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Abstract The purpose of this article is to determine the
degree of increase in productivity and efficiency of an
excavator equipped with a bucket with a variable
cutting-edge shape. The work of excavators with buckets,
in which the shape of traditional and cutting blades has
changed, was compared. A quantitative picture of
maximizing the productivity of the excavator during the
development of various soils was determined. The
possibility of adapting the cutting edge itself depending on
soil conditions was investigated. In addition, the influence
of the adaptation of the cutting edge of the bucket on the
technical characteristics and mode of operation, power, and
energy parameters of the digging process was determined.
The obtained results of determining the technical
characteristics of the excavator with a different shape of the
cutting edge and the contact component of the excavation
resistance were compared with the results of buckets of the
usual type. Processing of experimental data made it
possible to obtain a regression model that determines the

factor of dependence of response functions on
transforming factors.
Keywords Earthworks, Hydraulic Engineering,

Single-bucket Escalators

1. Introduction

The method of experimental research for research zones
involves the use of an electrical method for measuring
forces and other mechanical quantities, for which working
conditions are established according to the well-known
method of the research of earth-moving equipment [1]. The
time of the investigated process is measured by time
counters installed on the H-144.1 oscilloscope, the strength
of the soil is determined by the number of impacts of the
RCSRI dynamometer on the surface of the extracted soil
and its corresponding depth [2].

The program of experimental study of excavation by
workers with means adapted to soil conditions includes
laboratory studies with models on a physical modelling
stand and testing of a full-scale prototype in production
conditions. For the correct organization of experimental
research, it is necessary to solve several problems that
provide a unified approach to conducting experiments at all
stages [3]. These tasks are the preparation of the general
scheme of the experiment; the choice of the type of soil for
the study; the size of the samples under study and the
establishment and justification of linear measurements of
samples of the working tool of the physical modelling
stand; the establishment of criteria that are subject to
change and control during the study; the selection of the
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necessary instrumentation; preparation of conditions for a
full-scale experiment [4]. According to the indications of
theoretical and experimental studies carried out in recent
years with physical models of working tools of
earth-moving equipment, the main factors in the
development of soils are structural adhesion forces,
viscosity, and soil mass, which are characterised by
theoretical criteria arising from the conditions of
unification of systems [5-7]. Reducing soil cutting
resistance forces through mathematical modelling is an
effective way in most cases to apply an oblique cut to the
soil [8,9].

The main goal of the presented article was to determine
the real possibilities of using oblique cutting and the
physical essence of the process. The objective of this
research was to determine the quantitative effects of
reducing the power parameters of the soil digging process
in the conditions of an oblique section.

2. Materials and Methods

The determination of the required number of repeated
experiments of unchanged situations was carried out based
on methodological techniques arising from the conditions
for ensuring the specified reliability of the results of
0.9-0.95 and the possibility of an error of up to 12%, which
was set out in the works. In the course of statistical
processing of measurement results, arithmetic mean values
of quantities, variances, and variational coefficients were
calculated [3]. The general structure of the experimental
studies is shown in Figure 1 as a block diagram. Taking
into account the action of the superposition process for the
working processes of earth-moving equipment, and the
type of working tool of the excavator bucket, the task is
solved in laboratory conditions.

Criteria for dynamic similarity nv(o - [) ~1: — the ratio
o - | of resisting viscidity; pgl(o)™! — the ratio of gravity,
attributable to a separate area, the nature and power
characteristic of the condition of the individual areas in the
model; puj (o)™t — the force of movement of the masses
to the state the power characteristics; E(a)™1; C, (o)™ —
the criteria for characterising the deformation of the soil;
Psoit9s0i1 — the criteria for expressing the relationship of
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the contact forces at the contact surfaces to normals; where:
o — normal stress; p — the density of the soil; C, —
specific cohesion of soil; @405, — the internal and
external angle of soil friction; E — linear soil deformation
module.

The geometric similarity is the limiting volume of the
environment dV > 200df, where df is the condition that
the largest diameter of the conditional component forming
the environment provides. Soil cutting speed for this
option:

M n, .—0,5
v =viK, M
where: k; — scale factor.

The linear volume of the model has a limit on the
possibility of measurement error, determined by the
accuracy of the measuring equipment. In the cited work
[6;7] an explanatory note that the scale factor for the
considered option, the k; <10 minimum value was
determined using the electrical method of measuring the
effective values when recording them on oscillographic
paper with a loop oscillograph N-044.1 with an amplifier “8
8 AHY-7M” on 120 mm (Figure 1).

To prove the hypotheses of the reasons for the decrease
in the resistance of digging, the energy intensity of the
process and the dynamic coefficient, special experimental
studies were conducted. To achieve this goal, special
bucket perimeter cutters have been prepared, reflecting the
process of cutting the soil at different installation angles
(Figure 2).

The cutters were designed in the form of a cutting edge
of the bucket perimeter and installed on a physical
modelling stand (Figure 3).

Determination of the soil cutting resistance forces was
carried out using complex strain gauge equipment, for
which the cutting edge was installed on the strain gauge
plate of the stand. The blade was mounted on a pile with
bolts, and its width was the angle of installation of CT in
terms of ¢. During the experiments, the length of the dust
changed depending on the angle ¢. The results were
compared using a cutter to cut through the soil and a cutter
set at an angle ¢.

A sample of the cutting edge of the excavator bucket EO
— 2621 A with a capacity of 0.25 m®, made on a scale of
1:10, was taken as the research object (Figure 4).
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Figure 1. Block diagram of experimental studies of a working tool adapted to soil conditions

Figure 2. Physical models of the cutting edge of the bucket perimeter
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Note: 1 — perimeter; 2 — strain gauge; 3 — horizontal beam; 4 — trolley; 5 — ground channel

Figure 3. Diagram of physical modelling stand for studying the process of cutting soil along the perimeter of the bucket with a common measuring

circuit

Table 1. Factor levels and variation intervals
Factor levels
Factors Intervariations
-1 -2 0 +2 +1
X (S) — soil supply, mm 5 10 15 20 25 5

X5 (F,,) — the pre-compression force of the spring, H 10 30 50 70 90 20

X; (H) — digging depth, m 0.2 0.3 0.4 0.5 0.6 0.1

X4 (V,)— cutting speed, m/s 0.11 015 0.19 023 027 0.04

Figure 4. Physical model of excavator with bucket

The model also provides for the replacement of the
cutting edge of the bucket with a traditional design.
Replaceable perimeter bucket cutter blades with a common
dimensioning pattern have been prepared to provide
effective angles of the cutting edge. Studies of tests on
changing the cutting resistance of the soil along the
perimeter of the excavator bucket with a change in the
shape of the cutting edge were exhibited according to a
rotatable plan of the second order.

The influence of four factors determining the course of
the process was evaluated, which are X; (¢) — the angle of
placement of the cutting edge; X, (k) — the thickness of the
soil cutting; X3 (C) — the strength of the soil, estimated by
RCSRI density meter; X4 (Vc) — the cutting speed of the
soil by the bucket perimeter model. The factors alternate in
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a fairly wide range (Table 1).

The horizontal component of the resistance of the soil
section is taken as an evaluative criterion. During the
planning of the experiments, the following tasks were set:
obtaining a mathematical model for changing the
horizontal component of the ground cutting resistance;
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recommendations for choosing the optimal perimeter
dimensions at which the shape of the cutting edge of the
bucket changes (Figure 5).

The matrix of experimental studies for coded values of
factor levels and the result of their implementation are
shown in Table 2.

obtaining agreed values of factors; preparing
Table 2. Matrix of experimental studies for coded values of factor levels and results of their implementation
Factors Function responses
Test No.
X..S X, Fpr X3 H X, 9. P, H Eqp, KN/m? Kq

1 - - - - 40 3.48 1.49
2 + - - - 63 2.42 1.5

3 - + - - 43 3.62 1.52
4 + + - - 69 2.65 1.15
5 - - + - 45 4.56 1.36
6 + - + - 80 3.08 1.25
7 - + + - 51 49 1.23
8 + + + - 83 3.19 1.25
9 - - - + 42 421 1.2

10 + - - + 70 2.69 1.6

11 - + - + 56 5.36 1.89
12 + + - + 86 3.69 1.24
13 - - + + 49 4.88 1.6

14 + - + + 87 3.35 1.8

15 - + + + 85 6.54 1.6

16 + + + + 107 4.67 1.34
17 -2 0 0 0 62 7.95 1.8

18 +2 0 0 0 129 4.8 1.1

19 0 2 0 0 83 4.26 1.75
20 0 +2 0 0 105 5.38 1.23
21 0 0 2 0 35 1.97 1.35
22 0 0 +2 0 93 471 1.15
23 0 0 0 2 43 221 1.26
24 0 0 0 +2 105 5.38 1.86
26 0 0 0 0 84 431 1.15
27 0 0 0 0 86 4.41 1.39
28 0 0 0 0 82 421 1.14
29 0 0 0 0 102 5.23 1.13
30 0 0 0 0 84 431 1.25
31 0 0 0 0 91 4.67 1.42
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A-A Type

Note: 1 — container with soil; 2 — experimental bucket; 3 — strain gauge.

Figure 5. Scheme of a physical model stand for the process of excavating soil with an excavator bucket

Figure 6. Physical model of the cutting edge of the bucket perimeter

3. Results and Discussion

The process of cutting the soil along the perimeter of the
bucket with a variable cutting edge is shown in Figure 6.

As a result of processing the experimental data, the
regression equation for determining the soil cutting
resistance was generalised and derived:

Pp = 83.6 + 5X1 + 22.7X2 + 5.34X3 + 6.83X12. (2)

The connection between the factors examined and Pp is
shown in Figures 7 and 8. Rp 2.8 increases up to 4.3 times
due to an increase in the thickness of the cut soil from 2 to 6
cm.

According to the graph, due to the increase in soil
strength, the growth rate of Rp decreases from 50% to 20%.
Changing the angle of the cutting edge from 0 to 450
reduces the horizontal component of the ground cutting
resistance to 20%, and then increases due to the parabolic
dependence. The angle of the cutting blade is considered
compatible with 450. Within the studied limits, the cutting
speed does not contribute to a change in the cutting
resistance of the soil.

Experimental studies of the excavation process of a
bucket model with a variable shape of a cutting blade
performing excavation work were carried out in a rotatable
central composite four-factor plan, based on the results of
an analysis of a priori information and a preliminary
experiment. The following parameters were taken as the
studied factors: S soil supply, Fpy spring
pre-compression force, h — digging depth, and V. — cutting
speed.
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Figure 7. The change in shear force depending on the depth of the soil (h) and the strength of the soil (C) when installing the cutting edge at an angle

of 450
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Figure 8. The change in the cutting force depending on the angle of the
cutting edge (¢) and the strength of the soil (C) at a depth of h=4 cm

The implementation of the project matrix was carried
out alternately. First, experiments were carried out at the
project location, as a result of which statistical
characteristics of the indicators of the soil excavation
process with an excavator bucket with a changing shape of
the cutting edge were determined. The results of the

experiment were processed according to the general order
method [10;11]. At the same time, the homogeneity of the
variances was tested using Cochran’s C test in some series
of experiments. The values of the regression equation
coefficients were tested using Student’s t-test. The
possibility of describing the process by a second-order
mathematical model was checked for compliance at the
level of o = 0.05 according to the Fisher criterion.
Processing of experimental data made it possible to obtain
a regression model that determines the factor of
dependence of response functions on transformative
factors:
The effort required to dig the soil; H:

P1=89.1 +17.1X1 + 8.5X3 + 6.1X4 — 5.9X22 — 11.9X3. (3)
Energy intensity of the soil digging process:
E =457 — 0.57X1 + 0.44X3 + 0.31X12 —

4)

—0.38X22 — 0.69X32 — 0.26X42.
Dynamic coefficient:
Cd = 1.39 + 0.093X1 + 0.083X2 - 0.067X42. (5)

The transition from the encoded type to the natural
values of variables is carried out according to Eq. (6)
[12;13]:

Xi = XiE + Xoi, (6)
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where: X; — the natural value of the factor; X; is the
encoded value of the factor; E — the encoded value of the
conversion intervals of the factors; X,; — the encoded value
of the zero-level factor.
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Figure 9. Change in the excavation force depending on the excavation
speed (V) and the pre-compression force of the spring (Fy,) at S =15 mm
andh=04m
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Figure 10. Change in the excavation force depending on the excavation
speed (Vk) and the pre-compression force of the spring (Fser)

Figures 9 and 10 show graphs of the dependence of the
excavation force (Sy), the pre-compression force of the
spring (P;), the depth of the excavation (E;) and the
excavation speed (Vy). According to the graphs, the
dependence of the soil laying (P;) on the soil supply (S)
and the pre-compression force of the spring (FC) are shown

Improving Efficiency of Earthworks in Hydraulic Engineering Construction

linearly. At constant values of the cutting speed (Vy) and
the pre-compression force of the spring (FC), the soil
supply increases by 5-25 mm, which leads to an increase in
the amount of force required for digging the soil. With
constant values of S and h, then an increase in FC from 10
to 90H entails an increase in the value of P; from 1.3 to 2.0
times. As the recess depth increases by 0.4 m and the
cutting speed increases by 0.19 m/s, the growth rate of P,
increases. This is explained by the fact that as / increases to
the level of the bucket pressure shaft (h = 0.4 m), the
thickness of the cut soil falling out of the soil increases in
direct proportion. On the one hand, at a low cutting speed,
the connection of the shape change of the cutting edge with
the FC is insignificant.

The nature of the dependence of the force was required
for excavation on the depth of excavation and the speed of
excavation varies according to a parabolic relationship. In
the process of changing the digging depth, it grows 4.5
times more intensively to bring the soil to 15 mm, and
decreases when H>0.4 m is reached. This is due to a
decrease in the cross-sectional area of the thickness of the
lowered soil, because according to the experimental data,
the intensity of the change in the depth of digging and the
force was required for digging with a constant supply of
soil, the cutting speed depends on the pre-compression
force of the spring.

If at Vi = 0.11 m/s, a change in Fy, by 10 to 90H
contributes to the growth of Py, then at Vi, = 0.27 m/s, the
value of P; grows intensively and increases up to 2.1 times.
The reason for this lies in the fact that with an increase in
the pre-compression force of the spring in the presence of
the cutting speed of the soil, the subsequent retreat of the
movable part of the cutting edge becomes difficult, thereby
the process of cutting the soil occurs. With an increase in
the cutting speed and a decrease in the pre-compression
force of the spring, the opposite picture is observed, when
the cutting edge of the bucket overcomes the compression
force of the spring as the resistance to digging increases,
then retreats, thereby carrying out an oblique cutting of the
soil, which leads to a decrease in the force required for
digging the soil.

According to the indication of the control of the soil
development process by the excavator bucket with a
variable cutting edge, when the bucket exits the recess, the
movable part of the cutting edge comes to its original
position due to a durable element. Thus, in one cycle, the
bucket will be the same as the resulting soil. The graphical
dependence of the energy intensity of the soil development
process by the excavator bucket with a change in the shape
of the cutting blade in the function of the soil supply (S),
the pre-compression force of the spring (Ry,), the depth of
the excavation (h) and the cutting speed are shown in
Figures 11 and 12.
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Figure 11. The change in the energy efficiency of excavation due to the cutting speed (V¢) and the pre-compression force of the spring (Fser) at S= 15

mm and h=0.4 m

The considered regularities are due to the change in the
cutting thickness of the resulting soil, depending on the
depth of the excavation and the shape of the cutting edge,
depending on the resistance of the excavation. Having
determined for this process in equation (30) by the
variables X, X,, X3, and X, the response function of the
energies of the digging process, the harmonious values of
the pre-compression force of the spring, the soil supply,
and the depth of digging are obtained. The minimum value
of the energy intensity of digging the soil is set within
15-22 mm. The maximum value of the energy intensity is
0.3-0.5 m and corresponds to about 70-90 H for the
pre-compression force, according to test indications, as the
cutting speed increases accordingly, the harmonic value of
the energy intensity increases intensively. According to the
schedule, when the soil supply changes from 5 to 20 mm
and the spring is pre-compressed, the energy intensity
equal to 50 H decreases to 1.6 times, and when the digging
depth increases to 0.4 m, it increases to 3.4 times. The low
values of the energy intensity of the soil supply and their
intensive nature at the depth of excavation are due to a
decrease in the cross-sectional area of the soil thickness
with a decrease in the depth of the soil supply and
excavation, which leads to a decrease in the power spent on

digging the soil.

With an increase in the pre-compression force of the
spring to 90 H, as shown in Figure 11, the energy intensity
of the process increases up to 2.1 times. The shape of the
cutting blade, which reduces the force spent on digging,
does not change, which causes a change in the energy
intensity of digging. An increase in the digging depth
above the pressure shaft reduces the thickness of the
extracted soil, resulting in a decrease in the energy
intensity of the digging process.

Figures 13 and 14 show the graphical relationship
between the dynamic coefficient of force required for
digging, which is an indication of the order of operation as
a function of bucket cutting speed, ground feed, and spring
pre-compression force.

The change in the shape of the cutting edge according to
the graph has a significant effect on the cutting speed of the
soil, which varies according to a parabolic dependence on
the change in the order of operation of the excavator bucket.
An increase from 0.15 to V. and 0.27 m/s leads to an
increase in Ky up to 2 times. A compatible cutting speed is
a very small value of the dynamic coefficient with the same
dimensions as the rest of the bucket providing 0.13-0.18
m/s.



3106

E, 1/m?

11

Improving Efficiency of Earthworks in Hydraulic Engineering Construction

10

25

»
L

2, mm

Figure 12. Change in the energy intensity of the excavation depending on the soil transfer (S) and the depth of the excavation (h) at Fy, = 50H and V.

=0.19 m/s

2.0

1.8

1.6

14

1.2

1.0

z

X/

/
4

4

Z

[ /
/

g

L

Vi

//

Z
7
/
F 4

»

011

015

019 023

0.27

Ve, m/s

Figure 13. Change in the dynamic coefficient of the excavation force depending on the pre-compression force (F,) and the cutting speed (V.) of the

spring at S = 15 mm



Civil Engineering and Architecture 10(7): 3097-3109, 2022 3107

Cd \ 4

1.8

1.6

14

1.0

- . . . -+
10 15 2 25§ m

h

1-S=15 mm; 3-S=5 mm; 4-S=20mm; 5-S=25mm

Figure 14. Change in the dynamic coefficient of the excavation force due to soil transfer at Fy., = 50H and V, =0.19 m/s

Table 3. Test results of the single-bucket excavator EO-2621a with a variable-shape cutting blade at a cutting speed of V. = 0.3 m/s, a depth of
excavation h = 2.0 and the number of impacts of the RCSRI density meter C = 6-8 in the field conditions

Type of bucket .. Installation  Digging Technical Energy Dynamic
. Transmission, Power N, . . .
No. cutting edge S, (M) angle ¢, force P, (kW) performance P intensity E, coefficient
arrangement ’ (deg) H) mh_(mslh) kW.h/m’ K;
In the case of the
primary, 0.1 90 8700 2.61 70.2 0.037 1.36
approved
In the case of
approved 0.1 45 8150 2.45 59.6 0.041 1.23
averages
Fixed in changing 0.1 - 5310 1.59 70.2 0.0226 1.1
conditions
In the case of the
primary, 0.15 90 13550 4.06 105.3 0.039 1.26
approved
In the case of
approved 0.15 45 12275 3.68 89.5 0.0412 1.15
averages
Fixed in changing 0.15 - 7960 239 105.3 0.0227 1.01

conditions
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As the soil supply increases, the efficiency of reducing
K, increases, which is explained by an improvement in the
process of filling the bucket with soil due to an increase in
the ability of the cutting edge to penetrate the soil, and then
stabilising. This suggests that increasing the thickness of
the removed soil is effective. Optimisation for a bucket
with a variable cutting blade with the highest efficiency in
terms of energy efficiency of soil digging can be achieved
with the following variable factors: soil supply S =
15-22mm; digging depth h = 0.3-0.5 m; cutting speed V =
0.13-0.17 m/s and the pre-compression force of the spring
30-50H.

The constructive creation of the test bucket made it
possible to conduct studies of the cutting edge in various
conditions, depending on the depth of the soil supply and
excavation. At the same time, to ensure the same
conditions for the study of a bucket with a different shape
of the cutting edge, tests are carried out at a constant
cutting speed in one face V.= 0.3 m/s and the number of
the RCSRI density meter ¢ = 5-8 (18%) — was also carried
out. Digging the soil was carried out in the same position of
the boom and the bucket, which were set according to the
line marks before each taking of the soil. The delivery of
soil was systematised by moving the excavator operator to
anew location according to a mark on the outer layer of the
earth after each cycle [12-18]. The minimum
cross-sectional area of the cut thickness of the soil is
observed at the initial moment of the digging process when
the resistance to digging the soil is minimal and full use of
the excavator engine power is possible [19,20]. This
increases the filling of the bucket with soil and intensifies
the productivity of the excavator. The test results are
shown in Table 3.

According to the analysis of the test results, the use of
unconventional shovels on sandy soils in the EO-2621
excavator, which changes the shape of the cutting edge,
allowed to reduce the force used in excavation by about
1.5-1.7 times, the power during excavation by 35-38% and
energy consumption by 30%. The higher efficiency of the
tested bucket in earth-moving operations compared to a
traditional bucket is explained by a decrease in the
excavation effort as a result of the adaptation of the cutting
edge to the direction of movement of the treated soil.
Reducing the force spent on digging the soil affects the
reduction of the energy intensity of digging the soil. The
reason for this: traditionally, the bucket digs the soil
according to the principle of frontal cutting, since its
cutting edge is perpendicular to the direction of movement
in the horizontal plane. The cutting blade of the bucket
under test changes its shape under the action of the
excavation resistance, adapting to the soil conditions in the
plane of movement of the working tool, i.e., the excavation
is carried out in the process of oblique cutting.

Improving Efficiency of Earthworks in Hydraulic Engineering Construction

4. Conclusions

The results of experiments made it possible to obtain a
graphical dependence of the energy intensity of the digging
process with a cutting edge, the shape of which changes
itself in the function of soil supply, on the depth of digging
and the cutting speed of the pre-compression force of the
spring. Optimisation for a bucket with a variable cutting
blade with the highest efficiency in terms of energy
efficiency of soil digging can be achieved with the variable
factors.

According to the analysis of the test results, the use of
unconventional shovels on sandy soils in the EO-2621
excavator, which changes the shape of the cutting edge,
allowed to reduce the force used in excavation by about
1.5-1.7 times. Based on the conducted experimental studies,
the effective shape of the cutting edge of the excavator
bucket is considered to be a triangular shape of 45 degrees.
The experiments performed make it possible to determine
the quantitative character that determines the stability of
cutters with a cutting edge that changes during the digging
of various hard soils. The advantage of a profiled bucket
with a given cutting blade is easy penetration into the
ground and a large specific pressure exerted on the cutting
edge, which allows the excavator to be used in more
durable soils. According to research, an excessive increase
in the resistance of the angle is ineffective due to an
excessive increase in the resistance of cutting the soil. This
is due to the rapid increase in soil resistance as a result of
an increase in the perimeter of the cutting edge of the
excavator bucket when capturing soil. On this side, the
bucket leads to a decrease in the structural strength of the
working tool.
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