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ABSTRACT

This paper presents a vibration-based failure analysis of the massive reduction
gear on an excavator with a cable crowd, which had been identified as a source
of high level vibrations. Vibration measurements were made in a time domain
using a data acquisition (DAQ) module with an uniform time sampling period.
During the measurement, the shaft rotational speed was not constant. Uniformly
time-sampled vibration data were digitally resampled to an angle domain using
a key phasor signal and a cubic spline interpolation algorithm. By the frequency
analysis of a resampled vibration signal, damaged elements of the reduction gear
were identified. A substitution of these elements, depending on the measuring
points, led to vibration levels being reduced by 2.5 to 14.5 times. A cost analysis
showed that the company achieved a significant cost reduction by the application
of the described methods.
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AIMS AND BACKGROUND

The present state of continuously increased global competitiveness applies signif-
icant pressure on companies for additional efforts and activities in order to ensure
reduction and potential elimination of direct and indirect costs related to unsched-
uled downtime, unexpected breakdowns and equipment failures'. Implementa-
tion of an appropriate maintenance strategy together with a policy of constant

* For correspondence.
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improvement of applied maintenance techniques and tools represent a necessary
response to such market demands?. Following the necessity for transforming the
traditional, reactive, ‘fail and fix’ maintenance management approach to a pre-
ventive and predictive one, maintenance strategy, referred to as condition based
maintenance (CBM), could be assumed as a widely accepted, appropriate and ap-
plicative solution. In its core, CBM recommends maintenance decisions based on
information collected through various condition monitoring (CM) methods and
techniques, which enable the identification and quantification of important degra-
dation processes and selected parameters in technical systems®. The most widely
used methods of CM are based on vibration monitoring, infrared thermography,
oil analysis and wear debris analysis*. Further development of CBM and CM,
in order to enable an appropriate response on increased demands and industry
needs, will be focused on constant improvement and upgrading of measurement
hardware, software and methodologies from one side, but also on introduction
of advanced methods and techniques for signal processing which should support
and occasionally replace traditional ones. Vibration measurement and analysis
represent a first choice solution for the majority of CM procedures for rotating
equipment and accordingly were used in this study to determine the condition of
the investigated reduction gear for shovel lifting.

The measured vibration signal carries information about the condition of the
tested reduction gear. It presents a complex combination of multiple vibration
sources: shafts, gear sets, roller bearings, drive electric motors, etc. The Fast Fou-
rier Transform (FFT), as a widely used digital signal processing (DSP) method
which dominantly analysis stationary discrete signal®, allows each vibration com-
ponent to be shown as a discrete frequency peak in the frequency spectrum. The
dominant frequencies in the frequency spectrum are often related to a particular
machine component or process in the system®, while an increase or decrease in
amplitude of any vibration component may indicate failure of a specific element.

In addition, an operation load can oscillate which causes the rotational speed
not to be constant during measurements. As a result, the frequency spectrum
could be useless, because higher frequency components, such as gear mesh fre-
quencies and its higher harmonics and sidebands, could be spread over several
lines”. To prevent the mentioned limitation, some of the signal resampling tech-
niques need to be applied in order to obtain constant angle domain data (A6) from
the uniformly time-sampled vibration data (Af)(Refs 6, 10—13). Implementation of
some of these techniques implies the introduction of additional information in the
form of a signal with a key phasor which typically generates a one pulse per shaft
revolution. By using the key phasor it is also possible to locate the beginning and
the end of rotations and to measure their time of duration®.

Commonly used interpolation techniques for digital resampling of uniformly
time-sampled vibration data to angle domain data (Az — AQ) are®'*: the linear
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interpolation, piecewise cubic interpolation and cubic spline interpolation. The
linear interpolation, which presents a basic form of an interpolation, leads to a
large amount of errors and noise amplification in the frequency spectrum, which
can be avoided by using the piecewise cubic interpolation. However, this method
is sensitive to inaccuracies in determining the coefficients of the interpolation
polynomial. By using the cubic spline interpolation, the coefficients of an inter-
polation for the third order polynomial are determined in a way that the inter-
polation function and its first and second derivative are continuous throughout
the considered interval. In this research piecewise cubic interpolation is used for
angle domain digital resampling of vibration signal data.

CUBIC SPLINE INTERPOLATION

A piecewise affine function s(x), which interpolates the function y = f{x), consists
of cubic polynomials g(x) on the intervals [x, , x,), i = 1, m, pieced together in
such a way that their values and the first and second derivatives coincide at the
knots (the points) @ = x, <x, <..<x = b, so that the cubic polynomial in each
subinterval depends on all data points:

v, =) =s(x,), j=0,m. )

The piecewise polynomial form of g (x) suitable for an evaluation at many
points is given by Dahlquist and Bjorck® as:

q;(x) =y, +a,(x—x_)+ay,(x 7xi—1)2 +ay,(x 7xi—1)3’ i=Lm )

ay =k @y =0Gd, =2k ~k)/h, a; =k +k-2d)/h?, ©)

where (m+D unknows: k, = q',(x,), k, = ¢'.(x ) =q,,,(x), k=1,m—1,and k_=q',(x),
are the values of the first derivatives of the spline function at the knots, 7, =x —x,_,
is a step-size and d, = (y,— y, )/h, is a divided difference of f(x).

The second derivative ¢" (x) is the linear function of x. Requiring ¢"(x) to
be continuous at each interior knot x, leading to m — 1 linear equations which the
m +1 slopes kj must satisfy, i.e.

k(M) + e 2Ry + 1) + Ky () = 3(d by + d ), k=1, m =1 Q)

Two additional conditions needed to uniquely determine the interpolating
spline can be obtained from a ‘not a knot’ condition for the first and last interior
knot x and x  as follows':

h
ky(hy) + ke (hy + ) = 2hyd, + ——(hyd, + hd,), ®)
h, +h

d, +L(h

m—1 m

km—l(hm—l + hm) + km(hm—l) = 2h

m=1

dm + hmd/n—l)' (6)

m—1
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A boundary condition for the first interior knot (5) together with equations
(4) and a boundary condition for the last interior knot (6) form the three-diagonal
system of linear equations which can be solved by Gaussian elimination without
pivoting'>'® for determining slopes k , j = 0, m.

In this paper, an angle domain digital resampling procedure of the vibration
data (At — AB) using cubic spline interpolation is performed in two steps. Firstly,
by using the cubic spline interpolation to determine the time moments which cor-
respond to the constant increment of the rotation angle, and after that the value of
signals from vibration sensors are calculated, with the new cubic spline interpola-
tion on these points.

EXPERIMENTAL

The reduction gear, which has been the subject of the research in this paper, is
used for the shovel raising and lowering on the EKG-15 excavator. The electric ex-
cavator EKG-15 (Fig. 1) belongs
to a group with cable crowd
shovels. It is designed for min-
ing and loading of overburdened #
rock and resources into transport
facilities at surface mining, for
forming mined out space. The
shovel capacity is 16.5 m*® with
a maximum hoist effort on the
shovel of 1470 kN. The excava-
tor working weight is 698 t, and
the weight of the reduction gear
of the shovel swinging mecha-

Fig. 1. Excavator EKG-15

nism is approximately 40 tons.
A kinematics diagram of EM2 spool
the 3-stage reduction gear of a —= % ble Y
. . . . . cable
shovel swinging mechanism is =r=coupling
R, M2 M4 M6 1
shown in Fig. 2. The two DC — 4 P
motors are used as a reduction | ! ' '
. . . s 220 298
gear drive. Positions for vibra- | i l I ]
. . z14 Sy 285 S3
tion measurement points (M1 to | | I ]
M6) are also presented in Fig. 2. Vil WL: i
. The Vibrations.arerneasured SEcoupling —
simultaneously with two BK
4391 piezoelectric charge accel- EM1 spool
erometers. These accelerometers

have a frequency range from 0.1 Fig. 2. Reduction gear kinematics diagram
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Fig. 3. Signal flow algorithm

Hz to 10 kHz and a charge sensitivity of 9.8 pC/g. Acceleration signal integration
was done with a vibration signal conditioner with a 1 kHz anti-aliasing low pass
filter and a velocity vibration signal was obtained. The reference shaft, where the
key phasor was set, is the input shaft S (see Fig. 2). The 8 analog input channels
simultaneous sampling data acquisition (DAQ) module with 16-bit resolution was
used for discretisation of the signal from the key phasor and two vibration sen-
sors. The vibration signal data were measured in a vertical and axial direction
with a sampling rate of 10 kHz. Duration periods of each individual rotation 7,
were obtained, by using the signals from the key phasor. Uniformly time-sampled
vibration data were digitally resampled to the angle domain (At — AO) by using
the cubic spline algorithm. The signal flow algorithm is shown in Fig. 3.

During the investigation, shovel up and shovel down periods were considered
(as it is shown in Fig. 4). During those periods, the rotational speed of the input
shaft was not constant. Therefore, in each of these two periods the following val-
ues were defined:

1 &

— for shovelup 7, =—>'T, (7
N, 4

— for shovel down T, = NLZTd, ®)

a1

where T and T, represent the rotational speed of the input shaft mean values for
considered periods (shovel up and shovel down), T’ and 7, —rotation durations for
considered periods, N and N, — the number of rotations for considered periods.
The frequency analysis of a vibration signal presented with constant AQ will
result in spectrum diagrams that usually use multiples of running speed (orders)
instead of the absolute frequencies (Hz), as the frequency base®. In order to facili-
tate an interpretation of the frequency diagrams, the base frequency is multiplied
with a mean value of the input shaft rotational frequency ( f, = 1/T and f, = 1/T)).
In this way the frequency base is shown in frequency values in the Hz, instead of
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in orders. In such a way, some frequency components such as gear mesh frequen-
cies and their higher harmonics have become more easily visible in the frequency
spectrum.

The characteristic frequencies that can occur in the frequency spectrum of
a vibration signal obtained from the reduction gear are: rotational frequencies of
the shafts, gear mesh frequencies of all gear set pairs and characteristic bearing
fault frequencies'. Higher harmonics of these frequencies can also be presented.
The rotational frequencies of the shafts for one stage reduction gear can be calcu-
lated using the following equation:

n

=—L Hz 9

S 60 ©
n, Z

=—2= {2l Hg 10

S 60 flzz Z (10)

where f, is the rotational frequency of the input shaft, /) — the rotational frequency
of the output shaft, n — the rotational speed of the input shaft, min', n, — the rota-
tional speed of the output shaft, min™', z, — the number of teeth on the pinion, and
z, — the number of teeth of the gear wheel.

The following equation is used in order to calculate the characteristic gear
mesh frequencies and their higher harmonics:

Ju=Nfiz,=Nf,z,,Hz an

where f,, is the gear mesh frequency and NV 1, 2, 3... is the fundamental frequency
and its higher harmonics.

In addition, each gear set generates a series of modulations, which are pre-
sented in the frequency spectrum as sidebands that surround the fundamental
gear mesh frequency. In a gear set normal condition!, each of the sidebands is
spaced by the rotational frequency of the input shaft, and sidebands always occur
in pairs, one below and one above the gear mesh frequency. In addition, the am-
plitude of each sideband pair is identical, i.e. sidebands are symmetrically placed
around the gear mesh frequency. Each reduction gear problem, such as external
and internal misalignment, overloads, intensive wear, etc. destroys the symmetry
of the sidebands profile".

The roller bearing characteristic frequencies have also been considered, but
since they do not appear in the frequency spectrum, we are not going to present
their equations.

RESULTS AND DISCUSSION

Measurement and analysis of vibrations on the investigated reduction gear were
performed through preliminary stage investigation and final stage investigation
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after the realisation of necessary maintenance activities. Preliminary stage inves-
tigation results were used for a failure analysis procedure of the reduction gear
in order to enable the identification and localisation of its elements which were
responsible for the increased level of vibrations. The final stage investigation re-
sults were used for a comparation with preliminary stage ones, as a measurable
indicator of vibration reduction and a verification of achieved results through the
realisation of maintenance activities.

Preliminary stage measurement results. A typical profile of the reduction gear
input shaft rotational speed changes during one shovel up/down cycle is shown in
Fig. 4. The duration of the shown cycle is very close to the design cycle duration
for this excavator which is 26 s. The period when the system reaches maximum
rotational speeds during the shovel up and down cycle is of interest for this re-
search, and its duration is approximately 7—8 s. The average value of the reduc-
tion gear input shaft rotational speed during the shovel up cycle has been slightly
lower than the mean rotational speed during the shovel down cycle. The observed
phenomenon is understandable since the shovel up process is opposed to the mass
of the shovel, supporting structure and overburdened rock, while during the shov-
el down process, the mentioned masses accelerate the descent.

The measured values of the root mean square (rms) vibration velocity are
shown in Table 1. Vibration levels during the shovel down cycle at all measurement
points are from 2 to 2.5 times higher than vibration levels during the shovel up cy-
cle. The highest measured vibration level is extremely high and it is collected during
the shovel down cycle at the measurement points M5 and M6 in the axial direction.
Furthermore, the high level of vibrations has also been measured in the vertical
direction at the measurement points M3 and M4 during the shovel down cycle.

900 : : : . : Fig. 4. Profile of the reduction
: ' ' ' gear input shaft rotational speed

- considered - during the shovel up/down cycle

¢g[][] (7" considered -] S

= -
£ period
E 700}-- e

[0

600} - ............

=

400 ............

=2

input shaft rotational speed

. shovel down L RRRERE

15 20 25 30
time (s)

e
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Table 1. Vibration levels measured on the reduction gear

Measure- ' ] Shovel up Shovel down
. Direction . _ .
ment point i, min™! v, mm/s i1, min' v, .. mm/s
Mi \% 821.2 14.91 870.1 31.82
A 822.1 7.40 867.2 16.42
M2 \% 8277 16.15 876.8 29.17
A 828.8 6.83 878.2 13.40
M3 \% 821.2 16.79 870.1 35.37
A 822.1 12.88 867.2 24.90
M4 \% 8277 19.17 876.8 34.04
A 828.8 9.39 878.2 21.82
M5 \% 819.5 24.93 868.7 33.23
A 821.5 19.86 868.3 35.64
M6 \% 828.6 23.11 874.6 29.55
A 824.9 14.37 879.9 40.33

Note: V —vertical, A —axial, 71, 11, — rotational speed mean value of the input shaft for the consid-
ered shovel up/down period and v __—rms value of the vibration velocity

In order to determine the cause of high vibration levels, an analysis has been
carried out in the frequency domain. As it has already been stated, the following
characteristic frequencies can occur in the frequency spectrum: rotational fre-
quencies of the shafts, gear mesh frequencies of all gear set pairs and the charac-
teristic bearing fault frequencies. Since the considered periods during the shovel
up/down cycles have different mean rotational speeds (see Fig. 4), it is necessary
to calculate both of the mentioned characteristic frequencies for the shovel up/
down periods. Based on the results given in Table 1, mean rotational speeds for
both shovel up/down cycles were calculated and are shown in Table 2, while gear
mesh characteristic frequencies are shown in Table 3.

Table 2. Rotational speed characteristic frequencies (Hz)

Shaft No Shovel up Shovel down
S1 S, = 1375 fia=14.58
Z14 Z14
S2 S =Sru =226 Sfoa = Sra—=2.40
85 85
Zyy Z30
53 fu=Fu =046 fu=f =049

98 98

Table 3. Gear mesh characteristic frequencies (Hz)

Gear mesh Shovel up Shovel down
Jwi Sow =fiu71s = 1925 fona =S 47 = 204.1
So S =FouZry =452 Srina =JraZr = 48.0
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The input shaft rotational speed is not constant in the considered periods (see
Fig. 4). In this case, the application of FFT analysis to the uniformly time-sampled
vibration data would not give the desired results. High frequency components in
the spectrum, representing gear mesh frequencies, might be smeared so much that
details in the sideband structures will be lost in the analysis®®. That is why, a uni-
formly time-sampled vibration data are digitally resampled to the angle domain
using the cubic spline algorithm. The process of digital resampling of a vibration
signal using the cubic spline interpolation is explained in details bellow.

Frequency spectra, which correspond to the measurement point M6 (see
Fig. 2) in the vertical and axial directions in both shovel up/down cycles are shown
in Fig. 5. These frequency spectra represent the oscillatory behaviour of the tested
reduction gear. In order to display certain frequencies more clearly, diagrams are
given in the frequency range of 0-200 Hz. Frequencies above this range have low
amplitude levels and are not of interest.

As it can be seen from the frequency spectrua, the gear mesh frequency of the
2nd gear set ( f,,,, and £, .,) is distinctly dominant during shovel up/down processes,
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Fig. 5. Frequency spectra of the resampled vibration data on the measurement point M6
a — the vertical direction, shovel up, b — the axial direction, shovel up, ¢ — the vertical direction,
shovel down, and d — the axial direction, shovel down
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with its higher harmonics (Nf,,, and N, , ). The belonging sidebands on the shaft

S, rotational frequency, in other words N( f,,, + £, ) and N(f,,,, £ f,,), where N =1,
2, 3... are fundamental frequency and harmonics, are also presented. In the vertical
direction, the fundamental gear mesh frequency is dominant (f,,, and f,,,,), while
the 2nd harmonics of these gear mesh frequencies is dominant in the axial direction.

The gear mesh frequency of the Ist gear set £, can be noticed in Fig. 5b,
although it is poorly expressed. This characteristic frequency can also be noticed
at the measurement points M1 and M2, which are also weakly expressed.

While looking at the frequency spectra, it can be seen that the sidebands are
not symmetrically placed around the gear mesh frequency. This asymmetry is due
to overload and intensive wear of the 2nd gear set. High vibration levels in the axial
direction suggest the presence of uneven wear of the tooth lateral side, as well as
internal misalignment. It should also be noted that the vibration level during the
shovel down cycle is from 2 to 2.5 times higher than the shovel up cycle vibration
level. This behaviour is due to an increased clearance in the roller bearings on the
S, and S, shafts, which in a combination with the intensive wear of the 2nd gear set,
leads to unequal tooth contact of this gear set during shovel up/down cycles.

The above frequency spectrum analysis results helped to closely locate the
cause of high vibration levels. It is without doubt the 2nd gear set and bearings on
the S, and S, shafts.

Realised maintenance activities and achieved results. The investigation results
obtained using the vibration-based CM have located the causes of high vibra-
tion levels. Due to the constructional solution of the investigated reduction gear,
a replacement of the entire S, and S, shafts with the belonging gears and roller
bearings has been necessary. After replacing these elements, it has been possible
to visually see some of the problems identified in the frequency spectrums. The
photos of the replaced elements are shown in Figs 6 and 7.

Fig. 6. Photographs of the shaft S, an overall view (a) and a pinion detail, surfaces where plastic
flow occurs (b)

565



Fig. 7. Photographs of the shaft S, an overall view (@) and a gear wheel detail shows that there are
no visible destructions (b)

| a Shovel up ] Shovel down
BBefore  DAfter W Before D After

(mm/s)
(mm/s)

ms
[
ms

vibration level, v
I
vibration level, v

M1 M2 M3 M4 M5 Mo M1 M2 M3 M4 M35 Mos M1 M2 M3 M4 M5 Mo M1 M2 M3 M4 M5 Mo
vertical direction axial direction vertical direction axial direction

Fig. 8. Comparison of vibration levels before and after reparation of the reduction gear, during the
shovel up period (a) and during the shovel down period (b)

The plastic flow of the pinion can be noticed in Fig. 6. This failure mecha-
nism is caused by high contact stresses and the rolling and sliding action of the
mesh'8. Tt is a surface deformation resulting from the yielding of the surface and
subsurface material, and it is usually associated with softer gear materials, al-
though it can occur in heavily loaded case-hardened gears as well. It has been
noted by visual inspection that the degradation of the tooth gear wheel is much
less pronounced (see Fig. 7). After replacing the above mentioned elements, vi-
bration measurements on the reduction gear have been repeated through final
stage investigations. Comparative illustrations of the measurement results before
and after reparation of the reduction gear are shown in Fig. 8.

Final stage investigations have shown that after carrying out corrective ac-
tions, the vibration level of the reduction gear has been significantly reduced (de-
pending on the measurement point by 2.5 to 14.5 times).
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COST ANALYSIS

In order to solve the problem of the high vibration levels of the reduction gear,
there were two possible solutions. The first choice has been related to the replace-
ment of the full reduction gear, while the second option has involved a replace-
ment of the reduction gear elements which have been identified as critical, accord-
ing to the vibration-based CM. A comparative cost analysis of the two choices is
given in Table 4.

Table 4. Cost analysis of the two possible choices

Ist choice 2nd choice
description cost (€) |description cost (€)
Complete reduction gear replacement | 220000 | Replacement of S2 and S3 shaft 87000
Labour cost Labour cost
1 engineer + 4 technicians 5840 1 engineer + 4 technicians 5840
16 hours x 5 days x 25 €/h + 16 hours x 5 days x 25€/h +
16 hours x 5 days x 12 €/h x 4 16 hours x 5 days x 12 €/h x 4
Crane 60 tons Crane 40 tons
3 days x 12 hours x 300 €/h 10800 3 days x 12 hours x 250 €/h 9000
— — | Vibration based CM 1500
Overall costs 236640 | Overall costs 103340

The largest share of the total costs for both solutions has been the value of
parts that need to be replaced during the repair. The labour costs are identical in
both situations, because these two choices require the same number of people
to be involved and the same commitment time. The first choice requires greater
engagement of the crane capacity, bringing a slightly higher cost. The smallest
shares of the total costs are the vibration-based CM. This assumption is taken in
accordance with the first solution which does not need failure analysis. The cost
analysis shows that the second choice brings savings of 56% of assets, respec-
tively about 133300 € in the total amount.

CONCLUSIONS

The failure analysis of a massive excavator reduction gear has been realised through
vibration-based CM. A process of vibration signal digital resampling using a cubic
spline interpolation algorithm has been used to collect information in order to de-
termine the condition of the investigated reduction gear. In the obtained frequency
spectrum, discrete components such as gear mesh frequencies, related sidebands
and harmonics are clearly separated. The research results have located the causes of
high vibration levels and also assisted in maintenance decision making. Estimated
savings that have been achieved on this occasion are 56%. After the replacement of
the damaged elements, a vibration re-measurement was carried out on the reduction
gear. On that occasion, we found that overall vibration levels were reduced signifi-

567



cantly, by 2.5 to 14.5 times. The results obtained with the vibration-based CM have
been confirmed by the visual inspection of the replaced elements.
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