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Abstract: The operation of high-speed tracked vehicles takes place in difficult terrain conditions. Hence, to obtain a high operational relia-
bility, the design or modernisation process must be precise and should consider even the slightest details. The article presents issues re-
lated to the problem of formulating vehicle models using partial models of flexible elements used in tracked mechanisms. Changes occur-
ring in the shape and properties of elements such as track pads and roadwheel bandages as a consequence of operating conditions are
presented. These changes are reflected in the presented elastic-damping characteristics of components of the crawler mechanism. Nu-
merical studies have shown that deterioration of chassis suspension components after a significant mileage may increase dynamic loads
(forces) acting on the running gear. Increased forces in the running gear naturally result in increased stresses in the road surface on which
the vehicle is travelling, which can pose a danger (or excessive wear and tear) to road infrastructure components such as culverts, bridges
and viaducts. In the literature, model tests of objects are carried out on models that represent new vehicles, and the characteristics of the
adopted elements correspond to elements not affected by the process and operating conditions. Its influence should not be ignored in the
design, testing and running of a special vehicle. The tracked mechanism, as running gear, is designed for special high-speed vehicles for
off-road and off-road driving. Its design ensures high off-road traversability. The dynamic loads originating from off-road driving are super-
imposed on those generated by the engine, drive train and interaction of the tracks with the roadwheels, sprocket, idler and supporting
tracks return rollers.
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1. INTRODUCTION describes a model of the interaction of the track—-wheel-terrain

The issues related to the tracked vehicle operation are de-
scribed infrequently and to a rather limited extent in the literature.
The authors of most publications consider and analyse the prob-
lems experienced in tracked vehicles in industrial applications,
e.g., see literature [1, 2] or civil applications, e.g., see literature [3,
4]. In high-speed tracked vehicles (HSTVs), the issue is even
more complex. It requires considering several factors that affect
the effectiveness and safety of the execution of tasks. The operat-
ing conditions (terrain, climatic and meteorological conditions, and
dust) are important, a general description of which is included in
the literature [5]. An interesting approach to the problem, the
influence of vehicle operating time, is presented in the literature
[6], where the impact of wear and tear of suspension elements on
the dynamic loads of the vehicle is considered. Research on
prototype crawler pads of crawler track links is presented in the
literature [7]. An analysis of the elastomeric cover pad wear and
tear process has been shown to indicate its applicability in
HSTVs. The issue of vehicle operational safety and dynamic loads
affecting this safety is described in the literature [8, 9]. The papers
[10, 11] present the results of numerical tests of vehicle models
with crawler tracks that differ in the way the links are connected.
Their effects have been analysed on the dynamic loads of the
vehicle body when passing over road bumps. The paper [12]

system and presents the results of model tests for two types of
rubber continuous and metal multi-part crawler track belts. In the
paper [13], the modelling process and results of load tests that
occur on a crawler track with different ways to connect the links
are presented. Dynamic forces acting on the vehicle running gear
during driving focused on a crawler track were measured in exper-
imental research, the results of which are presented in the paper
[14]. The authors proposed and tested the concept of an active
mechanism compensating force tension in the tracks. The re-
search was carried out by using numerical analysis. The present-
ed results point towards the reduction in crawler track dynamic
tension magnitudes and stability improvement of the tracked
mechanism. In the paper [15], a bench testing solution for the
analysis of various load conditions of a rubber crawler track is
presented. Particular attention has been focused on the forces
and stresses that occur in it. The results obtained from the calcu-
lation have been compared with the experimental data, and good
consistency has been obtained. The methods of calculation of the
internal resistance of elements in tracked vehicles are considered
in the paper [16]. Various models of roadwheel rolling resistance,
rubber track belt bending and crawler track resistance are pre-
sented. The authors of the study concluded that the various exist-
ing models lead to inconsistent results, especially due to the lack
of sufficient data in the case of conventional rubber tracks. In the
paper [17], the double roadwheel resistance model including a
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rubber double band is presented. Resistance is calculated as the
total of roadwheel and track contact and the friction of wheel and
track guide lugs. The model includes vertical and lateral loads of
roadwheels, non-uniform pressure and relation of normal forces
between the roadwheel and track guide lugs. As result of experi-
mental and model investigations, solutions to reduce losses in
running gear are proposed. The interaction of the elements of the
crawler track mechanism with the ground using simplified substi-
tute models has been presented in the papers [18, 19]. The calcu-
lation results have been validated with data from the literature and
with the results obtained from detailed calculations of the models.

The crawler track mechanism is a running system in which the
driving force generated by the engine, which causes the vehicle to
move, is intermediated by the crawler tracks to the ground [20].
The high-speed tracked vehicle (HSTV) is a vehicle that develops
a running speed of >25 km/h. With a gross vehicle weight of up to
70 t (tonne), such vehicles can reach speeds of up to 75 km/h on
paved roads and up to 55 km/h off-road. Such conditions result in
increasingly complex dynamic loads of high intensity and random
varying parameters.

It is usually assumed that the elastic and damping properties
of suspension elements remain essentially unchanged in the
lifetime of the track running gear system, whereas the elastic and
damping properties of rubber elements of crawler track mecha-
nisms change quite significantly due to wear and tear, mechanical
damage, temperature effects and the operating environment. The
literature presents results mainly obtained from model tests of
new vehicles. For example, the papers [21-23] present models
and results of analysis of the interaction of crawler tracks with
different types of ground. On the contrary, the paper [24] analyses
the effect of the arrangement of shock absorbers on the dynamic
loads acting on the tracked vehicle. Some parameters or charac-
teristics are assumed to be invariant during the operating process,
while others are ignored. The results of numerical investigations of
the 251 tracked mechanism with modified suspension are pre-
sented in the paper [25]. Torsion bars are replaced with hyperbolic
springs. As the result of the proposed modifications improved the
stability of the vehicle and reduced the interior and the exterior
volume of the vehicle suspension. In the paper [26], a vehicle has
been analysed in which the stiffness of the new rubber bandages
of the roadwheels has been included, neglecting their damping. In
the paper [23, 27], a tracked vehicle model has been used for
simulation studies to assess the effects of the terrain geometry,
soil characteristics and speed on vehicle performance.

Articles considering the impact of ageing wear and tear of
rubber elements in the running gear of tracked vehicles on dy-
namic loads of HSTVs, such as medium tanks, and its impact on
the environment are uncommon. This applies particularly to rub-
ber bands on roadwheels and rubber pads on tracks.

It can be considered that the studies carried out do not take
account of the changes in the properties of the elements of the
crawler track mechanism of the vehicles, especially in those ele-
ments where rubber is used. These changes are due to the dis-
tance travelled, speed of travel, type of ground, weather condi-
tions and material ageing. It can be assumed that the material
used in this study fills the gap well in this field area.

The genesis of the undertaken topic is the process of modern-
isation of combat vehicles. It originates in the necessity of im-
provement of the safety of the crew, leading to an increase in the
sprung mass and engine horsepower. As a consequence,
roadwheel rolling resistance and dynamic loads or running gear
increase.
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This study aims to evaluate the effect of wear and tear of rub-
ber elements in the running gear occurring during typical vehicle
operation conditions on the change in dynamic loads acting on the
vehicle chassis, hull and crew.

2. OPERATING LOADS OF VEHICLE RUNNING GEAR

The natural operating conditions of the HSTV are shown in
Fig. 1. The main loads on the crawler track mechanism and the
intensity of wear of its elements depend, among other things, on
the mass of the vehicle m» [kg], time of use ¢ [h], running speed v
[m/s], steering angular velocity w [1/s], temperature At [°C], pre-
tension of crawler tracks Pw [N], height of ground bumps h [m],
their distribution and length I, [m], type of ground (sand, clay,
rocks, etc.) for and physical properties of construction materials
WM. Thus, its durability T is mainly a function of factors such as in
Eq. (1):

T = f(mp,t,y,v,0,At, B, Ly, fgr, WM) (1

The design pre-tension of the Pw crawler track belt is given by
Eq. (2):

Py
PW = 8f

(2)

where p is the unit mass of the crawler track [kg/m], g is the ac-
celeration due to gravity [m/s?], is the length of the freely hanging
section of the crawler track [m] and f is the deflection arrow [m].
The pre-tension of the crawler track should meet the following
condition: fmin < f < fmax (Where fmin is the deflection arrow at the
minimum tension and frax is the deflection arrow at the maximum
tension).
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Fig. 1. Natural conditions for the movement of special vehicles:
(a) cornering on a paved road and (b) unsurfaced road

Only the tracked vehicle contains a road that can be assumed
to have an infinite length. Crawler track belts are unfolded in front
of roadwheels, smoothing out the bumps to overcome. After the
last wheel has passed, they are taken up from the ground, re-
wound and unfolded again. The large load-bearing surface of the
crawler tracks (Fig. 2) provides vehicles considerable weight with
a low average unit pressure ps Eq. (3), as follows:

G mp'g
Ps=0r =210 ©)
where G is the force of gravity of the vehicle, F is the area of the
lower track branches, Lo is the length of contact between the lower
track and the ground, b is the width of the track and g is gravita-
tional acceleration.

Contemporary HSTVs up to 40 t have an average unit pres-
sure on the deformable ground of ps = (40-70) kPa. The average
unit pressure of vehicles >40 t is in the range ps = (75-100) kPa.
The tactical and technical requirements for HSTVs >40 t impose a
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prerequisite that average pressures should not exceed ps<85 kPa.
For wheeled vehicles (including multi-axle vehicles), the pressure
value is much higher and is in the range ps = (170-350) kPa [8].
An increase in specific pressures increases the ground resistance
force Fyr Eq. (4), as follows:

Fypo =Z for =G fgr-cosa (4)

where fyr is the ground resistance coefficient, N is the normal
reaction and a is the road slope angle.

(a)

(b)

[ |Pa

Fig. 2. Diagram showing the interaction of the crawler track mechanism
with the ground: (a) diagram of the forces acting on the HSTV
and (b) distribution of ground pressures: pm — maximum value,
ps — average value

The pressure value ps combined with the high ground adhe-
sion Fy Eq. (5) makes it much easier for tracked vehicles to navi-
gate in difficult terrain conditions (¢ is the coefficient of adhesion
of crawler tracks to the ground).

F,=065"G"¢ (5)

Some of the data and results of the studies and analyses, due
to the status of the vehicles analysed, are characterised by a
certain sensitivity value. It should be assumed that they have
qualitative, rather than quantitative, qualities.

3. RUBBER ELEMENTS IN THE CRAWLER TRACK RUNNING
MECHANISM AND ITS EXTERNAL FACTORS OF WEAR

In motor vehicles, rubber elements (with different shapes, ma-
terial compositions, manufacturing methods and characteristics)
are used extensively, whereas in HSTVs, some of the rubber
elements are quite different from the typical rubber elements and
have a special role in the operating process. Those are integral
parts of the assemblies and elements of the crawler track mecha-
nism subjected to complex dynamic loads in the surrounding
environment. Some of the structural assemblies of the crawler
track mechanism that use rubber with given properties, shape and
geometry are shown in Figs. 3-8. Fig. 3 shows a roadwheel with a
vulcanised rubber band of the appropriate thickness and width
(these parameters depend on the weight and inertia of the vehicle,
the number of roadwheels and the model of interaction of the
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crawler track with the ground). The use of external rubber band-

ages enables:

— a reduction in the amount of heat liberated by the friction of
the rubber band against the track links compared to pure steel
wheels;

— areduction in the dynamic loads acting on the vehicle hull and
crew;

— areduction in the noise level during driving; and

— a reduction in the amount of heat released during the friction
of the rubber band against the crawler track belts compared to
steel-rimmed wheels featuring internal shock absorption.

Fig. 4 shows sections of the crawler track belts and links used

in HSTVs, with a crawler track of the hinge type (Fig. 4a) and a

crawler track of the link type (Fig. 4b).

(a) o

Fig. 3. Roadwheel with an outer rubber band: (a) double outer rubber
band and (b) single outer rubber band

Fig. 4. Hinge (a) and link (b) types of crawler tracks

The links of the crawler track of the hinge type, with a weight
of up to 16 kg, are connected by a single pin (Fig. 4a), whereas
the links of the crawler track of the link type, with a mass of up to
24 kg, are connected by two pins (Fig. 4b). The links rotate rela-
tive to each other by deforming the rubber bushings in a torsional
manner, forming the so-called closed joint. To reduce the load on
the bushings and reduce the energy loss while driving, the links
are connected at an appropriate angle when assembled (angle a
in Fig. 5).

Fig. 5. Crawler track links with a rubber and metal joint: T — rubber-metal
bushings, 1 - line parallel to the ground surface, 2 - line of zero
torsional stress, 3 — line of maximum torsional stress, a — mount-
ing angle of links, B — angle of maximum relative rotation of links
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In the HSTV crawler tracks, interchangeable link cover pads of
the crawler track are used (Fig. 6), which can be fixed in an elastic
holder (Fig. 6a) or with a screw (Fig. 6b).

=

Fig. 6. Link cover pads of the HSTV crawler tracks fixed: (a) pressed into
guides and (b) screwed into the socket

Rubber cover pads of crawler tracks contribute to the ability to
be driven on public roads (by reducing pavement loads) as fol-
lows: a reduction in the amount of heat released when the cover
plate is in friction with the ground compared to a metal crawler
track, a reduction in vehicle slip-on paved surfaces, a reduction in
the noise level when driving, a reduction in dynamic loads when
driving off-road, an increase in grip on hard rough pavement and a
reduction in grip on soft ground. On vehicles where roadwheels
have a reduced thickness band in addition to cover plates, rubber
cushions may be used on the inner surfaces of the links, as
shown in Fig. 7.

VAT o S
Fig. 7. Rubber cushions on the inner surface of the links of crawler tracks

During the operation of HSTVs, insufficient resistance of some
elements of the crawler track mechanisms to complex operating
loads can be observed. This affects the durability and reliability
not only of the crawler track mechanism but also of other vehicle
units and systems. The aforementioned applies to both the cover
pads of the crawler track links, which have a specified odometer
reading of 1,000-1,500 km, and the bandages of roadwheel,
whose wear and tear and failure rate depend on the intensity of
use, dynamic loads, ambient and operating temperatures. Exam-
ples of damage to bandages and cover plates are shown in Figs.
8a and 9. When driving on a hard, rough road surface:

— rubber track pad plates are subject to abrasive wear and tear
during cornering (Fig. 1a), and the weight of the links and
crawler tracks may change (also by tearing out rubber frag-
ments - Fig. 8b);

— rubber track pads plate, as a result of wear and tear, can
cause a reduction in the thickness of the damping layer and
an increase in the noise level during dynamic driving may oc-
cur (the cause for this phenomenon is the uneven weight dis-
tribution in the link. In the link, different inertial forces act on
the pins, drive wheels, directional wheels, roadwheels and
support rollers); and
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— rubber track pad plates can cause a risk of loss of stability at
high speeds in curvilinear motion.
On deformable ground:

— rubber cover pads have an impact on running resistance,
depending on the shape and geometry of the link and the cov-
er pads and their degree of wear and tear;

— during dynamic driving and cornering, the track is at risk of
dropping or tipping over on the dry, turf-covered ground.

Fig. 8. Rubber cover plates: (a)
and (b) torn out rubber pad fragments

A confirmation of the considerable load on the links of crawler
tracks and their wear during an interaction with the ground is
shown in Fig. 9, where Fig. 9a shows a link of a new metal crawler
track, while Fig. 9b after greater mileage. The abrasive wear of
the ground grapples is visible.

Fig. 9. Working surfaces of metal ground gripples of links. (a) new link
and (b) used link

An important element that affects the efficiency and durability
of crawler track belts is the link joints. The introduction of rubber
and metal joints has, irrespective of the type of crawler track,
eliminated the possibility of direct engagement between pins and
link lugs in highly abrasive environments.

The rubber bandages of the roadwheels carry complex dy-
namic loads in the radial, circumferential and transverse directions
when the vehicle is in motion. Roadwheels may also be exposed
to external mechanical sources such as stones, debris and rocks.
This process also generates thermal loads, which can have a
significant impact on the elastic properties of rubber. The result of
the aforementioned impacts is damage to the bandages. Exam-
ples of the most common damage cases are shown in Fig. 10.
The running conditions of special HSTVs, in military applications,
pose some challenges to vehicle designers and manufacturers.
The rubber used for the structural elements of the crawler track
mechanism must meet the assumed requirements and be charac-
terised by appropriate properties, especially within scope of:

— high resistance to mechanical stress (compression, tension,
impact, chipping, tearing);

— good energy absorption (vibro-insulating properties) to reduce
dynamic loads on the vehicle hull and crew;

— high abrasion resistance;

— high adhesion to metals (vulcanising properties);
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— high thermal resistance (non-combustible or self-
extinguishing); and

— good thermal conductivity, heat dissipation into the superstruc-
ture (load-bearing wheel rim, base of cover plate, etc.) and
environmental resistance (ageing, exposure to operating flu-
ids).

Fig. 10. Damage to the rubber bands of the load-bearing wheels: (a)
abrasive and mechanical wear and (b) interaction of the track
guide ridges and devulcanisation of the bandage from the rim

The change in the elastic and damping (ED-RP) properties of
the rubber elements of the crawler track mechanism after a signif-
icant mileage is the result of the impact of a number of factors.
The main factors are summarised in the following Eg. (6):

ED —RP =
f(WM, shape (a x b x c), t,, v, Pys, By, Py, By, 05, At)  (6)

where WM is the physical properties of the material, a x b x ¢ is
the (length x width x height) dimensions of cover plate [m], fe is the
time of use [h], s is the mileage [km], Pxs is the static load [kN], P«
is the crawler track tension from driving force [kN], P« is the crawl-
er track tension resulting from centrifugal force [kN], oz is stresses
and At is the temperature increment.

4. METHODOLOGY
4.1. Experimental setup

The models for testing should be built on the actual character-
istics of elements and also with an observation of changes occur-
ring during day-to-day running. To identify the relevant parameters
of selected rubber elements, bench tests have been conducted.
The tests were carried out on an Instron 8802 machine. Each of
the test objects was subjected to deflection from 5 mm to 14 mm,
with a frequency in the range of 0.1-2 Hz. For each variant, 10
load cycles have been carried out. Fig. 11a shows the test bench
while testing a sample of a roadwheel with a rubber bandage, and
Fig. 11b shows the test bench with a rubber pad during axial
compression. The initial deflection of the rubber pad was 7 mm.

The stiffness (k) of the elements under test is determined from
the elastic characteristics for the static equilibrium position, from
the following Eq. (7):

AP
k=27 (7)
or determined by Young's modulus of the sample material of the
element, obtained from the following Eq. (8) [28]:

E-A
k=22 ®)
where P is the element load [kN], f is the displacement [mm], E is
the determined Young's modulus [MPa], A is the surface area of
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the sample [mmZ] and h is the height of the sample [mm].
The dispersion coefficient  is determined from the following
Eq. (9):

= )

where AW is the value of energy dispersed during one vibration
cycle [J] and W is the value of energy supplied to the system
during this vibration cycle [J].

Fig. 11. Bench testing of elements of crawler track mechanism: (a) a
sample of roadwheel with rubber bandage and (b) a rubber pad

4.2. Numerical model

Depending on the purpose of the study, vehicle models are
characterised by varying degrees of complexity. These can be
discrete models with one, two and a finite number of degrees of
freedom or models developed and analysed by FEM [29]. Partial
models can be used to analyse complex dynamic objects such as
HSTVs, as demonstrated in the paper [30].

Fig. 12 shows a model of the high-speed tracked vehicle
adopted for the analysis. The relevant partial models of the sus-
ceptible elements of the crawler track mechanism have been
distinguished in it.

X

k g_q '

Csl |

T b —

1
m, !

—_ I

|
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Fig. 12. HSTV model: M - body mass, | - body moment of inertia,
G — gravity, ks1, ..., ksn — spring stiffness of the suspension,
Cst, ..., Csn — SUspension damping, ki, ..., ki — stiffness,
c, ..., Cn — damping of the rubber elements of the crawler
track mechanism, and n — number of roadwheels at one side

The equation of motion of the vehicle is given by the following
Eq. (10):
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Mij + €4+ Kq=F¥ =7 (10)

where M is the diagonal inertia matrix of the system, q is the
generalised displacement vector, C is the damping matrix, K is the
stiffness matrix and F is the generalised force vector resulting
from the kinematic excitations acting on the wheels.

Numerical investigations were performed with the original fi-
nite element code. In the investigation, there were 18 degrees of
freedom, including vertical displacement of wheels Eq. (12), the
hull and the driver seat Eq. (2), and rotations along the longitudi-
nal (x) and traversal (y) axes of the vehicle hull Eq. (2) and the
driver seat Eq. (2). The model includes non-linear sprung and
damping characteristics of vehicle suspension. The test object has
been the hypothetical HSTV with a mass of 42 t, the moment of
inertia 1x=92,000 kg/m? and 1y,=190,000 kg/m?2 based on the under-
carriage of a medium-sized tank, and running speed of 30 km/h
on a non-deformable road with a single obstacle in the form of two
road bumps, first in the shape of (1-cos) function (obstacle A) and
second in form of a triangular prism shape (obstacle B).

The shape of the first obstacle is given by Eq. (11), while the
second by Eq. (12):

26) = ;-<l—cos-(2L: )),té% (1)

where h is the obstacle height [m], V is the driving speed [m/s]
and Ly is the obstacle length [m].

( hvt <L_p
7
—JrH_y. Lp 2Ly
Z(t)—{Lp(Z L—-V-t), S <ts— (12)
\ 0, t>22
v

where Ly is the half of total obstacle length [m].

Both had a height of 0.15 m and a length of 1 m. Model stud-
ies can also be carried out for other obstacle profiles such as
threshold, sinusoidal track also combined with kinematic shape
with pseudo-random distribution (various quality road).

5. RESEARCH RESULTS

5.1. Experimental investigation

Fig. 13 shows the results of measurements not subjected to
additional processing steps. The graph also shows the deflection
spike near zero load force, caused by the detachment of the
rubber pad from the stand base. The stiffness characteristic pre-
sented in Fig. 14 is not suitable for implementation in the numeri-
cal investigation. One cycle was selected from the recorded trial,
then the approximations for force load and unload phases were
determined with an average curve, and an area of the hysteresis
loop corresponding to the dissipation energy was determined.

The aforementioned procedure was applied both for rubber
pads and a section of roadwheel with a rubber bandage. The
numerical study assumes the implementation of the running sys-
tem as a substitute model. The rubber band works in series with
the rubber pad in the vehicle running system. Fig. 15 shows indi-
vidual characteristics, where blue denotes a new rubber pad
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(RP1), green denotes a new rubber band (RB) and resultant
characteristic and yellow denotes a series connection (RP1 and
RB). Fig. 16 shows individual characteristics, where blue denotes
a used rubber pad (RP2), green denotes a new rubber band (RB)
and resultant characteristic, and yellow denotes a series connec-
tion (RP2 and RB).

275
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Fig. 13. Stiffness characteristic for the new rubber pad consisting of ten
cycles
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Fig. 14. Processed stiffness characteristic: force load (green line), force
unload (brown line) and suitable for numerical investigation form
visible as a dashed line
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Fig. 15. Approximated stiffness characteristics: blue line — new rubber
pad, green — new rubber band, yellow — resultant characteristic
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Fig. 16. Approximated stiffness characteristics: blue line — used rubber
pad, green — new rubber band, yellow — resultant characteristic

5.2. Model research

Model tests have several advantages: they are non-
destructive, enable a multivariate analysis in a short time, do not
require a large investment and are safe. Depending on the specif-
ic characteristics of the elastic and damping elements present in
the crawler track mechanism, it is possible to determine, at each
stage of operation, the loads on the hull as well as the driver, the
dynamic reactions of the load-bearing wheels and the deflection of
the rubber bandage, allowing the determination of ground loads.
Examples of the dynamic load patterns from the tests for the
rubber elements analysed — new and after the run — are shown in
Figs. 17 and 18.

The main part of Fig. 17a shows the acceleration waveforms
of six roadwheels when passing a single A-type obstacle for a
new rubber band and new rubber pad configuration (conf. ).
Sections of the graph enclosed by a dashed red line shows accel-
eration waveforms of peak areas for the new rubber band and
used rubber pad configuration (conf. Il). In case of conf. I, high
acceleration values are observed when the first, second and sixth
roadwheels are running into an obstacle. Deceleration values
occurring are similar levels except for the first roadwheel (lowest
deceleration value of 241 m/s?) and sixth roadwheel (highest
deceleration value of 255 m/s?). In case of conf. I, waveform
patterns are similar. The highest acceleration values are observed
for the first, second and sixth roadwheels, higher by an average of
around 7.2%. In the case of deceleration values, extreme values
were observed for the first and sixth roadwheels. The lowest
deceleration value was observed for the first roadwheel (212
m/s?), while the highest deceleration value was observed for the
sixth roadwheel (239 m/s?). This is equivalent to a change of 12%
and 6.3%. Tab. 1 summarises the detailed acceleration, and
deceleration values and their percentages for the compared con-
figurations, respectively.

The main part of Fig. 17b shows waveforms of forces trans-
mitted by six roadwheels when passing a single A-type obstacle
for a new rubber band and new rubber pad configuration (conf. I).
Sections of the graph enclosed by a dashed red line shows force
waveform peak areas for a new rubber band and used rubber pad
configuration (conf. Il). In case of conf. |, the highest force values
are observed when the first, second and sixth roadwheels are
running into an obstacle. The maximum force value is ~108 kN.
For the same wheels, a reduction in the transmitted force to zero

acta mechanica et automatica, vol.17 no.1 (2023)

is observed. This is equivalent to the condition in which the
roadwheels become detached from the road surface. In case of
conf. Il, waveform patterns are similar. The highest values of force
transmission are observed for the first, second and sixth
roadwheels, higher by an average of around 3.3%. For the first,
second and sixth roadwheels, detachment from surface was also
observed. Tab. 2 summarises the detailed extreme force values
and their percentages for the compared configurations.
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Fig. 17. Vertical acceleration waveforms of roadwheels passing a single
A-type obstacle for conf. | (a) and conf. Il in section of graph
enclosed by a dashed red line. Force exerted on roadwheels
for conf. | (b) and conf. Il in section of graph enclosed
by dashed red line

Tab. 1. Roadwheel vertical acceleration peak values and relative differ-
ences for tested configurations: a new rubber pad' and worn-out

rubber pad?
Roadwheel Acceleration [m/s?] |Difference| [%]
number max! | max2 | min!' | min2
1st 352 378 | 241 | -212 74 12.0
2nd 360 391 —248 | —226 8.6 8.9
3rd 334 344 | -248 | -226 3.0 8.9
4th 334 341 245 | =224 | 21 8.6
5th 332 336 | -246 | —224 1.2 8.9
6th 372 393 | -255 | -239 5.6 6.3

‘conf. I: new rubber band, new rubber pad.
2conf. II: new rubber band, used rubber pad

Tab. 3 summarises the data covering the maximum and mini-
mum values of rubber deflection (for the equivalent stiffness char-
acteristics, the determination is shown in the fourth section). Tab.
3 confirms the detachment of the first, second and sixth
roadwheels in both scenarios. The highest deflection values are
observed for these roadwheels. In the case of the third and fourth
roadwheels, both minimum and maximum deflection values are
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similar. In the case of the fifth roadwheel, smaller deflection peak
values were observed (10.5 mm). The two tested configurations
showed an impact of rubber pad wear on the working range (de-
flection). In the case of the second, third and fourth roadwheels, a
minimum deflection value increase for conf. Il about 42.1% was
observed. A maximum deflection change of values is an order of
magnitude lower and decreased by about 1%. A greater change
was observed for the first, second and sixth roadwheels, a de-
crease by an average of 5%.

The condition of the rubber elements has an impact on loads
acting on roadwheels and suspensions but did not significantly
affect the loads acting on the vehicle hull and the driver.

Tab. 2. Peak values and relative differences of force exerted on
roadwheel for tested configurations: a new rubber pad' and worn-
out rubber pad?

Rzz‘;“"")’:’re' st | 2nd | 3rd | 4th | 5th | 6th
Fra! [KN] 108 | 108 | 93 | 942 | 932 | 107
Fras? [KN] 113 | 113 | 949 | 957 | 941 | 111

IDifference| [%] | 4.63 | 463 | 204 | 159 | 097 | 3.74
Fra! [KN] o | o | 563 500 | 348 | o
Fra [KN] o | o | 620 | 574 | 420 [ o

Difference| %] | NA. | NA. | 117 | 148 | 207 | NA

‘conf. I: new rubber band, new rubber pad.
2conf. II: new rubber band, used rubber pad
*Detachment of the roadwheel from the ground.
N.A. — not applicable.

Tab. 3. Rubber deflection peak values and relative differences for tested
configurations: a new rubber pad' and worn-out rubber pad?

Roadwheel Deflection [mm] |Difference| [%]
number max! | max2 | min' | min2 min max
1st 0* 0* | -114 | -11.0 | NA 3.86

2nd 0* 0* | -114 | -11.0 | NA. 418

3rd 21 | -29 | -105 | -104 | 381 0.91

4th -20 | 2.7 | -106 | -105 | 35.0 1.23

5th -15 | -23 | -106 | -104 | 533 1.39

6th 0* 0* | -112 | -11.0 | NA 2.52

‘conf. I: new rubber band, new rubber pad.

2conf. II: new rubber band, used rubber pad

*Undeformed rubber (detachment of roadwheel from the ground).
N.A. - not applicable.

The main part of Fig. 18a shows acceleration waveforms of
six roadwheels when passing a single B-type obstacle for a new
rubber band and new rubber pad configuration (conf. I). Sections
of the graph enclosed by a dashed red line shows acceleration
waveform peak areas for a new rubber band and used rubber pad
configuration (conf. Il). In case of conf. |, significantly higher ac-
celeration values are observed for the third, fourth and sixth
roadwheels overcoming an obstacle.

Deceleration values are similar, except for the first (lowest de-
celeration value of 476 m/s2) and second roadwheels (highest
deceleration value of 461 m/s?). In case of conf. I, waveform
patterns are similar. The highest acceleration values are observed
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for the third, fourth and fifth roadwheels, higher by an average of
around 1.9%. In the case of deceleration values, extreme values
were observed for the first and second roadwheels. The lowest
deceleration value was observed for the fifth roadwheel (416
m/s2), while the highest deceleration value was observed for the
first roadwheel (472 m/s2). This is equivalent to a change of 1.96%
and 0.84%. Tab. 4 summarises the detailed acceleration and
deceleration values and their percentages for the compared con-
figurations. The main part of Fig. 18b shows waveforms of forces
transmitted by six roadwheels when passing a single B-type ob-
stacle for a new rubber band and new rubber pad configuration
(conf. 1). Sections of the graph enclosed by a dashed red line
show force waveform peak areas for a new rubber band and used
rubber pad configuration (conf. I). In case of conf. |, significantly
higher force values are observed when the third, fourth and fifth
roadwheels are overcoming an obstacle. The maximum force
value is =200 kN. For all wheels, a reduction in the transmitted
force to zero is observed. This is equivalent to the condition in
which the roadwheels become detached from the road surface.
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Fig. 18. Vertical acceleration waveforms of roadwheels passing a single
B-type obstacle for conf. | (a) and conf. Il in the section of graph
enclosed by a dashed red line. Force exerted on roadwheels

for conf. | (b) and conf. Il in the section of graph enclosed
by a dashed red line

In case of conf. Il, waveform patterns are similar. The highest
values of force transmission are observed for the third, fourth and
sixth roadwheels, higher by an average of around 1.6%. The
highest percentage increase was observed for the sixth
roadwheel. The value of the force increased by 10.7%. For all
roadwheels, detachment from surface was also observed. Tab. 5
summarises the detailed extreme force values and their percent-
ages for the compared configurations.

Tab. 6 summarises data covering the maximum and minimum
values of rubber deflection (for the equivalent stiffness character-
istics, the determination is shown in the fourth section). Tabs. 5
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and 6 confirms the detachment of all roadwheels in both scenari-
o0s. The highest deflection values are observed for the third and
fourth roadwheels. In the case of the first, second and fifth
roadwheels, the maximum deflection was smaller. The smallest
deflection, lower by about 2 mm, was observed for the sixth
roadwheel. In both configurations, detachment of roadwheels
occurred. The impact of rubber pad wear on the working range
(deflection) was observed for all roadwheels. Maximum deflection
values decreased overall by 5.1%. The highest percentage de-
crease was observed for the third and fourth roadwheels.

The condition of the rubber elements has an impact on loads
acting on roadwheels and its suspensions but did not significantly
affect the loads acting on the vehicle hull and the driver.

Tab. 4. Roadwheel vertical acceleration peak values and relative
differences for tested configurations: a new rubber pad'
and worn-out rubber pad?

Roadwheel Acceleration [m/s?] |Difference| [%]
number max' | max? | min' | min2 | min max
1st 646 683 | —476 | 472 | 5.73 0.84

2nd 586 629 | —461 | —458 | 7.34 0.65

3rd 966 980 | —414 | —422 | 145 1.93

4th 958 977 | —418 | 425 | 1.98 1.67

5th 904 827 | —408 | —416 | 8.52 1.96

6th 513 605 | —430 | 428 | 17.9 047

Tconf. I: new rubber band, new rubber pad.
2conf. II: new rubber band, used rubber pad

Tab. 5. Peak values and relative differences of force exerted
on roadwheel for tested configurations: a new rubber pad!
and worn-out rubber pad?

Roadwheel 1st 2nd 3rd 4th 5th 6th
number
Frmax' [kN] 161 148 202 200 188 133
Frmax? [KN] 168 156 204 204 185 147
|Difference| [%] 443 | 548 1.47 187 | 1.34 10.7
Fmax" [KN] 0* 0* 0* 0* 0* 0*
Frmax? [KN] 0* 0* 0* 0* 0* 0*
|Difference| [%] NA. | NA N.A. N.A. N.A. N.A.

Tconf. I: new rubber band, new rubber pad.
2conf. II: new rubber band, used rubber pad
*Detachment of the roadwheel from the ground.
N.A. - not applicable.

Tab. 6. Rubber deflection peak values and relative differences for tested
configurations: a new rubber pad' and worn-out rubber pad?

Roadwheel Deflection [mm] |Difference| [%]
number min' | min2 | max' | max?2 | min max
1st 0* 0* -13.4 | -12.8 N.A. 4.48

2nd 0* 0* -129 | -125 N.A. 3.10
3rd 0* 0* -14.4 | -13.4 N.A. 6.94

4th 0* 0* -144 | -134 N.A. 6.94

5th 0* 0* -13.9 | -13.3 N.A. 432

6th 0* 0* -125 | -11.9 N.A. 4.80

‘conf. I: new rubber band, new rubber pad.

2conf. II: new rubber band, used rubber pad

*Undeformed rubber (detachment of roadwheel from the ground).
N.A. — not applicable.
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6. SUMMARY AND FINAL FINDINGS

The elasticity characteristics obtained indicate a change in the
properties of rubber as a construction material. The degree of
change depends on the running conditions, terrain and meteoro-
logical conditions, as well as its intensity and exposure time.

This article demonstrates that during the operation of high-
speed tracked vehicles, there is intensive wear of the rubber
material used in the crawler track mechanism assemblies. The
shape, geometry, properties and elastic and damping characteris-
tics change. Deterioration of the elastic damping properties of
rubber elements in the suspension components does not neces-
sarily eliminate the vehicle from further use. However, it may be
one of the causes of accelerated wear of other elements or as-
semblies. Monitoring changes in parameters describing the prop-
erties of elements of the crawler track mechanism make it possi-
ble to build models with high accuracy corresponding to the test
objects (HSTV) and to determine loads close to the real ones. As
a result, it makes it possible to carry out model tests on new ob-
jects, as well as after a run undergoing modification or modernisa-
tion.

Intense wear and tear of rubber elements used in crawler
track mechanisms leading to the deterioration of their elastic—
damping properties indicate the relevance of further investigation
of this phenomenon. This particularly concerns the durability and
reliability of cover plates of crawler tracks, and load-bearing wheel
counter-measurements may be suggested:

1. Selection of the shape and dimensions of the rubber elements
to reduce the running resistance in rectilinear and curvilinear
motions and the loads resulting from these forces.

2. Modification of the composition of the mixture from which the
rubber elements of the crawler mechanism are made. This
could be a direction related to the use of rubber mixtures with
a graphene admixture [31].

The aforementioned measures should positively influence the
technical characteristics of high-speed tracked vehicles by, for
example, increasing the traction properties, reliability and durabil-
ity of the internal equipment assemblies. Efforts in this direction
should also have the effect of reducing vehicle maintenance and
operating costs.
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