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In this paper are presented results of tests and analyses of complex dynamic loads carried out on
the bucket-wheel excavator SchRs 650/5 x 24 Krupp, as well as assessment of service life of vital
welded structures of a bucket-wheel excavator boom subjected to cyclic loading with a variable
amplitude through the use of experimental tests carried out in order to determine operational
strength and growth of a fatigue crack for one structural part. Bucket-wheel excavator was built
by “Thyssen Krupp” company, Germany. Outer loads, or in other words digging forces for the
overburden and coal have been calculated on the basis of measured values of actual current
intensity of the bucket-wheel drive and recorded output values of changeable loads. Correlations
between the power of the bucket-wheel drive system and adequate hourly production, depending
on the overall digging resistance which affects the stress condition of the bucket-wheel, were also
determined. Results of the theoretical and experimental analysis of natural and forced oscillations
of the support structure for various exploitation conditions are presented in first part of the paper.
Deformations ¢; determined by tensometric measurements on the rotating shaft of the bucket-
wheel were converted into tangential stresses through the introduction of the modulus of elas-
ticity and Poisson's ratio, which, along with the polar moment of inertia of the cross-section,
define the moment of rotation on the bucket-wheel shaft. Through the use of the load - strength
comparison method (maximization of the ratio of load and strength indicators) the application
factor of the gear with the largest number of turns K, has been determined.

In the second part of the paper methodological approach for the assessment of service life of
vital welded structures of a bucket-wheel excavator boom was presented. Assessment was done in
order to determine operational strength and growth of a fatigue crack, through the use of ex-
perimental tests. Realized researches and results presented in this paper offer great possibilities
for the analyses of behaviour of vital welded structures of the bucket-wheel boom. By the ap-
plication of the measurement device with 8 channels for registration and processing of electric
signals HBM Spider 8 and measurement tapes HBM 6/350 x XY31 deformations were measured
at vital welded structures of the boom in the area of the bucket-wheel. The objective of the test is
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to determine if there is a possibility of occurrence of plastic deformations or initial cracks due to
fatigue at vital welded structures and to obtain data which define crack growth.

1. Introduction

Bucket-wheel excavators in exploitation are subjected to stresses which occur during the production of components and equip-
ment assembling (residual stresses), during the process of performing functional tasks (stationary and dynamic loads), as well as
during the disturbed process of exploitation (non-stationary dynamic loads). Therefore, loads of important components and structural
elements of bucket-wheel excavators cannot be expressed in the form of a simple mathematical function, and accordingly cannot be
fully presented by a model in which variables or parameters change uniformly in exploitation conditions, because such a model
predicts a string of approximations, which depend on real conditions of production and exploitation.

Tests of bucket-wheel excavator structures in operating conditions enable the full evaluation of their condition and acquisition of
data necessary for quality comparison and evaluation of machines and structures, for the evaluation of the spatial operation of
singular components and elements regarding the load carrying capacity, as well as the determination of the possibility of mutual
operation of drive units and structures [1-7].

SchRs 650/5 x 24 bucket-wheel excavator operates at largest excavation site in Serbia's autonomus province Kosovo and
Metohija called “Dobro Selo” in Obili¢. Basic technical and technological characteristics of the excavator are presented in Fig. 1 [8,9].

2. Dynamic loads at the bucket-wheel excavator during service

Most components and elements of vital structures of bucket-wheel excavators are subjected to complex dynamic loads, which
depend on conditions of exploitation (resistance to digging and own oscillations) in the stationary and non-stationary operational
regimes of bucket-wheel excavator drive systems during service [10,11]. Oscillations of excavator's elements can also cause certain
stability problems [12,13].

2.1. Digging resistance

Determination of the outer load on the bucket-wheel which occurs due to digging resistance is essential during the design process
and exploitation. There is a large number of parameters which define the resistances during the digging process, and they are divided
into 3 groups: rock mass parameters, geometric digging parameters and constructive kinetic properties of the excavator.

2.1.1. Theoretical analysis

The bucket-wheel with buckets has to overcome resistances which occur due to cutting, lifting of the dug material, filling of
buckets and friction between the material and the ground, as well as between the material and the buckets, which all depend on
cutting parameters and characteristics of the operating environment. In practice it is necessary to determine overall resistances in
order to provide necessary basis for the selection and dimensioning of the bucket-wheel excavator (Fig. 2).

Basic component of the digging resistance is the tangential component F; [kN], defined as the product of the specific linear
digging resistance per knife length [kN/m] and the sum of average lengths of cutting edges of knives in operation Ly, [m], or a

- design (theoretical) capacity Q.= 4212 [m*/h]
- volume of the bucket, taking into account the empty space Whue = 650 [1]

- maximum cut depth L=5[m]

- maximum cut height H=24[m]

- bucket-wheel drive power [2x450 kW] N =900 [kW]

- bucket-wheel diameter Dpw =10.2 [m]

- number of buckets at the bucket-wheel z=21

- number of bucket unloads ny =36 [min’']

- specific resistance to digging, taking into account blade length ki = 109.6 [kN/m]
- overall drive utilization factor n=0.935

- cutting speed v =2.78 [m/s]

Fig. 1. Schematic appearance and technical data of the bucket-wheel excavator SchRs 650/5 x 24.
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Nomenclature f Frequencies of natural oscillations for the approx-
imate model of the bucket-wheel boom

Q¢ Design (theoretical) capacity Qe Hourly production of the excavator
Whue Volume of the bucket, taking into account the o Normal stress

empty space o1 Calculated normal stress
L Maximum cut depth T Tangential stress
H Maximum cut height € Normal deformation
N Bucket-wheel drive power [2 X 450 kW] W, Polar moment of inertia of the bucket-wheel drive
Dpw Bucket-wheel diameter shaft cross-section
z Number of buckets at the bucket-wheel T; Torsional moments of rotation
ng Number of bucket unloads Ka Application factor for the gear with the largest
ky, Specific resistance to digging, taking into account number of revolutions in gearbox for excavator

blade length moving
n Overall drive utilization factor Teq Equivalent torque
vy Cutting speed T, Nominal torque
F¢ Tangential component of the digging resistance da/dN  Fatigue crack growth rate
Ls Sum of average lengths of cutting edges of knives (0% Material constant

in operation m, Material constant
ka Specific surface digging resistance per cross-sec- AK Fatigue load

tional area of segments Y geometric factor
Ay Average cross-sectional areas of segments a Precrack depth
® Angle of digging b Specimen width
Fx Overall digging resistance (spatial load) w Specimen height
F¢ Tangential component of spatial load Kic Critical value of stress intensity
F, Normal component of spatial load ay Length of initial crack that existed at tested spe-
Fp Lateral component of spatial load cimens
N Nominal digging power a., Calculated critical length of edge crack
Nk Power required for digging Ty Excavator's average number of operating hours per
Nn Dug material year
F(p) Digging resistance of a bucket at specific angle Ny Overall number of stress variation cycles
T(p) Rotational moment of the bucket-wheel shaft Npy Number of revolutions of the bucket-wheel
XK System rigidness matrix ng Number of buckets
M Mass matrix
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Fig. 2. Digging resistances for the bucket-wheel excavator SchRs 650/5 x 24.

product of the specific surface digging resistance per cross-sectional area of segments k,, [kN/m?] and the sum of average cross-
sectional areas of segments Ay, [m?] depending on the number of buckets on the bucket-wheel (z) and the angle of digging ¢ [m?].
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Overall digging resistance Fy represents the spatial load, which consists of 3 components: tangential component F,, normal
component F, (due to the rotation of the bucket-wheel), and lateral component Fy, (due to the circular motion of the superstructure
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with the cutting wheel and the boom:

=R +F+F ; BE=y-F; F=yF %)

where: y,, and yy, - experimental proportionality coefficients, which depend on the operating environment.
Nominal digging power N [kW], which depends on the efficiency of electric motors n, can be defined as the sum of the power
required for digging Ny and power required for lifting and loading of the dug material Ny,:

1
N = —'(Nk + Nh)
7 3
Based on the characteristics of the digging resistance of a bucket Fj(,, as a random function of the angle of digging, it is possible to
move on to static characteristics of the cumulative bucket-wheel shaft load F(¢p) and rotational moment of the bucket-wheel shaft
T(p). Magnitudes F(¢) and T(p) are valid for the dimensioning of drive systems. Their accurate values are being obtained through
measurements on a large number of buckets and bucket-wheel excavators in various digging environments.

2.1.2. Measurement of the digging resistance

Measurement of the digging resistance is being performed directly at the bucket-wheel excavator and in the laboratory (mea-
surement through the use of the pendulum, wedge, penetrometer, triaxial apparatus, ultrasound device).

For the measurement of digging resistances Wattmeter method is most commonly being used. This method is based on the
measurement of the actual power on the transmission gearbox of the bucket-wheel drive. On the basis of acquired data regarding the
current intensity and voltage measured through the use of the wattmeter, the actual power is being calculated and recorded as time
dependent power variation. Electric energy consumption is a consequence of overcoming all resistances during the digging process.

2.2. Deformations and operational stresses

Conditions of exploitation of a bucket-wheel excavator may vary and depend on a large number of deterministic and random
parameters. In order to determine the actual stress state of certain structures and stress variation with time it is necessary to perform
deformation variation measurements and calculate the stresses.

2.2.1. Deformation measurement

On the basis of tensometric measurements of deformations in various conditions of exploitation performed through the use of
strain gauges, the stresses at which plastic deformations and initial cracks occur on the shaft of the bucket-wheel drive have been
calculated. Measurements have been performed through the use of four XY-120-HBM strain gauges, adequate for the measurement of
deformations caused by the moment of rotation. Electric signal has been brought from the drive shaft to the measurement equipment
for the registration and processing of signals through the use of special sliding copper rings, positioned in the near proximity of the
bucket-wheel, as well as through the use of graphite brushes positioned on stationary bearers (Fig. 3).

During the test the 4-channel magnetic recorder HP-3964-A, adjusted to record and reproduce in dynamic operating conditions
was used. Visual monitoring of deformations during the test, in order to prevent overstepping of prescribed values, has been per-
formed through the use of the single channel oscilloscope. For the drawing of records suitable for the analysis graphic recorders were
used, which can amplify the signal within the range from 1 [uV] to 500 [V] and stretch the signal within the range from 1 [cm/h] to
60 [cm/min].

2.3. Natural and forced oscillations of the excavator
The connection of the upper rotating part and the smaller part of the bucket-wheel excavator is, taking into account the bucket-

wheel boom, discharge boom and the counterweight, insufficiently strong to provide structural stability during operation. Bucket-
wheel excavators are thus being brought into oscillatory state very easily, in stationary as well in non-stationary operation regimes,

1
1
i
|
|
1
Oscilloscope '
i
1
1
1
1
1

Graphic Magnetic Measurement
Recorder | Recorder Bridge

Measurement Equipment : .
' Strain Gauges

Fig. 3. Overview of the structure of signal processing measurement equipment with copper rings and graphite brushes.
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and the oscillations of support structures induced in such a way cause the occurrence of dynamic loads in structural elements. These
oscillations can be very complex and of a wide frequency range.

2.3.1. Theoretical analysis

Oscillations of the support structures of the bucket-wheel excavator are being characterized by translational and/or rotational
movement of cross-section points, or by their displacement from the neutral position, which is time dependant Y = y(t).

On the basis of technical documentation and dimensions of structural elements, the calculation of stick forces and displacement of
spatial lattice knods, as well as the calculation of masses and rigidness coefficients for individual sticks are being performed.
Nevertheless, natural vertical oscillations of the boom have been calculated through the use of the ,Finite-storrelemente” method
[14], on the spatial lattice model, Fig. 4.

During the calculation of frequencies of natural oscillations, it has been assumed that masses of rigid elements are concentrated in
nodes and that elastic elements are positioned in directions convergent to directions of sticks in the lattice model (Fig. 4). On the basis
of the displacement of the mass of every stick and every node the overall mass of the lattice has been determined. Impact load can
have big effect on dynamic buckling of lattice shown by Liu et al. [15].

Frequencies of natural vertical oscillations have been obtained from the following equation:

det (XK = fIM) =0 (©)]

where: XK - system rigidness matrix and M - mass matrix.
Such obtained approximate values of frequencies of natural oscillations for the approximate model of the bucket-wheel boom are
fmin = 4.58 [Hz] and f,.x = 195.0 [Hz].

3. Results
3.1. Results of measurement of digging resistances

In these researches measurements on the bucket-wheel excavator have been performed under the operational load in various
digging environments. Fig. 5 presents the record of the current intensity variation with respect to the size of the segment, while Fig. 6
presents the record on which marked points represent:

® Point 1 - current intensity in the moment of motor start-up,

e Point 2 - current intensity during the idle operation of the bucket-wheel,
® Point 3 - current intensity during digging,

® Point 4 - highest recorded value of current intensity in the diagram.

Taking into account the data regarding the actual power of the bucket-wheel drive system N [kW] and adequate hourly pro-
duction Q. [m®/h], recorded during the excavator operation in various digging environments, the statistical analysis has been per-
formed through the use of the method of least squares, and linear correlations for the regressive function N=N(Q,) were established,
as shown in Fig. 7:

— loose overburden N(Q.) = 0.0837Q, + 229.6 5)

— compact grey clay N(Q.) = 0.1666:Q, + 366.6 6)

Through the analysis of histograms of the empirical distribution, cumulative frequency functions and statistical characteristics it
has been established that normal law of distribution is suitable for the mathematical depiction of random values of the specific
digging resistance per knife length (k;) (Fig. 8).

In Table 1 values of parameters of the normal law of distribution of the specific digging resistance per knife length and results of
the acceptance test of the law based on the coefficient of variation are presented.

15

Fig. 4. Calculation model of the bucket-wheel boom for vertical oscillations.
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Fig. 5. Display of the partial record of current intensity variation with respect to the size of the section.
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Fig. 6. Display of current intensity variation record with characteristic load points.
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a) loose overburden b) compact grey clay

Fig. 7. Power variation with respect to hourly production.

3.2. Results of deformation measurements

Values of stresses at the drive shaft of the bucket-wheel, according to deformations recorded for every monitored load regime, are

presented in Table 2. A short record which refers to bucket-wheel start-up and it's operation under average load conditions and
stopping is shown in Fig. 9.

3.2.1. The assessment of gearbox lifetime on the basis of measured deformations

Measurement results, presented by normal deformation €, were converted into tangential stresses t through the introduction of
the modulus of elasticity E and Poisson's ratio v which, along with the polar moment of inertia of the bucket-wheel drive shaft cross-
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Fig. 8. Graphic determination of parameters of the normal law of distribution.
Table 1
Parameters of the normal law of distribution of the specific digging resistance per knife length.
Normal distribution . ( kLK )2
_ 1 "2l ¢
f" - U\ﬁe
Mean value Standard deviation Variation Test for extreme values
ky* [KN/m] o [MPa] V = o/kg ki *-30
Maximum loads 86.3 23.2 0.27 Satisfiable
All measurements 68.2 19.1 0.28 Satisfiable
Table 2
Stresses calculated on the basis of measured deformations at the drive shaft of the bucket-wheel.
No. Tested operation regimes of the bucket-wheel excavator Calculated stresses t [MPa]
1 Idle operation 25
2 Average load during the digging of loose overburden 46
3 Highest load during the digging of loose overburden 69
4 Average load during the digging of compact grey clay 86
5 Highest load during the digging of compact grey clay 98
—
g
=1
~
w ‘ﬁ'l\K.nm.n AR A AAA AR
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/ AW
7 =N
4
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Fig. 9. Display of the short deformation - time record.
section Wy, define moments of rotation (torsional moments) T; on the outgoing bucket-wheel drive shaft, which could be used for the
assessment of gearbox lifetime.

)
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The application factor K, for the gear with the largest number of revolutions has been obtained through the use of the load -
capacity comparison method via maximization of the ratio of their indicators. This factor takes into account the influence of the
external load variation on the gearbox lifetime with certain approximations regarding the loading regimes during various phases of
exploitation and was determined for standard numerals which are defined with respect to the gear tooth root, because theoretical
analyses performed according to [14] showed that the gear tooth root safety is smaller than gear tooth flank safety. For applications
in structures exploited in dynamical conditions (subjected to cyclic torque and torsional vibrations) such as marine gears, excavators

etc., the application factor can be defined as the ratio between the equivalent cyclic torque and the nominal torque. The application
factor K, was calculated according to Eq. (8) [16]:

Ky = &,
T, (€©)]
where: T4 is equivalent torque and T, - the nominal torque.
For calculation values that were used are as follows: T, = 98 MPa (Table 2) — the biggest stress and for T, = 60 MPa (producer's

recommendation was 60-65 [9]). Based on that, calculated application factor K, is 1.6. Value of 60 MPa was adopted in order to
determine application factor for the worse working conditions.

3.3. Results of oscillation measurements

The measurements of vertical and horizontal displacements of speeds and accelerations under various load regimes and on hard
soil sites when impact loads occur were performed in order to complete the analysis of natural and forced oscillations of the bucket-
wheel boom structure. Measurements have been performed at centers of support vertical columns and at centers of main girders, in
the area of the upper strip of the bucket-wheel boom, by the vibration method performed through the use of sound and vibration
analyzers manufactured by “General Radio Company”.

Through the analysis of oscillations during transport and operational movements of the excavator while not being engaged in the
digging process it has been established that values of basic frequencies of natural oscillations are:

- vertical oscillations 1.0-3.2 [Hz],
- transverse oscillations 0.5-0.7 [Hz],
- longitudinal oscillations 0.4-0.5 [Hz].

Also, it has been determined that the value of the logarithmic decrement of attenuation is p = 0.5, which is a relatively small
power attenuation and indicates the possibility of the occurrence of resonance.

The largest vertical oscillations during the operation of the excavator were recorded at main girders of the bucket-wheel boom in
the range of frequency analysis from 2.5 to 5 [Hz]. It has therefore been confirmed that the threat of oscillations is present in the low-
frequency area.

Theoretical analyses, which took into account theoretical indicators, were performed for harmonic oscillations in the frequency
range from 2.5 to 250 [Hz] with the step size of 1/3 octave (1/3 octave analysis). Frequency spectra of vertical oscillations with
respect to the normative curve, for measurement locations where highest vertical oscillations were recorded, are presented in Fig. 10.
Oscillations in the fequency analysis range from 25 to 250 [Hz], which could be threatening if dislocation input is high, could be
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Y — s
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Measurement location at the opposite side of the

Fig. 10. Frequency spectrum of vertical oscillations at the support structure of the bucket-wheel boom.
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neglected on the basis of these tests.

Analyses of natural and forced oscillations show that the threat of the occurence of resonance is biggest for the bucket-wheel
boom structure in the low-frequency area.

Here should be mentioned that on these results design of the buckets can also have influence [28].

In the current part of the paper it was shown analysis of the oscilations and dynamic loads which occur at working parts of the
excavators, while the second part of the paper is deal with integrity assessment and determination of residual fatigue life of welded
joints at the boom of the bucket wheel excavator as one of the most loaded parts at the structure.

4. Integrity assessment and determination of residual fatigue life of vital welded structure at bucket-wheel boom

Before integrity assessment and determination of residual life of structure elements, the most critical places at structure need to be
determined. The most critical places at structure are assumed to be welded joints especially joints of girders and carrying structure as
T joint (Fig. 11). That pressumption is also confirmed in [19-33] but in order to confirm given presumption deformation measuring
has to be conducted. Fatigue is one of the most common cause of failure of the structure [1-3,17,18,25-29]. Especially in case of
welded girders [37] and stiffeners [38].

4.1. Deformations and operating stresses at vital welded structures of the bucket-wheel boom

By studying the behaviour of parent material and welded joints of vital structures subjected to variable loading it was determined
that nodes are critical locations, because 80% of fatigue cracks occur there (Fig. 11) [34].

Measuring tapes were applied in order to determine deformations and calculate the stresses at the elements of the vital welded
structures of the boom in the bucket-wheel area, made of steels

St 37.2 and St 52.3 in acordance with standard DIN 17100, or to put it differently made of steels S235J2G3 and S355J2G3, in
accordance with standard EN 10025-2 [19]. The objective of the stress condition check is to determine whether there is a possibility
of occurrence of plastic deformations or initial cracks due to fatigue. Properties of structural non-alloyed steels S235J2G3 and
$355J2G3 of which metal sheets and profiles were made are presented in Tables 3 and 4 and it was taken from appropriate standard
[20].

4.1.1. Deformation measurement

Measurements of strains at elements of the vital welded structures in the bucket-wheel area have been performed through the use
of 12 measurement tapes HBM 6/350 X XY31. Structure of measurement equipment for registration and processing of electric signals
(HBM Spider 8 — measurement device with 8 channels) is shown in Fig. 12.

In Fig. 13 locations where gauges for measurement of strains at the elements of vital welded structures of the boom in the bucket-
wheel area subjected to various conditions of coal mining (dynamic loading) are shown.
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Fig. 11. Appearance of a node at the welded structure and locations at which fatigue cracks mainly occur.
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Table 3
Chemical composition, mass percentage [20].
Steel C [%] Si [%] Mn [%] P [%] S [%] Cu [%] CEV [%]
S$235J2G3 < 0.17 < 0.55 < 1.40 < 0.045 < 0.045 < 0.40 < 0.38
S355J2G3 < 0.23 < 0.60 < 1.70 < 0.045 < 0.045 < 0.45 < 0.47
Table 4
Mechanical properties [20].
Steel Yield strength Ry [MPa] Tensile strength Ry, [MPa] Elongation A5 [%]
S235J2G3 235 360-510 24
S355J2G3 355 470-630 22
strain
gauge

A

software

=4 ey W
i TS O ad " )
: —a 7 wak

[T —

Fig. 12. Appearance of the measurement equipment for registration and processing of electric signals (HBM Spider 8 — measurement device with 8
channels).

strain gauges

Fig. 13. Welded structure of the bucket-wheel boom and spots where strain gauges were located.

Locations where deformations were measured at vertical girders (M1-M4), horizontal girders (M5-M8) and diagonals (M9-M12)
were selected on the basis of design and technical documentation, in order to enable insight in stress condition at characteristic
locations of the welded structure of the boom in the area of the bucket-wheel. Gauges M3 and M4 are not visible at Fig. 13 since their
position is symmetric to gauges M1 and M2, but on the opposite side of the boom.

4.2. Stresses at the elements of the vital welded structure of the boom in the area of the bucket-wheel

On the basis of calculated stresses at the elements of the vital welded structure of the boom in the area of the bucket-wheel
(Fig. 4), presented in Tables 5 and 6, it can be concluded that stresses are in linear elastic area and that they are 50% lower than yield
stress for steels $235J2G3 and S355J2G3. Highest values of stress were determined for diagonals.
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Table 5
Calculated stresses at vertical and horizontal girders of the boom structure in the bucket-wheel area close to nodes of the structure elements, o,
[MPa].

Operational mode of the bucket-wheel excavator Measurement locations
M1 M2 M3 M4 M5 M6 M7 M8
Average load during the digging of loose overburden 54.8 58.2 54.2 46.4 45.7 47.1 45.3 42.8
Full cut load during the digging of loose overburden 57.3 62.8 57.3 50.6 48.6 50.9 48.1 44.3
Average load during the digging of compact grey clay 67.6 70.1 59.9 53.2 55.1 57.4 54.2 48.8
Full cut load during the digging of compact grey clay 73.9 73.9 67.3 58.6 59.3 62.1 60.7 54.3
Table 6
Calculated stresses at diagonals of the boom structure in the bucket-wheel area close to nodes of the structure elements, o; [MPa].
Operational mode of the bucket-wheel excavator Measurement locations
M9 M10 M11 M12
Average load during the digging of loose overburden 65.5 59.3 60.5 54.2
Full cut load during the digging of loose overburden 97.7 63.9 67.7 57.6
Average load during the digging of compact grey clay 114.9 75.6 69.2 62.7
Full cut load during the digging of compact grey clay 145.5 108.4 102.8 93.1

Taking into account the fact that tests by which the stress condition of elements of the vital welded structure of the bucket-wheel
boom was determined did not comprise boundary loads which occur during the digging of petrified rock masses, when due to impact
loads bucket-wheel halts, the limit of useful load can not be determined.

4.3. Determination of fracture mechanics parameters

Behaviour of material with a single crack subjected to variable loads is defined by parameters which are being obtained by
examination of the growth of the fatigue crack, and those are fatigue crack growth rate (da/dN) and minimum critical stress intensity
factor at which there is no crack growth (fatigue threshold). Area of stable growth of the fatigue crack is formulated by Paris -
Erdogan equation (Eq. (9)) [22,24].

da

=L = ¢ (AK)™

dN @

For the service life assessment and integrity evaluation of the vital welded structure of the boom in the area of the bucket-wheel,
determination of parameters of fracture mechanics was carried out at 4 specimens extracted from samples of sheet metal made of
steel S355J2G3 (Fig. 14) taken from the area of measurement location 9 (Fig. 13). On the basis of the crack growth rate da/dN lengths
of critical cracks a, were calculated [22]. Precrack is located in heat affected zone (HAZ) as the most critical zone of the welded joint
[35].

Geometric member Y (ao/W) for specimens subjected to testing was calculated through the use of the following equation [7,22]:

3-(ag/W)HY2[1.99 — (ag/W)-(1 — aog/W)-(2.15 — 3.93-(ag/W) + 2.7-(ag/ W)?)]
2:(1 + 2ao/W)-(1 — agW)*? (10)

Y (ag/W) =

Device for determination of the growth rate of fatigue cracks by alternate bending “Cracktronic” is presented in Fig. 15.

One of dependency curves a — N (crack length dependent on load cycles), presented in Fig. 16, shows that growth of initial crack
from 2 mm to 3.58 mm starts slowly and has a rapid progress afterwards.

Values of measured and calculated parameters of fracture mechanics for the highest possible value of the stress range
Ao = 145.5 MPa on the basis of the mean value of fatigue crack growth rate for 4 specimens are as follows:

Y(a/W) = 2.32 — parameter which depends on specimen geometry and crack shape,

Ao = 145.5 MPa - highest possible value of the stress range,

Fig. 14. Appearance of the specimen tested in order to determine the growth rate of the fatigue crack.

192



Engineering Failure Analysis 105 (2019) 182-195

D. Arsié, et al.

Fig. 15. Appearance of the device (a) and a specimen with strain gauge for determination of the growth rate of fatigue cracks (b) [24]

° !
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Nx1006

Fig. 16. An experimentally obtained a — N curve.

C,=1.58" 10~ 14 (m;,cycle)/(MPa - Vm )™P - Paris-Erdogan equation constant,

m, = 3.55 — Paris-Erdogan equation constant,

Kjc = 126.5MPa - /m - critical value of stress intensity,
ap = 2mm - length of initial crack that existed at tested specimens,
a., = 44.65 mm - critical length of edge crack calculated through the use of Eq. (11) [8,22]:

(11

1( Ke ¥V 1 4 2
Ao = —-( < ) S ay = —( 000 ) = 44.65 mm = 0.04465 m
7w \Ac'Y 3.14 \145.5-2.32
For the above mentioned welded structure the remaining number of load cycles for the bucket-wheel excavator is being obtained
from Eq. (9):
da 1 1 1
el Cp'(AK)mp — Nag — Nage = N = mp—2 I n I: mp—2 mp—2 }=
(T)Cf P2 AC™ | ay 2 Qe 2
1-10 1 1
3.55 [ 355-2 3552 ] = 1.182:107 cycles
1.55-2.32%%.3.1473 +145.5355 | 0.002 2 0.04465 2 12)
13

= 3.55-2
( 2 )
For the average number of operating hours per year Ty = 4250 h, the overall number of stress variation cycles is:

Ny = 60-Ty-ngy-ng = 60-4250-4.86-21 = 2.6-10°cycles/year
where:Ty = 4250 h — average number of operating hours of the bucket-wheel excavator per year,n, = 4.86 rpm — number of re-

volutions of the bucket-wheel,ng = 21 — number of buckets.
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Based on determined parameters of fracture mechanics, the service life of the carrying welded structure in the area of the bucket-
wheel at maximum expected load after the repair of the existing damage, in case of initiation of a new edge crack in the longitudinal
direction of sheet metal is being obtained from Eq. (6) as:

N 1.182:107

n=—=—————=4.55 years
Ny 2.6-10° 14)

5. Conclusion

Fatigue failures often occur in highly-stressed structural components of machines during exploitation. In the present case, failure
analysis and service life determination was done for complex structure of bucket-wheel excavator SchRs 650/5 x 24 Krupp. Based on
presented results and analysis, the following conclusions can be drawn:

- Specific digging resistances per knife length (k;) at highest recorded loads are 20% higher than the average value for overall
measurements in various digging environments, but at the same time smaller than the designed value. Determined linear cor-
relations for the regressive function of actual power of the bucket-wheel drive system and adequate hourly production N =N(Q,),
show that the bucket-wheel excavator during operation, when compact grey clay is concerned, cannot reach the designed (the-
oretical) capacity Q, = 4212 [m®/h].

Application factor K, was used to predict the load capacity of gear drives during cyclic loading in exploitation. In that order, for
every monitored load regime the deformations were measured and the level of stresses were determined. For every analyzed case
the stress level was within predicted ranges. Also, determined value of the application factor K, = 1.6 is smaller than the one
prescribed in appropriate standards ISO 6336-1:2006 [36] and DIN 3990 for the gearbox of the bucket-wheel drive, according to
which K, = 1.75-2.0. This case is more desirable for the gearbox from the aspect of the reliability, since there is a possibility to
apply greater loads.

Frequency analyses of oscillations for various excavator operations show that all oscillations are within the allowable range, but
with sudden variations. In case of very freaquent sudden variations should be careful since there is a possibility of the occurence of
resonance due to matching of natural oscillations of the structure and oscillations caused by the action of the periodic load and
therefore of the occurence of quick damaging of critical cross-sections.

From the aspect of structural integrity, values of measured and calculated parameters of fracture mechanics for the highest
possible value of the stress range were Ao = 145.5 MPa, what is less than yield strength of the weakest element in structure.
For given conditions critical length of edge crack was calculated as a., = 44.65 mm and based on that and the average number of
operating hours per year, the overall number of stress variation cycles was determined, what was necessary to determine ex-
cavator's service life of 4.55 years in case of initiation of a new edge crack in the longitudinal direction of sheet metal.

Realized researches and results presented in this paper offer great possibilities to designers of bucket-wheel excavators to carry
out behaviour analyses for vital welded structure of the boom in the area of the bucket-wheel. Here should be emphasize the fact that
tests by which the stress condition of elements of the vital welded structure of the bucket-wheel boom was determined did not
comprise boundary loads which occur during the digging of petrified rock masses, when due to impact loads bucket-wheel halts, the
limit of useful load can not be determined.
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