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A specially designed test rig that encouraged the natural damage condition of a test 

bearing was employed. To speed up crack initiation, a very small amount of lubricant 

has been added to a thrust ball bearing (SKF 51210), shown in figure 1. It is worth 

mentioning that this small amount of grease was neither weighed nor its thickness was 

measured; just a random small amount of grease was added to the bearing ring prior to 

testing.  The  reason  behind  this  is  to  simulate  the  real  world  applications  where  the 

measurements or prediction of the amount of lubricant inside the bearing, whilst in 

operation, are very challenging. This is due to the accessibility problems such as bearing 

location and/or bearing geometry. Further, very sophisticated and costly devices are 

required  to  carry  out  the  oil  and  lubricant  analysis  that  is  very  often  undertaken 

offline. As a result of that, this approach allowed the test bearing to operate under 

conditions of grease starvation within a few operating period depending on the load 

condition before natural fatigue could be initiated on the bearing cage.  
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The test-rig, presented in figure 2, was employed for this investigation. It consisted of a 

hydraulic loading device, an eclectic motor (MOTOVARIO-Type HA52 B3-B6-B7 j20, 

46-Lubricated: AGIP), a coupling and a supporting structure. The test bearing was 

positioned between the stationary thrust loading shaft and the rotating disk which 

housed one of the bearing races. The second race was fitted onto the loading shaft in a 

specifically designed housing. This housing was constructed to allow for placement of 

AE sensor and thermocouple directly onto the bearing race. The thrust shaft was driven 

by a hydraulic cylinder (Hi-Force HYDRAULICS-MODEL No: HP110-HAND PUMP-

SINGLE SPEED-WORKING PRESSURE: 700 BAR) which moved forwards to load 

the bearing and backwards for allow periodical inspections and replacements of the test 

bearing. The rotating disk was driven by a shaft attached to the motor with an output 

speed of 72 rpm. A thrust bearing (SKF 81214 TN) was placed between the coupling 

and the test bearing to react the axial load. A coupling system was carefully selected to 

absorb any vibration as a result of attaching the shaft to the motor.  
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Under normal conditions of rotational speed, load, good alignment and grease starvation 

conditions, natural damage begins with small cracks, located on the rolling elements 

cage, which generated detectable AE signals. For this particular paper four experimental 

cases are presented that reflect the general observations associated with experimental 

tests at loads ranging from 20, 25, 30 and 35 kN. The tests were terminated once a 

significant rise in AE levels, vibration and temperature measurements, was 

observed. This led to different test  periods based on the operating conditions.  In 

addition to the load and operation under grease starvation conditions, this 

variation  might  also  be  attributed  to  issues  such  as  misalignment,  unbalance,  etc; 

however, best efforts were made to minimise this.  

Observations of continuous monitoring of the AE levels, in addition to vibration and 

bearing temperature parameters are presented in figures 3 to 6. At the end of the test 

(7200 seconds and Load = 35 kN) there was visible surface damage on the bearing cage. 

It was observed that at approximately 4320 seconds into operation AE levels began to 

increase steadily. This was not observed on the vibration measurements though 

vibration levels increased after 5760 seconds of operation; much later that was detected 

by AE, reinforcing the widely acknowledged view that AE is more sensitive than 

vibration for bearing defect identification [23].  The increase in AE energy levels from 

earlier in the test run between 720 to 2160 seconds to the condition of damage was in the

 order of 600%, presented in figure 3. The percentage of the increase in AE levels in the 

load cases of (20, 25 and 30 kN) was about 400%, 900% and 600% respectively. 

After run-in stage in the low load cases (30, 25 and 20 kN), all measured AE and 

vibration parameters remained almost constant. Significant increase in AE activity from 

5400, 8000 and 8000 seconds of operation was observed whilst vibration measurements 

showing transient increase at 7200, 12000 and 11000 seconds of operation in the load 

cases of 30, 25 and 20 kN respectively, shown in figures 4 to 6. Observations from 

figures also reinforce the global opinion that AE tends to be noisy and spiky when 



For Peer Review

Page 9 of 40

http://mc.manuscriptcentral.com/shmij

Structural Health Monitoring

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

the well-developed defect is pronounced whilst the vibration steadily increases due to the

 excitation of the natural structural frequency of the system component. Also continuous 

monitoring of AE activity showed that the onset of the significant rise in AE levels was 

earlier observed in the load case of 20 kN than the load case of 25 kN, see figures 5 and 

6, reinforcing the acknowledged view that the variation in actual test period leading 

to fully developed damage on the bearing was unpredictable.  

at an average of 35oC after the run-in stage. The measurement of temperature was 

undertaken to  assess  the  consistency of  lubricant  viscosity  throughout  the  test 

period. The significant variation in the trend of this indicator will also help to 

identify whether the friction properties between the bearing elements are relatively 

constant or not. On the termination of tests a maximum temperature of 46oC for the 

load cases of 35 and 30 kN was recorded whilst lower temperature value of 36oC on the 

termination of tests was registered for the load cases of 25 and 20 kN, see figures 3 to 6. 

On termination of the tests, a visual inspection revealed a severe surface damage on the 

bearing cage, see figure 7. This suggested that there was a slippage between the 

rolling elements and the bearing rings as a result of the starving lubricant contact, which 

greatly increased the pressure, friction and wear and eventually reduced the bearing life.  

Observations of the AE waveforms, sampled at 2 MHz showed changing characteristics 

as a function of time. These AE waveforms, associated with the observations of the 

bearing test shown in figure 3, are presented in figures 8, where a typical AE waveform 

associated with spurious AE transient events is presented after 4320 seconds of 
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operation. The waveform at this time of operation shows an AE transient bursts this is 

attributed to the onset of ‘less mature’ damage on the bearing. At 7200 seconds 

operation, significant AE transient events associated with the fully developed defect on 

the bearing are clearly noted, see figure 8. This highlighted the fact that AE waveforms 

are just as sensitive to changes in bearing mechanical state as the continuous 

measurement of AE energy.  

 

As surface defects on the bearing cage, such as spalls, are continually developing it is 

postulated that a newly formed spall  will  contribute relatively higher AE events as the 

edges of this newly formed defect will be rougher in comparison to an already existing 

spall which becomes smoothened with the passage of time. This assumption was made 

based on the several tests undertaken prior to the reported cases. Results from these 

pre-tests  along with  the  visual  inspection showed that  significant  rise  in  AE,  vibration 

and temperature is a clear indication of new formed spalls on the bearing cage. This also

 explains the sharp bursts of AE activity noted during observations of continuously 

monitored AE energy levels, see figure 3. Even though the overall levels are increasing 

from 4320 seconds,  relatively  large transient  rises  were noted during the period from 

5040 seconds to 7200 seconds. The author believes that these large transient burst

 are  attributed  to  regions  that  have  newly  developed  surface  damage;  this  is  an 

evolutionary process giving rise to peaks and troughs in AE levels. 
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SIE can be defined as the ratio of the sum of cumulative sum of a defined segment, 

window, (SCSsegment) in a given signal to the overall sum of cumulative sum (SCSoverall) 

of the same signal. This ratio is then multiplied by a magnification factor (MAGF). The 

advantage of the dimensionless SIE is that it can reduce the complexity of the problem as

 its  result  is  numerical  values  without  physical  dimensions.  This  in  turn will  allow the 

user to perform any analysis for any condition monitoring data (e.g. vibration, AE, etc.) 

irrespective of their physical units. The SIE envelops the data without losing the 

information carried by the signal. The advantage of the SIE over the classical 
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envelope and the other parameters is that the SIE is a normalised piecewise 

segment technique whilst the envelope is based on the entire signal. This means that 

the SIE dose not only display the ratio of the total at any given time but also it can chart 

statistic that involves current and previous data values from the process. This helps to 

track how the sample values deviate  from a target  value and also improves the 

ability to detect micro-changes. Besides it resolves the problem in the cases of small 

values of the calculated SIE, the MAGF also plays a vital role to overcome the 

problem of  selecting  the  size  of  a  given window.  The author  assumed that  there  is  a 

direct proportionality between the MAGF and the selected number of the windows 

(W). This means the higher number of W the higher MAGF and vice versa. This 

proportionality produced a constant (k) that is highly dependent on the type of the data. 

For high dimensionality data, such as the case of continuous acquiring of AE data, high 

W and small k are preferred whilst small W and high k are better for low 

dimensionality measurements. Mathematical expressions that are required to perform 

the SIE analysis are explained as following: 
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It is worth mentioning that the above values of k have been suggested based on the 

results of the iterative process, undertaken, to achieve the optimal values. Further, these 

values are used for the continuous monitoring of the degrading bearing whilst large 

values of k are used for the analysis of waveforms. In application, SIE value of one, 

between two adjacent segments, is associated with non-transient type signals and 

greater than one where transient characteristics are present. Selection the size of the 

segment was justified by an iterative process. For this particular investigation AE 

signals,  recorded throughout the bearing tests,  were split  into several windows each of 

which contains 20 segments and the optimal value of k was found to be 4.  

The trend of SIE was completely consistent with the general trend of AE energy 

presented  in  figures  3  to  6.  Steady  trend  of  AE  energy,  SIE  and  RMS  noted  in  the 

termination of the tests is due an already existing spalls, which became smoothened with 

the passage of time, see figure 7, and will not contribute relatively higher AE events until

 newly defect is formed. This confirms the author’s belief that the SIE is reliable, robust

 and  sensitive  to  the  detection  of  incipient  cracks  and  surface  spalls.  It  can 

successfully be employed for condition monitoring of rotating machines. 
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figures 9 and 10 
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Tables 2 and 3

Results from the fitted data and parameters of global goodness of fit  showed that the 

suggested model could well fit the extracted SIE and RMS values, see figures 9 to 10 

and table 3.  



For Peer Review

Page 16 of 40

http://mc.manuscriptcentral.com/shmij

Structural Health Monitoring

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

PL

LMA
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The  challenging  question  was  that  is  the  proposed  SIE  a  good 

choice for predicting RUL. Hens, a feasibility study or assessment was conducted for 

three different ANN models. The first model involved the RMS and SIE as inputs to

the  ANN  model.  The  second  model  included  SIE  as  a  solely  input  whereas  the  third 

model employed RMS only.

Figures  12  to  14  show  the  final  structure  of  the  proposed  ANN  models  that  used  to 

estimate the bearing RUL. 
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Table 4

figures 15 to 17

figure 15. 

           

figures 15 to 17 and table 4

figure 17
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