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Geotechnical engineering is one of the key tools for the development of different area of human activities,
including the transport industry. For example, predicting the behavior of road embankments under sur-
face loads is a key factor in assessing engineering solutions. Currently, creation of virtual computer tests
of soil structures under the action of surface pressure and calculation of the strain-stress state of loose
soil are burning issues being advantageously solved by the finite element method (FEM), via software
packages, such as Plaxis. At the same time, the search for new approaches to calculations and the devel-
opment of existing theories are still relevant, since alternative theories can expand the scope of applica-
tion or change the approach to solving the assigned task. Based on the data obtained, the method for
determining the coefficient of soil distribution capacity by the finite element method, successfully imple-
mented via the Plaxis software package, was substantiated for the first time, thereby significantly
expanding the applicability of the mechanics of granular media in geotechnical engineering. The possibil-
ity of applying the equations of mechanics of granular media, as an alternative method, for calculating the
distribution of vertical stresses in granular material under various combinations of surface loads, has
been proved. The comparison results, obtained from the solution of this task via the Plaxis software pack-
age, are presented. The data obtained allow making a conclusion about the convergence in the computa-
tional results for the values obtained using the MGM and the Plaxis software packages, including when
compared with the results of laboratory tests. Based on the results that have been achieved, the depen-
dences of the MGM can be used to determine the pattern of the stress distribution in loose soils, depend-
ing on the action of surface loads.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Emerging Trends in
Materials Science, Technology and Engineering.
1. Introduction

Loose soil is a complex and heterogeneous medium, having
properties in between of a solid-state body and a liquid [1]. A
solid-state body has a fixed shape and is represented by immov-
able particles, rigidly attached to each other at the molecular level.
A liquid contains particles with high mobility and does not have a
fixed shape. The ability of some particles to move relative to others
makes a granular medium look like a liquid medium, wherein each
particle has the properties of a solid-state body. Thus, to solve the
problem of the strain-stress state of a loose soil massif, it is neces-
sary to consider the features of the structure of weakly cohesive
soils. In this case, the soil structure is meant as such properties that
directly affect the pattern of stress distribution in the massif (elas-
tic modulus of deformation, type of granular material, grain size,
the presence of reinforcing geosynthetic materials, etc.) [2]. This
fact is also indicated in the studies presented in [3]. Therefore,
the mechanics of granular media (MGM), with the above features
accounted for, can be used as an alternative method for calculating
the distribution of vertical stresses. In the MGM, based upon a
comprehensive approach, a probabilistic-simulation model of the
distribution of normal and tangential stresses in a granular med-
iummassif is presented [4]. In this case, one of the main properties
of this model is the coefficient of distribution capacity m, which
characterizes the properties of the loose soil massif structure.
lems of
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The reliability of the determination of stress values is directly
related to the design of construction solutions, possessing strength
properties that have been tested under field and laboratory condi-
tions and which can be calculated using correct calculation meth-
ods at the design stage. To correctly compare the calculation
results, obtained using the finite element method and the MGM,
it is necessary to additionally compare these results with full-
scale laboratory tests.
Fig. 2. General view of the embankment constructed on a ‘‘weak” base.

Fig. 3. General view of soil pressure sensors.
2. Materials and methods

In September 2020, within a framework of a research work
aimed at studying the effect of the presence of reinforcing geosyn-
thetic materials on the pattern of the distribution of vertical stres-
ses in the loose soil massif of the embankment, the tests in a
specially designed soil tray were performed. The soil tray, in the
plan view, has dimensions of 4x2 m. The depth of the tray is 2 m
(Fig. 1). The indoor air temperature (during the entire test period)
was: +18 - +20 �C.

This research work deals with the following types of soils:

� fine sand for embankment construction;
� heavy loam, fluid-plastic, highly deformable for making a
‘‘weak” base.

The base thickness was taken as 1.3 m, the embankment height
� 0.7 m (Fig. 2).

To determine the stresses, soil pressure sensors of the KDE-
1MPA type (Fig. 3) and the strain-gauge station ZET 017-T8
(Fig. 4) were used.

Within the scope of this research, one of the series of tests,
without the use of geosynthetic materials, was accepted for further
consideration.

General view of the structure of an embankment on a weak
base, as well as the location of the soil pressure sensor, is shown
in Fig. 5.

The surface load was transmitted from a die, mounted on two
steel plates having dimensions of 0.1x1.2x0.02 m (Fig. 6). The dis-
tance between the plates was 0.1 m.
3. Computer simulation

Computer simulation of the test process was performed via the
Plaxis 2d software package. The initial data was as follows (table 1)
Fig. 1. General view of the soil tray.

Fig. 4. General view of the strain-gauge station.

Fig. 5. General view of the structure of an embankment on a weak base.
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Fig. 6. General view of the loading device.

Table 1
Initial data for computer simulation via the Plaxis 2d software package.

Parameter name Measuring unit Value

Weak soil (base)
Material model – Mohr-Columb
Drainage type – Undrained (B)
cunsat kN

m3
18

csat kN
m3

18

E0 kN
m3

141

m0 – 0.30
su;ref kN

m3
6.0

Embankment soil
Material model – Mohr-Columb
Drainage type – Drained
cunsat kN

m3
18

csat kN
m3

18

E0 kN
m3

80 000

m0 – 0.30
c0ref kN

m3
6.0

u0 � 40.0
Load during the first step kPa 8.84
Load during the second step kPa 17.68

Fig. 7. The pattern of the distribution of verti
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The calculation results are presented in Figs. 7 and 8.

4. Mechanics of granular media (MGM)

According to a number of sources [2,5,6,7,8,9,10,13], the use of
the mechanics of granular media for determining the normal and
tangential stresses in the soil massif with a load applied to the sur-
face is an effective solution.

The source [11] presents the dependences, based on the super-
position principle, which make it possible to determine the pattern
of the distribution of stresses induced by an unlimited number of
surface loads, including those of different nature and magnitude.

General view of the dependence for determining the vertical
stresses in the loose soil massif is presented in (1).

rz;ogm ¼ rz;1 þ rz;2 þ � � � þ rz;n þ cz; ð1Þ

rz;i ¼ p
2

U
x� ni þ b

z
ffiffiffiffiffiffi
2m

p
� �

�U
x� ni � b

z
ffiffiffiffiffiffi
2m

p
� �� �

; ð2Þ

where, p is the intensity of the uniformly distributed pressure, kN /
m2; b is half the applied load’s width, m; z is the distance (depth)
from the applied load, m; mi is the coefficient of the distribution
capacity of a soil layer or base; U is the integral of errors; ni is the
abscissa of load centers; n is the number of applied surface pres-
sures; c is the soil bulk density, kN

m3.
To determine the values of vertical stresses within the scope of

this research, based on the research results according to [2], the
value m was taken equal to 0.105, which corresponds to the value
E0 ¼ 80kN

m2 .

5. Intermediate results versus laboratory tests

Table 2 presents the results of comparing the actual values of
vertical stresses with the values obtained using the Plaxis 2d soft-
ware package and the MGM.

Having analyzed the data from table 2, it is possible to make a
number of intermediate conclusions:

� high convergence of calculation results obtained using the Pal-
xis 2d software package and the analytical method of MGM
with laboratory data was achieved. The difference does not
exceed 5%;
cal stresses at a surface load of 8.84 kPa.



Fig. 8. The pattern of the distribution of vertical stresses at a surface load of 17.68 kPa.

Table 2
Summary of calculation results.

No. Surface
pressure*, kPa

r120
z (laboratory

tests), kPa
rPlaxis2d
z (Plaxis

2d), kPa
rM3C
z (MGM),

kPa

1 0.0000 13.454 13.50 13.50
2 8.8375 14.816 14.22 14.36
3 17.6750 15.443 14.89 15.57

Table 3
Initial data for the calculation scheme (Fig. 9).

No. Surface pressure, MPa b, m a, m

1 0.286 0.167 0.323

Table 4
Initial data for computer simulation via the Plaxis 2d software package.

Parameter name Measuring unit Value

Filled soil
Material model – Mohr-Columb
Drainage type – Drained
cunsat kN

m3
18

csat kN
m3

18

E0 kN
m2

80 000

m0 – 0.30
c0ref kN

m2
3

u0 � 40.0
p1 kPa 150
p2, p3 kPa 286
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� the value of the coefficient of distribution capacity m, accepted
according to [2] for the conditions of the problem being solved,
gave a high convergence in the values of vertical stresses with
laboratory data.

6. The problem of multiple surface loads

According to [4], the coefficient of distribution capacity is
derived from the data obtained experimentally. To this end, the
values of the measured vertical stresses on the sensors for a speci-
fic type of loose soil and conditions for the massif structure forma-
tion, as well as the nature of the applied surface load, are used.
Taking all the data presented above as initial data, and having
solved the inverse problem according to dependence (2), it is pos-
sible to determine the value of the coefficient m for specific
conditions.
Fig. 9. Calculati
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Based on the obtained high convergence in the calculated val-
ues of the vertical stresses between the FEM and the MGM, it can
be assumed that using the computer model, created via the Plaxis
software package, it is possible to determine the value m, by the
aforesaid method, for performing further analytical calculations
using the MGM dependencies. In order to check this assumption,
within the scope of this research, an example with multiple loads,
based on the initial data presented in Table 3, was considered. The
scheme for applying surface loads is shown in Fig. 9.Table 4.

The value m was determined at a depth of 0.25 m from the load
application surface. In this case, the value of vertical stresses was
rz ¼ 261 kPa. According to the above approach, m ¼ 0:188.

The computer simulation was performed using the calculation
scheme (Fig. 9), via the Plaxis 2d software package. The calculation
results are shown in Figs. 10–13.
on scheme.



Fig. 10. The pattern of the distribution of vertical stresses in the soil massif.

Fig. 13. Comparison of the results of determining the values of vertical stresses at a
depth of h = 1.0 m from the surface.

Fig. 12. Comparison of the results of determining the values of vertical stresses at a
depth of h = 0.5 m from the surface.

Fig. 11. Comparison of the results of determining the values of vertical stresses at a
depth of h = 0.25 m from the surface.
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7. Discussion

Comparing the values of vertical stresses, determined using the
Plaxis software package and the MGM, it is possible to make a con-
clusion about high convergence of the results obtained, including
the case when comparing with the results of laboratory tests. This,
in turn, allows us to conclude the following:

1. The mechanics of granular media can be an alternative method
to the finite element method for determining the pattern of the
distribution of vertical stresses in a loose soil massif, regardless
of the nature of the applied surface loads. In this context, it is
necessary to perform further research with respect to the distri-
bution of all the components of stress in the soil massif and/or
in case of soil formations, as well as using geosynthetic materi-
als. Thus, the development of alternative theories can result to
the expansion of the scope of application with respect to the
practice of geotechnical calculations to other area of activities
or change the approach to solving the assigned tasks.

2. The use of the Plaxis software package for determining one of
the main values of the MGM mathematical tool, the coefficient
of soil distribution capacity, is an effective method. This can be
useful when studying the MGM applicability with respect to the
geotechnical problems being solved, as well as for its studying
in combination with other soil models. It is also very important
to monitor changes in the structure of the studied soil under the
load, due to occurrence, in this case, of compaction-
5

decompaction processes, accompanied by variation in the soil
distribution capacity coefficient m. The latter results to a change
in the pattern of stress distribution in the soil.

8. Conclusions

The modern transport industry undergoes the process of contin-
uous development. This fact causes the geotechnical engineering,
as the science studying the predictable behavior of soils under
load, to solve the following main tasks: ensuring high reliability
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indicators, with simultaneous reducing financial costs for the per-
iod of construction and operation of various objects, including road
beds, etc. To satisfy the demands when solving the above tasks, it is
expedient to continuously search and develop alternative theories
and approaches to performing calculations. This paper graphically
presents a comparison between two fundamentally different theo-
ries, with the same resulting values of the studied magnitudes, for
example, vertical stresses.
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