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Abstract: In this study, a mathematical model of a railroad excavator was developed, along
with a program to determine the spectrum of allowable loads in the entire working space of
the excavator, according to which determines the spectrum of possible track loads at the
excavator's supports on the rails. The results show that the track loads vary and depend on
the position of the excavator and the size of the load. The study's findings can inform the
structural analysis of rail elements and the selection of manipulator tools to ensure
excavator stability.
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1 Introduction

Railway vehicles are vehicles that can move both on roads and on railway tracks.
When operating on railway tracks, these vehicles retain their running gear, but are
equipped with additional modules with steel wheels for track driving. The steel
wheels are free and can be raised and lowered as needed. Rail vehicles are used
for maintenance, repair or reconstruction of tracks, weed removal, cleaning and
removal of waste from the tracks. They are also used in intermediate operations
during track assembly and dismantling. The efficient use of heavy equipment on
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the railway is an important factor in the performance of works [1], and the choice
of machines and mechanization plays a key role in the quality and productivity of
railway maintenance. Today's industry offers modern machines for various types
of railway work, which differ in functionality, degree of mechanization,
productivity, accuracy. The efficiency of using these machines is a major factor
for their use in track repair and maintenance. Efficiency criteria include cost
reduction, increased capacity, speed of movement, reduced train hauling costs,
extended time between repairs, and cost-effectiveness of track repairs. Meeting
these criteria requires complex mechanization and proper selection [2, 3].

Railroad excavators (Fig. 1) are specialized machines designed for construction
and maintenance tasks on railway tracks.

Figure 1

Railroad excavator: a) physical model b) possible manipulator tools

The advantage of using them lies in the various tools with which the same model
of railroad excavator can be equipped to perform specific tasks [4]. On the other
hand, the hydraulic systems of the excavators allow for precise and efficient
handling, even in delicate tasks, which is crucial for the safe and efficient
movement of trains. There are several types of movement mechanisms for railroad
excavators [5]. The first type uses the existing wheels of conventional excavators
and can only be used under conditions where the track gauge and the excavator's
wheel spacing are the same. The other two types use attachments as special
modules for moving the excavator on tracks, with one using the excavator's drive
system and the other having an independent drive system. With the aim of
increasing the cost-effectiveness and operational efficiency of these machines in
railway construction and maintenance, Kwon et al. [5] discuss the development of
a new traveling mechanism for railroad excavators based on a 14-ton class
excavator. This new mechanism focuses on improving hydraulic performance and
efficiency, validated through both experimental and simulation methods.
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With the continuous increase in railway mileage, the demands and needs for
efficient and safe maintenance of railway infrastructure [6-9] are also growing,
which implies autonomous robot integration in railways infrastructure
maintenance [10-13] or developing smart tools, i.e., robotizing existing human-
operated on-track machines [14]. Therefore, the idea proposed by Di Natali et al.
[14] is to develop control methods and toolboxes to transform any brand of
hydraulic-rail excavator into an autonomous mobile on-track robot.

A significant portion of research attention is also directed towards the lateral
stability of railway vehicle [15] and the interaction and dynamic force between the
wheel and the rail [16]. Kazemian et al. [16] conducted a field test to investigate
and compare the results of two different strain gauge arrangements and
accelerometer installation positions, focusing on their differences in measuring the
dynamic force between the wheel and the rail.

In the research by Shi et al. [17], experimental field tests were conducted to
investigate how heavy loads induced by large axle loads influenced the dynamic
behavior of the railway track. It is demonstrated that the various speed and axle
load changes affect to the wheel-rail dynamic force, dynamic deformation of the
track structure, and track vibration behavior. Furthermore, Han et al. [18] built a
three-dimensional wheel-rail rolling contact model with a wheel flat to analyze
the wheel-rail impact response induced by the wheel flat. Also, wheel wear is a
serious concern for railroads due to the high cost of wheel reshaping, rail wear,
and safety issues in operation [19, 20]. Great attention is also paid to the study of
contact behavior between wheels and rails [21, 22]. Gupta et al. [21] focus on the
numerical simulation of contact behavior between wheels and rails in a proposed
road-cum-rail vehicle. Using the Finite Element Method and ANSYS software,
the static behavior of the wheels is analyzed to predict parameters such as stress,
deformation, and contact patch. The goal is to enhance the understanding of these
interactions for the safe and efficient design of such vehicles. In this study, a
mathematical model of a railroad excavator was developed, along with a program
to determine the spectrum of allowable loads in the entire working space of the
excavator, according to which determines the spectrum of possible track loads at
the excavator's supports on the rails.

2 Mathematical Model

The mathematical model of a railroad excavatorfor analyzing the load spectrum on
the track, when relying on its rails, is developed based on the physical model of
the general configuration of the kinematic chain. This chain consists of the
undercarriage - support moving member L; (Fig. 2), and the upper structure [23],
which includes the rotary platform L, and the manipulator with booms L3, L4, the
arm Ls, and the tool Ls. The support moving mechanism, through four metal
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wheels L;;, L, L3, L4 enables the excavator to rely on and move along the
railway track. The tool is attached to the end of the arm as a hook, grab, or
gripper. The actuators of the boom and arm drive mechanism are bidirectional
cylinders C3 ,Cy and Cs, directly connected to the pairs of kinematic pairs of the
mechanism. The assumptions of the mathematical model are: a horizontal track
base, the rails and members of the excavator's kinematic chain are rigid bodies;
the members of the kinematic chain, kinematic pairs, and hydraulic cylinders of
the drive mechanism are connected by fifth-class joints; the centers of mass of the
kinematic chain members, hydraulic cylinders, and the load grasped by the tool, as
well as the centers of the kinematic chain joints and drive mechanisms, lie in the
longitudinal vertical plane of the kinematic chain in which the axis of the rotary
platform lies; the centers of mass of the hydraulic cylinders are at the midpoint of
the kinematic length of the hydraulic cylinders; the potential overturning lines of
the railroad excavator are horizontal straight lines connecting the centers of
support of the steel wheels and the track rails. The mathematical model of the
railroad excavator is considered in an absolute coordinate system OXYZ with unit
vectors i, j, k along the axes, where the horizontal plane OXZ lies in the contact
plane of the moving mechanism and the track, with the OX axis normal to the
track; the vertical OY axis coincides with the axis of rotation of the platform L.,
and the origin of the coordinate system coincides with the center of the support
surface.
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Figure 2

Mathematical model of railroad excavator
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Each member of railroad excavator is defined in its local coordinate system
Oixyizi, by a quantities [24]:

L ={Ei1§i’?i’mi} 1)

where are ei - the unit vectors of the axes of the rotational joints of the kinematic
chain Oi, si - the position vector of joint O;+; where member L; connects to the
next member (intensity vector is the length of the kinematic members) #i- the
position vector of the center of mass of member Li, mi — the mass of member.

Vectors in local coordinate systems are denoted with a hat above the symbol.
The unit vectors of the axes of the rotational joints of the kinematic chain in the
local coordinate systems of the chain members:

e, =010}, e, ={0,0,1}, Yi=345,6 )
The drive mechanisms of the boom and arm are determined by a set of quantities:
C = {diI’dz'Z’&i’l;i’cip’cik’piI’piZ’mci’ncm[’nci} Vi=345 3)

where are d;;, d;; - the diameter of the piston/piston rod in the hydraulic cylinder,
ai, b; - the vectors, i.e. coordinates, of the position of the centers of the joints in
which the hydraulic cylinders are connected to the members of the drive
mechanism kinematic pair, cj, ci - the initial and final length of the hydraulic
cylinders, pis,piz - the pressure in the supply and return lines of the hydraulic
cylinder, 7,,,; - the mechanical efficiency of the hydraulic cylinder, m.;, n. - the

mass and number of the hydraulic cylinder.

2.1 Geometric Quantities

The position of the excavator's kinematic chain is determined by a set of internal
generalized coordinates:

6=10,,0,,05,0,,05,0,} 4)

where are ¢, = 0° - the angle of movement (lifting) of member L, relative to the
horizontal OXZ plane, 6, - the angle of rotation of the local O:x; axis of member
L; relative to the Oyx; axis of member L; (angle for platform rotation), 65,6,-

angles of rotation of the boom axes Osx3 and Oux; relative to Ozx; platform axis,
i.e. in relation to the axis Osx;, 6;- angles of rotation of the arm axes Osxs axis of

the arm relative to the O.x4 axis of the boom, 6 - the angle of position of the tool
(with the load) axes Osx;s relative to the Ogxy axis of the arm.

The position of the excavator's kinematic chain is determined relative to the
absolute coordinate system by a set of external generalized coordinates:

0=0,=0, 0;=0,, 0;=0;, 0, =0;+0,, ¢5=0;+0,+05, p5g =-90° ®)
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Vectors from the local coordinate systems Ox;jyiz; of the members of the kinematic
chain are transformed into vectors in the absolute coordinate system OXYZ using a
transformation matrix:

100 cosp, 0 -sing,
Ay =10 1 0] VL,;; Ay, =10 1 0 | VL,, (6)
0 0 1 sing, 0 cosp,

COSP,COSQ,  -SINQ;,COSP, -SinQY,
Ay =|sing; cosp; 0 | VL3 Ly Ls,Ls; Vi=3456 o

COSQ,SINQ, -SINE;SinQE, cosQ,

The vectors r; of the centers of the joints of the excavator's kinematic chain in the
absolute coordinate system:

B=) Ay Sy Vi=2..6 ®)
2

The vectors ry; of the centers of mass of the members:
r=r+ At Vi=1,.,6 O]

and the vector of the center of the total mass of the tool and the load grasped by
the excavator's tool in the absolute coordinate system:

P (10)

The vectors of the centers of the joints where the hydraulic cylinders are
connected to the members of the kinematic pairs of the mechanism:

iy =h+ Ay ib; n=r+A4,a; Vi=345 (11)
The vector 7, of the position of penetration point S of potential overturning lines
through the longitudinal vertical plane of the excavator's kinematic chain rotated
for the angle of the platform ¢:

aji+ajgp,k ¥V 0<¢@, < arctg%

— ! (12)
)i . a] T
i+bk YV arctg—<¢,<—
120, 1 gb1 D 3

The unit vector e.; of the forces of the hydraulic cylinders of the boom and arm:

e =il i35 (13)
|"i,1 “Hiog
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2.2 Mechanical Quantities

By reducing all gravitational forces of the excavator's kinematic chain with the
load weight G, the total allowable masses m; attached to the tip of the excavator's
manipulator, to the origin of the absolute coordinate system, in the plane of the
excavator's support, the force vector F, and the moment M, are determined by the
Egs. (14) and (15):

F, :_g[mt"‘imi"'imciJj (14)
i=1 i=3

5 5 5
. me; * mg; . .
MU=—g[Zm,»(r,,-xn+Z %)+ S x ) m(nxj) | (15)
i=1 i=3 i=3

where are m~=mstmg - the total allowable mass of the load at the tip of the
excavator's manipulator is equal to the sum of the mass of the tool msand the mass
of the load me grasped by the tool.

The moment M, of the gravitational forces of the excavator's kinematic chain,
without the tool, for the penetration point S where the potential overturning line
penetrates through the longitudinal vertical plane of the excavator at the angle ¢
of platform rotation:

5 5
Msz_g|:zmi(rti_rs)xj+z%(rz XJ+Z o " —r :l (16)
=1 i-3

The moment M,; of the gravitational forces of the excavator's kinematic chain,
without the tool, for the center of joint O3, Osand Os:

5 5
M,; __g[zmi(rti _"3)Xj+zm; ( —r3
i=3 i=3

111 -n X/} (17)

5
Mo4:—g[2mi(’n‘ X]"‘Z ri-r X]+7(’”54"”4) ]] (18)
i=4

Mo5:—g[”%("ﬁ_"5)Xj+%(”55_”5)xf} (19

From the conditions of the static stability of the excavator, relative to the potential
overturning lines, expressed by the equation Eq. (20):

MS~e+g-ksmts((r,—rs)x—j)~e:0 (20)
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the total allowable load mass m; permitted by the stability of the excavator is
determined:

I -M-e

" g'ks((rt_rs)x_j)'e

where are e=es;=es - the unit vectors normal to the longitudinal vertical plane of
the excavator's kinematic chain, k; - the coefficient of static stability of the
excavator [25].

21

From the equilibrium conditions for the axes Oiz; (i=3,4,5) of the rotational joints
of the drive mechanisms of the manipulator, expressed by the equation Eq. (22):

M, e +Fci(eci X"i)'ei +g'khmti(("t _'})x_j)'ei =0 Vi=345 (22)
the total maximum load mass my that each drive mechanism of the excavator
manipulator can carry is determined:

_—M, ¢ _Fci(eci Xai)'

e
_ LY =345 23
N (s P @9

i

where are &, - the hydraulic safety factor of the excavator [25], F; - is the intensity
of the force vector in the hydraulic cylinders C; ,C; and Cs of the drive
mechanism, determined by the equation Eq. (24):

%[dzzl “Pir 7(d5 7di22)pi2]770m[ N v Mo3 €3 <0, M04 €y <0, M05 "€s >0,i=345 (24)

_%[(dlzl - diZZ)pi[ _d.fl 'piZ]ncmi N v MU3 €3 > 0’M04 €y > 0’ Mn5 "€s < 0’i = 3’4’5
The total allowable load mass m; at the tip of the excavator manipulator, in a given
position of the kinematic chain, has the value:

m, =min {mtx’mt3’mt4’mt5} (25)

For the total allowable load mass m;,, at the supports O;;, O;2, O3, O14 (Fig. 2) of
the support movement mechanism of the excavator, the railway tracks are loaded
with forces:

F,-j M,i M, k
- +

F, = 26
T4 ap, 4g (26)
F12:F0~]+M0~1+M0~k @7)
4 4b,  4a,
F,-j M,i M, k
Fv”: o .]_ o * _ [ (28)

4 4b,  dq
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Fry==t = - (29)

3 Analysis

Based on the previously defined mathematical model, a program has been
developed to determine the load spectrum of the railway track during the
operation of a hydraulic railroad excavator supported on the railway tracks.

The program is given a set of parameters for the members of the kinematic chain
L; and the drive mechanism C; of the railway excavator, as well as the desired
number of positions of the railroad excavator in the entire working space. By
changing the rotation angle of the platform and the strokes of the hydraulic
cylinders of the drive mechanism, the program first determines the geometric
quantities: the coordinates of the joint centres and the mass centres of the
members of the excavator's kinematic chain.

Then, in each position of the railway excavator, the following are calculated: the
total maximum load mass my, from the stability conditions of the excavator and
the total maximum load masses my; (i=3,4,5) from the hydraulic stability
conditions of the drive mechanisms of the manipulator. Finally, based on the
allowable total load mass m;, the forces Fy; (i=I,...,4) in the supports of the
excavator that load the track are determined.

As an example, using the developed program, the load spectrum of the railway
track was determined for a hydraulic railroad excavator with a mass of
approximately 22,000 kg, with the parameters of the kinematic chain and drive
mechanisms (Table 1) corresponding to the models of the world's leading
excavator manufacturers (Liebherr, Caterpillar, Komatsu, Atlas) that are most
used.

The program simulated the computational model of the excavator during the
transfer of the load suspended at the tip of the arm L5 in the working space within
the interval of the platform rotation angle ¢,=[0°90°].

Table 1
Parameters of the calculation model of the excavator (Fig. 2)

IParameter name Label Size Dimension
Coordinates of the kinematic length s; of the member L; si/s1y | 0/1150 mm
Track width 2xar | 2x717 mm
Railway wheel span 2xb; | 2x2400 mm
Member mass L; mi 9000 kg
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Coordinates of the kinematic length 52 of the member Lz | s2v/s2y | 570/860 mm
IMember mass L2 m2 7800 kg
IKinematic length s3 of the member L3 3 1630 mm
IMember mass L3 m3 1000 kg
Kinematic length s+ of the member L« S4 3210 mm
IMember mass L« my 1500 kg
IKinematic length ss5 of the member Ls S5 2200 mm
IMember mass Ls ms 625 kg
IDiameter of hydraulic cylinder piston/rod c; 2xd31/d322%100/70 mm
Diameter of hydraulic cylinder piston/rod c« dai/ds2 | 180/90 mm
Diameter of hydraulic cylinder piston/rod cs dsi/ds2 | 140/80 mm
Mechanical efficiency of hydraulic cylinders Nem 0.96 -
Pressure in the supply/return lines of hydraulic cylinders | ps3i/ps2 | 33/1 MPa

During the spatial simulation, by changing the platform rotation angle (with a step
of ¢,=2°), the position of the longitudinal vertical plane of the manipulator
changes.

In the separated working space of the excavator and the entire working field,
5,000 positions of the members of the excavator's kinematic chain were observed
in the plane of the manipulator. The obtained results for the entire working space
of the excavator are presented in the form of spectra of the allowable load capacity
of the excavator and the load on the railway track, depending on the platform
rotation angle and the coordinates of the excavator's working field.

The spectrum (Fig. 3a) of the total allowable load at the tip of the excavator
manipulator shows that the allowable load weight G; changes with the change in
the platform rotation angle ¢». Additionally, for each platform rotation angle in the
entire working field, the allowable load weight varies within the range of
minimum and maximum values. The change in the allowable load weight occurs
due to the change in the position of the excavator's kinematic chain relative to the
potential overturning lines and the change in the relative position of the kinematic
chain members due to movement while performing functions in the working field.

It is characteristic that the maximum values of the allowable load weight are lower
in the zone of transverse positions of the excavator's kinematic chain compared to
the zone of longitudinal positions of the kinematic chain, observed in relation to
the potential overturning lines, respectively, direction of the railway track on
which the excavator is supported.

—240-



Acta Polytechnica Hungarica Vol. 23, No. 1, 2026

[kN] [kNm]
100 -
200
50
0 — e 100
10 20 30 40 50 60 70 80 90 ¢:[°/ "“
50 il
o v ;
_100 0 10 20 30 40 50 60 70 30 90 aiz[]
-150 400
-200 |||||||||
-250
F,
[kNJ [IcNm]
b)
Figure 3

The spectra of changes in the working space of the excavator: a) allowable load weight G, and total
reduced force F, at the center of the excavator's support surface, b) reduced moment A, and the
component M,, of the reduced moment depending on the platform position angle ¢,

Higher values of the maximum allowable load weight in the zone of longitudinal
positions of the excavator's kinematic chain are possible due to the greater
stability moment of the excavator, as the centres of mass of the support moving
member and the platform are further from the overturning line, given that the
distance (2b;) between the transverse overturning lines is greater than the distance
(2a;) between the longitudinal overturning lines (2b; > 2ay, Fig. 2).

The spectrum of changes (Fig. 3b) in the minimum and maximum values of the
reduced force F, at the centre of the support surface, depending on the platform
rotation angle ¢,, is similar to the change in the allowable load weight, which,
together with the gravitational forces of the kinematic chain, determines its
intensity. Given the nature of the changes in the allowable load weight, the
reduced force F, has higher values in the zone of longitudinal positions of the
kinematic chain compared to the transverse positions in the working space of the
excavator.

The spectrum of the reduced moment M, (Fig. 3b) depending on the platform
rotation angle ¢, shows that the maximum moment values are in the zone of
longitudinal positions of the excavator's kinematic chain. For the observed
working space of the excavator (p=0°- 90°), with the increase in the angle ¢, the
component M, (Fig. 3a) of the moment M, increases, while the component M,
has an inverse change pattern.
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The spectra of the reduced force F, (Fig. 4) depending on the coordinates (X5, Ys)
of the reach of the manipulator top in the working field, when the excavator is in
the transverse position at a platform angle ¢,=0° (Fig. 4a) and in the longitudinal
position at an angle ¢,=90° (Fig. 4b), show that the highest values of the force F,
are possible when the manipulator is in the area of minimal horizontal reach and
the lowest when the area of maximum horizontal and vertical reach in the working
field of the excavator.
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Figure 4

The spectra of the reduced force F, depending on the coordinates of the manipulator's reach in the
working field of the excavator for the platform position angle: a) 9,=0°, b) 9,=90°

The spectra of the reduced moment M, (Fig. 5) depending on the coordinates (Xs,
Ys) of the reach of the manipulator top in the working field, when the excavator is
in the transverse position at a platform angle ¢,=0° (Fig. 5a) and in the
longitudinal position at an angle ¢,=90° (Fig. 5b), show that the highest values of
the moment M, can occur when the manipulator is in the area of minimal
horizontal reach below the support plane of the excavator and the lowest in the
area of maximum horizontal and vertical reach in the working field above the
support plane of the excavator. By comparing the spectra, it is observed that in the
longitudinal position of the excavator at a platform angle ¢,=90°, the highest
reduced moments M, can occur for the manipulator's reach in a significantly larger
area of the working field compared to the transverse position of the excavator at
an angle ¢,=0°.
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Figure 5
The spectra of the reduced moment M, depending on the coordinates of the manipulator's reach in the
working field of the excavator for the platform position angle: a) 9,=0°, b) 9,=90°

The obtained spectra of the forces Fy;, Fi, Fi3, Fis (Fig. 6) with which the
excavator loads the track at the supports Oy, Oz, Oj3, Oy show that in the
observed working space, depending on the platform rotation angle ¢, they have
distinctly different characteristics and intensity of changes. In addition to the
reduced force F,, the reduced moment M, significantly affects the difference in the
intensity of the force changes. Since the polygon formed by the potential
overturning lines of the excavator is rectangular, the action of the reduced force F,
is equally divided into components that load the track at the supports of the
excavator. The forces by which the reduced moment M, acts on the track depend
on the direction of its components M,., M,., and the distance 2a; between the
longitudinal and the distance 2b; between the transverse potential overturning
lines of the excavator, observed in relation to the direction of the track. In the
observed working area of the excavator, within the interval of platform rotation
angle changes (¢,=0°-90°), the spectra of forces F;; and F4 that load the rail at
supports O;; and Oy4 are characteristic. In the zone of transverse positions of the
excavator's kinematic chain, the track is loaded only by forces Fy;, F;2, while at
supports O3, Oy4 there is no track load F;35=F;4=0. This type of rail load case
occurs because in the zone of the transverse positions of the excavator, the
components M,. of the moment M, are greater than the components of M,,. Since
in this zone 2a;<2b,, the forces from the action of the M,. moment, which load the
rail, are greater in intensity than the force in the supports O3, O;4 resulting from
the action of the force F, and the components M., of the opposite direction, which
leads to the unloading of the rail in the supports O;3, O (Fi3=F14=0) and
increased loading of the rail in the supports O;;, O;2. According to the given force
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spectra, the maximum possible rail load is at support O;; (Fig. 6a) when the
longitudinal vertical plane of the kinematic chain, i.e., the excavator platform, is
rotated by an angle of p,=38°.
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Figure 6
Spectra of force changes in the working area of the excavator that load the rail: a) F;,b) F2,c) F3 d)
F1; depending on the angle of the platform position ¢,

The spectrum of the intensity of the force F;; (Fig. 7a) depending on the
coordinates (X5 Ys) of the reach of the manipulator top in the working field when
the excavator is in the position at the platform angle ¢,=38° shows that the
highest values of the force F;; occur when the horizontal reaches of the
manipulator in the working field (area A) are minimal below the level of the
excavator support. From the spectrum of the allowable total mass m; of the load
(Fig. 7b), given depending on the coordinates (X5 Ys5) of the reach of the
manipulator top in the working field when the excavator is in the position at the
platform angle ¢,=38 it is observed that the maximum values of the force F;,
which load the rail, occur at the highest values of the allowable total mass m; of
the load in area A of the working field when the manipulator's horizontal reaches
are minimal.
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The same spectrum shows that the minimum values of the allowable mass m; of
the load occur at the maximum horizontal and vertical reaches of the manipulator
in the working field of the excavator, when possible and smaller values of the
force F';; that load the rail in the support Oy;.
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Figure 7
Spectra: a) of force F;, b) allowable total load mass mt depending on the coordinates of the reach of

the manipulator in the working field of the excavator for the angle of the platform position ¢,=38°

Conclusion

Hydraulic excavators with a support movement mechanism for moving and
supporting railway tracks are used to perform numerous functions in the
development and maintenance of railway infrastructure.

This study analyzed the load on the railway track when the excavator, supported
on the rails, performs load transfer functions with tools of various shapes (grab,
hook, clamp). A mathematical model of the railroad excavator was defined, and a
program was developed to determine the spectrum of allowable loads in the entire
manipulative space of the excavator, according to which, the spectrum of possible
rail loads at the excavator supports on the rails is formed. The results obtained in
the study show that the load on the railway track at the supports of the excavator
on the rails is variable and depends on the position and size of the load handled by
the manipulator tool, the shape and dimensions of the polygon formed in the
support plane by the potential overturning lines of the excavator, and the position
of the kinematic chain of the excavator relative to the potential overturning lines
of the railroad excavator. In general, in addition to the analysis of rail loads, the
loading spectra can be used as initial data for the structural analysis of rail
elements and their substrate. Furthermore, according to the load spectra of the
hydraulic excavator supported on the railway tracks, the sizes of various
manipulator tools that do not compromise the stability of the excavator in the
entire working space can be reliably selected.
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