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ABSTRACT 

The stress concentration factor is a significant parameter in the design of a structural component. The Robotic Structure, 

arms, linkages, panels and pressure vessel shells contain different types of cut-outs or openings for its functional 

requirements. Generally failure of mechanical component occurs due to high stress concentration. Stress concentration 

is high near to the discontinuities in continuum, abrupt changes in cross section and due to contact stresses. In this study 

a square plate type sample is tested with square, triangular and elliptical cutouts. The stress exploration near these 

openings is indispensible; generally the stress concentration is extreme near the cutouts. The present study aims to 

demonstrate the accuracy and simplicity of presented analytical solution for stress analysis of plates with central cutout. 

The varying parameters, such as shape and bluntness of cutout, loading direction or cutout orientations, which influence 

the stress distributions and stress-concentration-factor in the plates, are measured. The results demonstrated that the 

stress concentration factor of perforated plates was predominantly influenced by factors such as cutout shape, bluntness 

and orientation.  
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1. INTRODUCTION 

Openings/cut-outs are made into structures in order to satisfy some service requirements, results in strength 

degradation. In practice different shape of holes are used for different applications for example manhole of any 

pressure vessel is either circular or elliptical while the window or door of an airplane is square hole having chamfer 

of some radius at corners. Plates and shells of various constructions find wide uses as crucial structural elements in 

aerospace, mechanical and civil engineering structures. In recent years, the increasing need for lightweight efficient 

structures has led to structural shape optimization. Different cut-out shapes in structural elements are needed to 

reduce the weight of the system and provide access to other parts of the structure. It is well known that the presence 

of a cut-out or fleabag in a stressed member creates highly localized stresses at the vicinity of the cut-out. The ratio of 

the maximum stress at the cut-out edge to the nominal stress is called the stress concentration factor (SCF). 

Stress concentration is localization of high stresses mainly due to discontinuities in continuum, abrupt 

changes in cross- section and due to contact stresses. To study the effect of stress concentration and magnitude of 

localized stresses, a dimensionless factor called Stress Concentration Factor (SCF), Kt is used  

Kt = 
𝜎 𝑚𝑎𝑥

𝜎𝑛𝑜𝑚
                                                                                                                                                                                                                                     (1) 

Where, σ max is maximum stress at the discontinuity and σ nom is nominal stress. 

Stress analysis of the critical elements under various loading conditions is carried out by the researchers 
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for safe design of the element. Stress is measured by experimental methods or analytical/numerical method. 

A. Experimental Methods  

From the various experimental methods available for stress analysis, the following methods are long recognized. 

 Photo Elasticity 

Photo elastic stress analysis is a full field technique for measuring the magnitude and direction of principal stresses. When 

polarized light is passed through a stressed transparent model, interference patterns or fringes are formed. These patterns 

provide immediate qualitative information about the general distribution of stress, positions of stress concentrations and of 

areas of low stress using the principals of stress optic law 

σ1 – σ2 = 
Nfσ 

t
                                                                                                                                                          (2) 

where, σ1 and σ2 are the values of the maximum and minimum principal stresses at the point under consideration, 

N is the fringe number or fringe order at the point, fσ is the material fringe value and t is the model thickness. 

 Brittle Coating 

The brittle-lacquer technique of experimental stress analysis relies on the failure by cracking of a layer of a brittle coating 

which has been applied to the surface under investigation. Specially prepared lacquers are usually applied by spraying on 

the actual part. Pattern of small cracks appear on the surface of this coating where the strain is high indicating the presence 

of stress concentration. The cracks also indicate the directions of maximum strain at these points since they are always 

aligned at right angles to the direction of the maximum principal tensile strain. These crack data could be used to locate 

strain gauges for precise measurement of the stress. The method is however, sensitive to temperature and humidity. 

 Electrical Strain Gauges 

The method is one of the most popular and widely accepted for strain measurements and stress analysis. The strain gauge 

consists of a grid of strain-sensitive metal foil bonded to a plastic backing material. Any change in length will result in a 

change of resistance. Thus measurement of this resistance change with suitably calibrated equipment enables a direct 

reading of linear strain to be obtained. 

Change of resistance and strain may be expressed as follows: 

Δ R

R
 = 

K×ΔL 

L
 

K = 
Δ R

R
×

L 

ΔL
 

          ε = 
Δ R

R
×  

1

K
                                                                                                                                                   (3) 

Where, ΔR and ΔL are the changes in resistance and length respectively, K is termed as the gauge factor and ε is 

the strain. Thus measurement of this resistance change with suitably calibrated equipment enables a direct reading of linear 

strain to be obtained. 

B. Analytical/Numerical Methods 

Distribution of stresses in a structure with boundary conditions, i.e. displacements and/or forces on the boundary can be 
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determined by using either the closed form analytical methods or by approximate numerical methods. Boundary value 

problems can be solved analytically by using constitutive equations based on the elastic or plastic behavior of the material 

under load. Analytical or close-form solutions can be obtained for simple geometries, constitutive relations and boundary 

conditions. Approximate solutions for boundary-value problems can be obtained through the use of numerical methods 

such as finite element method, finite difference method, boundary element method and finite volume method. 

 Finite Element Method 

The structural model to be analyzed is divided into many small pieces of simple shapes called elements. Finite Element 

Analysis (FEA) program writes the equations governing the behavior of each element taking into consideration its 

connectivity to other elements through nodes. These equations relate the unknowns, for example displacements in stress 

analysis, to known material properties, restraints and loads. The program assembles the equations into a large set of 

simultaneous algebraic equations - thousands or even millions. These equations are then solved by the program to obtain 

the stress distribution for the entire model. In recent years, with the initiation of advanced software’s, the FEA based 

software ANSYS, COSMOL, DIANA, ABACUS and NASTRAN have been very useful for stress analysis. These 

software’s are preferred by users according to the type of stress analysis, the type of elements to be analyzed and the depth 

of accuracy required. [3] 

 Boundary Element Method 

In this method the governing differential equation is converted into an integral form, often involving only integrals over the 

boundary of the domain. Consequently, only the boundary has to be discretized in order to carry out the integrations. The 

dimensionality of the problem is thereby effectively reduced by one. A three dimensional volume problem becomes a two 

dimensional surface one, while a two-dimensional plane problem involves only one-dimensional line integrations. Also, 

because the interior of a solution domain is not discretized, there is much less approximation involved in representing the 

solution variables and rapid variations of, for example, stresses and displacements can be resolved very accurately. Stresses 

are accurate as there are no approximations imposed on the solution in interior domain points. The method is suitable for 

modeling problems of rapidly changing stresses. Boundary Element Method (BEM) uses less number of nodes and 

elements for the same level of accuracy as other methods. The Boundary Element Method is unsuitable if information is 

required at a large number of internal points.[4] 

 Complex Variable Approach 

Complex analysis, traditionally known as the theory of functions of a complex variable, is the branch of mathematics 

investigating functions of complex numbers. The difference between real functions and complex function is that complex 

functions can handle areas while real functions can handle only direction. So it can use easily for two dimensional 

problems of physics. 

2. FINITE ELEMENT MODEL 

Finite element analyses are conducted for the stress concentration analyses of Structural Steel plates. The plates have 

dimensions 200 mm (x-direction), 200 mm (y-direction), and 5mm (z-direction) as shown in Figure  1. Material properties 

are shown in Table I and the location of cutout is the center of the plates. To clearly observe the concentration effect, the 

plate size is modeled as rather large for the cutout size. ANSYS, a general purpose finite element program, is used. To 
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investigate stress concentration in an elastic range, the plates are modeled as a linear elastic material. The loading condition 

is a uni-axial tensile force at the left and right sides as shown in Figure  1. In this study, to limit the Maximum stress to the 

elastic range, 20 MPa is loaded as the tensile loading condition.[2] 

 
Figure  1: Loading Condition of Uniaxial Tensile Force 

 

Table 1: Material properties of Structural Steel 

Young’s modulus (GPa) 200 

Poisson ratio 0.3 

Tensile yield strength (MPa) 250 

Tensile ultimate strength (MPa) 460 

 

3. CUT-OUT SHAPES, ORIENTATION AND BLUNTNESS 

We consider the two shapes of cutout like square and triangular as shown in Figure  2 and Figure  3 The rotation angle ϕ 

represents how the cut-outs are oriented from the baseline (x axis). As shown in the Figure  2 and 3. 

 

Figure  2: Rotation of Square Cutout 
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Figure 3: Rotation of Triangular Cutout 

 

Figs. 4 and 5 show a number of parts of the rotated cutouts for each case. The angle of increment 15° is applied 

for both the cutouts; hence, a total of seven cases are considered (0°, 15°, 30°, 45°, 60°, 75° and 90°) for the square 

cutouts,[8] and for triangular cutouts, a total of five cases are considered (0°, 15°, 30°, 45° and 60°) [1] 

 

 

ϕ=0˚      ϕ=15˚      ϕ=30˚    ϕ=45˚    ϕ=60˚    ϕ=75˚     ϕ=90˚ 

Figure 4: Rotated Cutouts For Square 

 

 

ϕ=0˚             ϕ=15˚             ϕ=30˚          ϕ=45˚          ϕ=60˚ 

Figure 5: Rotated cutouts for Triangle 

Bluntness is a counter measure to the radius ratio (r/R) and it is denoted as (w) because bluntness decreases as the 

radius ratio increases. For an extreme example, a circular cut-out has a unit radius ratio but it has zero bluntness. In other 

words, the degree of bluntness decreases as r/R increases. Here, again, we emphasize that the term ‘bluntness’ is used to 

describe that the edges of polygons are blunt. We consider a total of five different degrees of bluntness, including 0.1, 0.25, 

0.3, 0.5, and 1.0 for the cut-outs. [5] 
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Figure 6: Radius Ratio r/R (w) 

4. RESULTS 

By considering the design variables or factors like cutout shape, the degree of bluntness, and cutout rotation we obtained 

the stress concentration pattern, the maximum von-Mises stress, and the stress concentration factor. These results are as 

shown in the following sections. 

A. Cutout shapes and bluntness 

As mentioned previously, there are three different cutout shapes circle, square, and triangle. In addition, for considering 

bluntness (a counter measure of r/R), a total of five radius ratios are considered: r/R = 0.1, 0.25, 0.3, 0.5 and 1.0 

respectively. This section discusses the variation of stress concentration with respect to the cutout shapes and bluntness. All 

of the other factors remain the same, for example the uni-axial tensile forces are fixed at 20 MPa. Table II shows the 

maximum von-Mises stress and stress concentration factor. It should be noted here that the zero bluntness (r/R = 1) 

actually means that the cutout shape is a circle; hence, from the table, we can see how the shapes and the degrees of 

bluntness vary the Maximum von-Mises stress and stress concentration factor. Chart-1 shows how the stress concentration 

factor (SCF) varies with respect to cutout shapes and the radius ratio (a counter measure of degree of bluntness).[5][6] 

Table 2: Maximum Von-Mises stress and Stress Concentration Factor with respect to Bluntness 

r/R 
Square Cutout Triangular Cutout 

(MPa) SCF (MPa) SCF 

0.1 85.796 4.2898 148.479 7.42395 

0.25 67.077 3.35385 118.14 5.907 

0.3 66.583 3.32915 112.134 5.6067 

0.5 62.884 3.1442 89.621 4.48105 

1 60.97 3.0485 60.97 3.0485 
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Chart -1: SCF with respect to Radius ratio r/R (w) 

 

In the case of the circular cutout, the maximum stress is 60.97 MPa and the stress concentration factor is 3.0485. 

According to previous studies, the maximum stress is about three times the tensile force. Since our tensile force is 20 MPa, 

the magnitude of 60.97 MPa exactly concurs with the previous observation. As shown in Table II, the maximum von-Mises 

stresses and accordingly stress concentration factors change, depending on the cutout shapes and bluntness In the case of 

the square cutout, It is interesting to note that: (1) the stresses for r/R = 0.1, 0.25, 0.3, and 0.5 are larger than that of r/R = 

1.0 which is the circular cut-out case, and (2) the maximum stress (85.796 MPa) occurs in the case of r/R = 0.1. And it 

decreases as r/R ratio increases. In the case of the triangular cutout, it is interesting to note that the maximum stress is the 

seventh times the applied tensile force and it decreases as r/R ratio increases. 

To visualize the stress patterns, two stress contours are shown in Figs. 7 and 8. Figure  7 shows the stress contour 

in the case of the square cutout with r/R = 0.1. The circle on the contour indicates the area having the maximum von-Mises 

stress. In addition, the left and right balloon shapes represent the areas under 13.744 MPa. 

 
Figure 7: Stress Contour of Plate with Square Cutout (r/R = 0.1) 
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Figure 8: Stress Contour of Plate with Triangle Cutout (r/R = 0.1) 

 

Figure 8 shows the stress contour in the case of the triangle cutout with r/R = 0.1. The circle on the contour shows 

the area having the maximum von-Mises stress. Similarly, the left and right balloon shapes represent the area under 17.326 

MPa. It is interesting to note that stress concentration occurs in the broad range of the top and bottom sides in the case of 

the square cutout while stress concentration occurs in the narrow range of the top and bottom edges in the case of the 

triangle cutout. From the observation, we can conclude that the bluntness effect on the stress concentration patterns is also 

dependent on cutout shapes.  

A. Rotation of cutouts 

This section discusses the stress analysis results by considering the rotation of the cutouts. In the cases of the square cutout, 

seven rotation angles are considered, 0°, 15°, 30°, 45°, 60°, 75° and 90°, while five angles, 0°, 15°, 30°, 45° and 60°, are 

considered in the case of the triangle cutout.  

Table III and IV shows the maximum von-Mises stresses and stress concentration factors for the steel plates with 

square cut-outs, which have the seven rotations. As a result, we can see that many differences occur in the maximum 

stresses, depending on the rotation angle. However, for all of the cases consistently, the stresses increase as the rotation 

angles increase up to 45˚ and then decreases from it because for the square we can rotate it up to 45˚ after it the same side. 

By combining the rotation effect with the bluntness effect, the maximum stress (150.8 MPa) occurs in the case of the r/R = 

0.1 (maximum bluntness) and the rotation of 45° (maximum rotation). In addition, we can see that with the exception of 

the zero rotation case, all the cases show that the maximum stress increases as the bluntness increases. 

Table 3: Maximum Von-Mises stress of Square Cutouts with Rotation Angle 

r/R 
0˚ 15˚ 30˚ 45˚ 60˚ 75˚ 90˚ 

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) 

0.1 85.7 125.8 146.8 150.8 147.1 125.8 84.1 

0.25 67 102.8 122.6 123.2 122 103.2 66.8 

0.3 68.5 95.6 106.8 113.9 107.4 95.7 68.7 

0.5 62.8 76.7 87.7 87.2 87.5 76.8 62.8 

1 60.9 60.9 60.9 60.9 60.9 60.9 60.9 
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Table 4: Stress concentration factor (SCF) of square cutouts with Rotation Angle 

r/R 
0˚ 15˚ 30˚ 45˚ 60˚ 75˚ 90˚ 

(SCF) (SCF) (SCF) (SCF) (SCF) (SCF) (SCF) 

0.1 4.28 6.29 7.34 7.54 7.35 6.29 4.2 

0.25 3.35 5.14 6.13 6.16 6.1 5.16 3.34 

0.3 3.42 4.78 5.34 5.69 5.37 4.78 3.43 

0.5 3.14 3.83 4.38 4.36 4.37 3.84 3.14 

1 3.04 3.04 3.04 3.04 3.04 3.04 3.04 

 

Chart-2 shows the graph of SCF vs Radius ratio with respect to rotation of square cutouts. From the graph it is 

observed that the as the radius ratio increases the stress concentration factor SCF decreases up to a certain value (nearly 

equal to 3) for all angular rotation, that is if radius ratio is 1.0 that means  it is a circle and we know for circular hole the 

SCF is 3. Figure 9. shows the maximum stress contour for square cutout when (r/R = 0.1, ϕ = 45°), red colored circle 

indicates the region of maximum stress concentration.  

 
Chart 2: SCF with respect to Rotation for Square cut-outs 

 

 
Figure 9: Stress Contour for Square Cutout (r/R = 0.1, ϕ = 45°) 
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Table V and VI shows the maximum von-Mises stresses and stress concentration factors for the steel plates with 

triangular cut-outs, which have the five rotations. As a result, we can see that many differences occur in the maximum 

stresses, depending on the rotation angle. However, for all of the cases consistently, the stresses increase as the rotation 

angles increase up to 30˚ and then decreases from it because for the triangle we can rotate it up to 30˚ after it the same side. 

By combining the rotation effect with the bluntness effect, the maximum stress (176.8 MPa) occurs in the case of the r/R = 

0.1 (maximum bluntness) and the rotation of 30° (maximum rotation). 

Table 5: Maximum Von-Mises stress of Triangle Cutouts with Rotation Angle 

r/R 
0˚ 15˚ 30˚ 45˚ 60˚ 

(MPa) (MPa) (MPa) (MPa) (MPa) 

0.1 148.4 174.7 176.8 160.6 150.4 

0.25 118.1 126.8 118.8 126.8 116.9 

0.3 112.1 117.5 109.5 119.9 112.6 

0.5 89.6 93.2 89.5 91.6 89.2 

1 60.9 60.9 60.9 60.9 60.9 

 

Table 6: Stress Concentration Factor (SCF) of Triangle Cutouts with Rotation Angle 

r/R 
0˚ 15˚ 30˚ 45˚ 60˚ 

(SCF) (SCF) (SCF) (SCF) (SCF) 

0.1 7.42 8.73 8.84 8.03 7.52 

0.25 5.9 6.34 5.91 6.34 5.84 

0.3 5.6 5.87 5.47 5.99 5.63 

0.5 4.48 4.66 4.47 4.58 4.46 

1 3.04 3.04 3.04 3.04 3.04 

 

Chart-3 shows the graph of SCF vs Radius ratio with respect to rotation of triangular cutouts. From the graph it is 

observed that as the radius ratio increases the stress concentration factor SCF decreases up to a certain value (nearly equal 

to 3) for all angular rotation, that is if radius ratio is 1.0 that means  it is a circle and we know for circular hole the SCF is 

3. Figure 10. shows the maximum stress contour for triangular cutout when (r/R = 0.1, ϕ = 30°), red colored circle indicates 

the region of maximum stress concentration.  

 
Chart 3: SCF with respect to Rotation for Triangle Cut-Outs 
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Figure 10: Stress Contour for Triangular Cutout (r/R = 0.1, ϕ = 30°) 

 

5. CONCLUSIONS 

From above experimentation it is cleared that for square cutout the maximum stress is occurred when its orientation is at 

45˚ that means any two opposite sides of square are inclined at 45˚ to the direction of applied force. If we increase the 

radius ratio then the stress concentration factor decreases up to value nearly equal to 3, for triangular cutout the maximum 

stress is occurred when its orientation is at 30˚,  that is one side of triangle is parallel to applied force If we increases the 

radius ratio then the stress concentration factor decreases up to value nearly equal to 3.If we combining the effect of 

bluntness with angle of rotation the we get different combination of stress values for different values of bluntness and 

orientation. 
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