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ABSTRACT

In this study, the design and optimisation processes of the link to be used in the steel track undercarriage system
of a tracked vehicle are summarised. In the first stage, a preliminary model was created by considering existing
design examples and constraints. Two different Finite Element (FE) models were built using the maximum driving
torque and track - ground contact forces. According to the results obtain from the analyses, three critical regions
where stress concentration occurs, were identified. Seven structural design parameters were chosen to minimise
stress concentrations in these regions. A Design of Experiments-based optimisation study was performed using
these parameters. After obtaining new dimensional values, a new link design was created. The FE analyses
conducted for maximum torque case showed that approximately decrease of 61%, 55%, and 20% was obtained in
terms of stress concentration at the first, second, and third critical regions, respectively. Under the effect of vertical
and lateral forces, the improvement percentages are 63%, 26%, and 31%, in the same order. It was observed that
the stress values obtained at the critical regions of the new design under the failure loads, were below the
permissible values.
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Celik Paletli Yiiriiylis Sistemi Baklasinin Yapisal Parametrelerinin
Belirlenmesi ve Deney Tasarimi Yaklasimiyla Optimizasyonu

Oz

Bu caligma kapsaminda, bir paletli tasitin gelik paletli yiiriylis sisteminde kullanilan baklanin tasarim ve
optimizasyon siiregleri zetlenmistir. Ilk asamada, uygulanmis tasarim 6rnekleri ve tasarim kisitlar1 dikkate
almarak bir 6n model olusturulmustur. Baklaya etkimesi beklenen maksimum tahrik torku ve

temas kuvvetleri yardimiyla iki farkli Sonlu Elemanlar (SE) modeli kurulmustur. Bu model yardimiyla parga
tizerinde gerilme agisindan ii¢ kritik bolge belirlenmistir. Gerilme yigilmalarinin azaltilmast igin bakla {izerinde
yedi adet yapisal tasarim parametresi se¢ilmistir. Bu parametreler kullanilarak gergeklestirilen Deney Tasarimi
tabanli bir optimizasyon calismast sonucunda elde edilen boyutsal degerler yardimiyla, yeni bakla tasarimi
olusturulmustur. Motordan sisteme maksimum tork uygulanmas1 durumu icin yapilan SE analizleri, birinci, ikinci
ve liglincii kritik bolgelerde gerilme yigilmasi agisindan sirasiyla, yaklasik %61, %55 ve %20 oranlarinda iyilesme
elde edildigini gostermistir. Diisey ve yanal kuvvet etkisi altinda ise iyilesme yiizdeleri, ayn1 siralamayla, %63,
%26 ve %31'dir. Sonuc olarak, elde edilen parametrelerle gerceklestirilen yeni bakla tasariminda, kritik
bolgelerde elde edilen gerilme degerlerinin, hasar olusumuna neden olan degerlerin altinda kaldig
gorilmistiir.
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. INTRODUCTION

Tracked walking systems have a wide range of applications in many different disciplines such as
defence, construction, mining, agriculture and mobile robotics. These vehicles were initially designed
as a "portable railway" which are laid in front of the road wheels and mounted on the vehicle during the
motion [1]. With the advancement of technology, these vehicles have become more durable and
manoeuvrable. Tracked vehicles are advantageous compared to wheeled vehicles especially in off-road
conditions such as soil, mud and snow. The main reasons for this advantage are the larger contact area
and longer tyre contact length of tracked vehicles compared to wheeled vehicles [1,2]. At the same time,
the larger total contact area of tracked vehicles allows them to contact a larger amount of the ground
surface. This is one of the main reasons why the traction of tracked vehicles is higher than that of
wheeled vehicles. Because it is known from the literature that increasing the tyre contact length and area
increases the traction of a wheeled vehicle on the terrain [1]. Figure 1 shows the crawler excavator used
in this study.
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Figure 1. General view of the steel track undercarriage system (Courtesy of Smart Iy Makinalar San. Tic. A.S.).

Failures can occur on the undercarriage system of tracked vehicles under overload and harsh operating
conditions. This can result from various reasons such as design and/or manufacturing defects,
inconvenient working conditions and environmental factors. In open literature, failure investigation
studies have been reported for these systems [3-8]. Zhi-wei et al. [4], investigated the failure of two
crawler links of a tracked vehicle used for dredging. Characterisation studies show that, undesired
residues in the track link material caused the component to become brittle. In the study by Bosnjak et
al. [5], the chain link failure was investigated by metallographic examination and the Finite Element
Method (FEM) for a specified lifetime of a tracked vehicle. As a result of the analysis and tests, it was
found that the mechanical properties of the material significantly deviated from the specifications. In
addition, the micro and macro cracks were detected in the material structure and it was shown that the
failure was caused by manufacturing defects. In another study by Bosnjak et al [6], various methods
were used to determine the cause of failure of track links. As a result of the analyses, it was determined
that the increase in sulphur content in the link material caused the failure. Zhao et al [7] investigated the
stresses on the link under different steering conditions of the excavator at low speeds. In the FE analyses,
it was observed that the maximum stress value in the chain links was lower than the yield strength, but
there was a crack in the corner where the bolt holes of the chain link on the lateral force bearing side
were located. Literature studies show that the failures in the track links are generally caused by
manufacturing defects and fatigue.

Tracked excavators consist of parts such as track (1), track shoe (2), link (3), bushing connection pin
(4), idler (5), sprocket (6) and track tensioning system shown in Figure 2. The links are connected by
pins and bushes to hold the chain together. The drive wheel transfers the drive torque from the engine
to the track chain via the links and thus enables the chassis (7) to move on the ground. The track rollers
(8), which are rotatable mounted on the chassis, roll on the links. The chassis’ vertical load is transmitted
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via the rollers to the links and the track shoes connected to them. In this way, a uniform pressure
distribution is provided on the ground contact surface and the movement. This enables the vehicle to
have better traction characteristics in difficult ground conditions [9,10]. The failure of the track
undercarriage system during operation in various surface conditions causes material and temporal losses
[4,7].
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Figure 2. General view of the steel crawler system used in an excavator and layout of structural elements [9]

In this study, the design and optimisation processes of the link to be used in the steel track system of a
tracked vehicle shown in Figure 3 are summarised. In the first step, a preliminary model was constructed
by considering the applicable design examples and constraints. Two different Finite Element (FE)
models were also built with the help of the maximum drive torque and link contact forces. These models
used to identify three critical regions on the part in terms of stress concentrations. Seven structural design
parameters were selected to minimise stress concentrations in these regions. Using these parameters, a
new link design was generated using the dimensional values obtained from a Design of Experiments-
based optimisation study. It was observed that the new design obtained as an optimization result did not
exceed the fatigue stress value obtained from the literature [7].

As mentioned, there are studies in the open literature based on investigating the cause of link failure;

however, to the best of the authors' knowledge, studies which summarise a complete design process of
a steel crawler excavator link using DoE-based optimisation is not available in the open literature.

II. MATERIAL AND METHOD

A. LOAD MODEL AND FINITE ELEMENT MODEL

The solid models were imported into ANSYS® Workbench 2020R2 commercial FE software for stress
analysis. The load scenario in which the chassis operates at low speed where the right and left tracks
moving in opposite directions relative to each other, i.e. a pivot steering around the vertical axis, was
selected as the load scenario.
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Figure 3. Study Summary

According to this load model, two different FE models including the maximum drive torque and contact
forces were built. For low speeds the load was assumed to be uniformly distributed. The idealised loads
acting on the crawler are as shown in Figure 4 [11,12].
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Figure 4. Lateral resistance acting on the track during low-speed rotation (according to [12])

For the maximum drive torque model, the maximum tensile force was calculated via maximum engine
torque and the drive sprocket diameter provided by the manufacturer. For the second load model, the
vertical and lateral forces between the roller and link utilised for the fatigue analysis of a track chain
link used in a similar weight excavator were obtained from the literature [7]. The two different loading
models summarised in Figure 5. In the first case, named as case "a", the link begins to wrap on the drive
wheel sprocket and operates under maximum tensile force. In the second case (or case "b"), the link is
in contact with both the ground and the roller.

Figure 5. (a) Maximum traction case and (b) both in contact with the ground and contact force by the roller
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These two selected load models were applied to both the single link model and the sub-model. By this
way, the stress distributions for both models were obtained. In the first model, the tensile force acting
on the single link was applied as half of the total tensile force (Fx) through pin A in the -x axis direction.
Here, load distribution was assumed symmetric as shown in Figure 6.a. The translational movement of
the pin A in the force direction was allowed, while the translational and rotational movements in other
directions were constrained. In the latter model, the rotational movement around the drive sprocket and
the horizontal movement of the link are unconstrained. Here, pin D is fixed. In order to model the contact
forces that occur when the rollers pass over the link, the contact points of the rollers on the link were
determined first. These regions were separated on the part. Then, vertical and lateral forces were applied
to the separated contact area in addition to the tensile force. Due to the distance between the centres of
the two rollers mounted on the chassis, during the movement of the track, only a single roller can be in
contact with a link at any given time, during the interval when the roller contacts and then leaves the
link. In the sub-model shown in Figure 6.c, the tensile force Fx acting on the link is applied through pin
A in the -x axis direction. The rotational freedom of pin D is constrained and the friction between links,
rollers and pins is not considered in the model. Due to the surface contact resistance acting on the track
shoe, the idealised longitudinal and lateral forces (R and S), which are assumed to act on the chassis
from the road, are modelled as uniformly distributed surface pressure on the track shoe.
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Figure 6. (a) Maximum tension model, (b) Model subjected to crushing by rollers and (c) Sub-model [9]

B. DESIGN OF EXPERIMENTS -RESPONSE SURFACE METHOD

Design of Experiments (DoE) and Response Surface Methodology (RSM) are methods often used in
engineering to optimise the performance of a system or process. These methods are used together to
study the relationship between input parameters, known as design variables, and the response of the
system, known as output parameters. This method helps to determine the effects of variables on the
system and their optimal levels. In other words, in order to systematically investigate the effect of
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multiple variables in the system on the response, DoE is generally used. To build a model describing the
relationship between the design variables and the system response, response surface experiments with
specific rules are required. The results obtained from these experiments allow us to determine the effects
of the design variables on the system response and using this information we can build a mathematical
model. The regression model for a second order RS can be defined as follows [13];

k k
y=Pp+ Zﬁixi + z Bijxix; + € 1)
i=1

i<j
if written in matrix form:
y=XB+e (2)

where, y is the observation vector, X is the model matrix, 3 is the vector containing partial regression
constants and ¢ is the error vector [13]. In this study, a table was created by the software using the DoE
method for the allowable values of the input parameters using design examples. The optimisation was
performed using ANSYS Workbench® software. Central Composite Design (CCD) was used to
determine the optimum parameter values. CCD is an option available in the DoE module design table
and a detailed description of this procedure is available in the literature [14-16].

111. RESULTS AND DISCUSSION

C. DESIGN CONSTRAINTS AND PRELIMINARY DESIGN

In the first stage, a preliminary solid model was designed considering the existing design examples
[17,18] and constraints. The link geometries were firstly designed in two groups: In the first group pin
slot structure was altered where upper and lower height values remain constant. In the second group,
both height values were changed additionally. While constructing these models, the penetration of the
parts in the range of the link rotation angle when it is wrapped on the drive wheel and the distances
between the drive wheel and the links were taken into account, as shown in Figure 7. Then, a preliminary
model was selected among these two groups. Figure 8 shows the FEA results of the link geometries.

~

Sprocket

Upper Height

Distance between two
links

Pin Slot Lower Height

Figure 7. Working envelope of the chain link
ANSYS® Workbench 2020R2 commercial FE software was used for the stress analysis of the link.

SOLID187 element type consisting of a total of ten nodes, each with three linear degrees of freedom,
was used in the FE model. The analysis model consists of 256,810 elements and 368,334 nodes.
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Figure 8. Link designs with different geometries created for preliminary model selection

Top and Bottom Thicknesses Modified

According to the FEA results, the stress concentration values at the first and second regions of Design
4, 5 and 6 approximately twice compared to Designs 1, 2 and 3. Therefore, the preliminary model was
selected from the group in which the pin slot was replaced. The maximum stress values of Design 1 and
Design 2 is three times greater than Design 3 in the first region, while this value increases up to five
times in the second region. For this reason, Design 3 was chosen as the most suitable preliminary design
for both regions. Hence, critical regions were identified through this model. Figure 9 shows a
comparison of the stress concentrations for both regions of whole designs. Here, the stress values of the
preliminary model shown as PM assumed as a reference. Other stress values normalised to these values.

5 | =e—FirstZone
—e=Second Zone

Stress Value Ratio
w

Design 1 Design 2 PM Design4 Design 5 Design 6

Figure 9. Comparison of first and second zone stresses of links with different geometries according to the
selected preliminary model

D. PARAMETRIC OPTIMISATION

According to the FEA results of the preliminary model, three critical stress regions were identified for
the DoE. In the selection of these regions, the principal stress distribution on the link was analysed and
it was found that the selected regions operate mainly under tensile stress. The area selected as the first
critical region is a zone where failure has been observed [7]. The second and third critical regions were
selected for the optimisation study as the stress concentration occurring in these regions is higher than
the stress value at which failure occurs [7]. Figure 10 shows the stress distributions in the critical regions
determined on the link.

To minimise stress concentrations in these critical regions, seven structural design parameters were
selected. Then, a DoE based optimisation study was performed using these parameters and a new link
design was built using the obtained values. Figure 11 show the critical regions and selected design
parameters.
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Figure 11. Parameters of the link

Firstly, the effect of design parameters such as fillet radius (R1), part thickness (t), lower part height (H1)
and upper part height (H,) on the stress concentration at the first critical region was analysed and the
optimum design values were determined. The RS graphs were generated by using the maximum stress
(omax) Vvalues calculated for the design points. The parameter’s variation ranges determined by
considering Figure 7. To reduce the stress concentration at the first critical region, design improvements
were also done. The RS graphs obtained according to the maximum stress as a result of DoE are shown
in Figure 12.

B L ateral and Vertical Force Model MU Lateral and Vertical Force Model

U | ateral and Vertical Force Model

R1
R4

R1min

H2min

H1 H1min H2max Hz

tmax t tmin H1max

Figure 12. Response Surface plots obtained according to the maximum stress at the first critical zone

In the first critical region, the effect of the fillet radius (R1), which is approximately determined as 62
%, is higher than the other parameter effects. In the maximum torque model, its effect is greater than the
lateral and vertical force model. At the first critical region, the effect of the upper height was found to
be approximately 12% for the maximum torque model. In the other load model, this value is 15%. Figure
13 shows the effect percentages of the parameters.
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Figure 13. Effect percentages of parameters in the first critical region

In the DoE study of the third critical region, the structure of the upper part was given an 'S' form to
ensure a smooth transition. Two radii were defined as shown in Figure 14.a. The R, parameter was found
to have the highest effect on stress concentration. When the model for specific R; and Rs values was
analysed for two different load cases, a 57% increase in stress concentrations was observed in the second
load model compared to the first model. This result shows that, a specific load model may not be
sufficient for parameter selection. The effect of these parameters on the stress values over the third
critical region is shown in Figure 14.b.
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Figure 14. Effect percentages of parameters in the third critical region

After determining the optimal values of the first and third critical region parameters, the second DoE
study was carried out for the pin slot region (second critical region) optimisation. For this purpose, the
optimal geometrical values for the fillet radius (R4) and the taper angle (B) of the second region shown
in Figure 15 were determined as a result of the DoE - RMS. The variation ranges of the parameters were
determined according to the operating volume of the links (Figure 7), model structure and production

conditions.

Figure 15. FEA result of pin slot and selected parameters
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As a result of the analyses performed for the second region, the parameter with the highest effect was
determined as the taper angle () in the maximum torque model and the fillet radius (Rz) in the lateral
force model. In the maximum tensile model, it was observed that the increase in the taper angle increased
the stress values. In addition, in the lateral and vertical force model, it was determined that the stress

decreases as the fillet radius R4 increases. Figure 16 shows the response surfaces obtained from these
parameters.

R4max Rémax

Lateral and Vertical Force

R4

RAmin i
Bmax

Ramin

B Brmin Brmax B Brmin

Figure 16. Response surface plots of the second critical zone parameters

In order to investigate the stress distribution around the pin slot, the stress values of twelve regions taken
at 15° intervals are given in Figure 17 for both force models. As a result of the analyses performed using

the optimal values of the parameters, 20% stress reduction was achieved for the first load case and 31%
for the second load case.
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Figure 17. Stress variation at the at the second critical region

The FEA results of the sub-model simulating the operation of the links with each other are shown in
Figure 18. In this sub-model, it is seen that the stress concentrations obtained in the critical regions are
lower than the failure limits given in the literature as shown in Figure 18.a.
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Figure 18. (a) Sub-model, (b) First critical region, (c) Second critical region and (d) Third critical region

V. CONCLUSION

In this study, the design and optimisation processes of the link to be used in the steel track walking
system of a tracked vehicle are summarised. Firstly, a preliminary model was created by considering
various applied design examples and design constraints determined according to the operating envelope
of the link. In this envelope, the penetration of the links in the whole relative rotation angle range is
considered. The distances between the drive wheel and the links were also taken into account. Two
different Finite Element (FE) models were built: the maximum tension force resulting from the
maximum drive torque, and the contact forces caused by the roller contacts in addition to the tension
force. With the help of these models, three critical regions in terms of stress concentration were
determined on the link. To reduce the stress concentrations in these regions, seven structural design
parameters were selected on the component. Using these parameters, a new link design was built using
dimensional values obtained from a DoE-based study. The FE analyses for the first case showed that it
is possible to reduce the stress concentration approximately 61%, 55% and 20% at the first, second and
third critical regions, respectively. For the second load model, the improvement percentages are 63%,
26% and 31% in the same order. An FEA of the sub-model including the new link geometry was also
carried out under the same loading conditions. As a result, the stress values at the critical regions of the
new link design were found to be below the failure limits reported in the literature.
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This paper summarises the design methodology of a track link using simplified ground contact models.
It is possible to obtain different designs by using more complex track contact force models.
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