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ABSTRACT 
A root cause failure analysis of coal mill vertical shaft used in 
thermal power plant has been carried out. The failed parts of the 
shaft showed the signature of fatigue failures. The fatigue cracks 
originated from the top edge of the keyway area, where the bowl 
is assembled. Operating conditions, material of the shaft and 
design of the shaft for strength are the possible causes for the 
fatigue failure. Due to some constrains the operating conditions 
cannot be changed. It is found after conducting experiments that 
the strength of the material used for the shaft is not uniform, 
however, the material change is beyond the scope of the plant. 
Therefore, the initial design of the shaft has been analyzed. It is 
found that the high stress concentration is at the top edge of the 
keyway, where the fatigue crack originates. The value of stress 
concentration can be reduced by changing the geometry of the 
keyway. Therefore, four cases of the change in keyway geometry 
has been studied using commercial software ANSYS. The result 
showed in one of the cases that the stress concentration reduces by 
36% and it is implementable in plant location. The failure analysis 
results of coal mill vertical shaft used in thermal power plant as 
carried out in a case study, will be available to the designer and 
manufacturer, besides the users and the experts, through the e-
Maintenance system. 
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1. INTRODUCTION 
E-Maintenance is the application of Information & 
Communication Technology (ICT) for remote and online 
operation and maintenance activities for providing decision 
support to operation and maintenance process for all stakeholders 
independent of time, geographical location, or organizational 
belonging. The three primary components of an e-Maintenance 
system are:  

 Maintenance of engineering asset (plants, equipment 
and organizational environment) including operation 

 Intelligent and embedded (sensor-based) computing 
technology 

 Information communication technology (platforms, 
architecture, protocols and adapters). 

 
To facilitate a successful e-Maintenance application, these three 
components need to be integrated. With a purpose to achieve zero 
down time and zero defects, instantaneous real time response and 

decision-making; prognostic and diagnostic are used through 
embedded sensors and device to business tool.  
 
The e-Maintenance system delivers data and information, which 
indicates the health condition of the system.  
The stakeholders of the e-Maintenance system are the receivers of 
the data and information [1-3]. The e-Maintenance is designed to 
provide 24 x 7 (24 hours a day and 7 days a week) real-time 
monitoring and control. The e-Maintenance system converts data 
into information, available to concerned stakeholders’ for 
decision-making and for predicting the performance condition of 
the system remotely on a real-time basis. The e-Maintenance 
system indicates the feasibilities of organizing the maintenance 
activities and competence into a virtual centre called Maintenance 
Control Centre (MCC). With the support of ICT, the centre can 
monitor, predict and control all maintenance-related information. 
See Figure 1 [4].   
 

 
 

Figure 1. e-Maintenance framework  

 

This enables the system to match with the e-business and supply-
chain requirements. For example, once the supervisor knows the 
system’s failure, a root-cause failure analysis is undertaken by the 
investigation team and the results with the suggested activities are 
available to the designer and manufacture for improvement 
modifications as required for the system. Thus, e-Maintenance 
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creates a virtual knowledge centre with users, technicians/experts 
and the manufacturers, besides, the specialists in operation and 
maintenance to provide decision support regarding appropriate 
maintenance activities. 

2. CASE STUDY 
This case presents the root cause failure analysis of coal mill 
vertical shaft of a thermal power plant. A failure history of the 
coal mill shaft was available for the e-Maintenance at the plant 
location and elsewhere. Expert e-advice had been provided under 
the standard procedure of operation and maintenance framework. 
However, the failure became more frequent in due time, which put 
the plant in part loading and/or forced outage. Therefore, urgency 
is felt for the detail root cause investigation of the failure. 

 

The failure can be analyzed by visual inspection of failure shaft 
and experimental testing of the shaft material. The case describes 
the failures that were taking place, and detail investigations that 
were carried out to understand and analyze them to improve the 
life of shaft by certain design modifications. 

 

Shafts are used to transmit power and it has wide range of 
applications including corrosive environments, high and low 
temperature environments. Depending on the assembly, they may 
also experience tension, compression, bending loads or 
combination of these loads. Due to these loads the possible 
chances of failure in the shafts are high. Fatigue failures are 
occurred at stress raisers. The most commonly encountered stress 
raisers are sudden change of section, keyways, grooves, splines 
etc. Parida et al. [5], [2003] analytically conducts some studies on 
the failure of coal mill shaft. From the studies they found that, 
shafts are failed by fatigue and the fatigue cracks are originated 
from the top edge of the keyway.  

2.1 Investigation of Problem 
Coal pulverizing mills are employed to break down lumpy coal to 
fine coal for accelerating the combustion process by exposing 
large surface area to the action of oxygen. The vertical shaft is 
used in the bowl mill, which is one type of pulverizing mill. The 
diagram of vertical shaft is shown in Figure 2. 

 
Figure 2. Coal mill vertical shaft 

The failure of shaft in the assembly is shown in the Figure 3. It is 
clearly visible that the shaft fails close to 45˚ of its normal. This 
suggests that the section of the shaft becomes brittle due to work 
hardening and/or the shaft is subjected to bending load. By visual 
examination of the fractured surface, it can be suggested that the 
failure occur due to fatigue. The crack starts at the keyway and 
propagates slowly due to plastic yielding; thereby beach marks are 
seen in the Figure 4. There is a general conception that sharp 
corners can act as stress concentrators and lead to easy initiation 
of fatigue cracks. By providing an ample radius at such corners 
prevents the failure. In the present case, the bottom corner of the 

keyway is not the originating point of the fatigue cracks. This is 
because a sharp corner acts as a stress concentrator for cracks that 
are in the plane of the notch, for example, peeling-type cracks that 
are also commonly found in rotating shafts with keyways ASM 
[6], [1986]. 

  

                  

 
Figure 3. Failure of shaft in the assembly 

  

 

 

        

 
 

Figure 4. Fatigue failure of shaft 

For transverse cracks in shafts, which are in a plane perpendicular 
to the sharp corner plane, a keyway corner will not provide any 
additional stress concentration; and the crack is more likely to 
initiate at the outer surface where the torsional stresses are higher.  

This failure occurs with combining all the modes of failure 
together. The modes of failure are shown in Figure 5. 

Mode I crack – opening mode (a tensile stress normal to the 
plane of the crack). 
Mode II crack – sliding mode (a shear stress acting parallel to the 
plane of the crack and perpendicular to the crack front). 

The failed shaft is seen here. The failure plane is 
approximately 45 degrees to the plane of rotation. 
Discoloration due to heating is clearly seen. 
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Mode III crack – tearing mode (a shear stress acting parallel to 
the plane of crack and parallel to the crack front). 

 

 
Figure 5. Modes of failure 

In certain cases of failure, the plastic yielding is less, the failure 
surface is rough, and the failure angle is close to 45 degree. This 
suggests that the material becomes brittle at this section and/or the 
shaft is subjected to high bending load as compared to the 
rotational torque.  

With these investigations it can be clearly seen that the failure 
occurs by fatigue. In the next section it will be discussed that the 
factors causing the fatigue failure and suggestions/modifications 
that will enhance the life of the vertical shaft.  

2.2 Possible causes of failure and remedies 
The various possible causes for fatigue failure are classified in the 
three categories. 

• Operating condition 
• Material of the shaft 
• Design of shaft 

• Operating condition: operating condition can highly 
alter the failure duration so as the life of the component. 
Some of the operating conditions are: 

[1] Operating environmental: The components are 
generally subjected to heat, corrosive environment, 
humidity or different chemicals etc. A component may 
fail due to these environmental conditions, whereas 
these types of environmental conditions cannot be 
avoided, sometimes necessary for proper running of 
associated components. Present case, it is found that the 
section of the shaft under consideration is exposed to 
high temperature. This high temperature will locally 
alter the material properties of the shaft. 

[2] Duration/history of starting and stopping: This 
situation will become worse when the machine is 
stopped suddenly without providing adequate time for 
cooling under no loading condition. This will lead to the 
hardening of the material. Furthermore, a forced cooling 
(with liquid) will make the material hard and brittle. 
Material will loose its ability to withstand strain. A 
frequent stopping and starting operation will also induce 
strain/work hardening in the material. This type of 
operation should be avoided as far as possible. 

[3] Any accidental changes: In some situations, the one has 
to stop the machine suddenly in order to avoid any 
catastrophic failure of the whole system. These 
situations cannot be avoided, however can be reduced 
following regular maintenance/monitoring procedures. 

[4] Loading: Every component has to carry a specified load 
and/or transfer power. Loading is the most vital 
parameter to predict the proper functioning of the 
component or cause of failure. In the present case, it is 
very difficult to get the loading data accurately or even 
close to reality. The load comes from the tapered rollers 
mounted on the bowl. The load is due to crushing of the 
coals, which composed of normal load, radial load and 
frictional (tangential) load. The shaft gets power from 
the motor and drives the bowl. Therefore, apart from the 
rotational torque, the shaft is exposed to bending load. 
Furthermore, these loads depend on the condition of 
coal, such as size, hardness, moisture contents etc. 

[5] Speed: Next to load, speed is also another vital 
parameter. This doesn’t affect much at constant and 
moderate speed. However, for high speed and big 
shafts, speed also plays vital role as far as the material 
centrifugal force is concerned. In present case, speed is 
constant and moderate. 

On the whole, it is difficult to change the operating conditions due 
to several constrains, such as proper functioning of associated 
components, geographical location, cost effectiveness etc. 

• Material of the shaft: Bulk scale material properties 
such as, Young’s modulus, Poisson’s ratio, endurance limit, 
ultimate tensile strength or the stress-strain history are 
required for the prediction of behaviour of the component. 
Therefore, two types of tests are carried out experimentally 
on four specimens of the shaft material for each of the test. 
The two types of test are: 
 
1. Tensile testing (for Young’s modulus) 
2. Fatigue testing (for endurance limit) 

1 Tensile testing: Universal testing machine was used to carry out 
the tensile test on the four specimens. The dimensions of the test 
specimen are as shown in the Figure 6. 

 

 
Figure 6. Tensile test specimen 

After the test was carried out on the four specimens as per ASTM 
standard E 8M [7], [ASTM, 1998], from the plots of stress-strain 
curve the values of young’s modulus and yield stress are 
calculated and it is shown in the Table 1 

Table 1. Young’s modulus and yield stresses of four specimens 

Tensile test Young’s modulus Yield stress 

Specimen - I 156 GPa 490 MPa 

Specimen – II 183 GPa 310 MPa 

Specimen – III 162GPa 460 MPa 

Specimen - IV 187 GPa 550MPa 

From the tensile test results, it is observed that the material is not 
uniform for all the specimens. Although, the Young’s modulus is 
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close, the material yield point varies significantly. This is a 
serious concern as the material yield point decides the load 
carrying capacity and life of the component. Furthermore, the 
Young’s modulus and yield point stresses are less than that of 
Mild (low carbon) steel, which are 210 Gpa and 500 Mpa, 
respectively.  

2. Fatigue testing: The specimen used for fatigue testing is shown 
in the Figure 7. Strange behaviour of the material is found in the 
fatigue testing. There is absolutely no uniformity in the material to 
reach a unique value. Specimens – I & II both failed in same no. 
of cycles even in different loading conditions as shown in the 
Table 2.  

 
Figure 7. Fatigue test specimen 

 

Table 2. Bending load and number of cycles of fatigue testing 

Fatigue Test Bending Load No. of Complete 
Stress Reversal 

Cycles 

Specimen – I 40 N 300 000 

Specimen – II 60 N 300 000 

Specimen – III 60 N 7 000 000 

Specimen – IV 40 N 

60 N 

3 600 000 

7 600 000 

 

Specimen – III did withstand a large no. of cycle before failure, 
which is not in compliance with Specimens – I & II. Furthermore, 
Specimen – IV did not fail even for very long duration of 
operation with different loading conditions.  

Therefore, it can be concluded from the two tests that the material 
is not uniform throughout the component. 

• Design of shaft: It is difficult to change the operating 
condition and also it is found that the material testing does 
not give the unique values. Therefore, the rest of the analysis 
is concentrated on the design for strength of shaft and 
associated components. The stress analysis is carried out 
using commercial software package like ANSYS and a 
critical area of the shaft has been studied based on stress 
concentration factor.  Some design changes has also been 
recommended for the reduction in stress concentration and 
increase in the life of the shaft. The shape of the shaft drawn 
using the ANSYS is shown in the Figure 8. 
 

 
Figure 8. Solid modeling of shaft using ANSYS 

Finer mesh is used at the stress concentration zones like at 
the keyway and normal mesh at the other areas. The stress 
analysis is carried out on the shaft and the results shows that 
the maximum concentration of stress is at keyway portion as 
shown in Figure 9.  

 
Figure 9. Stress analysis of shaft 

The symbol ‘Mx’ in the Figure 8 show the point where stress 
concentration factor is high and the value is 3.371 which is 
on the top edge of the keyway. 

Now the analysis was done on the total assembly of the shaft 
as shown in Figure 10.  

 
Figure 10. Total assembly of shaft, bowl and key 
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After the meshing, stress analysis was carried out and the 
stress concentration zone is again on the top edge of the 
keyway.  

 
Figure 11. Stress analysis of assembly 

The symbol ‘MX’ shows the point where the stress 
concentration factor is high and the value is 17.876 as shown 
in Figure 11. It is found form the stress analysis that the 
corner of the keyway where tapered section starts, gives a 
higher value of stress concentration. In the assembly study, 
various aspects are considered, such as surface interaction, 
frictional forces in interacting surfaces, slipping etc. 
Therefore, the value of stress concentration is magnified 
significantly when studied with associated components (in 
assembly). This corner of the keyway area is critical, where 
crack may induce and the shaft will fail. This is also well in 
agreement with the observed shaft failures in the plant, where 
the crack starts at this location.  

It is necessary to redesign the shaft to minimize the stress 
concentration. However, redesign may not be possible due to 
associated components and also the shaft is the proprietary 
item of supplier. Therefore, a slight correction in the starting 
of the keyway is proposed, which can be implemented at the 
plant location after getting the shaft from the supplier. This 
will not affect the associated components. The four cases 
have been analyzed by varying the slightly the geometry of 
the keyway.  

Case I: The keyway length has been reduced by 30 mm from 
the original length and checked for the strength. The 
maximum stress concentration on the shaft reduces to 2.46. 
This case is not possible at plant without the help of supplier. 

Case II: The keyway length has further been reduced and 
checked for the strength. The maximum stress concentration 
on the shaft becomes 3.129, which is close to original length. 
This case is not possible at plant without the help of supplier. 

Case III: The keyway length is considered same as that of 
case I, however a curvature of radius 10mm is provided at 
the end. The maximum stress concentration factor on the 
shaft reduces to 1.499, which is better design and the shaft is 
going to last for very long duration of operation. But this 
modification may not be possible at the plant without the 
help of supplier.  

Case IV: The keyway length is taken as original length, 
however a curvature of radius 10mm is provided at the end. 
The maximum stress concentration factor on the shaft 
reduces to 2.151. This modification is possible at the plant 
without the help of supplier.  

Table 3. Stress concentration factor of different cases 

CASES  Lengt
h 
reducti
on  

Curv
ature  

Maximum 
stress 
concentration  

Modification 
at plant  

CASE – 
I 

Yes 
(420 
mm) 

No 2.460 Not possible 

CASE – 
II 

Yes 
(395 
mm) 

No 3.129 Not Possible 

CASE – 
III 

Yes 
(420 
mm) 

Yes(
10 
mm) 

1.499 Not Possible 

CASE – 
IV 

No 
(450 
mm) 

Yes(
10 

mm) 

2.151 Possible 

 

It is observed from the results (Table 3) that the stress 
concentration can be reduced further with several modifications. 
Some of the modifications have to be done in consultation with 
the supplier. The last case (CASE - IV) is possible to achieve in 
the plant after getting the shaft from the supplier. The reduction in 
stress concentration is 2.151, which is considerable as compared 
to the original shaft design 3.371. The stress concentration 
reduces with approximately 36% as that of original shaft. 

3. DISCUSSION 
The root cause failure analysis results of coal mill vertical shaft 
used in thermal power plant as carried out in this case study, will 
be available to the designer and manufacturer, besides the users 
and the experts, through the e-Maintenance system. Various tests 
were conducted to determine the root cause of fatigue failure. The 
result shows that the crack is originated at the top edge of the 
keyway and also non-uniformity of material throughout the shaft 
was major cause of failure. The change in the material and 
geometry of the keyway is suggested as part of the corrective 
action. The change in the material and major modifications in the 
geometry are beyond the scope of the thermal plant, however, the 
original manufacturer of the shaft can access the data on-line to 
change the future design. 

 

As far as the implementation at the plant location is concerned, 
slight change in the keyway geometry is suggested, which will 
bring the stress concentration by 36% and improve the life of the 
shaft. With this available on-line information, it will be possible to 
take appropriate decision as suitable for the system.  

4. CONCLUSIONS 
From the studies conducted to understand the root cause failure of 
coal mill vertical shaft, it can be concluded that 

• Due to several constrains such as proper functioning of 
associated components, geographical locations, cost 
effectiveness etc, it is difficult to change the operating 
conditions. 

• The strength of material used for the shaft is not 
uniform throughout the length.  
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• Redesigning of the shaft may not be possible due to 
associated components. Therefore slight correction in 
the starting of the keyway is proposed. Four different 
cases have been analyzed and one of the cases is 
recommended because it is possible to make changes in 
the plant without the help of supplier. The stress 
concentration reduces with approximately 36% as that 
of original shaft. 
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