfill
was Vaa=347.79 m/s and vac>=353.39 m/s, and on
the right side of the backfill at bulk soil density was
Vac3=318.56 m/s and vacs=323.36 m/s.

4. When comparing the compacted left side of the
backfill with the bulk density of the right side, in the
first series of tests, the increase in wave speed was
31.09%, in the second series of tests, the increase in
speed was 8.5% and in the third series of
experimental tests was 8.4 %. Therefore, by
increasing the speed of movement of the sound wave
of impact, it is possible to make an assessment of the
degree of compaction of the ground backfill of
transport structures made of prefabricated metal
corrugated structures.
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