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Abstract: Application of gear in the heavy industry is extremely challenging 
with the exposure to high load and high speed during transmission. These 
exposures produce an unfavourable condition in the gear operation as they 
induce crack. Induced crack might not only cause machine failures but 
catastrophic incidents that cost lives. Provided that the crack does not grow 
towards the shaft, the gear might still function but at a lower efficiency. Vice 
versa, the gear will tear into parts and cause catastrophic damages. Therefore, 
the study of crack propagation pathway was conducted by analysing the crack 
tip behaviour. The crack tip behaviour was indicated using the stress intensity 
factor (SIF) by identifying the potential fracture mode of the crack gear model. 
The analysis had implemented the application of the extended finite element 
method (XFEM) in ABAQUS to avoid the need of re-meshing as in the finite 
element method (FEM). The simulation outcomes show that the cracked gear 
model is experiencing a significant compressive in-plane shear than tensile 
stress. It also allows the witnesses of crack propagation along the tooth. 
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1 Introduction 

Gears are considered as the most effective energy transmission component in most of the 
modern engineering applications especially in high-load and high-speed machinery. 
Exposing themselves in these extreme transmissions, gears are most likely to be damaged 
by cracks induced due to cyclic loadings. Crack is defined as the opening created when 
surfaces move in the opposite direction. In a certain period of time, the gear crack will 
grow and eventually lead to a catastrophic damage. According to the results available in 
Miller (2014), stress induced by the application of load either in a different direction or 
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magnitude will contribute to the crack growth. The stress induced will highly affect the 
crack growth pathway with two significant directions, towards the rim and away from the 
rim. As mentioned by De Oliveira (2013), catastrophic damages can be expected if the 
crack propagation grows towards the rim which eventually separates the gear into several 
parts. Although the size of the initial induced crack is insignificant, it is able to affect the 
performance and reliability of the system and subsequently leads to a system failure. In a 
worsen situation, the crack will cause minor accidents and can also sometimes be deadly. 
By understanding the crack behaviours, catastrophic incidents caused by the gear failures 
can be avoided and therefore the study of the gear becomes significant, particularly by 
visualising the damaged areas. Therefore, the objective of this study is to predict the 
crack growth of a cracked gear to ensure its functionality and safety. 

The study of crack propagation was conducted using the extended finite element 
method (XFEM). The method is best for discontinuities analysis and is starting to be used 
widely. This method had been used by Curà et al. (2016) to investigate the crack 
propagation paths at different positions. The XFEM has been also successfully applied 
for modelling a crack propagation of Konya dam (Curà et al., 2016) and bridge girders 
(Curà et al., 2014). The extended finite element method is introduced after the finite 
element method to overcome the limitations of the finite element method in the study of 
crack propagation. It simplifies the analysis of crack propagation by enabling cracks 
approximation in a finite element environment. XFEM eliminates the need of re-meshing 
for every process of crack growth (Gupta et al., 2012). It allows the crack to pass through 
the finite element rather than just the sub-domain. In XFEM, enrichment functions are 
introduced to represent singularities problems in FEM. 

2 Background 
2.1 Crack 

Crack occurs at the point with the largest stress distributed. For a gear, the crack initiation 
occurs near the tooth fillet which has the largest stress distribution (De Oliveira, 2013) 
Molatefi et al. (2015) and Curà et al. (2014) also predicted that the crack is initiated at the 
tooth or specifically below the pitch line. The outcomes of their studies enhanced the 
prediction of crack initiation in the gear. Upon the crack initiation, crack will grow when 
the applied stress is more than the maximum stress that the crack can withstand. In other 
words, the crack will grow when the stress intensity factor exceeds the critical stress 
intensity factor. These parameters will be further explained in the next subsection. The 
growth of crack is hard to predict but factors that affect the growth can be determined 
easily. According to the study undertaken by Li et al. (2016) on a Konya dam, it is found 
that the changes of initial crack increment do not significantly affect the load-
displacement curve of the dam. 

2.2 Stress intensity factor 

Stress intensity factor which is denoted by is described as the cracks’ behaviour 
(Hernandez, 2013). In other words, it has become the indicator of crack stability and 
stage experienced by the crack (Miller, 2014). The factor is highly dependent on the size 
of crack, loading conditions and the geometrical configuration of the domain. In term of 
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crack size, stress concentration increases when the length of crack increases and therefore 
this leads to a lower fracture stress (Hiung et al., 2017) The parameters related to stress 
intensity factor are cited below (Abdelrahman, 2011) 

K Cσ π= α  (1) 

where 

α length of crack 

σ remote stress applied 

C finite geometry correction factor. 

Shao et al. (2013) have studied a cracked spur gear on the relationship of SIF with 
parameters such as load, number of teeth and load. They found out that the relation of SIF 
at crack tip and load is positively linear. Also, they found out that as the module of gear 
increases, the SIF at crack tip decreases. Lastly, they showed that the effect of the module 
on SIF is small. On the other hand, Abdelrahman (2011) presented some simulation 
results of an edge crack plate, which indicates that SIF increases as the crack length 
increases. The factor is an absolute value but it might be negative sometimes. In addition,  
Lin (2013) mentioned that the negative SIF indicates the crack is within the compressive 
field. 

3 Finite element method 
3.1 Model generation 

In this study, a pair of module 8-spur gear was used due to the demand in heavy 
industries. A pair of spur gear models from the study of Hwang et al. (2013) was used. 
The specifications of the chosen spur gear model are shown in Table 1. The model was 
developed in Solidworks and was extruded to a smaller portion to avoid a long simulation 
time as shown in Figure 1. 

Figure 1 Spur gear model in Solidworks 
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Table 1 Parameters of spur gear model 

Parameter Gear Pinion 
Face width, w (mm) 120 
Number of teeth, N 22 
Pitch diameter, D (mm)′ 176 

Pressure angle, ∅ (°) 20 

The gear model was then imported to ABAQUS using ‘igs’ file for validation. The gear 
pair was made to contact at the pitch line by creating a datum axis on the surface of the 
gear. A reference point at the centre of the gear was created to allow moment to be 
applied at that particular point. The mating of the gear pair is illustrated in Figure 2. 
Table 2 Simulation setup 

Properties Settings Function 
Material Elastic modulus, E = 200 GPa 

Poisson ratio, v = 0.3 
The gear pair was defined to have material 

properties of steel. 
Tooth 
surface 

‘Surface to surface’ discretisation 
method 

The moving gear was defined as the 
‘master’ while the pinion which will be 

contacted was defined as ‘slave’. 
Penalty friction = 0.2 (hard 

contact) 
There are frictions when two surfaces are in 

contact (Xu, 2008).  
Boundary 
conditions 

Fixed all DOF at the surface of 
shaft and both side of the extruded 

gear 

Static gear analysis. 
The accuracy of the analysis is not affected 
(Tharmakulasingam, 2010) 

Fixed all DOF of the pinion 
reference point except the UR3 

Allow rotation of z-axis at reference point 

Loading Moment = 1.987 × 106 N.mm The torque used by Hiung et al. (2017) was 
applied to the gear and was transmitted to 

the pinion through the teeth. 
Mesh Tooth surface with mesh size of 

0.1 mm and the body with 6 mm. 
For a gear tooth in contact, the crucial part 

of the gear is at the tooth surfaces which are 
in contact. 

Hexahedron type element A hexahedron element has higher 
simulation precision than a tetrahedron  

(Xu, 2008). 

Figure 2 Gear model mating in ABAQUS (see online version for colours) 
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The simulation of the gear model for validation purpose was setup according to the data 
given in Table 2 and the model discretisation shown in Figure 3. The purposes of the 
settings are also briefly explained in Table 2. 

Figure 3 Completed simulation setup of gear in ABAQUS (see online version for colours) 

 

3.2 Model validation 

Contact stress is the pressure developed between interactions of two surfaces. Similarly, 
the teeth of the gears show a similar situation. Therefore, it is suitable to implement the 
contact stress analysis in validating the spur gear model. For validation, the contact stress 
was generated by using the moment of 1.987 × 106 N.mm. The contact stress distribution 
is compared with previous studies as shown in Figure 4. 

Figure 4 Contact stress distribution along tooth, (a) by Wright (2013) (b) from the current 
simulation (see online version for colours) 

 
(a)     (b) 

To enhance the validation, the contact stress is compared with theoretical equations 
which include AGMA and Hertzian contact stress. The equations are proposed in the first 
column of Table 3 whereas; the calculated percentage differences are shown in the third 
column of Table 3. 
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Table 3 Contact stress from ABAQUS, Hertzian and AGMA 

Equation Contact stress 
(MPa) 

Percentage 
difference (%) 

ABAQUS (current simulation) 402.71 - 
Hertizian by referring to Gupta et al. (2012) 398.98 0.93 

max
4

c
Fp

πBW
=  and 

2 21 1
8

1 1

p g

p g

p g

v v
E EFB

πW
D D

− −+
=

+
 

where Dg and Dp = pitch diameter of gear and pinion 
respectively (mm), Eg and Ep = Young’s modulus of 
gear and pinion respectively (Mpa), F = resultant 
force (N), pc = Hertzian contact stress (MPa), vg and 
vp = Poisson ratio of gear and pinion respectively,  
W = face width (mm). 
AGMA by referring to American Gear Manufacturers 
Association (1995) 

412.23 2.31 

2
h

H E t o v s
I

Kσ Z F K K K
RWZ

=  

where, σH = AGMA contact stress (MPa),  
Ft = tangential force (N), Kh = load distribution factor, 
Ko = overload factor, Kv = dynamic factor, Ks = size 
factor, R = pitch radius (mm), W = face width (mm),  
ZE = elastic coefficient and ZI = geometry factor for 
pitting resistance 

4 Extended finite element method 
4.1 Crack initiation 

Two different cracks are initiated at different positions. The first crack was initiated at a 
typical position for validation purposes. For analysis purposes, the other crack was 
initiated at the position slightly lower than the typical position. After selecting the 
position of crack, the crack was modelled. The crack angle is modelled to be 
perpendicular to the fillet radius which has also been used by Pandya and Parey (2013a). 
For the crack shape, a curve crack was used because Pandya and Parey (2013b) have 
mentioned that when the contact ratio is more than two, a straight line crack is not 
accurate. Then, the width of the crack was set as ‘120 mm’ which was the same as the 
width of the previous gear model. Lastly, the crack was created as ‘instance’ and was 
located on the gear as illustrated in Figure 5. 

The enrichment region of the gear model which consists of crack domain and crack 
location was defined in ABAQUS. It is crucial to define the crack and its position 
accurately to allow proper crack growth. Under the ‘special’ in ‘interaction’ module, 
‘XFEM’ type crack was selected and was allowed for crack growth. The crack domain 
and crack location were selected where the region was highlighted in red and pink 
respectively as shown in Figure 6. 
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Figure 5 Positions of crack at gear tooth (see online version for colours) 

 

Source: Curà et al. (2014) 

Figure 6 Positions of crack at gear tooth (see online version for colours) 

 

In XFEM, the maximum principal stress which indicated the calculated true ultimate 
stress was used to model the damage criteria. It was defined under ‘damage for traction 
separation law’. The damage initiation occurs when the maximum principal stress reaches 
the value specified. In addition for the crack to propagate, the fracture energy in the 
‘damage evolution’ was defined to allow progressive damage and material failures. It 
indicates the rate of degradation of the materials stiffness upon damage initiation. The 
damage criteria used in the simulation are shown in Table 4 (Hiung et al., 2017). 

In the XFEM analysis, the crack will propagate away from the initiation point and 
therefore, the mesh for validation is not suitable. Since the crack tip is the most crucial 
part in the analysis, a high density region was required. According to Molatefi et al. 
(2015), it is preferable to have refined mesh at the crack region but he found out that it is 
computationally costly. To reduce the burden of the simulation, the mesh size near the 
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crack tip was slowly increased as the mesh located further away from the crack tip. The 
generated partition before and after mesh is shown in Figure 7. 
Table 4 Damage criteria properties 

Properties Value 
Maximum principal stress (MPa) 472 

Fracture toughness ( . )MPa mm  65 

Fracture energy (mJ/mm2) 21.125 

Figure 7 Partition of mesh region (see online version for colours) 

 

4.2 Crack validation 

Crack is defined by ABAQUS at the gear tooth. However, it might not behave in a proper 
way. Therefore, to ensure that the crack is able to react properly according to the force 
applied towards the gear, the crack propagation of a typical position which is the position 
C is used to make comparison with the previous studies. The gear is applied with a 
moment of 2.8 × 107 N.mm and the crack growth is compared as shown in Figure 8. 

Figure 8 Crack growth at typical position, (a) Molatefi et al. (2015) (b) Curà et al. (2016)  
(c) current simulation (see online version for colours) 

   
(a)   (b)   (c) 
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5 Results and discussion 
5.1 Relationship between stress intensity factor and applied moment 

The relationship between load applied and stress intensity factor is determined by plotting 
the graph of moment applied against the stress intensity for both fracture modes as shown 
in Figure 9. Since the stress intensity factor varies along the gear tooth, the average of 
stress intensity factors are taken into consideration. From the graphs plotted, the SIF 
increases linearly as the moment applied increases. Also from the equation (1), the 
relationship of stress intensity factor and applied moment is directly proportional to the 
remote stress. The increase in moment applied will increase the remote stress and 
eventually increase the SIF. 

Figure 9 Graph of stress intensity factor against moment applied (see online version for colours) 

 

5.2 Stress intensity factor of fracture mode 

Stress intensity factor is used to indicate the behaviour or the stress condition of the crack 
tip. In this analysis, the fracture modes of I and II were studied and therefore, stress 
intensity factors of KI and KII were extracted from the ABAQUS output. It was found 
out that the crack growth pathway is independent to the force applied. Therefore, only the 
results of SIF for a moment magnitude of 5 × 107 N.mm were used for analysis purposes. 
The stress intensity factor for both fracture modes were plotted in Figure 10. 

From the data extracted, the stress intensity factor of fracture mode II is negative. As 
mentioned in the literature review, it is mainly due to the fact that the crack tip is 
experiencing a compressive environment. For the purpose of analysis, the magnitude of 
the stress intensity is the main concern as it describes the behaviour of the crack growth. 
Further explanation of the stress condition at crack tip is described. 

Figure 10 shows that the stress intensity factor of mode II is higher than mode I. 
Fracture mode I is known as tensile fracture where the crack growth is due to opposite 
perpendicular movement between the crack surfaces. On the other hand, fracture mode II 
which is known as shear fracture where the crack growth is mainly due to the sliding 
movements between both crack surfaces. Therefore, in this situation, the crack tip is 
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experiencing a fracture mode II. The crack surfaces tend to slide against each other rather 
than to tear apart perpendicularly. The significance of fracture mode can be interpreted in 
Figure 11, which shows the tangential force induced by the moment applied. The crack 
growth can be seen propagating in the same direction of the tangential force. Therefore, 
at the crack tip, there will be more shear stress compared to tensile stress. 

Figure 10 Stress intensity factor of fracture mode I and II along the gear tooth (see online version 
for colours) 

 

Figure 11 Forces acting on the gear tooth (see online version for colours) 

 

5.3 Crack propagation analysis 

The crack propagation of the gear with the largest moment applied, 5 × 107 N.mm is 
visualised in terms of time with step time of 0.1 s. It is due to that when the largest 
moment is applied on the gear, it shows the most significant crack propagation pathway. 
Therefore, it helps to understand the behaviour of crack propagation. The growth is 
visualised in Figure 12 using; ‘STATUSXFEM’ where the red colour region indicates the 
initial crack whereas the others indicate the growth and ‘t’ indicates the time step. 
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Figure 12 Gear crack propagation along the tooth, (a) t = 0.4 s (b) t = 0.6 s (c) t = 0.8 s  
(d) t = 1.0 s (see online version for colours) 

  
(a)     (b) 

  
(c)     (d) 

From Figure 12(a) and Figure 12(c), it can be visualised that the crack starts to grow in 
the middle of the gear. Then, the crack continues to grow and reaches the surface of the 
gear. It can also be observed that before the crack starts to propagate longer (new stage), 
the crack must be fully grown along the tooth first as shown in Figure 12(b). However, 
the crack grows randomly as the crack length increases as shown in Figure 12(d). The 
random growth is mainly due to the weakening of the gear tooth structure which results 
in the changes of behaviour of failure. The crack is also found to be growing 
symmetrically along the tooth and this is due to the even loading applied to the tooth 
surface. 

5.4 Gear safety prediction 

Growth of crack affects the safety factor of a gear. From Figure 13 it can be observed that 
the crack does not grow towards the rim. It is because the thickness of the gear increases 
the strength of the gear. However, it will also have the possibility to not grow towards the 
opposite side of the fillet. It is estimated that it will grow horizontally along the body of 
the spur gear. It will grow towards another nearby fillet due to larger distributed stress in 
the region. In other words, the crack grows towards a weaker region. The crack requires a 
certain period of time to grow along the body and eventually break the gear. Therefore, it 
can be considered that the gear is still safe to use but requires attention especially after a 
sudden impact. A sudden impact will deal more damage compared to a constant force. 

Figure 13 Crack growth prediction (see online version for colours) 
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6 Conclusions and further work 

In this study, the crack propagation at the crack was investigated by using the stress 
intensity factor. The value of stress intensity factor gave a good visualisation of the crack 
tip condition. By understanding the crack propagation pathway, the crack growth was 
also predicted. A good prediction was able to avoid catastrophic incidents to happen. The 
relationship of fracture mode I and II between the moments applied was also studied and 
it showed a linear relationship between for both fracture modes. The outcomes of the 
study were outlined as below. 

1 The SIF was increasing linearly as the moment applied was increased for fracture 
modes I and II. The graph of SIF against moment applied proved that the relationship 
between SIF at the crack tip and the load is linear regardless of the fracture mode. 

2 The larger value of mode II SIF than mode I was due to more in-plane shear 
compared to tensile tear. The negativity of mode II SIF was indicating the 
compressive in-plane shear. 

3 The growth of crack was estimated to grow horizontally along the body of the spur 
gear. The crack requires a certain period of time to grow along the body and 
eventually fully tear the gear. Therefore, it can be considered that the gear is still safe 
to use but requires attention especially after a sudden impact. 

Further work can be done by analysing the gear crack fatigue life. The purpose of the 
study is to determine the allowable number of cycles that the cracked gear can withstand 
when load is applied before the gear is fully damaged. It is crucial to understand the 
lifespan of a cracked gear to allow a scheduled replacement. 
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