
 

 
 

 International Workshop on SMART MATERIALS, STRUCTURES & SHM  

 NDT in Canada 2013 Conference & NDT for the Energy Industry 

October 7-10, 2013 Calgary, Alberta, CANADA 

 
 2013 CANSMART CINDE IZFP 

 

IDENTIFICATION OF THE SIZE AND LOCATION OF A CRACK, USING 

STATICAL DEFORMATIONS OF A MARINE ROTOR SHAFT WITH A 

PROPELLER AT THE OVERHANGING END  

Ridwan B. HOSSAIN 
1
, Rangaswamy SESHADRI 

1 
& Arisi S.J. SWAMIDAS 

1
   

1
Faculty of Engineering & Applied Science, Memorial University of Newfoundland, St. John's, Canada 

phone: +1 709 7653220; e-mail: rbh546@mun.ca, aswamidas@mun.ca, seshadri@mun.ca. 

Abstract 

 

In this study a simpler but effective method, based on static deformation & strain measurements, is proposed for 

crack identification in marine propeller shafts. . The study proposes to identify the crack location and crack depth 

based on a combination of deflection and strain measurements, measured at a few locations. Finite element method 

has been used in the numerical analysis used in this study. Cracks have been located at different (pre-selected) 

locations and for each location the displacement and strain have been determined for a given crack depth ratio. The 

calculations have been repeated for different crack depth ratios varying from 0.05 to 0.6 at different locations. By 

using the responses associated with the crack depth ratios at identified crack locations, a new method is being 

developed for detecting crack location and depth for a single crack. 
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1. Introduction 
 

The problem of detecting the location and extent of damage in structures has received much 

attention during the last two decades and a large number of studies has been published to solve 

the problem; most of these studies were based on the dynamic response of the structures with the 

presence of a crack or many cracks. The dynamic analysis for damage detection provides large 

amount of information and sometimes it is not feasible to measure all the required responses at 

critical locations. Static analysis procedure, on the other hand, is easily executable and provides 

easily measurable information for many types of structures. Furthermore, static analysis requires 

less theoretical underpinnings and hence provides easily comprehensible results and conclusions 

pertaining to damage detection. Compared to dynamic analysis, little attention has been paid to 

the static analysis in damage detection so far.  

 

Di Paola (2004) showed that by superimposed strain, the variation in the stiffness of the 

structure can always be defined. This superimposed strain is a function of the stress distribution 

of the structure itself. Using this concept, Di Paola and Bilello (2004) proposed a damage 
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identification procedure for Euler-Bernouli beams. In case of non-redundant beams, the variation 

in the stiffness due to the presence of the damage was modeled as a superimposed curvature. The 

governing equation for damaged structure was reduced to a Fredholm integral of second kind in 

terms of bending moment. The proposed method suggested that the integral can be solved in an 

an iterative manner or in an exact form using the properties of its kernel. Buda and Caddemi 

(2007) tried to identify concentrated damage in Euler-Bernouli beams using static response and 

the linear behaviour of the beam. Due to the presence of a crack, there existed an 'ineffective' 

zone adjacent to the crack.  This ineffective zone, due to its low stress level reduces the flexural 

stiffness in case of straight beams. By avoiding closure or propagation of cracks, i.e., assuming 

the behaviour of the beam to be linear, Buda and Caddemi (2007) modeled the flexural stiffness 

as an internal hinge restrained by a rotational spring whose 'equivalent' stiffness was dependent 

on damage extent at the crack location. The combination of the equilibrium, compatibility and 

constitutive equations generated a fourth order differential equation in terms of deflection 

parameter. Caddemi and Morassi (2007) applied induced damage principle to identify cracks in 

straight elastic beams. Their aim was to look for an explicit expression in static deflection 

measurement which would uniquely indicated the crack position and severity in case of beam 

bending. They were able to formulate a closed form expression for identification of crack 

position and severity for different measurement positions. However, in practice, the measurement 

positions were not known with respect to the crack size, since a procedure for damage 

localization had to be formalized. This damage localization procedure was based on the 

knowledge of deflection profile along the beam length and the successive application of different 

closed form solutions.  

 

Umesha et al (2009) proposed a new method for locating and quantifying damage by using 

the static deflection profile as an input signal for wavelet (Symlet) analysis. This method 

emphasized on measuring the deflection at a particular point since in real life it is often very 

difficult to measure deflection at several points due to the requirement of large amount of 

instrumentation. They used a fixed beam with single damage to demonstrate the method. The 

damage was modeled as a reduced stiffness element in finite element analysis. Based on the work 

of Poudel et al (2007), the stiffness of the damaged beam was modeled and an equation of 

deflection for concentrated load on that beam was obtained. The measured or calculated 

deflections were then treated as spatial distributed signals in wavelet analysis. For that signal, the 

continuous wavelet transform was obtained and wavelet coefficients were computed. When the 

wavelet coefficients were plotted against the length of the beam, it showed a sudden change or 

peak at the locations of the damage, sensor location and supports. By eliminating the location of 

the sensor and support, the location of the damage was determined. A generalized curve was then 

plotted with all maximum wavelet coefficients of the deflection response at the damaged point. 

The severity of the damage was then obtained by mapping the calculated wavelet co-efficient in 

the generalized curve.  

 

In the present study a simpler but effective method, based on static deflection and strain 

measurements, is proposed for crack identification in marine propeller shafts. The shaft is fixed at 

one end and carries the propeller at the other end. The shaft is 1,300 mm long, and at 1000mm 

from the fixed support, there is an intermediate support which makes the propeller shaft to act as 

an overhanging shaft. A preliminary analysis carried out earlier on rectangular overhanging 

beams has shown that the percentage changes in the statical displacements were more than that 

shown by the dynamic frequency parameters obtained from an earlier study carried out by Tlaisi 
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et al (2012). Based on that, a combination of strain and displacement measurements have been 

carried out to identify the crack location and depth. To measure the statical response, finite 

element analysis has been used and ABAQUS
1
, a well-known finite element software package, 

was used to carry out the analysis. The cracks have been located at a number of locations as a 

“seam” crack in ABAQUS which allows the adjacent surfaces to displace from each other based 

on the amount of load or stress, at that location. However, since the proposed method is being 

developed for the overhanging shaft, only a general procedure for crack detection is given in this 

paper to identify the crack size and location. Further details of this procedure are being developed 

to uniquely identify the crack size and location, based on an earlier work by Yang et al (2005)  

 

2. Model preparation and pre-processing for finite element analysis 

 
The finite element model of the rotor shaft has four major components, viz., the shaft, fixed 

end support, intermediate support and the propeller. The CAD model for all the four components 

are generated in the computer software SOLIDWORKS2. The data file from SOLIDWORKS was 

imported into ABAQUS and pre-processed to get ready the finite element model. The rotor shaft 

is 1300mm in length and 15.75mm in diameter and is made of mild steel having the Young's 

Modulus of elasticity of 200.0 GPa.  

 

The propeller used in this analysis is a 4-blade propeller, shown in Figure 1, having a 

weight of 15.39N. Due to the 3D nature of the propeller blade profiles, the exact CAD model 

generation was a difficult task. To solve this problem, a 3D laser scanner has been used. The 

scanner used in this analysis was a high-speed Terrestrial Laser Scanner (TLS) which produced 

dense point clouds based on the actual shape.  The propeller has been scanned on both sides and 

for each side, a point cloud was obtained. Both the point clouds were then merged and a single 

point cloud was generated, as in Figure 2. The combined point cloud was then exported into 

SOLIDWORKS and by following the location of the points the CAD model of the propeller has 

been generated. 

 

 

Figure 1: Propeller used in the analysis 
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Figure 2: Propeller; (a) Scanned point cloud of side 1; (b) Scanned point cloud of side 2; (c) Combined point cloud; 

(d) CAD model 

 
The finite element analysis has been carried out using a well known finite element package 

ABAQUS. All the parts have been first assembled in SOLIDWORKS and the assembly was 

converted into a parasolid. The parasolid was then imported into ABAQUS graphic user interface 

(GUI); in the GUI the number of data points to be used for the analysis was reduced from 

200,000 to 40000. The section used in the whole model was solid homogeneous section. As 

shown in Figure 3, the rotor shaft-system has been partitioned at seven locations, viz., 300mm, 

450mm, 600mm, 750mm, 900mm, 1100mm and 1180mm (from the fixed end), where the strains 

and displacements are to be monitored. Strain and displacement sensors are assumed to be 

located at these locations. All of them have been located at the bottom surface of the shaft. 

 

 
Figure 3: Model Assembly with planes at measuring locations 
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A seam crack was used to represent the cracking section of the rotor shaft. The seam of the 

crack defines an edge or a face in the model that is originally closed but can open during analysis. 

To create the seam crack the shaft was cell-partitioned at the desired location. That cell partition 

was then defined as a seam crack, shown in Figure 4. Quadratic Tetrahedral elements (C3D10) 

have been used for the mesh generation. The element type belongs to the 3D stress family and the 

shape function is quadratic; the elements around the crack are clustered together to properly 

represent the singularity effect present at the crack tip.  

 

 

 
Figure 4: Seam crack; Crack location:  at 800mm, Crack depth ratio: 0.4 

 

3. Results & Discussion 
 

3.1: Displacement Plots  

 

The displacements were plotted as percentage of difference against the crack depth ratio. 

For each displacement sensor, a graph was plotted. Every graph shows the variation of data for 

different crack locations. The displacement plots show that with the increasing crack depth ratio, 

there is a significant amount of change in the displacements which is in agreement with the 

theory (Figures 5 & 6). The nature of the response depends upon the distance between the 

measuring locations and crack locations. Comparing our results with the work of Tlaisi et al 

(2012), it is found that the static deflection gives much better response for the presence of the 

crack than the frequency changes indicated in that paper. In that paper, the authors have shown 

that for a crack depth ratio of 0.6, the frequency change was around 6% only; whereas in the 

present study, the percentage change in displacement at the propeller end is observed to be 

17.5%, as shown in Figure 5 (when the sensor is located at 1300mm). 

 

The displacement changes, even at other sensing locations (viz., 300 mm, 600 mm and 900 

mm for cracks located at certain specific locations) seem to be much higher than 6% (for a crack 

depth ratio of 0.60). This indicates that the static displacement measurement changes give much 

higher changes than that observed in dynamic frequency measurements. Moreover Figures 5 and 

6 indicate that even if the displacement changes are sensed at the proper location, it indicates 

about the crack presence (at possible crack locations) only when the crack is much larger than 

0.4; but if the crack is located in between 800 mm to 1100 mm from the fixed end, then the crack 

presence can be found even from a crack depth ratio of 0.3 (where the change is higher than 2%).  
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Figure 5: Percentage change in displacement against crack depth ratio for displacement sensor located at 1300mm 

from the fixed end (different curves show the location of the crack from fixed end). 

 

3.2: Strain Plots 

 

Similar to the displacements, the percentage differences in strains have been plotted against crack 

depth ratios in Figures 7 and 9. It has been observed that only the first two strain sensors (located 

at 300mm and 450mm from fixed end) show good changes with increasing crack depth ratios; 

moreover, it is observed that they show good response only if the crack is in between the supports 

of the rotor shaft (Figure 7). But the response changes they indicate are much higher than that 

shown for frequency measurements; in some cases they are even better than that obtained from 

deflection measurements. The main reason behind this is the location of the point of contra-

flexure within these two sensing points (see Figure 8). The maximum changes in strain for a 

crack (crack depth ratio of 0.6) for the crack located at 200mm, 600mm and 800mm (with the 

sensor located at 300 mm) are 37.75%, 40.4% and 37.59% respectively, as shown in Figure 7. 

For the same crack located at 200mm, 600mm and 800mm and the strain sensor located at 

450mm, % changes are 11.34%, 12.63% and 10.19%, respectively. 

 

The rest of the strain sensors show very high amount of change if they are located very near 

the location of the crack (Figure 9). For other cases, the changes they show are very insignificant. 

Once again it is seen that crack presence can be sensed for strain measurements only when the 

crack depth ratio is larger than 0.3.  

 

For both the strain and displacement changes, if the rates of change of displacement/sensor 

(with respect to crack depth ratios) are plotted against the crack depth ratios, it can be seen that 

crack presence can be sensed even from a crack depth ratio of 0.15 and higher. These results are 

not shown here (due to space limitation). 
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Figure 6: Percentage change in displacement against crack depth ratio for various crack locations. Location of the 

displacement sensors are at: (a) 300mm; (b) 600mm; (c) 900mm. 

 

 

3.3: Procedure for Crack Detection 

 

Based on the readings provided by the strain and displacement sensors for different crack 

locations and for crack positions, the procedure is formulated. The procedure is based on the 

logicality of the scenario presented below. Having the above plots, consider a scenario where the 

displacement sensor is located at 1300mm from the fixed end, for a crack depth ratio of 0.3 (from 

Figure 5). For this crack depth ratio,  let us assume that the percentage difference in displacement 

is around 2%. For this difference, considering the plots shown in Figure 5, the crack could be 

anywhere between 800mm to 1100mm. Thereafter going to the strain plots at 300 mm [shown in 

Figure 7 (a)] if the strain sensor shows the percentage difference to be less than 1%, then the 

crack is outside the support, near 1100mm. If the percentage difference is in the range of 1-2.5%, 

the crack would be located in between 800mm to 950mm. Moreover considering the output of 

displacement sensor located at 600mm (see Figure 6), if it shows a percentage difference of 

nearly 1%, the crack is closer to 800mm and if the percentage difference is closer to 0.5, the 
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crack is closer to 950mm. Thus we see that if we formalize a method to combine the outputs of 

the different sensors, then we can predict exactly where the crack is located for this crack depth 

ratio of 0.3.  

 
Figure 7: Percentage of Difference in strain vs. the crack depth ratio for strain gauges located at (a) 300mm; (b) 

450mm 
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This procedure is formalized by plotting three dimensional plots for displacement/strain 

differences for different sensor locations, similar to the method illustrated in Yang et al (2005) 

for different modes. The exact crack size and crack location can be identified for any 

experimentally measured percentage difference in displacement/strain ratios of difference sensor 

locations. 

 

 

 

Figure 9: Percentage of Difference in Strain against 

crack depth ratio for strain gauge located at 1180mm 
Figure 8: Variation of principle strain along the length of 

the beam for uncracked condition 
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4. Conclusion 

 
The method discussed above provides a simple procedure to identify tentatively the crack size 

and location in overhanging rotor shafts. The following conclusions are made from the above 

study: 

(a) It can be clearly observed that both the displacement and strain measurements show better 

percentage changes than that shown by dynamic frequency measurements. 

(b) The displacement sensor located at the propeller end shows the maximum percentage 

difference for different positions. The change is 2.92 times that indicated from the frequency 

monitoring method (for a crack located at 950mm from the fixed end). 

(c) The major changes in strain sensors are observed when they are located around the point of 

contra-flexure. At other locations the changes are marginal. 

(d) The strain sensor located at 300 mm shows 6.73 times the differences observed in frequency 

monitoring method for a crack located around these regions. It is also 1.89 and 2.1 times 

more for cracks located faraway at 200mm to 600mm from the fixed end, respectively. 

(e) Using the responses obtained from the above measurements, a new crack detection method is 

being developed by using the statical measurements; this method is inferred to give much 

better results than the frequency measurements. 

 

Acronyms 
1
ABAQUS - A well known finite element software package to perform numerical simulation. 

2
SOLIDWORKS- A 3D mechanical Computer Aided Design software developed by Dassault Systèmes SolidWorks 

Corp. 
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