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Exploitation of bucket wheel excavators (BWEs) is accompanied by an increase of mass
due to transport and adherence of a large amount of the material. Technical regulations
do not account for the dynamic behaviour of BWEs. Such problems are analysed as quasi-
-static. A procedure and results of investigation of the influence of masses of the bucket
wheel (BW) incrustation and soil in a blocked BW chute on the superstructure response are
presented. Analysis of sensitivity of dynamic characteristics and the response to adherence
of the material is conducted. The method and results can be used in the design stages of
new and in reconstructions of obsolete BWEs.

Keywords: bucket wheel excavator, dynamic behaviour, adhered material, vibrations

1. Introduction

Bucket wheel excavators (BWEs) are high capacity machines operating in extremely harsh work-
ing conditions under the influence of loads of a pronounced dynamic nature. Experimentally
and analytically obtained results of analysis of the dynamic behaviour serve as a foundation of
modern methods for calculating structural stability (Cires and Nani, 2016), as well as fatigue
(Pietrusiak et al., 2017; Rusinski et al., 2017) and reliability (Karray et al., 2017; Ognjanovi¢ and
Benur, 2011; Ognjanovié et al., 2014) of bearing substructures and power transmission systems
of BWEs. The approach to analysis of the dynamic behaviour of BWEs should be of a holistic
nature, since analysis of individual subassemblies with disregard of their interaction with the rest
of the dynamic system could lead to results which may not correspond to the actual behaviour of
the construction (Schlecht, 2014). Variation of operational parameters over a continuous domain
(Bartelmus and Zimroz, 2009; Bosnjak et al., 2015; Huss, 2014) should also be included in order
to simulate conditions of exploitation with sufficient accuracy.

Due to their high capacity, of up to 240000 bank cubic metres per day (Schlecht, 2014),
a relatively high influence of the soil material is present during exploitation of the analysed
class of machines. A part of the excavated material is transported along the machine, while
some of it adheres to the elements of the working device, conveyors, chutes and the bearing
structure. The adherence of the soil material to the elements of the working device (buckets)
and the conveying system leads to a decrease in capacity, i.e. technological failures, as described
in (Bosnjak and Zrnié¢, 2012). Furthermore, it also leads to an increase in loading of the machine
structure. Congestions of transport system transfer points (bucket wheel chute and chutes of
the conveying system) may also result in machine overload and jeopardise its static stability,
strength and dynamic behaviour.

The influence of the soil material on the BWE strength and static stability in the design
phase is thoroughly covered by the current technical regulations. The Standards (AS4324.1,
1995; DIN 22261-2, 2016), by whose recommendations the majority of BWEs operating in the
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world were designed, account for incrustation of the bucket wheel and conveyors, incrustation of
buckets (which is included when determining the digging force, and is stated not to be treated
separately) and the appearance of chute blockages. Although the maximum masses of the soil
material on the machine, when accounted for, ensure that strength and stability calculations will
be on the side of safety, it is not guaranteed that the dynamic response of the BWE structure
will be on the side of safety as well.

Fig. 1. BWE SchRs 1600 in operating conditions (mass 3345t, theoretical capacity 6600 m®/h
(Schneider, 2007))

The object of investigations presented in this paper is the BWE SchRs 1600 slewing super-
structure, Fig. 1. Calculated according to Standard (DIN 22261-2, 2016), mass of the bucket
wheel (BW) incrustation for the analysed BWE is mpw = 20t, while mass of the material in
the completely blocked BW chute is mpw ¢ = 61t (Schneider, 2007). In relation to the mass of
the BW (BW body + 17 buckets) mpy = 68t (Schneider, 2007) mpw and mpwc are equal
to 29.4% and 89.7%, respectively. These were the primary motives to present the procedure
and results of the investigation of the influence of masses of the BW incrustation and soil in
the blocked BW chute (the so-called ’adhered material’) on the dynamic response of the BWE
slewing superstructure in this paper. The importance of the presented investigations stems from
the following facts: (1) in the field of BWE dynamics (Boskovié¢ et al., 2015; Bosnjak et al.,
2015; Rusinski et al., 2012, 2017; Volkov and Cherkasov, 1969) the problem of influence of the
BW incrustation as well as the BW chute blockage is not analysed (considered) in the referent
literature; (2) the method and obtained results have a wider application because they can be
used both in the design stages of new BWEs as well as in reconstructions of BWs of obsolete
design solutions, with the goal of a more appropriate adaptation of the machines to operating
conditions, as well as improving maintenance procedures; (3) the presented analysis procedures
may be successfully applied for similar machines such as bucket wheel reclaimers.

2. Dynamic model

The analyses of modal characteristics and the dynamic response of the BWE SchRs 1600 super-
structure were conducted on the basis of a spatial (3D) discrete dynamic model with 64 DOF,
Fig. 2. The depicted model, developed and validated according to the procedures presented in
(Bosnjak et al., 2006; Gnjatovié, 2016), enables modal analysis as well as analysis of the dynamic
response in a continuous domain of the considered parameter variation. In principle, a change in
the geometric configuration of the slewing superstructure, i.e. variation of the BW boom inclin-
ation angle leads to variation in the values of its natural frequencies (Bosnjak and Gnjatovié,
2016; Gottvald, 2012). If modal characteristics of the model with the horizontal position of the
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Fig. 2. A 3D discrete dynamic model of the BWE SchRs 1600 slewing superstructure:
aBw,v = @1, qBw,L = g2 — vertical and lateral displacements of the BW centre;
gBwWD,v = q9, qBWD,L = 1o — vertical and lateral displacements of the BW drive gearbox CoG;
gew,v = G55, qcw,L = @56 — vertical and lateral displacements of the CW CoG
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Fig. 3. Nominal moment of the excavation curve (Mgy) and its approximation via Fourier series (Mgr)

BW boom are adopted as the basis for comparison, then the biggest difference is obtained for
the fifth natural mode, for the BW boom inclination angle of —19.5° (Gnjatovié¢, 2016). The
absolute value of the percentage difference for the described slewing superstructure configura-
tion is 3.3%. For this reason, modal characteristics of the slewing superstructure model with the
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horizontal position of the BW boom were adopted as referent for further analysis. Identification
of the external load caused by the resistance to excavation, Fig. 3, was conducted using the pro-
cedure presented in (Arsi¢ et al., 2011; Bosnjak et al., 2009). The forced response of the model
was determined by applying Lagrange’s second order equations, which are commonly used to
analyse the behaviour of complex dynamic systems (Brusa et al., 2014; Cires and Nani, 2016;
Volkov and Cherkasov, 1969), on the assumption that the structural damping may be neglected
in the out-of-resonance region, (Bosnjak et al., 2015).

According to previous investigations (Bosnjak and Zrnié¢, 2012; Bosnjak et al., 2015; Gnja-
tovi¢, 2016), published experimental data (Brki¢ et al., 2014; Gottvald, 2010; Pietrusiak, 2017;
Rusinski et al., 2015) as well as Standards (AS4324.1, 1995; DIN 22261-2, 2016), it can be con-
cluded that of all the referent points of the BWE superstructure, used to describe its dynamic
behaviour, Fig. 2, the bucket wheel centre (BWC — a point of intersection of the BW vertical
plane of symmetry across the buckets and the axis of the bucket wheel shaft) and the centres
of gravity (CoGs) of the BW drive gearbox (BWD) and the counterweight (CW) are the most
sensitive to variation of the parameters which dominantly influence the dynamic response of the
superstructure. The reason for this is twofold: (a) these referent points are treated as carriers
of the dominant lumped masses and (b) these points are the most distant from the superstruc-
ture support — a slew bearing. For the reasons listed, the presented analyses were conducted
for vertical and lateral displacements and accelerations of the aforementioned referent points.
Axial displacements and accelerations (along the z axis, Fig. 2) of the referent points were not
analysed since the axial stiffnesses of spatial truss structures of the BW and CW booms are
significantly higher than their bending and torsional stiffnesses.

3. Dynamic behaviour of the superstructure in the case of BW incrustation and
BW chute blockage

Although the calculation load case HZS4.4 ("Blocked chutes’), according to (DIN 22261-2, 2016)
and the load case I11/6 ("Blocked chutes and hoppers’) prescribed by (AS4324.1, 1995), consider
combined influences of the BW incrustation and the BW chute blockage, they are unlikely
to occur simultaneously. Additionally, the maximum weight of the material in the BW chute is
limited by the maximum set intensity of the force in ropes of the BW boom hoisting mechanism,
which leads to activation of the protection system and a halt in the excavation process. For this
reason, mass of the material in the BW chute which leads to a halt in the excavation process is
always somewhat lower than the maximum mass of the material determined by the volume of the
BW chute. However, in order to fully examine the influence of the material in the BW chute on
the natural frequencies and the dynamic response of the slewing superstructure, its mass in the
model (kmpwc) has been varied within the range between mpwc min = 0 (empty BW chute,
k = 0) and mBwC,mez = mpwc = 61t, which corresponds to the case of a completely blocked
BW chute (completely filled volume of the BW chute, k = 1). For the purpose of presented
analyses, the influences of the BW incrustation and the BW chute blockage were accounted for
by including the ’adhered material’ as lumped masses mpw and kmpwc, 0 < k < 1, into the
BWC, Figs. 4-7, Tables 1-3.

Table 1. Influence of the ’adhered material’ on the spectrum of natural frequencies

Natural frequency [Hz]
Nl el Bl al sl fo] ol sl fo]l fiul ful fiz]fis
0.71 | 0.87 | 0.98 | 1.56 | 1.85 | 2.59 | 2.95 | 3.04 | 3.25 | 3.73 | 4.76 | 5.24 | 6.04
1]0.66]0.811]094 155|180 256|295 |3.04]3.25]|3.69 |4.71]5.09|5.92
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Fig. 4. The first 13 natural frequencies of the slewing superstructure model (solid red lines) vs.
frequencies of the first five harmonics of excitation caused by resistance to excavation (dashed blue
lines): (a) frequency spectrum 0.5 to 3Hz, (b) frequency spectrum 3 to 6.1 Hz

Table 2. Maximum /minimum values of displacements for kK = 0 and x = 1

Displacement Maximum /minimum values [mm|]
k=0 | k=1

4BW.,V,max 38.9 38.4

4BW,L,max 5.1 5.5

4BW D,V,max 51.7 51.8

4BW D,L,max 4.5 4.9

qCw,V,min —8.6 —-9.2

qCW,L,min —0.8 —0.7
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Fig. 5. Dynamic response of the slewing superstructure referent points for x = 1: (a) vertical
displacements, (b) lateral displacements, (c) vertical accelerations, (d) lateral accelerations

Table 3. Maximum values of accelerations for k =0 and Kk = 1

Acceleration Maximum value [m/ 52] Acceleration Maximum value [m/ 52]
k=0 | k=1 k=0 | k=1
ABW,V,max 0.47 0.43 ABW D,L,max 0.13 0.12
GBW,L,mazx 0.12 0.13 ACW,V,mazx 0.27 0.28
ABW D,V,max 0.37 0.41 aACW,L,maz 0.009 0.007
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Fig. 7. Maximum values of (a) vertical and (b) lateral accelerations
4. Discussion

The curves of natural frequencies versus mass of the ’adhered material’ are of a monotonically
decreasing character, Fig. 4, Table 1, which was an expected outcome considering the overall
increase of the model mass. The first, second and third natural frequencies are the most sensitive
to variation of the ’adhered material’ mass (—7%, —6.9% and —4.1%, respectively), Table 4.
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The analysed influence, when other natural frequencies are considered, is lower than 3%. At
the adopted level of calculation accuracy, it is observed that the seventh through ninth natural
frequencies are practically insensitive to variation of the ’adhered material’ mass.

Table 4. Percentage decrease in values of the natural frequencies provoked by the soil material
adherence

Percentage Natural gequency
difference | 75 [ 6 [T 0 [ 11 ] 12| 3
\ A |-7.0]-6.9]-4.1]-0.6]-2.7[-1.2[0[0[0]-1.1]-1.1]—2.9] —2.0]

where A = [(/i=" — J5=")/ /5] - 100

There are no resonances within the adopted range of the analysed parameter, Fig. 4. The third
natural frequency of the model is closest to the frequency of the first excitation harmonic, Fig. 4a.
The ratio of the said frequencies is lowest for £ = 0 and is equal to ¢ 3 = f1,/f3 = 1.16/0.98 =
1.18. The frequency of the second excitation harmonic is closest to the sixth natural frequency
of the model for k = 1, where V26 = fo./f6 = 2.32/2.95 = 0.79. Therefore, in the low-frequency
range of vibrations (up to 3 Hz), natural frequencies of the model are far enough from the
frequencies of the first two excitation harmonics. Hence, there is no danger of system oscillations
in the area close enough to resonances of the first and the second order, the appearance of which
could endanger integrity of the entire structure. In the higher frequencies range, Fig. 4b, the
tenth natural frequency of the model is closest to the frequency of the third excitation harmonic,
where ¥3 10 = f3.c/fi0 = 3.48/3.69 = 0.94 for £ = 1. For the same value of the parameter x,
the ratio of the fourth frequency of excitation and the eleventh natural frequency is equal to
a1 = fae/f11 = 4.64/4.71 = 0.99, while 513 = f5./f13 = 5.8/5.92 = 0.98. Although the
values of coefficients 1411 and 513 are in close proximity to 1, the entrance into a resonant
area is not observed in the model response depicted in Fig. 5 due to: (a) low energy potential
of the fourth and the fifth excitation harmonics; (b) low participation of energies of structural
elements, dominant in the eleventh and thirteenth modal shape, in the total energy of the system
vibrations.

The curves of dependence of the maximum vertical displacements of the BWC (¢pw,v.maz (<))
and the minimum vertical displacements of the CW CoG (gow,v,min (%)) on the parameter x are
of a monotonically decreasing character, Fig. 6a. On the other hand, the curve of dependence of
the maximum vertical displacements of the BWD CoG (¢aw D,V maz(k)) is of a monotonically
increasing nature. The curve gow,v,min (k) is most sensitive to variation of the parameter x: for
k = 1, its value is 7.0% higher than the value obtained for x = 0, Table 5. From an engineer-
ing standpoint, the curves ¢pw, v, maz(k) and ¢wp v.maz (k) are insensitive to the parameter x
variation, since the maximum obtained percentage differences are equal to 1.3% and 0.2%,
respectively, Table 5.

Table 5. Percentage differences in the maximum values of displacements at the bounds of the
interval of the parameter s variation

Percen- Displacement

tage ]

differ. BVV,V,ma:c|BVV,L,max|BWD,V,maa:|BWD,L,max|C’VV,V,min|C’VV,L,min
| A | -13 | 18 | 0.2 \ 8.9 | 70 [ -125 |

where A = [(¢/=" — ¢7=/¢/="] - 100

The maximum values of lateral displacements of the BWC and BWD CoG as well as the
minimum values of the CW CoG lateral displacements are by an order of magnitude lower
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than the corresponding values of vertical displacements, Fig. 6, Table 2. However, the curves
4BW,L.maz(K), ¢BWD,Lmaz(K) and gow,r,min(k) are considerably more sensitive to variation of
the parameter x, Table 5. Thereby, the curve gow,1,,min (%) has the greatest sensitivity (—12.5%)
which can, however, be deemed insignificant because its values are negligibly small over the
whole domain of variation of the parameter k, Fig. 6b. Additionally, it is conclusive that the
curve ¢pw p,L,maz (k) has slightly greater sensitivity to variation of the parameter x than the
curve ¢pw,r,maz(k): 8.9% vs. 7.8%, Table 5.

The curves of the maximum vertical and lateral BWC and CW CoG accelerations in func-
tion of the parameter s, Fig. 7, are of the same character. Primarily, they are monotonically
decreasing down to a local minimum, Table 6, after which they are monotonically increasing. It is
important to note that the local minimums of the curves of maximum accelerations of the anal-
ysed referent points do not appear simultaneously, i.e. for the same values of the parameter k,
Fig. 7, Table 6.

Table 6. Local minimums of the curves of the BWC and CW CoG maximum accelerations
versus the parameter s

| Curve | Parameter x| Local minimum value [m/s?] |
aABW,V,maz () 0.85 0.433
ABW,L,maz () 0.35 0.114
acw,vmaz () 0.45 0.266
acw,L,maz (K) 0.90 0.007

The curve of the maximum vertical accelerations of the BWD CoG has a monotonically
increasing character, Fig. 7Ta. The curve of the maximum lateral accelerations is monotonically
decreasing down to a singularity which occurs at x = 0.45, whereby the function agpw p. 1 maz (%)
reaches the minimum value of 0.111 m/s?, Fig. 7b, after which the analysed function is mono-
tonically increasing. The said singularity is a consequence of a theoretically-possible resonant
state which would appear for k = 1.92. Although it is a very far-off fourth order resonance
(Kmaz = 1.0), its influence is apparent on the diagram of the mentioned lateral acceleration in
the time domain, Fig. 8.

Lateral accelerations are significantly more sensitive than the vertical to variation of the pa-
rameter x, Table 7. The curve acw, L maz (<) has the greatest sensitivity (28.6%). That, however,
is not significant because its values over the considered domain of the parameter x variation are
negligibly small from the engineering standpoint, Fig. 7b. It is important to note that sensitivity
of the curves apw. 1 maz (k) and apw p. 1 maz (k) is higher than 15%, Table 7. In terms of vertical
accelerations, the curve apwp,v,maz (k) has the greatest sensitivity (10.6%), while the sensitivity
of the curves apw v.imaz (k) and acw,vmaz (k) is equal to 8.3% and 6.0%, respectively.

Table 7. Sensitivity of the maximum acceleration of the model referent points to variation of
the parameter s

Percen- Acceleration

tage 1

differ. BW,V,max|BW,L,ma:L'|BWD,V,ma,x|BWD,L,max|CW,V,max|CT/V,L,max
| A | 83 | 18 | 106 [ 153 [ 60 | 286 |

A= [(ai,maaj - ai,min)/ai,min] -100

Finally, over the whole domain of the parameter x variation, the maximum intensities of
accelerations of each of the analysed model referent points, Fig. 7, are lower than the permitted
values prescribed by the Standard (DIN 22261-2, 2016), Table 8.
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Table 8. Permitted acceleration values according to the Standard (DIN 22261-2, 2016)

Model referent points
Vertical direction: ay pe, [m/s?] | Lateral direction: ar, pe, [m/s?]
BW | BWD | CW BW | BWD | CW

\ 1.0 | 04 | 0.167 | 0333 |

5. Conclusion

The goal of the research presented in this paper was to emphasise the importance of analysia
of the dynamic response of bucket wheel excavator slewing superstructures in operating condi-
tions, which is always accompanied by an increase of mass due to transport and adherence of
a significant amount of the excavated soil material. The presented method of analysis of sensi-
tivity of the bucket wheel excavator to continuous variation of the ’adhered material’ mass has
a significant role not only during design of new, but also during redesign, modernization and

maintenance of old and obsolete machines intended for perennial exploitation under extremely
harsh working conditions.

Based on the presented results of the analysis, which has been performed on a discrete spatial

model of the slewing superstructure of a bucket wheel excavator with two masts, the following
conclusions have been derived:

e maximum accelerations of the model referent points (bucket wheel centre, bucket wheel
drive gearbox centre of gravity, counterweight centre of gravity) are significantly more
sensitive to the influence of the ’adhered material’ mass, compared to their maximum
displacements;

e maximum lateral accelerations of the model referent points have significantly greater sen-

sitivity to the influence of the ’adhered material’ mass than their maximum vertical accel-
erations;
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e maximum vertical displacements of the model referent points are by an order of magnitude

higher than the lateral ones, the latter of which are significantly more sensitive to variation
of mass of the ’adhered material’;

over the whole domain of variation of the ’adhered material’ mass, it has been observed
that: (a) dependencies of the maximum /minimum values of displacements are of monotonic
character; (b) dependencies of the maximum accelerations have local minimum values or
are of a monotonic character. These facts point to a conclusion that, in order to assess
the influence of the ’adhered material’ mass in the absence of a resonance, it is sufficient
to perform analysis at the lower and upper bounds of the interval (for the mass of the
adhered material’ equal to zero and for the mass of the ’adhered material’ at its highest
value);

maximum intensities of accelerations of each of the referent points analysed in this paper
are lower than the limiting values, prescribed by Standard DIN 22261-2, over the whole
domain of variation of the ’adhered material’ mass.
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