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Abstract

In this study was investigated the fracture of the welded supporting structure of a satellite carrier of a
bucket wheel excavator drive reducer. The research was aimed at identifying the root causes of the
failure through an integrated failure analysis combining theoretical calculations, numerical modelling
and experimental investigations. The loading analysis included digging resistance, natural and forced
oscillations of the excavator structure, and verification of the support strength under variable operating
conditions. Finite element analysis was used to determine the stress state in the critical regions of the
carrier, while the field measurements were performed to assess operational stresses and vibration be-
havior under different excavation regimes. In addition, metallographic and scanning electron micros-
copy examinations were carried out to identify the fracture features and weld imperfections. The re-
sults showed that the critical sections of the support structure operated under stresses close to the yield
limit, while impact loads and low-frequency oscillations significantly increased the risk of failure.
Fractographic observations revealed lamellar tearing, low-cycle fatigue features and a heterogeneous
weld structure containing cracks, inclusions and gas porosity. The fracture was therefore caused by
the combined effect of excessive service loads, dynamic excitation, stress concentration and imperfec-
tions in welded joints, which should be more comprehensively considered in the design and assessment
of such structures.

DOI: 10.30657/pea.2026.32.19

1. Introduction

Bucket wheel excavators are subjected to a complex stress

In addition, the influence of own low-frequency oscillations
on the working strength of vital structures and parts cannot be
fully understood in the design and construction phase (Arsié¢

state arising from different phases of their structural and oper-
ational history. These stresses include residual stresses intro-
duced during the fabrication and assembly, operational
stresses generated under regular service conditions in response
to static and dynamic loading, as well as non-stationary dy-
namic stresses associated with disturbed or transient operating
regimes. The interaction of these stress components may sig-
nificantly affect the structural integrity, particularly by pro-
moting local stress concentration, damage accumulation, and
the initiation and propagation of cracks in critical load-bearing
components.

@ © 2026 Author(s). This is an open access article licensed
under the Creative Commons Attribution (CC BY)

License (https://creativecommons.org/licenses/by/ 4.0/).

etal., 2019, a, b). The existing dynamic models of vital struc-
tures and parts, mechanisms and drives of rotary excavators,
i.e., models of external load, caused by digging resistance, do
not allow complex assessment of their influence on the dy-
namic behavior of rotary excavators as a whole (Arsi¢ et al.,
2025, Petrovi¢ et al., 2025).

In this article are presented partial results of the failure anal-
ysis of a fracture of the welded support structure of a satellite
planetary gear of the BWE wheel drive.

Failure analysis (FA) is a multidisciplinary, multifaceted
scientific field, connecting areas of engineering from diverse
backgrounds and bodies of knowledge (Pantazopoulos, 2019).
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The critical requirement in failure analysis is that it must be
correctly conducted to provide all the necessary information
that give substance to explanations for the root cause of the
failure (Maisuradze and Antakov, 2021).

There are actually two types of articles dealing with appli-
cation of failure analysis in engineering. The first group are
articles devoted to using the FA to resolve concrete problems
of some part/mechanism/device failure, while to the second
group belong articles considering more general aspects of FA
itself, with emphasis on its possible application to various
types of failure problems. This short review of FA application
articles contains only those directly related to the subject of
this paper.

(Mohammed et al., 2012) were trying to identify the cause
of failure of a connecting-rod shank in an engine, subjected to
cyclic dynamic loading. The analysis included finite element
calculations of the stress within the shank and metallographic
investigation of the shank's fracture surface. The conclusion
was that the fracture was caused by fatigue, and that the higher
quality material-should be used for manufacturing the con-
necting-rod.

(Hanetal., 2014) were investigating causes for the drill pipe
fracture in Taho Oilfield in China, which fractured at depth of
1665.93 m, after 210.5 h of the service life. The results of FA
showed that the failure of the drill pipe occurred due to the
sulfide stress corrosion cracking (SCC) and that using the high
strength steel was inadequate in the well that contains high
amounts of the hydrogen sulfide.

(Zangeneh, Ketabchi and Kalaki, 2014) were investigating
failure of an agitator shaft, made of the AISI 304L stainless
steel, in a large vessel. They have shown that while the me-
chanical properties and chemical composition of the failed
shaft material were within the acceptable range, the existence
of a single machining groove of a depth of 0.2 mm caused the
stress increase for as much as 50 %. Thus, the inadequate fillet
radius size and machining grooves on the shaft surface were
the main causes of its failure.

(Gong, Ding and Yang, 2019) were trying to discover what
caused the premature fracture during service of three of the
four TP321 stainless steel anchor bolts used in an indoor sea-
water booster pump of a nuclear power plant. The FA conclu-
sion was that the premature fractures were caused by the stress
corrosion cracking (SCC) from chlorides, which occurred due
to splashing of the seawater during the routine maintenance of
the pump.

(Katinic et al., 2019) were analyzing the cause of the cor-
rosion fatigue failure of the steam turbine rotor's moving
blades, of a condensing industrial steam turbine installed in
a fertilizer production plant. Authors proposed measures to
extend the service fatigue life of the rotor blades, by rede-
signing the whole turbine stage that increased the fatigue
safety factor by about 50 %.

(Krishnakumar and Selvakumar, 2020) conducted a met-
allurgical investigation of failed bearing and chain parts,
through the chemical analysis, optical metallography and
hardness analysis. The impact fatigue was the cause of frac-
tures, as well as overload and unsuitable material selection.

(Husaini, Putra and Novriandika, 2020) studied the frac-
ture of the crankshaft pulley used on a truck engine, by vis-
ual examination, chemical and SEM analysis, as well as us-
ing the finite element analysis (FEA) to quantify the stress
intensity factor (SIF) distribution near the crack tip in the
crankshaft pulley. The reason for the crack initiation was
the stress concentration in the sharp-angled keyway.

(Maisuradze and Antakov, 2021) presented an analysis of
failures of mechanical components made from alloyed steels,
and identified fatigue cracking, and flaws in thermal, thermo-
chemical and mechanical treatments as causes of those fail-
ures.

(Bakhshandi et al. 2022) tried to explain the failure mecha-
nisms of two cylindrical impact pistons, made of two different
steel grades, subjected to impact loading. The results have
shown that the failure of both pistons started with degradation
of the impact surfaces, as cavitation erosion and localized sur-
face fatigue phenomena, followed by chipping and removal of
material from impact surfaces.

(Rocha Pinho, Campanelli and Pereira Reis, 2022) were
conducting a failure analysis to discover the cause of fracture
of the turbojet compressor blades, which occurred during the
laboratory tests. The visual and fractographic analyses pointed
to the fact that the turbojet compressor failed due to fatigue as
a consequence of the surface roughness, especially in the tran-
sition from the body to the blades, which acted as a stress con-
centrator causing the cracks nucleation on the blades' surfaces.

(Sulaiman and Abidin Ismail 2013) tried to interpret the ma-
chine failure in a suitable manner. They discussed application
ofthe two methods of FA, the so-called Why-why analysis and
the PM analysis. The Why-why analysis consists of chain of
questions. The first answer should be the direct cause of a cer-
tain part/assembly failure. When the root cause of failure is
identified that would be the point to stop asking Why. The PM
(phenomenon-mechanisms) analysis consists of identifying
the 5 Ms of FA: mechanisms /machinery/men/ materials
/methods.

(Kaulgud and NangarePatil, 2016) have dealt with different
types of material and component failures that appeared in in-
dustrial enterprises. They emphasized the critical importance
of fractography for failure analysis of metals and plastics,
pointing to the fact that fractography of plastics is a relatively
new field, though bearing many similarities to metals' behav-
ior.

(Pantazopoulos, 2019) presented a review on fracture mech-
anisms of mechanical components operating under industrial
process conditions, with emphasis on the phenomenological as-
pects of fracture and their relationships with the emergent frac-
ture mode(s), taking into account the prevailed operating pa-
rameters and loading conditions.

(Guma, Ozoekwe and Odita, 2020) conducted an overview
of approaches and techniques used in failure analysis of engi-
neering system, presenting 24 recent works of researchers
from different backgrounds. They emphasized that "although
there are many existing FA approaches and techniques of engi-
neering systems, not all, or a number of them, can be suitable
for every particular failure case".
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(Espinel-Blanco et al., 2021) proposed a two-stage
method for fault analysis in metal materials that have failed
due to fracture. The first stage would consist of a visual in-
spection of the failed element, while the second stage would
assume a series of destructive tests to identify the charac-
teristics of the material and the occurrence of the failure.

(Fathyunes and Mohtabi-Bonab, 2023) conducted a review
on the corrosion and fatigue failure of gas turbines, declaring
that one of the main causes of failure in turbines is corrosion
fatigue, which is a result of combined action of cyclic loads
and corrosive environment. They also presented a summary of
the literature results related to influence of the loading condi-
tions, corrosive environment and properties of the turbine ma-
terials on this failure.

Similar researches were conducted by (Vulovié, 2023, Arsic¢
et al., 2019 b and Zhao, 2017).

(Dudzinski et al., 2024; 2025) conducted analysis of the dis-
charge boom suspension axle failure, which caused uncon-
trolled movement of the discharge boom. The results pointed
to the fact that the fracture was caused by material fatigue, as
a combination of three factors: inappropriate material micro-
structure, notch effect and cyclic loading. The nominal design
loads were lower for 18% than the measured ones, which was
the additional factor that contributed the failure of the axle.

(Song et al., 2025) have investigated the failure of a 750A
dual-insulated pipeline, where the cracks have developed
along the weld joints during the heat supply resumption at the
district heating facility. The analysis included the visual in-
spection, mechanical testing, microstructural characterization,
finite element analysis (FEA), and electrochemical corrosion
testing. The results indicated that cracks were generated in the
heat-affected zone (HAZ), primarily caused by galvanic cor-
rosion and thermal expansion-induced stress accumulation.
Finite element analysis showed that the stresses in the Coarse
Grain HAZ surpassed the yield strength of both the base metal
(349 MPa) and weld metal (384 MPa) and the peak value was
475 MPa.

Thus, the general conclusion is that in the FA it is always
necessary to select the best approach and technique, suitable
for analysis of each particular failure of a part or a system, and,
if possible, present those even before the eventual failure.

On the other hand, methods for detecting the construction
errors have evolved and are constantly being improved. Apart
from the classic ones that are still widely used (Arsi¢ et al.,
2021), there are also newer methods that can provide greater
precision in work or even indicate a problem with the con-
struction in exploitation earlier.

Bucket Wheel Excavators (BWEs) are among the largest
and most critical assets in continuous surface mining. Their
welded structures, such as the boom, bucket wheel, and sup-
porting frames, are subjected to extreme cyclic and dynamic
loads, leading to complex failure mechanisms like fatigue,
brittle fracture, and stress-corrosion cracking. Traditional vis-
ual inspection and basic non-destructive testing (NDT) are of-
ten insufficient for predicting failures. The latest global diag-
nosis paradigm integrates advanced NDT, numerical
modelling, and structural health monitoring (SHM) to enable
predictive and proactive failure analysis.

ARCHIWUM INZYNIERII PRODUKC]JI
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Phased Array Ultrasonic Testing (PAUT) represents the
technique that offers superior detection and sizing of internal
weld defects like lack of fusion, cracks, and porosity. Its abil-
ity to electronically steer and focus beams provides detailed
cross-sectional images of the weld, which is crucial for as-
sessing the crack propagation in thick BWE components
(Sampath et al., 2021).

Digital Radiography (DR) is replacing traditional film radi-
ography. The DR provides immediate, high-resolution images
of weld integrity with enhanced sensitivity. It is particularly
effective for inspecting the complex weld geometries in the
bucket wheel hub and boom connections.

Acoustic Emission (AE) Testing is a passive, global moni-
toring technique that detects the high-frequency stress waves
released by active defects (e.g., growing cracks) under load.
Its major advantage for BWEs is the ability to monitor large
structures in real-time during operation, pinpointing active
damage zones before they become critical (Barski and Ptachta,
2013). Recent work by (Swit et al., 2024) further confirms that
acoustic emission can support the monitoring of crack devel-
opment and the assessment of structural integrity in steel com-
ponents, although in a different application domain.

One of the newer inspection methods in engineering today
is Structural Health Monitoring (SHM) with Fiber Optic Sen-
sors. That technique represents a shift from periodic inspec-
tion to continuous monitoring. Fiber Bragg Grating (FBG)
sensors are at the forefront of this shift. They are embedded or
surface-mounted on critical welds to provide the real-time, in-
situ strain and temperature data. Their immunity to electro-
magnetic interference, small size, and ability to be multiplexed
in a single fiber line make them ideal for the extensive and
electrically noisy environment of a BWE. This allows for the
direct measurement of operational stresses and the detection
of abnormal load patterns that precede failure (Michatek et al.,
2019).

Besides the experimental testing on these systems, Numeri-
cal Simulation and Digital Twins are using the wider possibil-
ities today, compared to the earlier times. The Finite Element
Analysis (FEA) is no longer used just for design but is integral
to failure diagnostics. By creating a high-fidelity digital model
of the BWE's welded structure, engineers can simulate load
scenarios and identify the potential high-stress concentration
zones (hot-spots) prone to fatigue cracking. The latest evolu-
tion is the concept of a Digital Twin, where the FEA model is
continuously updated with real-world operational data from
SHM sensors. This creates a live, virtual replica of the physi-
cal asset, enabling predictive analysis of remaining fatigue life
and accurate diagnosis of the root cause of failures (Heinrich,
2022).

Apart from the mentioned techniques, the Integrated Ap-
proach for BWE Assemblies can today be considered as one
of the most effective diagnostic strategies. For instance, an AE
system can provide a global warning of active cracking in a
boom structure. This warning then triggers a targeted, high-
resolution PAUT inspection to precisely characterize the de-
tected flaw. Subsequently, an FEA model, calibrated with
strain data from the FBG sensors, is used to assess the critical-
ity of the flaw and predict its growth rate under future loading
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cycles, thereby informing about the optimal repair decisions
and preventing the catastrophic downtime.

2. Analysis of the support structure parts loads

In this paper is presented a methodological approach to the
failure analysis of the cause of a fracture of the welded struc-
ture of the satellite carrier of the planetary part of the reducer
for driving the excavator rotor.

The excavator SRs 1300.26/5.0+VR+£10, produced by
"TAKRAF", Germany, is shown in Fig. 1, the cross-section of
the reducer in Fig. 2, and the elements of the satellite carrier
of the planetary part of the drive reducer in Fig. 3 (TAKRAF
SRs 1300.26/5.0+VR+10, Equipment manufacturer's docu-
mentation).

Fig. 2. The cross-section of the drive reducer of the working wheel

& L
A
¥ Al

Fig. 3. Elements of the satellite carrier of the planetary part of the
drive reducer of the rotor excavator: 1 — the upper flange, 2 — the
reinforcing rib, 3 — the drive plate, 4 — the segment

The construction solution of the reducer with a planetary
part at the output enables the rotor speed to be 7.108 rpm or
5.787.

According to the documentation received from the equip-
ment supplier, the elements of the satellite carrier of the plan-
etary part of the drive reducer of the excavator rotor are made
of the following materials: the upper flange (1) is made of the

cast steel GS-E 50.3, the reinforcing rib (2) and the drive plate
(3) are made of steel 38B2 and the segment (4) is made of
sheet steel S355JR.

The welding of parts of the satellite carrier, according to the
equipment supplier, was performed using procedures 111 (EN
ISO 4063: Welding processes 111) and 135 (EN ISO 4063:
Welding processes 135). Additional material is 10 MnSi, pre-
heating temperature 150 °C, heat treatment - annealing at a
temperature of 500 - 550 °C and the non-destructive testing
was carried out using the magnetic particle method. The in-
tended quality class of the welded joints is "B" (EN ISO 5817).

The basic technical characteristics of the rotor excavator re-
ducer are given in Table 1.

Table 1. Technical properties of the rotor excavator reducer

Property Value
The highest transmission ratio i=249.7
Number of the electric motor revolutions n= 1485
Output power P =900 kW
Voltage U=6000V
cos o 0.88

Tow= 1374 kNm
Tos = 1786 KNm

Output torque in excavator operation
Output torque when starting the excavator

2.1. Digging resistances

During exploitation, most assemblies and elements of the
rotary excavator are exposed to complex dynamic loads,
which depend on the conditions of exploitation, i.e., digging
resistance and self-oscillations, in stationary and non-station-
ary operating modes of the excavator drive system.

Determining the external load on the excavator rotor from
digging resistance appears as a basic need both during the de-
sign and exploitation. Numerous parameters, which define the
resistance in the process of digging with a rotary excavator,
are classified into three groups: rock mass parameters, geo-
metric parameters of digging and structural-kinetic character-
istics of the excavator.

The rotor of an excavator with buckets needs to overcome
the resistance of cutting, lifting the excavated material, filling
the bucket, friction of the soil material and friction between
the material and the bucket, which depend on the cutting pa-
rameters and the characteristics of the working environment.
In practice, it is necessary to determine the total resistances,
because they are decisive for the correct selection and sizing
of the rotary excavator, Figure 4.

The basic component of the digging resistance is the tangen-
tial component F;, kN, defined as the product of the specific
linear digging resistance along the knife length &z, kN/m and
the sum of the average lengths of the cutting edges of the
knives in the engagement L,,, m, or the specific surface dig-
ging resistance of the cross-sectional area of the chops k4,
kN/m? and the sum of the average cross-sectional areas of the
chops 4., m?, depending on the number of buckets z on the
rotor and the angle digging ¢, °:
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Fig. 4. Digging resistances for the rotary excavator
SRs 1300.26/5.0+VR+10

The total digging resistance F, represents the spatial load,
which consists of three components: tangential F;, normal due
to the rotation of the rotor F,, and lateral due to the circular
movement of the excavator superstructure with the working
wheel and boom Fi:

F=\F+F+F? @)

F =y, F 3)

where:

and
Fo=y - F. “)
The nominal digging power N, kW, which depends on the
efficiency ratio of the drive electric motors n, can be defined
as the sum of the power required for digging Ny and the power
required for lifting and loading the excavated material N;:

Based on the characteristics of the digging resistance of one
bucket, as a random function of the digging angle, it is possi-
ble to proceed to the statistical characteristics of the total load
of the rotor, i.e., the rotor shaft (@) and the torque on the rotor
shaft T(@). Variables F (@) and T(¢) are used for dimensioning
drive systems. Their exact values are obtained by measure-
ments on a large number of buckets, on a large number of ro-
tary excavators, and for a number of different excavation en-
vironments.

2.2. Excavator natural and forced oscillations

The connection of the upper rotating and moving part of the
rotary excavator represents, in comparison to the rotor boom,
loading boom and counterweight, a small basis for the stability
of the structure in operation. Due to that, the excavator is rel-
atively easily brought into a state of oscillation, both in sta-
tionary and non-stationary modes of operation, whereby the
induced oscillations of vital structures lead to dynamic
stresses in the structural elements. Excavator oscillations can
be complex and have a wide frequency spectrum.

Oscillations of the vital structures of the rotary excavator are
characterized by translational and/or rotational movement of
the intersection points, i.e., their distance from the neutral po-
sition, which changes in time.

Based on the manufacturer's technical documentation and
the dimensions of the construction elements of the rotor boom,
the calculation of the forces in the rods and the displacement
of the nodes of the spatial grid, as well as the calculation of
the masses and stiffness coefficients for individual rods, was
performed.

In addition, the natural vertical oscillations of the boom
were calculated using the "Finite-storelemente" method, for
the plane lattice model, Fig. 5. When calculating the frequency
of natural oscillations, it was assumed that the masses as rigid
elements are concentrated in the nodes, and that the elastic el-
ements are placed in the convergent directions of the rods of
the lattice model. Based on the displacement of the mass of
each rod and each node, the total mass of the lattice was de-
termined.

1
N=—-(N,+N,). 6)
n ]
16
Y 1 3 5 7 9 11 13
15
0 2 4 6 8 10 12 14 7 X

Fig. 5. Calculation model of the rotor boom for vertical oscillations

The calculated approximate values of natural oscillation fre-
quencies for the approximate model of the rotor boom grid are:
fonin =4.58, Hz and far = 195.0, Hz.

ARCHIWUM INZYNIERII PRODUKC]JI

2.3. Calculation of the satellite support strength

The satellite carrier in the planetary section of the reducer
driving the excavator bucket wheel is subjected to the driving
torque and transverse bending forces. To evaluate its mechan-
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ical response, a theoretical analysis of the stress state was per-
formed under different loading conditions. A comparable ap-
proach to load determination in load-bearing rotary compo-
nents, with particular emphasis on actual support conditions
and stiffness effects, was reported by (Krynke et al., 2023).
The analysis considered the following load cases:
* Case 1, loading of the satellite carrier caused by rotational
force,
* Case 2, loading of the satellite carrier caused by its self-
weight and alternating bending,
* Case 3, satellite carrier loads caused by alternating bending.
The conducted research was aimed at checking the safety of
the satellite carrier according to the yield strength and fatigue
strength.
The driving torque load is transmitted through the bearing
on the satellite carrier plate. For the ideally distributed load.

Table 2. Data on loading and planetary gear dimensions

The force in the bearing of the planetary gear that acts along
the perimeter, is calculated as:

=7 o (6)

where: My, is the driving torques, D, is the bearing diameter
and a, is the numberer of the planetary gears.

The satellite carrier is loaded with the driving circumferen-
tial force and the bearing forces in the housing, Fig. 6.

Data for calculations are given in Table 2.

Static calculation under the action of the same nominal loads
gives the bearing force in the housing Fyy = 2.34-10°, N. At
the double nominal load, i.e., in the case when coupling torque
is also taken into account Fcy = 3.73-10°, N.

Forces, kN Dimensions/lengths, m

Fc Fu bc bc bu b ac /1 1> I3
260 332 0.59 0.58 0.97 8.566 1.165 1.6 0.203 | 0.466 1.08

Mab

15
*aj G
Osa le” aja a 3
‘ [O) 12
o)
0
5 Fe 2 I
o]
o) F F a
- - Fc A u
xRy | Oslonac momenta | l
\ T
piis
I:A au
a
(@) (b)

Fig. 6. (a) Gear box load display (top view); (b) Positioning and loading of the planetary shaft of the drive gear

2.4. Calculation of the support structure fatigue
strength

The calculation of the fatigue strength of the upper flange
(1) and segment (4) of the welded satellite support was per-
formed based on the predicted (calculated) normal distribution
load spectra (Savkovi¢ et al., 2011)]. The stress of the satellite
support is determined based on the digging resistance, oscilla-
tion of the structure during the digging process and circular
bending by transverse forces. The stress components are: ouy
- comparative stress due to torsion moment, opy - comparative
stress due to transverse stress caused by torque,

OpG - comparative stress due to own weight and on - compar-
ative effective stress at the most loaded places. The calculated
values of stress components are given in Table 3.

Table 3. Calculated stresses of the most loaded places of the satellite
carrier parts, N/mm?

Part

OMN OON 000G ON
Flange 95.2 13.7 9.3 118.2
Drive plate 94.7 8.3 5.7 108.7

2.5. Numerical calculations of stresses and defor-
mation

The stress and deformation analysis of the planetary carrier
of the satellite was carried out by numerical calculation, using
the finite element method and the hemisphere program of the
AUTRA system (owned by the mine where the excavator was
in operation). In Fig. 7 is presented the mesh model for 1/4 of
the satellite carrier and in Fig. 8 calculation models of the sat-
ellite carrier loads.
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The comparative stresses o. were calculated according to:

(7

where: oy and o; are the normal stress components and oy, is
the shear stress.

_ 2 2 2
o, —\ja ,to’',—o,-0,+3-0°

Fig. 7. The support structure mesh model

2.6. Safety checking for exceeding the yield stress

Given that the AUTRA program enables the calculation of
maximum spatial stresses, the procedure was applied for the
calculation of safety related to the plastic yield strength. It al-
lows for the possibility that the yield stress may be exceeded
in the most stressed part of the structure, without visible de-
formations of the structure, provided that the remaining defor-
mation due to tension is eg = 0.002. For the required condition,
the safety coefficients were calculated using the data from Ta-
ble 4, according to:

S = 50.2 O,
y b
O-cmax

®)

where: ) is the ratio for the yield stress for the circular ring
plate, under the same yielding conditions; o is the calculated
comparative stress for the given mesh model and ovax is the
maximum comparative stress at macro elements.

Table 4. Calculated safety coefficients

Part % 2 one 2 50 2 Sy
N/mm N/mm )
Front plate ofthe 235 211 1.8 2.00
satellite carrier
Back plate of the 260 2255 1.75  2.02

satellite carrier

Locz;(iieng Loads superposition
© G €
) - I w ®©®
G O €
Case 1 | Case 1 — opposite direction Rotational force
O O O
®) 12 {O @ Ol 12O “ O - 1O O
®) O @)
Case 2 Case 3 | Alternating bending
()
Alternating bending (I Alternating bending (IV . .
quadrant) quadrant) Alternating bending

Fig. 8. Computational model of the load on the satellite carrier Computational model of satellite carrier load, superposition of loads due to:
(a) rotational force; (b) own weight and alternate bending; (c) alternate bending
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3. Experimental investigation

Experimental tests of digging resistance, natural and forced
oscillations and deformation measurements to define the stress
spectrum were performed on a rotary excavator of the same
type, under operating loads in different excavation environ-
ments. The testing machine had all the important characteris-
tics (nominal strength, wight, dimensions, digging equipment
and the complete driving mechanism) identical to the excava-
tor on which the broken part was operating.

Digging resistances were determined based on the measure-
ment of the engaged power, which was performed by measur-
ing the change in current strength at the working loads of the
rotary excavator for certain phases of operation in different
excavation environments.

For the maximum measured loads and total measurements,
the parameters of the normal distribution law of the specific
digging resistance ki were calculated. For the maximum
measured loads, the mean value is 86.3, kN/m with a standard
deviation of 23.2, kN/m, and for the total loads the mean value
is 68.2, kKN/m with a standard deviation of 23.2, kN/m. It was
found that checking the extreme values for +£36 is satisfactory.

To examine the natural and forced oscillations of the rotor
boom structure, measurements of vertical and horizontal dis-
placements and velocities and accelerations were made, in dif-
ferent load regimes and in hard-to-work environments, when
strong impact loads occur. Measurements were made in the
middle of the supporting vertical columns and in the middle
of the main supports of the upper belt of the rotor boom, using
the vibration method using a noise and vibration analyzer.

The application of vibration-based diagnostics in the present
study is in line with (Biaty 2024), who demonstrated that such
methods can effectively support the assessment of degradation
and technical condition of mining machinery under operating
conditions. The values of the fundamental frequencies of self-
oscillations, determined by analysis of oscillations during the
transport and working movements of the excavator outside the
digging process, are: vertical oscillations 1.0 - 3.2, Hz; trans-
verse oscillations 0.5 - 0.7, Hz and longitudinal oscillations
0.4 -0.5, Hz.

It was also determined that the logarithmic decrement of
damping is p = 0.5, which represents a relatively small damp-
ing power and indicates the possibility of resonance.

The largest vertical oscillations in the operation of the exca-
vator were recorded on the main supports of the rotor boom in
the frequency analysis area of 2.5 - 5.0, Hz. This confirms that
the danger of oscillation exists in the low-frequency area, as
well.

Tensometric measurements of deformations were per-
formed with four measuring tapes of type XY-120-HBM,
which are suitable for measuring deformations caused by
torque. Obtained values of the maximum established stresses
for different load regimes are shown in Table 5.

Table 5. Maximum established stresses for different load regimes

Simulated excavator operation mode  Measured stress, MPa

Rotor start-up 110
Load when working in loose material 110
Average load (mixed layer of exca-

140
vated mass)
Working in compact gray clay 160
Impact loads 220
Rotor start-up 110

4. Analysis of the satellite support fracture sur-
faces

Metallographic examinations of the fracture surfaces of the
material samples of the satellite carrier parts revealed a ferrite-
pearlite structure, which corresponds to the basic materials.

Based on a visual inspection of the fracture surface of the
satellite carrier flange and analysis of the propagation of
cracks, the lamellar separation of the material was determined,
Figure 9. The lamellar cracks start from the base material or
heat-affected zones. They are of the stepwise shape and paral-
lel to the surface of the flange, and are the result of the welding
technology, the action of stress in the direction of the thickness
of the base material, depending on the properties of the base
material (due to the thermal cycle of welding) and the struc-
tural solution of the welded joint. The appearance of the satel-
lite carrier flange fracture surface with indicated a part of low-
cycle fatigue is shown in Figure 10. This interpretation is con-
sistent with fracture-mechanics studies showing that crack-
front evolution and propagation in constrained structural re-
gions may be strongly affected by local geometric and mate-
rial discontinuities (Djokovi¢ et al., 2023).

Scanning electron microscope revealed that the weld metal
has a very heterogeneous structure with a large number of de-
fects (bonding faults, cracks, inclusions, gas bubbles), Figures
11-13.

Fig. 9. The lamellar material separation of the upper flange of the
satellite carrier
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Fig. 10. The fracture surface of satellite carrier flange with indi-
cated low-cycle fatigue (blue arrow)

Fig. 12. The inclusions in weld metal
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Fig. 13. The gas bubbles in the weld metal

5. Conclusions

The process of designing and developing the structure of the
reducer for driving the excavator rotor is always accompanied
by the prediction of its safety in operation and the prediction
of the service life.

The analysis of the measurement results of the load
(stresses), for different modes of excavator work, depending
on the realized hourly production and statistical characteristics
of the specific digging resistance, showed that the technical-
technological characteristics fully meet the requirements
when the excavator works on the excavation of transition
zones between the two blocks of gray clay and in loose zones,
but it does not satisfy the conditions of the excavator on the
excavation of compact gray clay, due to significant shock
loads in the work of the excavator, causing low-frequency os-
cillations.

The rotary connection of the upper rotating and moving part
of the excavator represents, compared to the working boom
and the balance boom with a weight, a relatively small basis
for the stable operation of the structure in the area of low-fre-
quency oscillations, where there is a danger that the frequency
of its own oscillations will be close to the frequencies of os-
cillations caused by the periodic action of an external load,
which can lead to the appearance of resonance and the failure
of the most stressed sections.

By comparing the stresses determined by theoretical consid-
erations and experimental tests, in relation to the carrying ca-
pacity of the satellite carrier, it was determined that the work-
ing stresses in the critical sections are close to the yield point
and without taking into account the stress concentration.

The structural solution of the elements of the satellite carrier
and the results of the experimental tests of the basic materials
and welded joints showed that during the design and produc-
tion of the welded structure, i.e., welded joints, as critical
points, not all the parameters that are important in variable
load conditions, are included. In the case of welded joints,
there is an influence and concentration of stress, not only from
the change of geometric shape, but from the errors present in
the welded joints, as well, some of which remain in the con-
struction even before it is being put into operation.
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To achieve the required power and achieve the expected ser-
vice life of the reducer, it is necessary to have accurate data on
the load of the reducer for different operating modes in various
excavation environments, already in the design phase. In ad-
dition, considering that welded joints belong to the critical
places of the structure; by studying the behavior of materials
and welded joints under the effect of variable load, data should
be obtained that would help to realize a construction that is
safe in relation to impact loads and fatigue failure.

Techno-economic justification of maintenance operations
can be established using several decision-support approaches,
including the Economic Method (MEC), Profitability Im-
provement Analysis (PIA), the Machinery and Allied Parts In-
stitute Method (MAPI), and the Net Present Value Method
(MNPV) (Mutavdzi¢, 2015; Lazi¢ et al., 2014). These meth-
ods provide a structured analytical basis for selecting the op-
timal maintenance strategy by incorporating criteria related to
economic feasibility, repair effectiveness, technological ap-
plicability, and the expected service performance of the re-
stored system. Their application should cover failure analysis,
evaluation of repair technologies for damaged components,
and, where technically and economically justified, replace-
ment with newly manufactured parts. The same criteria may
also be extended to the assessment of alternative manufactur-
ing technologies intended for new working elements, particu-
larly when the long-term operational reliability and cost effi-
ciency are considered. In practice, the preferred option is
selected through the comparative evaluation of technological
alternatives against profitability-related indicators, while ac-
counting for both the range of available technical solutions
and the limitations imposed by available financial resources.
Investment appraisal is therefore typically based on measures
of relative profitability, absolute economic return, and the an-
ticipated benefits associated with improved operational effec-
tiveness and reduced maintenance-related losses.

For conducting the failure analysis of the considered frac-
tured part, the question was not whether to repair it or purchase
the new one. The latter alternative was not an option due to
the extremely high costs; thus, the former was adopted. On the
other hand, this whole analysis has shown that the study of the
behavior of a structure with welded joints must include a sig-
nificantly larger number of parameters than required when
studying the steel in the form of plates, since the heterogeneity
of the structure of a welded joint is determined by different
behavior of the base material, the heat-affected zone and the
weld metal under the effect of variable loads. This conclusion
is consistent with the findings of (Ivkovi¢ et al., 2023), who
showed that for responsible welded assemblies, the selection
or substitution of steel must be preceded by verification of me-
chanical properties, weldability, and welding technology in
order to ensure reliable structural performance under service
loading.
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