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Crack propagation study is a viable and futuristic criterion to design better and more adaptive 
engineering structures; hence it becomes imperative to indulge in a concrete study of crack 
propagation. In this paper, CATIA V5 software is used
order to estimate Critical crack length and the critical load. Further comparative study is done based 
on critical length between various engineering structures which are rectangular beam, I
shaft and solid shaft from which hollow shaft is been found better over the other structures for 
engineering design.
 

 

 

 

 

 

 

Copyright © 2014 Sushovan Chatterjee and Bidyot Doley.
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
 

 
 

INTRODUCTION 
 

Cracks are defects in engineering structure arising mainly due 
to flaw during manufacturing, and also due to their structural 
morphology. The crack initiation in different structures had 
been studied and the critical load and critical crack l
found out to check whether crack starts to propagate by 
computing the stress intensity factor (Ki). Cracks were assumed 
to propagate via a process of quasi-static incremental steps 
through the crack tip damage zone (Wang Zhiqiang and 
Nakamura Toshio 2004)), and the internal stresses decrease as 
a short crack grows out of the stress field 
Vasudevan 1997). We have followed Irwin’s Criterion of crack 
propagation. According to Irwin a crack can only propagate 
when the stress concentration factor (K) is equal to 
the critical stress concentration factor at fracture 
and Miehe Christian 2009). The growth of a crack requires the 
creation of two new surfaces and hence an increase in the 
surface energy (Curtin et al., 2010). The fresh surface area 
produced in each fatigue cycle is in proportion to the crack 
propagation rate (Shimojo et al., 1993). In ductile materials a 
plastic zone develops at the tip of the crack. As the applied 
load increases, the plastic zone increases in size until the crack 
grows and the material behind the crack tip unloads. The 
plastic loading and unloading cycle near the crack tip leads to
the dissipation of energy as heat. Hence, a dissipative term has
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ABSTRACT 

Crack propagation study is a viable and futuristic criterion to design better and more adaptive 
engineering structures; hence it becomes imperative to indulge in a concrete study of crack 
propagation. In this paper, CATIA V5 software is used as a tool for modeling and stress analysis, in 
order to estimate Critical crack length and the critical load. Further comparative study is done based 
on critical length between various engineering structures which are rectangular beam, I

t and solid shaft from which hollow shaft is been found better over the other structures for 
engineering design. 
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Cracks are defects in engineering structure arising mainly due 
to flaw during manufacturing, and also due to their structural 
morphology. The crack initiation in different structures had 
been studied and the critical load and critical crack length were 
found out to check whether crack starts to propagate by 

). Cracks were assumed 
static incremental steps 

ang Zhiqiang and 
, and the internal stresses decrease as 

a short crack grows out of the stress field (Sadananda and 
. We have followed Irwin’s Criterion of crack 

propagation. According to Irwin a crack can only propagate 
) is equal to Kc which is 

the critical stress concentration factor at fracture (Gürses Ercan 
. The growth of a crack requires the 

creation of two new surfaces and hence an increase in the 
. The fresh surface area 

produced in each fatigue cycle is in proportion to the crack 
. In ductile materials a 

plastic zone develops at the tip of the crack. As the applied 
ases in size until the crack 

grows and the material behind the crack tip unloads. The 
plastic loading and unloading cycle near the crack tip leads to 
the dissipation of energy as heat. Hence, a dissipative term has 

Department of Mechanical Engineering, National Institute of Technology 

 
to be added to the energy balance relation 
2004). Crack propagation behavior is highly dependent on the 
variations of the failure parameters. In non
materials, crack propagation in elastic
never attains a steady state and the fracture energy associated 
with crack growth continues to vary as the crack propagates 
through the graded region (Hurley
propagation direction associated with the classical Griffith 
criterion is identified by the material configurational force 
which maximizes the local 
(Seweryn Andrzej 1994). 
 

Considered Model and Material Parameters
 
During this analysis, four engineering model structures were 
taken into consideration viz. Rectangular beam, I
beam, Solid circular shaft, and Hollow 
being considered as the material for construction of the 
aforementioned structures having the mechanical properties as 
shown in Table 1. 
 

Table1 . Material  properties (as per  catia v5 library)
 

Material 

Young’s modulus(N/m
Poison’s Ratio 
Density(kg/m3) 

Co-efficient of thermal expansion(/°C)
Yield Strength (N/m2)
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to be added to the energy balance relation (Miserez  et al., 
. Crack propagation behavior is highly dependent on the 

variations of the failure parameters. In non-homogeneous 
materials, crack propagation in elastic–plastic graded materials 
never attains a steady state and the fracture energy associated 

wth continues to vary as the crack propagates 
Hurley and Evans 2007). The crack 

propagation direction associated with the classical Griffith 
criterion is identified by the material configurational force 
which maximizes the local dissipation at the crack front 

Considered Model and Material Parameters 

During this analysis, four engineering model structures were 
taken into consideration viz. Rectangular beam, I-section 
beam, Solid circular shaft, and Hollow circular shaft. Steel is 
being considered as the material for construction of the 
aforementioned structures having the mechanical properties as 

. Material  properties (as per  catia v5 library) 

Steel 

Young’s modulus(N/m2) 2 × 1011 
0.266 
7860 

efficient of thermal expansion(/°C) 1.17 × 10-05 
) 2.5x1008 
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Analysis Procedure 

 
Rectangular beam 

 
In this case the objective has been framed to study and analyze 
the crack propagation in a rectangular beam for which a model 
element is created in CATIA V5. The dimensions of the beam 
are shown in the Fig.1.  

 

 
 
Fig. 1. Basic dimensions of the rectangular beam model element 

 
Now the model is analysed with 18.736 mm mesh size 3.002 
mm absolute sag, 42500 N point load. The blue part shows the 
less stress concentration, green part shows higher stress 
concentration and red part shows the highest stress 
concentration which is located on the crack as shown in Fig.2 
and also in every model analysed in CATIA V5. Data were 
collected at different lengths. 

 

 
 

Fig. 2. Von Mises Stress Distribution of rectangular beam 
 

The analysis from CATIA V5 has been shown in Table 2 for 
the rectangular beam. The red marked row of every table 
indicates the critical stress concentration factor and critical 
crack length. 

 
Table 2. Result Analysis on Rectangular Beam 

 
Sl. 
No. 

Crack length 
(mm) 

Stress (σ)  
N/m2 x 1008 

(K)  
Pa m1/2 x 1008 

1 80 1.83 0.65 
2 90 2.26 0.85 
3 98 2.50 0.99 
4 100 2.72 1.08 
5 110 2.69 1.12 

 
The variation of stress concentration factor against the 
computational crack length reveals that there are sudden rise in 
stress concentration factor, when the crack length reaches at its 
critical value at 98 mm crack length as is evident from Fig.3. 

 
Fig. 3. Computational Crack length vs. Stress Concentration 

factor for rectangular beam 
  

I-beam 

 
The I-beam model has been considered having elliptical crack 
along the axis of the beam with the major axis of the crack and 
minor axis perpendicular to it. As shown in Fig.4.  
 

 
 

Fig. 4. Basic dimensions of the I-Beam model element. 
 

Using the graphical interface of CATIA V5 the distribution of 
Von Mises stress has been plotted as shown in Fig.5. 
 

 
 

Fig. 5. Von Mises Stress Distribution of I-Beam  
 

Here the mesh size is 18.736 mm, absolute sag 3.002 mm and 
point load 42500 N. The result of the analysis is given in Fig.5 
and Table 3.  
 

Table 3. Result Analysis on I-Beam Point Load 
 

Sl. 
No. 

Crack length 
(mm) 

Stress (σ)  
N/m2 x 1008 

(K)  
Pa m1/2 x 1008 

1 80 1.13 0.40 
2 90 2.15 0.81 
3 100 2.50 0.99 
4 110 2.62 1.09 
5 120 2.53 1.10 
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The variation of K with Crack length is shown in Fig. 6. 
 

 
 

Fig. 6. Computational crack length vs. Stress Concentration 
Factor for I-beam  

 
Now the I-Beam is subjected to rotational and point load both 
having crack type elliptical along the major axis diameter 25 
mm and minor axis diameter 1 mm and at a distance of 18 mm 
from the centre and mesh size and absolute sag are 6.236 mm 
and 1.002 respectively and here also the red part which 
indicate the highest stress concentration located at the crack 
shown in Fig.7.  
 

 
 

Fig. 7. Von Mises Stress Distribution of I-Beam 
 
Not only point load consideration, we have also analyzed the 
same cracked I-beam model by applying rotational load to 
check the variation of stress in such cases whenever the same  
structure has to be subjected to an uniform torque or rotational 
loading. In this case shear stress also will be predominant 
rather than direct bending stress. 
 

 
Fig. 8. Angular rotation Vs stress concentration factor (K) for I-

Beam 
 

Angular rotation Vs stress concentration factor (K) for I-Beam 
Result of the stress concentration factor and crack length has 
been shown in Table 4. 

Table 4. Result Analysis on I-Beam Under Both Point Load and 
Rotational Force  

 
Sl. Load x 

1000 
(rpm) 

Von Mises 
Stress (σ) 
N/m2 x 108 

Strain 
(x 10-3) 

Principal 
Stress 

(N/m2) x 108 

Strain 
Energy 

(J) 

(K)  
Pa m1/2 x 

1008 

1 25.6 2.13 35.9 2.33 3.63 0.422 
2 26.6 2.30 38.4 2.52 4.23 0.456 
3 27.6 2.48 40.9 2.68 4.91 0.491 
4 27.75 2.50 41.3 2.74 5.02 0.495 
5 28.6 2.66 43.6 2.91 5.66 0.56 
6 29.6 2.85 46.3 3.12 6.49 0.56 

 
Solid Circular Shaft  

 
The model element is created in CATIA V5 with height 100 
mm and radius 37.85 mm Fig. 9.  
 

 
 

Fig. 9. Model of Solid Shaft 
 

For rotational speed at 22000 rpm mesh size and absolute sag 
6.236 mm and 1.002 mm the CATIA V5 analysis gives Fig.10. 
 

 
 

Fig. 10 . Von Mises Stress Distribution of Solid Shaft 
 

The analysis from CATIA V5 has been shown in Table 5 for 
Solid Shaft. The red-colour marked row in this table indicates 
the critical stress concentration factor and critical crack length 
which is 40 mm. 
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Table 5. Result analysis on solid shaft 
 

Sl. 
 

No. 

Crack  
length  
(mm) 

Von Mises  
Stress(σ)  

N/m2  x 1008 

(K)  
Pa m1/2 x 1008 

1 20 0.92 0.163 
2 30 1.00 0.271 
3 40 2.50 0.626 
4 50 2.12 0.594 
5 60 2.89 2.11 

 
The variation of stress concentration factor against the 
computational crack length reveals that there are abrupt rise in 
stress concentration factor, when the crack length reaches at its 
critical value as is evident from Fig.11. 
 

 
 

Fig. 11. Computational crack length vs. Stress Concentration 
Factor for solid shaft  

 
Hollow Circular Shaft  

 
The hollow shaft model created in CATIA V5 with 100 mm 
height and 39.15 mm inner diameter as shown in Fig.12. The 
other dimensions are same as earlier.  

 

 
 

Fig. 12. Model of Hollow Shaft 

 
The model is subjected to a rotation at an angular velocity of 
2303.835 rad/sec. The crack is of elliptical in shape with the 
major and minor axis diameters of 62.36 mm and 1.002 mm 
respectively.  
 

 
 

Fig. 13. Von mises stress distribution of hollow shaft 
 

The analysis in the CATIA V5 gives the output for the crack 
propagation as shown in Fig.13 and Table 6. 

 
Table 6. Result analysis on hollow shaft 

 
Sl.  
No. 

Crack  Length 
 (mm) 

Stress (σ)  
N/m2 x 108 

(K)  
Pa m1/2 x 1008 

1 30 1.04 0.228 
2 40 1.20 0.300 
3 50 1.64 0.460 
4 56 2.50 0.626 
5 60 3.13 0.961 

 
The variation of stress concentration factor against the 
computational crack length reveals that there are abrupt rise in 
stress concentration factor, when the crack length reaches at its 
critical value as is evident from Fig.14. 
 

 
 

Fig. 14. Computational crack length vs. Stress Concentration 
Factor for hollow shaft  

 
Now for point load 5000 N and varying rotational force both 
with crack type elliptical along the major diameter of 25 mm 
and minor diameter of 1 mm at a distance of 18 mm from the 
centre and mesh size and absolute sag 6.236 mm and 1.002 
mm, the stress analysis of which in CATIA V5 is shown in 
Fig.15.  
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Moreover, the outputs for crack propagation are shown in 
Fig.16 and Table 7. 

 
Table 7. Result analysis on hollow shaft under rotation 

 
Sl. 
No. 

Rotation 
x 1000 

rpm 

Von 
Mises 

Stress (σ) 
N/m2 x 

108 

Strain 
(x 10-

3) 

Principal 
Stress 

(N/m2) x 
108 

Strain 
Energy 

(J) 

(K)  
Pa m1/2 x 

1008 

1 25.6 1.88 17.7 2.05 1.97 0.372 
2 26.6 2.03 19.3 2.22 2.30 0.402 
3 27.6 2.19 21.1 2.39 2.67 0.434 
4 28.6 2.35 22.9 2.57 3.08 0.465 
5 29.5 2.50 24.6 2.73 3.49 0.495 
6 29.6 2.52 24.6 2.75 3.54 0.499 

 
 

 
 

Fig. 16. Angular rotation Vs Stress concentration factor 

 
Eccentric loading in hollow circular shaft  

 
The model in Fig.12 is analysed in CATIA V5 with elliptical 
crack along the axis major axis diameter 25 mm and minor axis 
diameter 1 mm and at a distance of 18 mm from the centre 
having mesh size and absolute sag 6.236 mm and 1.002 mm 
respectively. The result from CATIA V5 is shown in Fig.16 
and also in Table 8.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 17. Von mises stress distribution at crack propagation with 
eccentric loading 24 mm 

  

The Von Mises stress developed in the structure is also studied 
under the combined simultaneous effect of point load of 5000 
N under a uniform rotation of 29500 rpm when the eccentric 
load was applied at a radial offset distance of 24 mm.  
 

Table 8. Analysis of eccentric loading on hollow shaft 
 

Sl. 
No. 

Rotation 
(rpm) 

Eccentricity Von Mises 
Stress N/m2 x 

108 

(K)  
Pa m1/2 x 

1008 

1 29600 0 2.5 0.495 
2 29800 12 2.5 0.495 
3 29550 18 2.5 0.495 
4 29500 24 2.5 0.495 

 
 

Fig. 18. Computational eccentricity VS angular rotation for 
hollow shaft  
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Fig. 15. Von mises stress distribution of hollow shaft 
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Discussions under Comparative Persepctive 

 
First Case  

 
It has been revealed from the comparative study (as shown in 
Table 9) between a rectangular beam and an I-beam under 
similar conditions that the I-beam is safer from rectangular 
beam in order to get rid of crack propagation.  
 

Table 9. Comparison between rectangular beam and i-beam 
 

Component Stress (σ)  
N/m2 x 108 

(K)  
Pa m1/2 x 1008 

Critical Crack 
length (mm) 

Rectangular  
beam 

2.50 0.99 98 

I-Beam 2.50 0.99 100 

 
Second Case  
 
On the other hand, if we compare between a hollow and a solid 
circular shaft under the similar conditions, crack propagation 
will start earlier in case of solid circular shaft than in case of 
hollow circular shaft as is evident from Table 10.  
 

Table 10. Comparison between solid and hollow shaft 
 

Component Stress (σ)  
N/m2 x 108 

(K)  
Pa m1/2 x 1008 

Critical Crack 
length (mm) 

Solid shaft 2.50 0.626 40 
Hollow shaft 2.50 0.626 56 

 
Table 11. Comparison between i-beam and hollow shaft 

 
 

Component Stress (σ) 
N/m2 x 108 

(K) Pam1/2 x 
108 

Critical load 
equivalent (rad. / sec.) 

I-Beam 2.50 0.495 2904.50 
Hollow Shaft 2.50 0.495 3087.67 

 

 
Third Case  

 
Finally, on comparison between I-beam and hollow shaft 
under similar stress field and stress concentration factor, it may 
be concluded that a hollow circular shaft is safer than an I-
beam as it can withstand more amount of equivalent critical 
load as shown in Table 11.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Conclusion 
 

As seen from the results the crack propagation varies from 
material to material and the crack propagation is nothing but 
the process of energy conversion where stress concentration 
factor or stress intensity factor is the unique parameter which 
represents the magnitude for stress field severity near a crack 
tip, it gives the measure of strength at the crack tip. From the 
result of the analysis on CATIA V5 software it has been seen 
that, I-beam is better than rectangular beam under point load. 
For rotational loading between hollow shaft and solid shaft, 
hollow shaft is better and between I-beam and hollow shaft 
also hollow shaft is better. Because of the crack length in 
hollow shaft is much higher than other structure taken so 
hollow shaft is better in engineering structure compare to I-
beam. 
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