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Summary 

Toothed gear power transmissions are complex mechanical systems and their desi gn is a 
very challenging engineering task that requires the application of common calculation 
procedures and contemporary designing methods. Operating conditions of the gear power 
transmission are important for the design process from the aspect of overload prediction and 
they are defined within the design process by the operating condition factor KA, which has a 
wide range of values (I to 2.5), prescribing various operating situations . However, a good 
design of the toothed gear power transmission can be achieved if operating conditions are 
simulated and as such implemented in the calculation/design procedure. Such improvement in 
the design process can be done with the use of defined load spectra that accurately describe 
realistic operating conditions . The paper presents the results of ten siometric measurements of 
torque at the output shaft of the working wheel gearbox of the bucket wheel excavator SRs 
1300 TAKRAF in the coal strip mine Drmno, and gives a definition of appropriate load 
spectra based on these tensiometric mea surements. The load spectra are defined by applying 
the full cycle discretization method and as such afterwards used for the calculations/design of 
the working wheel of the bucket wheel excav ator (gears, shafts, shaft keys etc. ). 

Key words: power transmission, bucket wheel excavator, working wheel, load spectrum 

1. Introduction 

A large number of complex machine systems (MS) operate under highly variable 
exploitation conditions and their components/parts are exposed to variable loads , i.e. strain , 
wh ich is usually sto chastic . Expl oitation requirement set down in the design process is that 
each MS has certain operational safety and reliability for a giv en lifetime span. However, the 
effect of, for example, variable strain with sufficient intensity and dur ation can dama ge some 
vital parts of the MS and failures of the MS can occur. Damages or failures of parts manifest 
themselves in excessive and permanent deformations, static or violent fractures, dynamic 
fracture caused by fatigue , increased wear, corrosion, overheating etc. 

Monitoring of a complex MS in non-stationary operating conditions is a typic al 
engineering issue . Depending on the machine complexity, the type and the inten sity of the 
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fault to detect, the nature of load variation, etc., different methods and approach es are used to 
provide adequate results [9-11] . 

The modem concept of design and calculations of complex and usually very expensive 
MSs includes making a detailed model. This model should cover the calculation based on the 
determination or assessment of safety, lifetime, and reliability of both component and the 
system on the basis of real MS exploitation conditions. The most important factor in terms of 
safety and reliability of a MS (such as the working wheel drive transmission of the bucket 
wheel excavator) is the carrying capacity of its structural elements. The carrying capacity can 
also be considered as a measure of the transmission part 's quality [I, 2]. The calculation of 
the carrying capacity is accomplished by compar ing the working and the critical load states in 
the transmission elements and the evaluation of the quality is reduced to tbe evaluation of the 
accuracy of values of working and critical stresses. The accuracy of the estimated working 
loads depends on the appropriateness of the applied methods and the determination process. 
The appropriateness of a method is determined by its potential to identify the status, place and 
intensity of the highest stresseslloads and the quality of applied methods is verified through 
experiments. The value of working stress depends on loads, thus it is necessary to know real 
values of the load in operation condition s. Therefore, it is necessary to know the intensity, 
course of change, frequency as well as probability of occurrence of the highest loads 
occurring in the observed part or structural element during its lifetime. 

Verification of securi ty that machinery parts will not fail is accomplished s 
accomplished by determin ing the nominal load, that is, the nominal working stress that 
corresponds to the most frequent stress in tbe course of operation. The operation conditions, 
particulary the occurrence s of loads higher than normal , are taken into account via the 
operation condition s factor that is approximately selected from appropriate suggestions. It is 
easy to conclude that such a method of determining the working stress is approximate, which 
leads to inadequate dimensions of the structural elements. 

High degree of accuracy in dimensioning and reliability verification can be attained by 
measuring working loads and identifying the load spectrum for vital elements, for example, 
elements of the transmission gearbox . Spectrum loads are obtained on the basis of operational 
measurements of the machine system during the operation process for the specified condi­
tions, thus each load spectrum has its probability of occurrence. The selection of a valid spec­
trurn is solved by introducing several representative spectra and determined operation condi­
tions, which enables a sufficiently accurate estimation for all intermediate conditions [3]. 

2. Working Wheel Transmission Gearbox of the Bucket Wheel Excavator 

Bucket wheel excavator is one of the most important machines in the bucket wheel 
excavator (BWE) system mining operation, and its characteristics are used for the design of 
other components of the system [7, 8). The efficiency of the operation of the ent ire system 
mostly depends on the operation of the BWE. The form of the BWE design and its 
dimensions are dependent on the demanded capacity , the method of loading the excavated 
material and specific conditions of mining such as working terrain stability, material strength 
and surface load of the soil on which the BWE is placed. 

Nowadays, there is a number of various constructions of the BWE that differ in the 
diameter of a working wheel, number and shape of buckets, position of the transmission for 
the working wheel drive regarding the boom and the working wheel, etc. 

BWEs are mostly manufactured as unique products according to conditions and 
characteristics of the operating environment in which they are used to mine coal or waste soil 
(Fig. I). 
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SRs 1300 Load Spectrum in the Coa l Strip Mine Drmn o M.M. Mijaj lovic , B.S. Markovic
 

Fig. I The wo rking whee l ofa 8WE 

The working wheel along with the driving system (elec tric motor+power transmission) 
represents a big concentrated mass in a very unfavourable position (the boom top), which is 
exposed to a constant contac t with the excavated mass of soil during operation, thus to loads 
of a very complex dynamic character. 

The driving system (transmission) has a significant influence on the BWE' s design 
because it is directly connec ted to the working wheel, boom and to the whole construction of 
the BWE (Fig. 2). 

Fi g. 2 Toothed gear trans mission of BWE ' s workin g whee l 

Prior knowledge of the stress and the deformation state of the BWE, as well as the 
dynamic behavior of the transmission in the process of digging would be particularly 
significant in order to choose the right approach in the BWE design. 

Since the process of excavating has a periodica l character - the bucket is entering and 
leaving the soil in cycles - it is impossible to give an exac t theoretical definition of the torque 
on the output shaft in a form of one mathematical function. To provide the exact definition of 
the torque on the output shaft of the transmission, one should carry out tensiometric 
measurements of deformations and set grounds for the calculation of the value of torque as a 
dominant parame ter for the calculation of all kinematic parameters of the power transmission 
(toothed wheel, shafts, bearings, method of connecting shafts and toothed wheels, etc.). 
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3.	 Tensiom etric Measure ments of Torque on T ran smi ssion Output Sha ft 
of BW E Srs 1300 

To rque ca n be measured on the gear shaft of the e lectric mo tor [4] or on the output shaft 

of the BWE. In the cons idered case, torqu e mea sureme nts were carr ied out on the ou tput shaft 

of the wo rking wheel gearbox of the bucket wheel excavator SRs 1300 TAKRAF in the coal 

strip mine Drmno. Measurements were made wi th a strain gau ge set on the transm iss ion 

output shaft of the worki ng wheel of the BW E. 

The basic characteris tics of the drivetrain are: power P",F 900 kW, the num ber of 

rev olutions of the elect ric motor n,IF 1,450 min", the transmi ss ion rat io i=23 7.7, the number 

of revo lutio ns on the outp ut of the working whee l of the BWE· 6.1 to 6.5 min" . 

Torq ue was measured by employ ing the prin ciple o f mea suring mechanica l va lues by 

elect rica l means. 

The stra in gauges were at tached to the shaft of the wo rking whee l of the BWE (the 

output shaft of the gearbox) in a hal f br idge configuratio n (f ig. 3). The strain gauges were 

attached in the main directi ons of tangential stres ses wh ich were caused by the torqu e on the 

shaft. The measuring signa l was transported by a cab le of great length wrapped around the 

shaft to an amp lifier DMC 9012 A and then in the digital form as described to a measuring 

computer Mc Intosh 520C where it was recorded by the software BEAM ver.3 . 12. 

The mo mentum caused by mass at dista nce / from the axis of the sha ft generated a 

mea suring sign al on the measuring st ripes tha t was recorded as a ca li bration signal in the 

software and on that basis the measurement of the actua l work ing torque was perfo rmed , 

Fig.3 Position o f attached meas uring stripes on shaft of working whee l 

Th e following devices were used in the exp erime nt: 

measuring st ripe s LY 12, man ufacturer "Ho tinger Baldwin M esstechn ik't-Hlslvl, 
Ge rmany 

measuring amplifier DMC 90 12A wi th 6 cha nne ls, manu factu rer "Hotinge r Baldwin 
Messtechn ik"-HB M, Germ any 

measuring computer Notebook 520 C, manufactu rer Apple McIntosh wi th software 
BEAM vel'. 3 .1, manufacture r "Ho tinger Baldwin Messtechnik' t-Hfslvl, Germany 

So me of the recorded torq ue values are shown in Figure 4. 
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Fig.4 Recordings o f torque measuremen ts on working wheel shaft 
depending on opera ting regi me o f BW E 

4. Processing of Measured Values of Torque 

The best form to display the cha racteristics of random processes of the BWE operation 
and load s such as torque on the wo rking wheel shaft of transmi ssion and stresses for 
correspond ing prob abil ity calculations of structural elements of transmi ssion is their 
disc retizat ion and statist ical proc essin g in ord er to ga in load spectra [5]. Th e goal of the 
stati stic al processing of the mea sured values (to rque on the output sha ft o f the BWE 
transmission) is to cre ate load spec tra in the form of distribution function s of certa in discrete 
va lues, wh ich are characterized by operating loads and str esses . To ga in the corres ponding 
load spectra, for the assessment of the stress state in the elements of transmi ssion in the area 
of time strength of the material experim entally, the following pr ocedure has been fo llowed: 

- a pa rameter is cho sen in su ch a manner that its value will be measured during 
opera tion and methods of d iscret izat ion are cho sen as well. The dom inant influential 
facto r for the dri ving tran smi ssion of the working wheel of the BWE is the output 
shaft torque. 

- sta tistical proce ssing of data of the discreti zed mark is performed and the resu lt is a 
graphica l and ana lytical descri pt ion (afte r the appl ication of the principl e of the 
probability theo ry and ma thematical stati stics). 

Th e basic characte ristics of the selec ted random function s are: amplitu des, min imum 
va lue, average and maximum values, number and rate of occurrenc es of cer tai n parameters for 
a defin ed period of work, complete number of cycles (of changes) for the expl oit ation per iod , 
etc . This method of discret izat ion isolates the registered mark s of the real izat ion of the 
observe d process for statisti cal proc essing. These mark s are based on a certain hypothesis 
which derives from a simplified physical displ ay of damage accumulation in the mate rial due 
to fatigue. Th ey require suitable discreti zation of random processes for isolating and direct 
statistical proce ssing large number of changes or cycles of a certa in mark a t different levels by 
using cla ssical methods of the mathematical statist ics probability theo ry . 

There are a great number of methods for discretization of random pro cesses, wh ich try 
to subs titute the real process of load ing or stressing with a simple proce ss in ord er to more 

Idwin 
eas ily iso late and classify the marks. The basic intent is to brin g the app rox imate fatigue 
pro cess in a material to the real proc ess as close as po ss ible. 

ware Depending on the number of parameters, the methods of discretization can be one­
any parametric, two-parametric and multi-parametric . For the working wheel transm ission , 

regarding its actu al position on the boom , as well as the system of co nnection with the 
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Table 2 Pn'I__working wheel, using two-parametric methods would be the best for the discretization of 
dominant parameters. With these methods, two variables can be classified, for instance, the 

Class
amplitude and average values (of torque) or maximum upper or minimum lower values. 

I IThe originally developed computer program SPECTRUM [6], which, apart from other 
2 I l~ Jthings, employs the full cycle method, was used to process the broadband change in torque by 
3app lying the hi-parametric discretization 
4 
5

total number of extreme values of the process Ne.n . = 456 6 
maximum value hnax == 2222900 Nrn 7 

Rminimum value T lmin == -375430 Nm 
9 

average value TI " = 672200 Nm 10 

number of cross points of medium level Tl s1 with 
Nsn .== 50 In Fi ~4random process 

coefficient of irregularity Km g = 0,1096
 

minimum amplitude T a lmin == 43 Nm
 

maximum amplitude r.»: == 1299200 Nm
 

lower limit of amplitude Tald==ONm
 

upper limit of amplitude Talg == 1300000 Nm
 

number of amplitude classes 10
 

width of amplitude class st; = 130000 Nm
 

minimum average value 0nlmi n == -292970 Nm
 

maximum average value Tmlmax== 1820100Nm
 

lower limit of average value i:» = -300000 Nm
 

upper limit of average value 0 71 1;:= 1900000 Nm
 

number of classes of average value 10
 

width of average class values tJTn lJ=220000 Nm
 The 
distribution 

Table I gives the results of the statistical processing of the digital recordings of the decreasing c 
measurements, derived by the full cycle discretization . 

follow. 
Tablet Correl ation table of amplitude and aver age values T. and Tin 
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Fig. 6 
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Table 2 Processing results 6'" class. mean values Tm h ~800000 -1020000 I' m) 

Class t: / Nm IJi n ub t;=l 
TlJJ. 

F, n, tt,» , IOg(//;,lIh) 

I 0-130000 30 30 0,7692 0.7692 0,2308 230800 5.3632 
2 130000-260000 3 33 0,0769 0,8462 0,1538 153800 5,1871 
3 260000-390000 1 34 0,0256 0,8718 0,1282 128200 5,1079 
4 390000-52 0000 0 34 0 0.8718 0,128 2 128200 5,1079 
5 520000-650000 1 35 0,0256 0,8974 0,1026 102600 5,0110 
6 650000-780000 0 35 0 0,8974 0,1026 102600 50110 
7 780000-910000 0 35 0 0,8974 0,1026 102600 5,0110 
8 910000-1040000 1 36 0,0256 0,9231 0,0769 76900 4,8861 
9 1040000-1 170000 2 38 0,0513 0,9744 0,0256 25600 4,4089 
10 I 170000-1300000 I 39 0.0256 1,0000 0 0 

In Figure 5 the stereogram extracted from the correlation tabl e is shown. 

Fig. 5 Stereogram obtained from correlation table 

The statis tical processing of the discretized mark data histogram of the amplitude 
distribution density (Fig. 6), cumulative increasing distribution F(x) (Fig. 7) , cumulative 
decreasing distribution H(x) (Fig. 8), and , finally, the spectrum of load per unit (Fig. 9) 
follow. 

10 Class 

Fig . 6 Ampl itude distribution density histogram f iT,) 6'hclass mean value Tm,=800000 - 1020000 Nm 

013) TRANSACTIONS OF FAMENA XXXVII-I (2013) 83 



D.S. MilCic, S.M. Miladinovic,	 Determination of the of Bucket Wheel Excavator 
M.M. Mijajlovic, B.S. Markovic	 SRs J 300 Load Spectrum in the Coal Strip Mine Drmno 

F,IX) 1.• 

1.2
 

1
 

O.BB 

0 .6.6

0.' .' 
0.2
.2

0
 
10 Class 

Fig. 7 Cumulative increasing distribution F(x) 

-­-
,....~ I 

I 
I I I 

II , 
I ­

I 

: :\ I. -

, 
I- I u. 

'III , 
\I' , I , ,I , - ... 

0.05	 0.1 0.15 0.2 0.25 0.3 

H,(X) 

Fig. 8 Cumulative decreasing distribution H(x) 

,
 
;
 
.~ ov 

~ 
II 0 8 

'" 

0.6 

0' 
0.4 

0.3 

0.' 

0. ' 

'0° rc' '0' ' 03 '0' '0' '0' 
log (H(X)' I 0') 

Fig. 9 Unit spectrum of amplitudes H(x)' J06 in logarithmic scale 

In co mparison wit h characte rist ic representati ves of the ope rating reg ime, we ca n 
conclude that this spectrum belon gs to the heavy operating regi me . 
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Table 3 Processing results 

Class T,,; /Nm J1, l1uki T,'i / Nm N(T,,) F(T,,) =MR, % 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0-130000 

130000-260000 

260000-390000 

390000-520000 

520000-650000 

650000- 780000 

780000-9 10000 

9 10000-1040000 

1040000- 1170000 

J170000- 1300000 

30 30 130000 I 30 75,42 

3 33 260000 33 83,044 

1 34 
520000 34 85,585 

0 34 

1 35 

0 35 9 10000 35 88,126 

0 35 

1 36 1040000 36 90,665 

2 38 1170000 38 95,734 

1 39 1300000 39 98,238 

Empiric va lues of the cum ulative distri bu tion funct ion F(Tai) can be represe nted by the 
Weibu ll di stribution. Pa rameters of this dis tribu tion are the shape parameter ,B and the scale 
parameter '7 and the simplest me thod for their determination is the probability plot method 
withi n Weibu ll probability paper [12] . 
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Fi g. 10 Torq ue distr ibuti on amplitude 

F igure 10 imp lies that the give n empiric data is no t homogenous and it is not possib le to 
draw a s traig ht line between the dots. Furthermore, it impli es that the dis tribution might be a 
complex Weibull distr ibution. It is pos sible to draw two lines tha t will group specific dots (the 
fi rst se t of 3 dots groups around the firs t line and the second set of 4 dots gro ups aro und the 
second line) . After this grouping, these em pi rica l da ta are considered as two•	 we can 
samples/examples (Tables 4 and 5) . 
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Table 4 Processing resul ts o f first sample 

C lass r; I Nm n, 

I 0- 130000 30 
2 130000- 260000 3 
3 260000-390000 I 

Table 5 Processing results of second sample 

C lass I t; I Nm 

520000-650000 
650000-780000 
780000-910000 

2 T 910000 -1040000 
3 I 1040000-1170000 
4 I 1170000- 1300000 

I1j 
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I 
2 
I 

n ub 
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33 
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n il}.; ; 
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4 
5 

Determination of the o f Buckel Wheel Excavator Determi nat 

SRs 1300 Load Spec trum in the Coal Strip Mine Drmno SRs 1300 L.J 
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Fig. 1 t Compl ex Weibull torque dis tribution of amplitude 

Parameters of the Weibull distribu tion o f the fir st sample are : /3 =0.4842 and 

'7 = 29,748 Nm. Parameters of the Weibull d istribution of the second sample are: jJ= 7.75 and 
'] = I, I7l ,642 Nm. Dom inant dat a, i.e. the data that influence operating regimes, are from the 
second sa mple of data. 

The torque amplitude probabili ty distribution is: 

(T. )'"
F(T ".)=I_ e-,ii1ft.,2J	 (I) 

o 

The amplitude of the torque with the highest density di st ribution is: 

- 1	 5 - 1T =n · {3 --= 1171642· 7.75 -·--=lI50946 67 Nm	 (2)
am '/ f3	 7.75 'fP ~7

Decision about the operating condition results from the ra tio of the amplitude of the 
torque with the highest density and maximal ampl itude of the torque . 
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x = Tum =115094 6,67 =0 885 (3) 
m 'f."nax 1300000 ' 

The value xm=0,885 results in a conclusion that the spectrum of loads is heavy . 

The authoritati ve load spectrum for the calculation of vital elements of the bucket 
excavator working wheel tran smi ssion is given in Fig. 12 for the example of the bucket wheel 
exca vator at the Drmno barren so il excavation site. According to DrN 4566 7, this spectrum 
wou ld corres po nd to heav y work regime. 

1.2 

~ 0.8 
f-­

0.6 

0.4 

0.2 

o 
0.2 0.2 0.4 0.4 

l.'it 

0 .2 

Fig. 12 Auth oritat ive load spectrum 

5. Conclusions 

On the basis of the previous considerations, the conclusions are as follows: 
- Bucket wheel excavators are highly complex mining machines used in coal strip 

mines, who se safe and re liable operation affec ts the country's energy supply, 
An adequate calcul ation of vita l part s of the exca vator driving mechanisms provides 
basic preconditions for their mor e effi cient operation , which are realized during 
explo ita tion , 
Desi gn of a toothed gear pow er transmission as a complex mechan ical system is a 
very complex de signi ng and struc tura l task which requ ires the applica tion of 
contem porary de signin g methods. 
High deg.ree of acc uracy for the design of the elements of the toothed gear power 
transmission can be achieved by s imu lating operating conditions by means of the 
calcul ation with defined load spect ra. 
In order to obtain the load spec trum as a basis for the des ign of gear box power 
transmi ssion element s of the working wheel of a BWE, the tensiometrie 
measurements of torque (be ing a dominant parameter) were carried out on the output 
shaft of the gearbox of the workin g wheel of the BWE SRs 1300 TAKRAF in the 
open pit exc avation operation in Drmno, 
On the bas is of the mea surements , by dis cretaiz ation via the full cycle meth od, a 
spectru m load was defined wh ich can be used in the design of structural co mponents 
of the power transmission of the work ing whee l of the BWE opera ting at Drmn o. 
Experimental measurements of this type have to be done on BWEs operating in real 
cond ition s, otherwis e the results of the calculation s/de sign give non- realistic results . 
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Based on the condu cted tensiometric measur ements by discretization via the method
 
of full cycles, the authori tative load spectrum is defined for the calculation of vital
 
elements of the drive system in an analytical and grap hica l form.
 
The obtained load spectrum corresponds to heavy work regime .
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