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Abstract: Gearbox failures have a significant impact on the operational reliability. In this research, a significant, premature 

failure of a gearbox of an aeration unit was detected. This failure has occurred almost after 18 months of starting operation. 

The main objective of the present work is to investigate the main causes that leading to the gearbox failure. Also, how such a 

failure can be prevented in the future. The study is divided into three main parts. Firstly investigates gearbox internal 

components including gears, bearings, and shafts throughout the visual inspection and laboratory tests. Then investigate 

gearbox casing by performing stress analysis to determine stresses distribution and deformation. Finally, performing a dynamic 

analysis for measurements that were previously recorded before gearbox failure. The results showed that the failed aeration 

unit has suffered a severe unbalance problem. High vibration levels caused by the unbalancing effect led to excessive stresses. 

These stresses affected shafts, bearings, gears, casing, and promote fatigue failure. Vibration level decreased after applying 

balancing process for the fan. Recommendations pointed to the importance of balancing process of the fans before installation 

and performing a predictive maintenance program. 
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1. Introduction 

Gears and Gearboxes are generally robust and reliable 

devices. However, gears and gearboxes failed and many of 

them are caused by unforeseen system problems or as a result 

of improper operation& maintenance rather than design or 

manufacturing/ material defects. Preventive maintenance is 

defined as a structured periodic maintenance action that 

prevents the breakdown of an equipment and thus avoids 

premature failures. The first step in any preventive 

maintenance program is to identify the causes of failure. 

Once the root cause of failure is determined, one can take 

necessary steps to avoid the problem in the future. 

An unexpected failure of the gear may cause significant 

economic losses. For that reason, fault diagnosis in gears has 

been the subject of intensive research. Vibration signal analysis 

has been widely used in the fault detection of rotating 

machinery. The vibration signal of a gearbox carries the 

signature of the fault in the gears, and early fault detection of 

the gearbox is possible by analyzing the vibration signal using 

different signal processing techniques [1]. 

Gears are very reliable components and normally work 5–

6 years without failure. The failure of gearbox caused losses 

in terms of cost of gear, downtime during replacement and 

production losses [2]. The use of advanced computational 

methods engineering analyses can also be highly beneficial. 

Identifying shortcomings in the current design of the 

gearboxes should be complemented with the appropriate 

advanced computational methods and engineering analyses. 

Such methods/analyses can help shorten the time of 

development of new gearbox designs and help with the 

identification of the root causes of failure of gearboxes [3]. 

Vibration analysis has successfully been applied towards 

monitoring and diagnosis in many practical areas for three 

decades. In the application of machine fault diagnosis, 

vibration, signal analysis is used to detect the dynamic 

characteristics of machines and to extract fault characteristics 

if a fault occurs and then identify its cause. Diagnosing a gear 

system by examining vibration signals is the most commonly 

used method for detecting gear failures [4]. 

Failure analysis is the process of collecting and analyzing 

data to determine the cause of a failure and how to prevent it 

from recurring. It is an important discipline in many branches 

of manufacturing industry. Failure analysis and prevention are 

important functions to all of the engineering disciplines. The 
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materials engineer often plays a lead role in the analysis of 

failures, whether a component or product fails in service or if a 

failure occurs in manufacturing or during production 

processing. Failure mode can be determined on-site or in the 

laboratory, using methods such as photography, 

metallographies and mechanical testing. Failure cause is 

determined from laboratory studies and knowledge of the 

component and its loading and its environment [5]. Shafts are 

designed to bear torsional loading under dynamic conditions. 

The kinds of stress that can act on the shaft under varying 

operations may include fatigue stresses, bending stresses, 

thermal stresses, shearing stresses, vibrations, etc. the common 

cause of shaft failure is observed as fatigue failure. Fatigue 

failure means repeated actions of cyclic stress acting on 

material for prolonged period leading to final failure. 

Generally a fatigue failure takes place in multiple steps starting 

from crack initiation to its growth and finally leading to 

fracture [6]. The casing is a part of gear box, it provides 

support to the shaft, bearing and thence the gear loading. The 

gearbox casing is an important transmission component like 

gear and shafts. Thus the strength of the gearbox casing is to 

be a important parameter to be taken into account while 

designing. Static analysis is to find out the total amount of 

stresses and displacement of gearbox casing and End cover [7]. 

2. Brief History & Problem 

Description 

Review the background information and service history is 

very important. The problem of gear box failure was 

happening in a waste water treatment station. The aeration at 

this situation depends on mechanical aeration units which is 

consisting of three main parts, motor, gearbox, and flipping fan. 

To improve the quality of flipping process and increase the 

amount of oxygen inside the sludge, modifications were 

made to the design of the flipping fans to become larger than 

the original design in weight and diameter. 

As a result, the flipping fan diameter increased from 2.58 

m to 3.20 m. These modifications were applied only to two 

aeration units, while the other units were still at the original 

design in the same basin. 

The main problem which is being studied is the occurrence 

of gearbox failure of one of the modified aeration units after 

18 months of operating start-up with the new modifications. 

This station did not support any programs for predictive 

maintenance or fault diagnosing. Moreover, vibration 

measurements were taken at intervals of time. These 

measurements were just only to be recorded in the station 

maintenance files like readings of oil and heat. 

So the task is to investigate the main causes that leading to 

the gearbox failure. Also, investigate how such a failure can 

be prevented in the future. 

Firstly, damaged gearbox was visually inspected. The 

gears and shaft was checked for hardness measurements and 

chemical analysis. Stress distributions and deformation of the 

gearbox casing under a specified loading were defined by 

using stress analysis. 

Dynamic analysis was performed to the vibration 

measurements of the failed gearbox aeration unit and also to 

the other unit that has been modified. Balancing process was 

conducted to the fan of the other modified aeration unit. 

Vibration measurements were repeated after applying fan 

balancing. 

3. Results of Visual Inspection 

Visual inspection is a certain procedure to indicate 

installation and configuration factors that related to gear 

failure, such as, oil leakage and loose hardware. The main 

goal of visual inspection is to investigate and check all parts 

of the gearbox as much as possible. The visual inspection 

concentrates on potential mechanical and environmental 

effect on the gearbox failure. The gearbox was disassembled 

and inspected for all components, both failed and 

undamaged. Observation results could be stated as follows: 

1. The gearbox top cover casing is totally broken as shown 

in Figure 1. 

 

 

Figure 1. Gear box top cover casing is broken into two parts. 

2. The first shaft and pinion set had a polishing surface 

damage, particularly in the middle. The asperities of 

contacting surfaces are gradually worn out. This appears to 

be consequences due to metal contact during operation. 

Polishing occurs when elastic- hydrodynamic lubrication film 

is not sufficiently thick and the gears are operating near 

boundary lubrication region. Also, bearing failure was 

indicated as shown in Figure 2. 
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Figure 2. Pinion and bearing surface polishing. 

3. The helical gear showed severe damage and failures on 

all the teeth. Fractures were readily seen. All spur gears show 

irrevocable damages and all other components show 

irrecoverable serious damages. The whole tooth, or part of 

the tooth, breaks away. As a result of overload, the tensile 

strength exceeds the gear material safe limits and led to tooth 

breakage. The break showed evidence of being pulled apart 

abruptly as shown in Figure 3. 

 

 

Figure 3. Spur and helical gears teeth damage. 

4. The lower roller bearing of the third shaft was pushed 

progressively out the casing. This appears to be due to 

generation of excessive axial force component as shown in 

Figure 4. 

 

 

Figure 4. Bearing was pushed progressively out the casing. 

5. The third shaft was totally broken as shown in Figure 5. 

Visual inspection of the fracture surface revealed the 

presence of fatigue cycles, possibly due to torsion and 

bending stresses acted upon the shaft cross section. It was 

observed that the crack had initiated along the edge and 

propagated throughout the entire surface. 

 

 

Figure 5. The shaft is broken totally broken. The twisting effect is looked to 

be from the excess torsional load. 
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4. Laboratory Tests and Results 

4.1. Results of Hardness Measurements 

Hardness is a measure of how resistant solid matter is to 

various kinds of permanent shape change when a force is 

applied. Surface hardness measurements were taken across 

the input shaft using Rockwell hardness testers. 

Hardness measurements were made on the failed gear, 

particularly within the hardened surface layer and at the tooth 

root near the point of crack initiation. The results revealed 

that the hardness of the broken tooth is 60 HRc on the surface 

and 36 at the core. Hardness measurement of surface and 

core revealed that the surface was harder than the core. 

Hardness test of the failed shaft showed variation between 

the hardness of the surface of the shaft in where the failure 

occurred and other regions of the shaft. This was because 

thermal stresses acted upon the failed region, which has 

caused the surface hardness to reduce and making it more 

vulnerable to fatigue failure. 

4.2. Results of Chemical Analysis 

Chemical analysis of failed gears and shaft materials was 

performed in order to determine if there is any change in the 

basic manufacturing material. The range of the chemical 

compositions of gears basic manufacturing material and 

failed gears, material is shown in table 1. Results indicated 

that there are differences in chemical compositions. Basic 

manufacturing material of gears is most likely to be 

36CrNiMo6. The compositions of failed gears indicated that 

the gears were made from low alloy steel to 36CrNiMo6. The 

failed gears, material did not satisfy the chemical 

composition of basic manufacturing material. 

Table 1. Chemical compositions of basic manufacturing and failed gears materials. 

Material c Si Mn Cr Mo Ni Cu 

Failed gears 0.64 0.17 0.46 1.45 0.2 1.28 0.12 

36CrNiMo6 0.30-0.38 0.4 0.5-0.8 1.30-1.70 0.15-0.30 1.3-1.70 0.12 

Failed and basic manufacturing material compositions of the shaft are shown in table 2. Differences in chemical composition 

were found. The compositions of the shaft material revealed it to be medium carbon low alloy steel to AISI 1045 standard, 

while the AISI 1045 belongs to a class of high strength steels. The failed shaft material did not satisfy the chemical 

composition of basic manufacturing material. 

Table 2. Chemical compositions of basic manufacturing and failed shaft materials. 

Material c Si Mn Ni Cr Mo P S 

Failed shaft 0.450 0.281 0.634 0.215 0.205 0.037 0.019 0.027 

AISI 1045 0.38-0.54 0.4 Max 0.60-0.90 0.30     

 

5. Modeling and FEM Analysis of 

Gearbox Casing 

The gearbox casing is an important transmission 

component like gear and shafts. Thus the strength of the 

gearbox casing is to be an important parameter to be taken 

into account while designing [8]. Casing of this not only 

provides the shield to the gearbox, but also supports the 

gearbox assembly. Analysis of the gearbox casing is very 

essential in order to decide appropriate dimension and to 

predict the behavior of the casing under the operating 

conditions [9]. 

The gearbox top cover casing is totally broken so, a 3D 

model of gearbox top cover was designed using 

SOLIDWORKS 2010 then it was modeled and analyzing by 

finite element method using ANSYS WORKBENCH 14 

software. Structural analysis is used to define maximum 

stresses and deformation. Exerted stresses were calculated by 

Von-Misses method. Maximum stress values and 

deformation were estimated. The Von-Mises yield criterion 

predicts that yielding will occur whenever the distortion 

energy in a unit volume equals the distortion energy in the 

same volume when uniaxial stressed to the yield strength. 

From this theory, Von-Mises equivalent stress is derived 

as: 

(σv)
2 = ½ [(σ1 – σ2) [2 + (σ2 – σ3) + (σ3 – σ1)]. 

The material properties of gearbox cover were taken from 

the Hansen catalog. Appropriate meshing is selected to get 

the accurate results. This mesh is applied to the whole object 

as one body meshing as shown in Figure 6. Boundary 

conditions are applied to the casing. A fixed support is 

applied to the lower edge of the cover exactly as the same 

condition in Figure 7. 
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Figure 6. Finite element model. 

 

Figure 7. Fixed support of the gearbox casing. 

 

Figure 8. Deformation occurs in the gearbox casing. 

 

Figure 9. Von- Misses stresses occur on the gearbox casing. 

Bearing pressure is applied to the bearing locations in the 

gearbox. The total load acting on the casing is also applied. 

Deformation occurs in gear box casing is shown in Figure 8. 

Von- Misses stresses occurred on the gearbox casing are 

shown in Figure 9. 

Validation established by comparing the results of the 

simulation with the actual data that was founded indeed. The 

results show that the deformation of the gearbox casing is 

found to be the maximum value at the same place that the 

actual failure happened. The Von Misses stress or equivalent 

stress was found to be the maximum value in a region where 

the gears attached to the bearing, this region where the failure 

occurred. Verifying the model established by comparing the 

maximum Von Misses stress (184.74 Mpa) with the actual 

yield stress of the cast iron (170 Mpa). It could be seen that 

the Von Misses stress exceeds the yield stress of the 

industrial material of the gearbox casing. This is verifying the 

main theory of the failure occurrence. The proposed FE 

model can be used to predict maximum stress of all other 

gearboxes in the station under different operating and 

environmental conditions. 
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6. Vibration Analysis 

Condition monitoring of machines helps to retain the 

effectiveness and performance of a machine to its optimal 

level. Vibration analysis is a method used for condition 

monitoring of the machine. Effective vibration signal 

extracting techniques have a critical part in diagnosing a 

rotating machine [10]. 

After the occurrence of gearbox failure, it was necessary to 

investigate what was the dynamic state of the aeration unit 

before the failure occurs. The main problem is that, the 

station did not support any programs for predictive 

maintenance or fault diagnosing. 

So the dynamic analysis is performed to evaluate the 

dynamic state for two cases: 

1. The failed gearbox aeration unit. 

2. The aeration unit which still operating at the same 

operating conditions as the failed one. 

Measurement locations included 12 points as shown in 

figure 10. The simplest form involves recording the overall 

level of vibration in three planes (horizontal, vertical and 

axial) on each bearing housing. The magnitude of these 

readings, recorded in mm/Sec. RMS velocity gives an early 

indication of a problem using portable data collectors. A limit 

up to 4.5 mm/Sec RMS can be considered acceptable 

according to ISO10-816. Levels are greater than this should 

result in a more detailed investigation using spectral analysis. 

 

Figure 10. Measurement locations at the aeration units. 

Table 3. Overall vibration level of the failed aeration unit. 

Measurement locations Overall vibration velocity (mm/s) 

Motor Non Drive End (MNDE) 

Axial Point (1) 2.92 

Radial Horizontal Point (2) 2.1 

Radial Vertical Point (3) 1.1 

Motor Drive End (MDE) 

Axial Point (4) 2.05 

Radial Horizontal Point (5) 2.31 

Radial Vertical Point (6) 1.41 

Gear Box Non Drive End (GBNDE) 

Axial Point (7) 3.35 

Radial Horizontal Point (8) 4.27 

Radial Vertical Point (9) 4.52 

Gearbox Drive End (GBDE) 

Axial Point (10) 7.25 

Radial Horizontal Point (11) 10.3 

Radial Vertical Point (12) 8.21 

 

6.1. Vibration Analysis of Failed Aeration 

Unit 

Last readings of vibration level taken on the aeration 

before the failure occurred one month is shown in table 3. 

The results showed high vibration levels falling within 

danger region, according to ISO 

Maximum vibration level reached 10.3 mm/s and 8.12 

mm/s at the bearing location by gearbox drive end in the 

radial horizontal and vertical directions respectively. 

FFT analysis indicated that, there was a high vibration 

amplitude at a frequency equal to 1RPM. Dominant peak 

amplitude reached 7.81 mm/s in the radial horizontal 

direction while it reached 6.99 mm/s in the radial vertical 

direction as shown in figure 11. Also FFT spectrum shown in 

figure 12 indicates vibration peaks at high frequencies which 

confirmed the presence of gears problems. Also frequency 

spectrum indicates peaks due to problems at the outer race 

and cage of bearings as shown in figure 13. 

The measurements and analysis indicate that there is a 

pure problem of unbalance. On an FFT spectrum, this 

appears as a higher than normal 1x amplitude. Increasing 

unbalance forces increasing loads on nearby the bearings. 

The unbalance force generated high stresses which affect 

bearings and caused damage. Due to overhung rotor, there is 

a high vibration in the axial direction because of unbalance. 
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Figure 11. Vibration spectrum measured at the failed aeration unit in horizontal and vertical directions. 
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Figure 12. FFT spectrum measured at failed aeration unit indicating gears problem. 
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Figure 13. FFT spectrum measured at failed aeration indicating bearing problems. 

6.2. Vibration Analysis of Still Operating 

Aeration Unit 

Vibration measurements were taken on the aeration unit 

which still operated at the same conditions of the failed one. 

The results showed high vibration levels falling within 

danger region, according to ISO and shown in the table 4. 

Maximum vibration level reached 6.6 mm/s and 6.20 mm/s at 

the bearing location by gearbox drive end in the radial 

horizontal and vertical directions respectively. 

FFT spectrum analysis indicated that, there was high 

vibration amplitude at a frequency equal to 1RPM. Dominant 

frequency reached a high level, especially in the radial 

vertical and horizontal directions. The measurements and 

analysis indicate that there is a pure problem of unbalance. It 

could be seen that unbalance always exerts an equal force in 

all radial directions, but the vibration due to the unbalance is 

almost never equal in all directions. The horizontal vibration 

is usually the highest in amplitude because most machines 

are less stiff in that direction. 

Table 4. Overall vibration level of the still operating aeration unit. 

Measurement locations Overall vibration velocity (mm/s) 

Motor Non Drive End (MNDE) 

Axial Point (1) 2.13 

Radial Horizontal Point (2) 2.25 

Radial Vertical Point (3) 2.75 

Motor Drive End (MDE) 

Axial Point (4) 2.46 

Radial Horizontal Point (5) 2.63 

Radial Vertical Point (6) 2.1 

Gear Box Non Drive End (GBNDE) 

Axial Point (7) 3.79 

Radial Horizontal Point (8) 4.22 

Radial Vertical Point (9) 4.8 

Gearbox Drive End (GBDE) 

Axial Point (10) 5.1 

Radial Horizontal Point (11) 6.72 

Radial Vertical Point (12) 6.20 

 

6.3. Vibration Analysis of Still Operating 

Aeration Unit After Balancing 

When a system is rotating due to unbalanced vibration 

occurs, farther it may generate unwanted noise, excessive 

stress in machine elements and reduce the reliability of 

rotating parts. This may cause failure in the bearing system 

within a short period. The technique of correcting or 
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eliminating unwanted inertia forces and moments is called as 

balancing. Balancing simply involves moving the center of 

gravity to the center of rotation [11]. After the diagnosing of 

the problem of unbalance, the usual solution is applying 

balancing process to the aeration unit fan. To correct the 

unbalance problem, balancing weights should be placed (or 

removed) at two balancing planes or more. Overhung rotors 

have both static and couple unbalance and the correction 

therefore requires placement of balancing weights in two 

planes. Comparison between vibration levels of the failed 

aeration unit, still operating aeration unit before and after 

balancing process is shown in figure 14. After applying 

balancing process it could be seen that, the vibration level 

decreased obviously on the whole unit especially at the 

position of gearbox drive end by 37% in the radial horizontal 

direction. On the other hand FFT spectrum analysis indicated 

that the maximum vibration amplitude reached 3.87 mm/s 

and 2.55 mm/s in in the radial horizontal and vertical 

directions respectively as shown in figure 15. 

 

Figure 14. Vibration levels of the failed unit, still operating unit before and after balancing process. 
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Figure 15. The vibration spectrum of the still operating aeration unit after balancing in horizontal and vertical directions. 

7. Discussions 

Depending on all the previous results, it is clear that there are 

some factors that have caused the gearbox failure. The main 

cause of failure occurrence is the unbalance problem. Using new 

fans directly and installing them on the aeration units without 

testing their dynamic balancing led to the generation of 

unbalancing effect. Neglecting the problem and the absence of 

predictive maintenance program led to problem aggravation. 

Unbalance generates repeated cycling loads that promote fatigue 

forces. These repeated cyclic loads caused excessive stresses 

along shaft cross section. The intensified stresses in the shaft 

caused fractures and complete shaft collapse. Visual inspection 

of a shaft cross section indicated a twisted appearance that 

revealed it was subjected to extreme torsion. Also, unbalance 

causes bearings to carry a higher dynamic load than their design 

specifications thus lead to early fatigue. On the other hand, 

hardness measurements confirmed occurrence of material 

fatigue failure. Moreover, the shaft and gear materials did not 

satisfy the chemical composition standard and they have low 

mechanical properties and large amount of defects near to the 

fracture zone. The Von-misses stress or equivalent stress was 

found to be the maximum value at a point where the gears 

attached to the bearing. Also dynamic analysis of the failed and 

the other still operating aeration units revealed the presence of a 

clear unbalance problem. 

After applying balancing process it could be seen that, the 

vibration level decreased obviously on the whole unit 

especially at the position of gearbox drive end by 37% in the 

radial horizontal direction. So it is recommended to install 

predictive maintenance program. 

8. Conclusion 

The gearbox under this investigation was failed by fatigue 

fracture. Unbalance problem is the root cause of the 

excessive stresses that promote fatigue effect. It must be 

careful when replacing any components of machines. Any 

replaced component must be compatible with the design 

consideration. Balancing procedure is very important for 

rotating fans, especially before installation. It is necessary to 

apply predictive maintenance program for all units in the 

station to reduce the risk of catastrophic failures, increasing 

aeration units life, and improving performance quality. 
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