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Abstract - Evaluation of the possible wear of the open metal hinge of the caterpillar chain based on
the algorithm for determining the stress-strain state (SSS) of the "track - pin - track" assembly was
considered.
The research is based on the fundamental approaches of applied mechanics, tractor theory,
modeling theory, machine dynamics, and fundamentals of tribology. The finite element method is
used to estimate the SSS of the OMH (open metal hinges) as part of a caterpillar mover.
The paper presents an algorithm and results of studying the loading of an open hinge of a tractor
caterpillar based on 3D modeling of the OMH in the SolidWorks environment. Research stages:
creating finite element models of the track, finger, and track-finger-track assembly and evaluating
the behavior of the model under load using the Ansys Workbench software package. After testing
the model, calculations were carried out for a mass-produced class 3 tractor caterpillar in the
modes of maximum loads. The equivalent stresses in the tracks and the pin, the distribution of
pressure over the contact surfaces, and stresses along the length of the pin are determined. A wellknown method evaluated their influence on the wear of the pin and track eyes made of manganese
steel.
A comprehensive assessment of the SSS and wear of the OMH elements performed based on the
finite element model of the "track - finger - track" assembly and the developed algorithm, makes it
possible to scientifically substantiate and expand the niche of caterpillar tractors with an all-metal
caterpillar in the agricultural machinery fleet.
The results of theoretical studies of SSS of the OMH and the wear of its elements according to the
proposed algorithm and methodology make it possible to solve the problem of increasing the
reliability and durability of the considered version of the caterpillar mover of transport and
traction machines.
Keywords: Tractor, Caterpillar, Open Joint, Track, Pin, Loading, Wear.

1. Introduction
Competition between manufacturers of equipment,
and the need to maintain a high technical level of
machines is forcing design bureaus and research
teams to more actively develop new, more advanced
tractor designs and improve their units, systems and
elements. A special place in this case is occupied by
tracked vehicles with a traditional metal mover
having open metal hinges (OMH). Currently, wheeled
vehicles are beginning to dominate the agricultural
tractor fleet. However, for many regions, it is
recommended to expand the use of caterpillar
tractors, since this largely determines cultivated
crops' yield and reduces the soil's negative impact. In
conditions of low temperatures, on stony soils, and
in logging, the caterpillar with OMH has less
vulnerability compared to rubber tracks and wheel
12

tires. These advantages make relevant work to
further improve its performance.

2. Analysis of Data and Statement of the
Problem
Caterpillar tractors are widely used, although they
differ from wheeled vehicles of the corresponding
class in a more complex chassis design and lower
power density.
The caterpillar in the form of a metal link belt
with an open hinge is still widely used. This is
facilitated by the simplicity of design, sufficient
strength, relative cheapness, high traction
properties, lower slip losses, low specific pressure,
and, as a result, a gentle effect on the ground. At the
same time, an increase in the power supply and an
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increase in the operating speeds of tractors, the
operation of a caterpillar under conditions of
abrasive wear and stochastic dynamic loads, and its
negative impact on the efficiency of the machine
cause high requirements for the strength and wear
resistance of the caterpillar bypass and its working
life with a simultaneous reduction in weight [2]. First
of all, this applies to the swivel joints of the
caterpillar chain links.
The demand for caterpillar tractors today is
largely determined by the resource of the caterpillar
since the increase in the energy saturation of
tractors has led to an increase in the wear of open
metal hinges (OMH) of the mover [3]. The fall in
demand for these machines in recent years is mainly
due to the small resource of the caterpillar with an
open hinge, its increased cost, and the difficulties of
moving them on public roads.
From the analysis of technical literature, the most
promising conducting research method at the stage
of the production object preparation is its computer
analysis by the finite element method was found [46].
Tracked vehicles have high cross-country ability.
To study the dynamics of loading of propellers, it is
necessary to simulate the movement of a tracked
vehicle along the supporting surface [7]. This allows
you to expand the range of specified loads, and
modes and obtain initial data for strength
calculations of the structural elements of the
undercarriage system and, first of all, evaluate the
loading of the caterpillar link and pin [8].
The design of the OMH is simple and
technologically advanced, however, as a result of the
unhindered contact of the soil abrasive on the
rubbing surfaces of the hinge, the pin and lugs
quickly wear out at high peak loads in certain areas
of the track and pin.
In this regard, the work devoted to the study of
the loading of open metal hinges (OMH) is relevant.
Rapid abrasive wear of open joints, vibrations of
the caterpillar bypass, and increased losses in the
undercarriage are so significant for energy-saturated
tractors [9] that even the first operational tests of
caterpillar tractors (VT-175S, KhTZ-181, T-250)
showed the need to improve traditional serial design
schemes, materials, and manufacturing technology of
a caterpillar mover.
The high cost and complexity of the preparation
of full-scale and bench tests, the impossibility of
multivariate experimental studies, and the need to
reduce the cycle time "design - manufacture testing" [10-11] determine the relevance of
mathematical modeling and analysis of the loading of
the caterpillar OMH.
Solving the problems of analyzing the stressstrain state (SSS) of a system of contacting bodies
today constitutes a separate scientific direction in
mechanics. Basic methods and models from this
direction are contained in [12]. In particular, the

Hertz model [12] has become widely used. This
model makes it possible to obtain an analytical
solution for some contact problems. However, the
scope of this model is limited to basic hypotheses.
For numerical simulation of problems of contact
mechanics, suitable for many areas, and, in
particular, for the design of transport and traction
machines, their algorithms and discretization
methods are described [13]. Some restrictions are
defined and the constitutive equations arising from
tribology and acting on the contact interface are
discussed.
In [14], nonlinear models of the behavior of
materials of surface layers of contacting bodies of
complex shapes were applied. Discretization of the
obtained mathematical problem was carried out
using the developed version of the boundary
element method. The developed models of contact
interaction already combined physical and structural
nonlinearities. This provided more accurate
modeling of the SSS of contacting bodies of complex
shapes compared to traditional approaches. Based
on the results of such an analysis, more relevant
recommendations can be obtained on the
justification of design and technological solutions.
An important aspect in the study of the stressstrain state of such structures is the determination of
the dependence of the contact pressure on external
forces [5, 15].
The principle of superposition for contact
problems is generally inapplicable. However, for
some types of structures, the authors established a
linear dependence of the contact pressure on the
load level and that the area of contact interaction
does not depend on the load level, and this pattern is
true not only for a single component but also for a
multi-component load.
The works [16-18] describe both new approaches
and developed models for the analysis of contact
interaction, however, an analysis of the features of
the distribution of contact forces between individual
structural elements that interact is not given.
The article [19] presents the results of
experiments showing that friction is proportional to
the true contact area.
The authors of [20] propose a mathematical
model for the frictional contact of bodies with a
periodic surface texture. The contact problem is
reduced to a system of singular integral equations
for the functions of the height of the contact gaps and
the relative displacement of the surfaces in the slip
zones. The described algorithm for solving this
problem requires clarification in the study of OMH.
Article [21] is devoted to research on ensuring
the strength and reliability of the undercarriage of a
tracked vehicle. An estimate based on the fatigue life
of the link is proposed. The methodology is based on
the resource modeling method at the stage of
machine design. The technique involves computer
simulation of the movement of the car on the road,
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the calculation of loads, stresses on the most loaded
sections of the track, and the prediction of strength
according to the criterion of fatigue failure. The laws
of loading caterpillar links are determined by the
results of full-scale tests.
Thus, the existing approaches, methods, models,
and research tools do not provide a direct
opportunity to analyze the regularities of the
distribution of contact pressure between bodies on
matched surfaces. This possibility is provided by the
developments described in [14, 22, 24]. These
developments extend known methods such as the
variational Kalcker principle and the boundary
element method [24, 25]. At the same time, it is
possible to avoid the disadvantages of traditional
methods and models. At the same time, it becomes
possible to apply these developments to solve the
problems of contact interaction of bodies with
matched surfaces.
In several works, the dependences of the change
in the solutions to the problems of the stress-strain
state of structural elements on contacting surfaces of
the same shape have been established [22, 26].
However, the behavior of solutions to such problems
remains undefined under a multi-component set of
loads, which consist not of one or two, but several
forces.
The purpose of the work is to assess the
possible wear of the open metal hinge of the
caterpillar chain based on the algorithm for
determining the stress-strain state (SSS) of the
"track - pin - track" assembly.

3. Presentation of the Material and
Results
To conduct research, an algorithm for solving the
problem has been developed, which includes several
stages.
First stage:
- the creation of a 3D model of the caterpillar
chain section (two tracks connected by a pin);
- selection of a section of the caterpillar chain for
the calculation;
- the creation of contact pairs of the friction type
between the 1st track and pin and the 2nd track
and pin;

- choice of a method for describing a contact
problem (for example, a modified Lagrange
method);
- substantiation of the exclusion or method of
accounting for beats and impacts in the case of
gaps in the interface;
The stage of setting boundary conditions
includes:
- fastening of the 1st track on the extreme lugs;
- assignment of loads in the free eyes of the 2nd
track;
- setting the symmetry condition of the model
concerning the longitudinal axis.
The stage of creating a finite element mesh of an
object includes: (remove red, keep yellow)
- set the size of finite elements;
- choice of method for constructing a finite
element mesh.
Stage of problem-solving.
Output phase:
- display of full displacements;
- display of pressure distribution on contact
surfaces;
- display of equivalent stresses;
- presentation of the calculation results in the
graphics window, the use of means for
visualizing the results and animating the
process of interaction of the considered
structural elements;
- analysis of the obtained results.
The calculation is performed using objectoriented controls. All stages of the calculation have a
structural representation in the form of a tree. Each
stage corresponds to a directory that contains the
calculation model objects inherent in it with the
ability to access the task and edit the object
properties.
The starting material for modeling a track is its
drawing. Using the Solid Works software package, a
3D model of the truck was built (Fig. 1).
The assembly of the caterpillar chain parts is
shown in fig. 2.

Figure 2: 3D model of the track section

Figure 1: 3D model of the truck
14

The study of the behavior of the model from the
current load was carried out using the Ansys
Workbench software package.

International Journal of Mechatronics and Applied Mechanics, 2022, Issue 12

Load and Wear of the Open Hinge of the Tractor Caterpillar Drive
To reduce the calculation time, we use the
symmetry of the model concerning the longitudinal
axis. The stage of setting the boundary conditions
and applying loads is illustrated in Fig. 3.
The calculated force that stretches the caterpillar
links is limited by the limiting force on the adhesion
of the running caterpillar to the supporting surface
when the tractor is turned on a “steep” slope
towards the ascent.
In this case, the design force that stretches the
track links is defined as:

P = 0,65 GТ  ,

(1)

where GТ – the weight of the tractor;  – adhesion
coefficient (assumed  =1).
Data on the caterpillar of the investigated tractor
are presented in table 1.

After setting the acting loads, the stage of
creating a finite element model follows. In this case,
solid elements are used. The number of elements
exceeds 300 thousand.
As a result, we obtain the model under study in
the form shown in Fig. 4.
Table 1. Caterpillar parameters of 3-rd class tractor
Parameter
Value
Caterpillar mass 1m, кg

59,0

Caterpillar/track hitch, m

0,170

Hinge length, m

0,420

Ring diameter, m

0,022

Longitudinal
даH/mm

hinge

stiffness,

Quantity of caterpillar trucks

12000
46

Figure 3: Boundary conditions and assignment of loads

Figure 4: Finite element assembly model
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The complete displacements of the object under
study are shown in Fig. 5, their value is determined
by the formula:

U  = U x2 + U y2 + U z2 ,

(2)

Where Ux, Uy, Uz – are displacements along x, y, and z
coordinates.
To check the interaction of the considered track
elements, a test calculation was carried out for a
given displacement of one track equal to 1,5 mm.
Next, the contact pressure on the interaction
surfaces of the tracks and the connecting pin is
determined (Fig. 6).
Equivalent stresses are determined by the
dependence:

 экв =

1
 [(1 −  2 )2 + ( 2 −  3 )2 + ( 3 − 1 )2 ] ,
2

(3)

where

1 ,  2 ,  3

are the principal stresses.

The von Mises equivalent stresses in the track,
obtained as a result of the calculation, are shown in
fig. 7 and are within 1300 MPa.
The stresses arising in the connecting pin when
interacting with the tracks are shown in fig. 8 and do
not exceed 549,5 MPa. In concentrators, the stresses
can reach 1328 MPa, but this zone is insignificant
and can be neglected.
To analyze the obtained data, a structural
representation of the calculation results in the
graphics window means of visualizing the results,
and means of obtaining information are used.
Abrasive wear is the main reason for the failure of
the OMH. However, during the operation of tracks
with such hinges, there are cases of fatigue failure of
their elements. The calculated data on the
distribution of stresses make it possible to evaluate
the life of the structure from this point of view.

Figure 5: Complete displacements in the object under study

Figure 6: Distribution of contact pressures on the contact surfaces of the pin and lug
16
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Figure 7: Equivalent stresses

Figure 8: Stress distribution in the connecting pin
600
500

Stress (MPa)

To estimate the limiting number of loading cycles,
the Weller curve was used (Fig. 9). The values of the
number of cycles before failure of the sample [27],
made from the track material of a serial tractor,
depending on the magnitude of cyclic stresses, are
given in Table 2.
For the obtained stresses in the details of the
hinge, the number of cycles that the connecting pin
and the track as a whole can withstand is about 10
thousand (at an average stress level of 300 MPa,
Fig. 7-8).
Wear is largely determined by the coefficient of
friction. The dependence of the coefficient of friction
of an open metal hinge on the angular displacement
of the track and the tensile force on the hinge is
known [28]:

400
300

200
100
0

0

20000 40000 60000 80000 100000 120000
Number of cycles to failure

Figure 9: Weller curve of the track material of a serial
tractor [27]
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Table 2. Weller curve data based on the results of
the experiment
Number
Trial,no.
Load, (N) Stress,(MPa)
of cycles
1
300
530,51
617
2

260

459,78

1837

3

220

389,04

3003

4

180

318,3

8096

5

140

247,57

41295

6

120

212,22

59632

7

100

176,83

72153

8

80

141,47

90892

9

60

106,1

99856

10

20

35,36

∞

=

b
 KM ,
qc

(4)

where α is the deflection angle of the track, deg; q specific load (load per unit length of the lug); KM generalized coefficient of proportionality, which
takes into account the influence of the material,
hardness, roughness; b, c - exponents, constant for
each design of the caterpillar joint.
Absolute wear is expressed in units of length,
volume, or mass. Taking under the wear rate Jh the
ratio of absolute wear to the nominal contact area Ac
and the friction path ΔL, we write:

Jh =

V
h
=
,
Ac  L L

(5)

where ΔV is the volume of worn material on the
friction path; Δh is the thickness of the worn material
layer;
For hinge

ΔL=α∙r,
where α is the angle of rotation of the track; r is the
radius of the contacting surfaces.
According to the method of I.V. Kragelsky [28],
the wear intensity is determined by the dependence

Jh =

0,22 h pc
,

n r pT

(6)

at the onset of plastic deformation, the ratio

p h
h
= 3 c  max ,
r
5H r

(7)

where H is the hardness of the softer of the
contacting materials; pc – contour pressure; pt –
actual pressure; hmax – maximum absolute
18

penetration of contacting bodies; n is the number of
cycles leading to the destruction of the deformed
volume.
Having determined the wear intensity Jh, we can
calculate the wear Δh on the friction path L:
Δh = Jh·L.

(8)

To calculate according to the above method, it is
also necessary to have data on the physical and
mechanical properties of the mating parts: surface
roughness characteristics, fatigue curve parameters,
and modulus of elasticity. An important parameter of
the calculated dependences is the pressure and the
nature of its distribution over the contacting
surfaces. Using the obtained results, it is possible to
estimate the wear of the elements of the OMH.
To evaluate the proposed methodology in
practice, a comparison was made of the wear
resistance of the OMH of caterpillar propellers of
tractors of various traction classes. Bench tests in the
KhTZ laboratory were carried out for 30 hinges,
consisting of two links 150.34.101-E10 and
74.34.501 with a width of 390 mm and a pin A34-201A diameter Ø22 for tractors of traction classes 3
(models of T-150 type) and 2 (models of T-74 type).
The program included loading the OMH in a sandy
abrasive bath at 144 cycles per minute with an
inflection of the links of ±15º and a periodic tension
of 9 kN. The duration of the tests was 53 hours.
As a result, due to the constructive increase in the
width of the lugs of the inner quarter links
150.34.101-E10, the pressure in the mating sections
was reduced. This led to the fact that the wear of the
lugs of the track links of the T-150 tractor decreased
by 19%, and the wear of the pins - by 5,2%. When
operating the OMH on a mixture of sand and water
with an increase in tensile force, the wear resistance
of the OMH of the T-150 tractor caterpillar is 12%
higher than that of the T-74.

4. Discussion of the Results of the
Analysis
To analyze the SSS of the OMH system, which is in
contact with matched surfaces, a numerical model
based on the finite element method has been
developed. The analysis of the contact interaction of
structural elements was carried out. The contact
problem is reduced to the definition of a quadratic
form that approximates the total energy function of
the system under study on the set of nodal
displacements. In the space of these nodal
movements of the finger and track, the contact
constraints are hyperplanes that pass through the
origin.
The results obtained confirm the predicted
dependences of the distributions of contact
pressures, stresses, and displacements on the acting
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forces along the surfaces of the pin and lugs of the
OMH. The advantage of the proposed method is that
it sharply limits the required number of solutions to
the problems of analysis of contact interaction in
multivariate studies with varying levels of acting
forces. The features of the distribution of contact
pressures in the eye, in the finger of the OMH, and
their SSS components, which are of great importance
in the analysis of the balance of movements in the
"track-finger-track" system, which were studied in
the presented article, are determined.
Based on the obtained results, it is possible to
estimate the change in the coefficient of friction in
the OMH, and the absolute wear and wear rate of the
OMH parts, which makes it possible to modernize
the designs of the mating parts of the OMH.

5. Conclusions
An analysis of the designs of caterpillar tractors of
class 2-3 and above showed that the parameters and
resources of the OMH caterpillar mover largely
determine the competitiveness and market demand
for this type of machine.
The change in the geometry of the “eye-finger”
pair occurs both due to wear during elastic contact
and due to plastic deformation.
The increase in the wear resistance of friction
pairs is ensured by the use of new high-strength
materials and the improvement of the design of the
OMH joints.
Of all the factors influencing the swivel joint, its
wear is largely determined by the stress-strain state
of the lug and pin. In the above version of the
calculation, the stress peaks in the pin under given
conditions reach 549 MPa. The maximum equivalent
stresses in the track reach 1328 MPa, however, they
are outside the zone of contact between the pin and
the lug and occupy a small volume, so they can be
neglected. The stress in the eye is 50 MPa and it is
observed at the point of contact of the track with the
pin.
By the magnitude of the specific pressures, it is
possible to theoretically estimate the wear of the
hinge. For the chosen design variant, the results of
the wear assessment show that the service life of
OMH when using manganese steels has a value of
about 1000 hours.
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