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Abstract: This article presents the results of complex theoretical and experimental studies on creating
universal continuous earthmoving machinery operating under non-standard loading conditions,
namely, cyclic lateral loading on the actuator during digging. The lateral loading is due to the
complex nature of the actuator motion when digging the soil, namely, the longitudinal motion of the
machinery, the actuator digging the soil, and the lateral reciprocating motion of the actuator. This
allows for variable width excavations in the soil, whose width exceeds the width of the actuator. The
key issue of this machinery operation is to provide its course stability. The article considers the choice
of soil-developing actuator and shows the developed calculation schemes of external loading on the
operating equipment and a base tractor when digging long excavations in the soil. The dependencies
to define external forces acting on the actuator when digging the soil and determining the machinery
course stability, considering their spatial nature, have been developed and suggested for practical
use. The conditions to ensure the stability of the course of universal earthmoving machinery have
been formulated and substantiated. The developed method for determining course stability can be
used when creating industrial samples of trenching earthmoving machinery.

Keywords: universal earthmoving machinery; operating equipment; lateral loading; soil; course
stability; actuator

1. Introduction

The development of technology in the field of working machines and tracked vehicles
made it possible to create new groups of machines intended for strictly defined earthworks.
One of such groups is the machine that allows digging ditches. These machines are used
in agriculture, drainage, pipeline laying and military applications. There is a tendency to
universalize and reduce the size of these machines. As part of this trend, the aim is to create
universal continuous earthmoving machinery (UEM) capable of developing excavations
of different width and depth using the same actuator system [1–4]. These machines are
used, in most cases, to work on the ground. The subject of the excavated material may
be soil or rock [5]. However, solutions adapted to underwater works are appearing more
and more often. Examples of such machines are described in other work [6,7]. One of the
significant problems in the case of this type of tracked machine is ensuring the stability of
motion under changing load conditions. This problem is described in many studies on the
dynamics of this type of vehicle, in which models were created and experimental studies
were carried out [8–12].

There are many patent solutions for creating universal machinery. A typical repre-
sentative may be a trencher with a chain and bucket actuator [2]. It can perform lateral
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oscillating motions relative to the vertical hinge located aft of the tractor (Figure 1), thus
changing the width of the excavation.
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The impossibility to use the full geometric capacity of the rotor buckets or the vol-
ume of the transporting bars of the chain actuator, when they move laterally from one 
face wall to another during the half-cycle, causes a proportional change in the value of 
lateral loading on the actuator. For the UEM designs, it has been experimentally estab-
lished that when the width of the developed excavation is two times larger than the 
width of the actuator, the bucket filling factor is 0.7, and the energy consumption for the 
lateral motion of the rotor in the face (the place where the soil is directly developed) 
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3—chain soil development actuator; H—digging depth; Bmin—the minimum excavation width;
Bmax—the maximum excavation width; β—the angle of rotation of the actuator.

The amplitude of the actuator oscillating motion is determined by the value of the
rotation angle of the operating equipment relative to the velocity vector of the longitudinal
motion of the machinery. The depth of the excavation under construction is changed
by turning the soil development equipment of the machinery relative to the axis of the
horizontal hinge of its bolting to the tractor. There exist designs where the excavator chain
actuator goes laterally when digging the soil, moving along the guides perpendicular to
the longitudinal axis of the machinery by a hydraulic cylinder that remains in a parallel
position relative to this axis [3].

Significant forces arising from the lateral supply of the actuator to the soil are trans-
mitted to the base tractor and can lead to the periodic loss of the course stability of the
machinery. The issues of forming and determining the value of uneven cyclic external load
on the actuator during the UEM operating cycle have not yet been scientifically justified
and solved.

These kinematic features of the lateral motion of the chain and bar actuator relative to
the aft of the tractor cannot minimize and uniform the machine load, primarily due to the
uneven thickness of the developed cutting across the width of the excavation.

In case of using milling and throwing, rotor, or screw actuators in universal earthmov-
ing machinery [4,13–15], these shortcomings cannot be eliminated.

Thus, when trenches with a width of 2.2 m are developed, the uneven loading of the
drive motor of the UEM rotor actuator reaches 60% (against 20% for conventional trenchers).
This leads to a decrease in the engine load factor and, consequently, to incomplete use of its
power. The amount of underutilization of power reaches 25%.

When digging the soil for one half-cycle of lateral motion of the actuator (movement
from one side wall of the excavation in the soil to another), the cross-sectional area of the
cutting across the width of the face is variable—from “zero” to “maximum”. Achieving the
“maximum” corresponds to the conditions of complete filling of the rotor buckets with soil
and, hence, the moment of maximum loading on the actuator.

The impossibility to use the full geometric capacity of the rotor buckets or the volume
of the transporting bars of the chain actuator, when they move laterally from one face wall
to another during the half-cycle, causes a proportional change in the value of lateral loading
on the actuator. For the UEM designs, it has been experimentally established that when the
width of the developed excavation is two times larger than the width of the actuator, the
bucket filling factor is 0.7, and the energy consumption for the lateral motion of the rotor
in the face (the place where the soil is directly developed) reaches 20–30% of the power of
its drive. In general, the energy consumption of UEM soil development is 10–15% higher
than that of a conventional trencher, which is quite natural [15]. The reasons for this are
the imperfection of the kinematics of the cyclic translational and rotational motion of the
actuator in the digging mode, soil spills occurring in front of the actuator during its lateral
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motion, pressing this soil to the excavation walls at the end of each half-cycle. It should be
noted that the energy consumption of soil development by UEM rotor actuators is lower
compared to the soil development by chain and bar or chain and bucket actuators. The
statements determine the direction, purpose, and objectives of the necessary research to
create UEM. To solve this problem, scientific work has been performed on the creation of
universal continuous rotor earthmoving machinery [15,16].

The purpose of the study is to develop the method for determining the stability of the
course of the universal earthmoving machinery operating under cyclic lateral loading.

The objectives of the study are:

• To reveal the physical essence of the process of interaction of the UEM rotary actuator
with the soil in the process of digging under the condition of the translational and
rotational supply of the actuator;

• To develop a mathematical model of the power load of the UEM operating equipment
and the machinery in the process of digging the soil under the condition of the two-
hinged, two-link hitch of the actuator at the aft of the machine and on its basis the
method of the machinery course stability determination as a decisive factor in ensuring
its operability.

In order to achieve the objectives, the article includes the following sections:

• Section 1 introduces the subject and provides an overview of the literature;
• Section 2 presents the description of the used methodology, determining the course

stability and the experimental setup used;
• Section 3 presents the results of the experimental studies;
• Section 4 summarizes the work;
• Section 5 describes further research.

2. Materials and Methods

Physical models of UEM operating equipment with both bucketless actuators and
bucket rotor ones with centrifugal unloading were mainly used as the research objects. A
rotor-vane thrower was used as a tow truck of the developed soil to the edge of the trench.

According to the layout scheme of the UEM operating equipment accepted in this
investigation (Figure 2), the development of the soil by the rotor actuator is provided by a
combination of three motions: cutting the soil with speed Vc, the longitudinal motion of the
machinery at speed Vs, and the translational and rotational lateral motion of the actuator at
speed Vls. According to the two-hinge scheme of the actuator hitch on the tractor, its motion
in the face with speed Vls is provided by the simultaneous angular motion of two links
of the hitch—the intermediate frame and the rotor frame relative to the vertical hinges A
and B of its bolting (Figure 2). The developed soil is carried by buckets from the face to the
thrower and then to the dump. At a certain frequency of rotation of the rotor, the developed
soil is unloaded from the buckets due to the centrifugal forces of inertia. The two-link
layout scheme of the operating equipment hitch on the tractor with the individual drive of
rotation by the hydraulic cylinders of each link (see Figure 2) enables lateral motions of one
of the links to be carried out at the switched off drive of another link motion, to carry out
the so-called rotation (additional turn) of an intermediate frame of the actuator.

When digging the soil, there are forces that affect the operating equipment of the
machine that are different in nature, power, directions of action vectors, and coordinates of
application points (Figure 3). They include: weight loading G1 from the intermediate frame,
weight loading G2 from the actuator and the frame on which it is installed, components of
soil-digging forces—tangential, normal, and lateral soil-digging forces, respectively, P01,
P02, P03, horizontal Ph and vertical Pv components of the reaction from throwing the soil
into the dump by a rotor thrower, and inertial forces.
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The coordinates of the points of the weight loading application, external forces, and 
their reactions relative to the metal structures of the operating equipment of the ma-
chinery are accepted as fixed. However, when digging the soil in the mode of the trans-
lational and rotational motion of the actuator, the action of the external forces (as well as 
moments of forces) relative to the bolting hinge of the operating equipment to the aft of 
the tractor are variable. 

The moment Mt, which turns around the machinery [17] (see Figure 3), is deter-
mined by the action of external forces, namely, the force components of the digging of the 
soil, the forces of inertia, the reactive forces applied to the actuator during digging, the 
interaction forces of the support shoe with the bottom of the face, and the current di-
mensions of the shoulders of the application of these forces relative to the bolting hinge 
of the operating equipment at the aft of the tractor. 

Figure 2. Universal continuous earthmoving machinery (UEM) rotor operating equipment: (a) layout
scheme; (b) physical model of equipment (1—intermediate frame; 2—rotor frame; 3—rotor; 4—
vertical hinge aft of the machinery; 5—hinge connecting the rotor frame and the intermediate frame;
6—thrower; 7—rotor housing; 8—hydraulic cylinders of rotor frame rotation; 9—hydraulic cylinders
of intermediate frame rotation; 10—sweeping support shoe).
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The support shoe of the operating equipment of the machinery from the side of the
bottom of the face is affected by the normal force Pn and the force of resistance to the shoe
motion on the bottom of the face Psn and Psl .

The load of the operating equipment is transferred aft of the tractor through the
vertical bolt hinge. Due to the action of the specified forces, there are the corresponding
reactions of Rx, Ry, and Rz (see Figure 3).

The coordinates of the points of the weight loading application, external forces, and
their reactions relative to the metal structures of the operating equipment of the machinery
are accepted as fixed. However, when digging the soil in the mode of the translational
and rotational motion of the actuator, the action of the external forces (as well as moments
of forces) relative to the bolting hinge of the operating equipment to the aft of the tractor
are variable.

The moment Mt, which turns around the machinery [17] (see Figure 3), is determined
by the action of external forces, namely, the force components of the digging of the soil, the
forces of inertia, the reactive forces applied to the actuator during digging, the interaction
forces of the support shoe with the bottom of the face, and the current dimensions of the
shoulders of the application of these forces relative to the bolting hinge of the operating
equipment at the aft of the tractor.

The moment of resistance of turning around the machinery Mrt [18] (see Figure 3) is
caused by the force interaction of the tractor chassis operating equipment with a soil basic
surface, taking into account the action of the external load on the tractor when digging
the soil, by the nature of distributing the load on a basic surface. As a basic surface, the
total contact surface of two tracks of the chassis equipment of the machine with the soil
is considered.

When digging the soil, the values of the external forces and moments of forces that
turn around the machinery, as well as the moments of resistance to a turn, change over
time in both the value and the sign.

The course stability of the machinery is provided when [18]:

krcs ≥
Mrt

Mt
> 1 (1)

where krcs is a reserve ratio of the course stability.

2.1. Determining the Course Stability

The stability of the machinery is characterized by the stability of the operating equip-
ment of the contact of the tractor chassis with the support surface under external loading.
The power load of the continuous earthmoving machinery tractor in the digging mode of
the soil is determined by the main vector and the main moment of the external forces ap-
plied to the bolting hinge of the operating equipment at the aft of the tractor. To determine
the moment of resistance of the tractor turn, it is necessary to bring external forces and
moments of forces to the center O′ of the tractor support surface (Figure 4). Figure 4 should
be considered as a supplement to Figure 3.
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The moment acting in the center of the support surface O′ (plane X′O′Y′), which is
also turning, is determined by:

Mt = Mxoy + Pl · xo (2)

The moment in the vertical longitudinal plane X′O′Z′ is determined by:

My = Mxoz + T · zo + Pv · xo (3)

The moment in the vertical plane parallel to the aft of the machinery Y′O′Z′ is deter-
mined by:

Mx = Myoz − Pl · zo (4)

In the given formulas, Mxoy, Mxoz, and Myoz are components of the main vector of the
moments of forces. T, Pl, and Pv are components of the main vector of forces. x0 and z0 are
the coordinates of the center of a support surface O′ relative to the hinge O at the tractor aft.

The total reduced moment of turn resistance of the caterpillar machinery Mrt (Figure 3)
consists of the moments of turn resistance of each caterpillar. Under the condition of a
trapezoidal diagram of the transverse forces acting on the tractor caterpillar, the moment of
resistance of the left and right caterpillars Mrtl and Mrtr is determined as follows:

Mrtl =
∫ − L

2

0
µ · p′l · x · dx +

∫ L
2

a
µ · p′l · x · dx −

∫ a

0
µ · p′l · x · dx (5)
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Mrtr =
∫ − L

2

0
µ · p′r · x · dx +

∫ L
2

d
µ · p′r · x · dx −

∫ d

0
µ · p′r · x · dx (6)

where p′l and p′r are, accordingly, the running loading of the caterpillars on the soil; L is the
length of the support surface of the caterpillar; and µ is a coefficient of the turn resistance.

Running p′l(r) loading on the left and right caterpillars in the general case (Figure 3) is
determined by:

p′l(r) = pl(r)·b, (7)

where pl(r) is the pressure on the soil of the corresponding caterpillar and b is the caterpil-
lar width.

The values of the distributed pressure of the machinery on the soil should be calculated
as follows:

pl =
p1 + p2

2
+

p2 − p1

L
· x (8)

pr =
p3 + p4

2
+

p4 − p3

L
· x (9)

where p1, p2, p3, and p4 are the values of the pressure on the soil at the characteristic points
of the support circuit of the machinery (see Figure 4).

In its turn:

p1 =
1

b · L

(
Q
2
+

Mx

Bt
−

3 ·My

L

)
(10)

p2 =
1

b · L

(
Q
2
+

Mx

Bt
+

3 ·My

L

)
(11)

p3 =
1

b · L

(
Q
2
− Mx

Bt
−

3 ·My

L

)
(12)

p4 =
1

b · L

(
Q
2
+

Mx

Bt
+

3 ·My

L

)
(13)

In the above-presented formulas, Q = Gt + Pv is the total vertical load on the machinery
caterpillars; Gt is the weight of the tractor with attachments; Pv is the vertical load in the
bolting hinge of the operating equipment to the aft of the tractor, O point; Bt is the track of
the machinery. After solving the above equations by formula:

Mrt = Mrtl + Mrtr (14)

the total moment of the machinery turn resistance is determined.
The moment that turns the machinery Mt is determined for the digging mode.
The physical nature of the machinery actuator motion from one wall of the excavation

to another in the digging mode (half-cycle of the operating process) is characterized by two
sections. Both mechanisms of the actuator lateral motion in the face work in the first section.
During this period of time, the rotor frame rotates relative to the intermediate frame at an
angle of 2ϕ (see Figure 2). In the second section of the lateral motion, only the mechanism
of the intermediate frame rotation works. The rotor frame is locked and it becomes one, as
a whole, with the intermediate frame. The time during which the lateral motion of the rotor
in the second section of the trajectory occurs is the delay time td of rotor frame rotation
(time of rotation of the intermediate frame). Ultimately, in a half-cycle, the intermediate
frame of the actuator rotates at an angle 2β (see Figure 2).

When digging, the rotor simultaneously develops the soil with the front and side faces
of each bucket. External forces acting on the actuator are determined as components of the
resistance to digging the soil—tangential, normal, and lateral. It is characteristic for the
conditions of digging the soil by other machinery and in other soil conditions [19,20].

In the lateral motion on the side of the rotor, a prism is formed to draw the developed
soil. Its presence increases the resistance to the lateral motion of the actuator, especially at
the time when the rotor approaches the wall of the excavation in the soil, because at this
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time, the drawing prism is pressed to the side wall of the excavation. This should be taken
into account when the resistance force is determined.

The initial parameters of the research are: the linear dimensions of the operating
equipment li, the width of the developed excavation B, the hydraulic cylinder speed of
extending the rods of the actuator hinge drive (intermediate frame and rotor frame) Vhyd
and V′hyd, the speed of the longitudinal supply of the machinery Vs, soil cutting Vc, the
half-cycle duration of the lateral motion of the intermediate frame t1 (link 1), the rotor
frame t2 (link 2), and the rotation of the intermediate frame td (Figure 2).

When creating external forces acting in the XOZ plane on the rotor actuator during
soil digging, let us consider the case of frontal cutting (Figure 5).
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The total tangential force of digging the soil with the rotor buckets in this case is
determined according to the dependence:

P′01 =
n

∑
i=1

P′01 i = br ·
Vτ

Vc
· T ·

n

∑
i=1

ki · cos(ξ · (i− 1)− σ) (15)

where br is the rotor width; T = 2πr
n is a pitch of bucket location on the rotor; n is the

number of buckets; R is the radius of the rotor along the edges of the cutters of the installed
buckets; ki is the specific resistance to digging the soil with the i-th bucket; ε = 2π

n is an

angular pitch of bucket installation; σ = arcsin
(

H
R − 1

)
; H is the depth of the excavation

under construction; and i is the number of buckets that simultaneously develop the soil.
The normal component of the resistance to digging the soil is:

P′02 = ψ·P′01 (16)

where coefficient ψ = 0.3 . . . 0.5 [21] is a coefficient of proportionality (its value is experi-
mentally determined).

Let us consider the case of digging the soil in the XOY plane by the side faces of the
rotor buckets (Figure 6).
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The total tangential component of the resistance to digging the soil due to the lateral
motion of the actuator in the face is:

P′′01 i =
n

∑
i=1

P′′01 i = k · Vls
Vc
· T ·Vs · t · cos(ϕ− β) ·

n

∑
i=1

cos [ξ · (i− 1)− σ] (17)

where k is the specific resistance to digging the soil and t is the current time of lateral
motion from the beginning of the half-cycle.

The total lateral component of the soil digging force is:

P03 = ψ3 · P′′01 (18)

where ψ3 is the correction factor determined according to the data of the experimental
studies performed in this work.

Let us decompose the total equivalent force of digging the soil with the rotor buckets,
not into tangential and normal components, but into horizontal and vertical in the same
coordinate system and at the same points of application. Then:

P ∗′02 =
n

∑
i= 1

P01 i · sin[ξ · (i− 1)− σ] +
n

∑
i= 1

P02 i · cos[ξ · (i− 1)− σ] (19)

P ∗′01 =
n

∑
i= 1

P01 i · cos [ξ · (i− 1)− σ]−
n

∑
i= 1

P02 i · sin [ξ · (i− 1)− σ] (20)

In addition to the digging forces, the rotor is affected by the friction forces of the
transported soil on the surface of the developed face and the inner surface of the protective
guide rotor housing (see Figure 2b), as well as the centrifugal forces of the soil in buckets
acting on the structural elements of the actuator rotor.

The horizontal and vertical components of the total centrifugal force of inertia of the
transported soil in buckets are determined by:

Fh = − V2
c

R

(
n′′

∑
i= 1

m′i · cos [ξ · (i− 1)− σ] +
n′

∑
i= 1

m′i · cos(ξ · i− σ)

)
(21)

Fv = − V 2
c

R

(
n′′

∑
i= 1

m′i · sin[ξ · (i− 1)− σ] +
n′

∑
i= 1

m′i · sin(ξ · i− σ)

)
(22)

where m′i is the mass of the soil in each bucket located in the area of the rigidly established
cutting perimeter of this bucket.

As a result, the vertical and horizontal components of the friction forces are:

Ph. f =
V 2

c
R

(
f1 ·

n′′

∑
i= 1

m′′i · sin[ξ · (i− 1)− σ] + f2 ·
n′

∑
i= 1

m′′i · sin(ξ · i− σ)

)
(23)
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Pv. f =
V 2

c
R

(
f1 ·

n′′

∑
i= 1

m′′i · cos[ξ · (i− 1)− σ] + f2 ·
n′

∑
i= 1

m′′i · cos(ξ · i− σ)

)
(24)

where m′′i is the mass of the soil in the open space of the i-th bucket, which, when moving,
is in contact with the undeveloped soil mass.

The total external vertical and horizontal loadings on the actuator when digging and
transporting the soil are:

P ∗01 =
(

P ∗
′

01 + Fv + Pv. f

)
· ψ1 (25)

P ∗02 =
(

P ∗
′

02 + Fh + Ph. f

)
· ψ2 (26)

where ψ1 and ψ2 are the empirical correction factors of the actual increase in the vertical
and horizontal loadings on the actuator rotor compared with the calculation ones [15].

During the operation of the rotor thrower by means of which the developed soil moves
sideways outside the cut excavation, the reactive force Rt affects it from the ejected soil. It
is tangentially directed to the ejection trajectory (Figure 7).
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The force value is determined in accordance with the principle of momentum con-
servation of momentum in the “thrower-soil” system. In differential form, the reactive
force is:

R t =
dm
dt
·Va (27)

and in integral form it is:
R t = kl · γ · S ·Vc ·Va (28)

The horizontal Rth and vertical Rtv components of the specified reactive force Rt are:

R th = Rt · cosθ, R tv = Rt · sinθ (29)

In the specified formulas, Va is a vector of the absolute velocity of soil ejection from
the thrower; m is the mass of soil that is developed per time unit and is supplied to the
thrower; kl is a coefficient of loosening the soil; γ is the density of the developed soil; S is
the total area of cutting that is simultaneously performed by the rotor buckets in the face;
Vr is the relative speed of soil motion on the surface of the thrower rotor blade; Ve is the
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transfer velocity of the soil; and θ is the angle to the horizon of the velocity vector direction
of the soil ejection from the thrower. θ = 90◦ − L + ε, where ε = arctg Vr

Ve
.

In addition, when ejecting the soil on the axis of the thrower rotor rotation, there is the
moment of force, the value of which is:

M = R · rt · sin(α + θ) (30)

In the translational and rotational motion of the actuator when digging the soil, the
support sweeping shoe is affected by normal force Pn from the bottom of the face and the
force of resistance to the shoe motion. Its value is determined by two components: the
resistance to the shoe motion Psn along the rotation axis of the soil-development rotor, and
the resistance Psl to its lateral motion (Figure 8).
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The force Psn is determined by the formula:

Psn = Pn · f1 (31)

where f1 is the coefficient of external friction of the soil.
The force of resistance to the sliding of the shoe support surface on the bottom of the

face without crumpling the soil surface at its lateral motion equals:

Psl = Pn · ( f1 + kls) (32)

where kls is the coefficient of lateral support. It takes into account the possible crumpling of
the soil by the support surface and its friction on the soil.

When excavating, the support shoe rotates around the axis O1, which does not pass
through the center of its support surface. The moment of the rotation resistance is deter-
mined by the formula:

M = f1 · Pn · ll (33)

where ll is the distance between the axis of rotation O1 and the center of the shoe sup-
port surface.

The dependences obtained are a mathematical model for determining the power
loading of the operating equipment of the continuous rotor earthmoving machinery, which
develops the soil in a steady mode of translational and rotational supply of the actuator
to the face. The parameters of the power loading can be determined at any point of the
actuator motion in the face during the operating cycle.

To determine the rotation moment of forces Mt by known methods [20], all external
forces that affect the operating equipment in the horizontal plane XOY and in the vertical
planes YOZ and XOZ are reduced to point O according to the laws of theoretical mechanics.
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It is located aft of the tractor and belongs to the vertical axis OZ of the intermediate frame
(see Figure 3). The moments of action of certain external forces are reduced to the same
axis OZ. The rotation moment Mt that affects the machinery is calculated after reducing the
specified forces and the moments of forces to the center of the tractor support surface O′

(see Figure 4).
The peculiarities of the earthmoving machinery operating in the mode of translational

and rotational supply of the actuator to the face imply that at the extreme points of its cyclic
reciprocating motion, the actuator changes the direction of motion to the opposite one. The
motion direction changes during a short period of time. Its duration is equal to the time of
a hydraulic valve operation (t ≈ 0.15 s). This phenomenon should actually be considered
as a shock. When considering the course stability of the machinery, shock loadings [22] can
be ignored due to their short duration.

Considering the known values Mrt and Mt, the determined coefficient of the course
stability reserve of the tractor krcs is an assessment of the course stability of the universal
earthmoving machinery as a whole.

2.2. Experimental Setup

Calculations of external forces affecting the UEM operating equipment when digging
the soil according to the obtained dependences are possible if the values of correction factors
ψ1, ψ2, ψ3 in the formulas of external forces calculation are experimentally determined. The
values of the coefficients are conditioned by the peculiarities of digging the soil in the mode
of translational and rotational supply of the actuator, which have not been sufficiently
studied so far. They include: the complexity of the actuator trajectory when digging the
soil and the formation of a drawing prism in the lateral motion of the rotor, pressing this
prism to the side wall of the excavation at the end of each half-cycle.

Experimental studies were performed to determine the absolute values of the coef-
ficients by conducting planned experimental studies of the physical model (M1:5) of the
UEM operating equipment. The experiments were carried out on a test bench for the
physical and mathematical modeling of the continuous earthmoving machinery operating
processes (Figure 9).

The test bench is mounted on the ground channel by a tensometric cart made in
the form of a spatial truss. It consists of the main frame (1) and a frame (2) moving in
the vertical direction of the carriage (3). The actuator under investigation (5) is mounted
with a special strain gauge (4) [23] on the carriage. The parameters of the spatial load are
fixed simultaneously using the strain gauge (4) during the experimental research. These
parameters are the forces on the actuator (traction force T (Px), vertical force Pv (Pz), lateral
force Pl (Py)) and moments of the specified forces Mxoy, Mxoz, and Myoz relative to the center
of the strain gauge (4) (the hinge to secure the operating equipment on the tractor aft). The
directions of the actuator in the up and down motion are provided by a special drive of the
carriage. It includes a reversible motor (6), a worm gearbox (7), and a lead screw (8) with a
nut fixed in the upper ball bearing (9) of the carriage. To transfer the vertical loading from
the carriage to the worm gearbox, the lower end of the lead screw rests on the lower ball
bearing (10), rigidly fixed to the frame. The lead screw is connected to the worm gearbox
via an elastic finger coupling. In addition to the carriage, the main frame includes: a roller
(11) for compacting the model soil with a separate profiling device (12), a pump station of
the test bench (13), a station hydraulic panel (14), a starter panel (15), automatic control
system units for the actuator tested, and the control panel of the test bench.

To ensure the supply of hydraulic fluid to the actuators of the model, a pump sta-
tion is used. It includes five pumps (Figure 10). On the control panel of the test bench
(Figure 11), there are buttons to turn on the pump station units, mechanisms for raising the
carriage, and control and measuring devices to provide the necessary operating mode of
the actuators tested.
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The automatic control system for the operating process of the operating equipment
model provides its automatic work when digging trenches of various width under the
conditions of translational and rotational supply of the actuator to the face. The automatic
control system consists of two units—the operating unit and the control unit. It is connected
to the hydraulic valves to control the drive mechanisms of the actuator.

Using measurement devices installed on the test bench of forces and the moments of
forces providing the power loading of the UEM operating equipment when developing the
soil, the research aimed to determine the:

• Traction force and vertical and lateral forces on the actuator rotor when digging
the soil;

• Torque on the axis of the rotor when developing the excavation;
• Power on the drive shaft of the thrower;
• Total traction forces, vertical and lateral, on the operating equipment reduced to the

center of the hinge of the intermediate frame relative to the aft of the machinery;
• Total moments of forces relative to the spatial coordinate system with the center

located in the heart of the rotation hinge of the intermediate frame relative to the aft of
the machinery.

Ultimately, this enables to the establishment of the laws of these power-loading
parameters changes when digging the soil in the mode of translational and rotational supply
of the actuator to the face during the operating cycle. It also enables the determination
of the values of the studied parameters and operating modes when they are maximum
or minimum.

When conducting the research, the main variables that determine the power loading
of the actuator, taking into account the previous experimental studies, are the following:

• The speed of supplying the actuator to the face, Vs;
• The soil cutting speed, Vc;
• The speed of the lateral supply of the actuator to the face, Vls;
• The soil strength according to the hummer, C;
• The width of the excavation (pit) at the level of the day surface of the soil, B;
• The rotor frame rotation delay time (intermediate frame rotation time when the rotor

frame rotation mechanism is stopped at the end of each half-cycle), td.
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The ranges of factor changes in experimental research are established as follows (in
terms of “nature”): Vs = 27–104 m/h; Vc = 6–9 m/s; Vls = 0.7–1 m/s; td = 0–1.1 s; C = 5–15;
and B = 3.0–4.5 m.

3. Results

The maximum values of the operating equipment load have been established in the
maximum productivity mode from the carrying capacity of the actuator while digging
an excavation 4.5 m wide and 1.5 m deep in the third category of loamy soils. They are:
rotor drive shaft torque Mr = 74 kNm; the main components of the force vector: traction
force T = 21 kN, vertical force Pv = 44 kN, lateral force Pl = 85 kN; the components of
the main moment of forces brought to the center of the strain gauge: moment of turning
forces Mxoy = 225 kNm, moment of forces in the vertical plane passing through the machine
longitudinal axis Mxoz = 72 kNm, and the moment of forces in the plane of the machine aft
Myoz = 150 kNm.

The possibility of equalizing and reducing the absolute values of the loads on the UEM
operating equipment by improving the machine operating process has been experimentally
confirmed. The improvement is ensuring the rotation of the intermediate frame at the
end of each half-cycle of the operating process. The necessary turning duration of the
intermediate frame has a functional dependence on the real speed of the machine motion.

The regression equations obtained make it possible to perform a comprehensive
engineering assessment of the maximum power load of the UEM operating equipment
under conditions of changes in the impact factors.

As a result, it has been established that experimentally determined patterns of external
load change that affect the actuator when digging the soil confirm the nature of the change
in these loads when determining them analytically (Figure 12). The absolute values of
the empirical coefficients experimentally determined of the actual increase in the values
of lateral, vertical, and horizontal loadings on the rotor compared to the calculated ones
are [15]: in the mode without rotation ψ1 = 0.9–1.5; ψ2 = 0.7–1.6; ψ3 = 4.7–5.9; in the mode
with rotation ϕ1 = 2.6–4.8; ϕ2 = 1.5–2.25; ϕ3 = 3.0–4.5. The comparison of the absolute values
of the lateral loads on the actuator rotor determined experimentally with the calculated
values of these loadings (taking into account the coefficient of lateral loading increase) in
different modes of operation shows (Figure 12) a sufficient convergence of theoretical and
experimental studies. The deviations do not exceed 7%.
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ery during the half-cycle: (a) without the intermediate frame rotation; (b) with the intermediate frame
rotation (C = 15, B = 4.5 m, Vls = 0.7 m/s, Vc = 6 m/s, Vs = 104 m/h).

This indicates the objectivity of taking into account the physical characteristics of
the soil by the UEM actuator in the analytical research, and in the definition of external
loadings determining the moments of forces that rotate around the machinery in the process
of digging the soil.
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4. Conclusions

The article solves the important scientific and technical task of developing and experi-
mentally confirming the adequacy of the developed calculation methodology and ensuring
the course stability of the universal earthmoving machine in the process of digging the soil:

1. The calculation scheme for determining the power load of the UEM with a two-link
system of lateral supply of the operating equipment to the face in the mode of digging
the soil with maximum productivity has been substantiated and developed for the
first time. The dependencies to define the external forces that determine the machinery
course stability in the translational and rotational supply mode of the actuator have
been obtained.

2. The factors whose change determines the value of the loading on the UEM operating
equipment in the mode of digging the soil have been determined. These include
the width and the depth of the excavation under construction, the speed of the
longitudinal motion of the machinery along the face, the speed of the lateral supply
to the face of each of the two links of the operating equipment, the soil strength
according to the hummer of the Ukrainian State Road Scientific and Research Institute,
and the duration of the intermediate frame rotation of the operating equipment at the
end of each half-cycle of the operating process.

3. The mathematical models of the power loading of the UEM operating equipment and
for determining the machinery course have been created in the process of digging
the soil. They are based on taking into account the physical features of the digging
process in the mode of translational and rotational supply of the rotor actuator to the
face. It enables the calculation of the machinery course stability in the operating mode
with sufficient accuracy.

4. The developed method for determining the stability of the UEM course can be used
when creating the industrial samples of trenching earthmoving machinery.

5. Further Research

Further research is required to determine the ways of reducing the uncontrolled
collapse (spilling) of the soil in front of the excavation actuator in the process of the soil as
the main factor in the formation of resistance forces during the cyclic lateral movement of
the rotor in the face.
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