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CHAPTER I 
 

 

INTRODUCTION 

Throughout the course of the design process engineers must be vigilant about their design to be 

sure their designs don’t fail under normal conditions of operation.  During the design of their 

components they may encounter similar geometries on a regular basis.  For instance, holes drilled 

in plates in tension.  This type of geometry recurs on a regular basis and must be analyzed for 

potential failure.  Because of the regularity of this geometry, stress concentration tables have been 

established to help speed the analysis of the geometry.  No need to “reinvent the wheel”.  

Engineering students are taught about this early in their education and allowed to use it 

throughout the course of their future careers.  Reference books have been written that contain this 

information to make it readily available for the engineer or student.  As with any reference data, it 

should be verified to be applicable to the application at hand, but due to deadlines, assumptions 

may be made that the data in the reference books is correct if time and resources are not available 

to verify the established data.  Thus if the published data is incorrect it could lead to an 

unacceptable design flaw that may fail at the most inopportune time. 
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CHAPTER II 
 

 

LITERATURE SURVEY 

2.1 Literature 

There are several sources for stress concentration values.  Two general references are “Peterson’s 

Stress Concentration Factors” (Peterson’s) [12] and “Mechanical Engineering Design” (Shigley) 

[16]. These sources are readily available and used widely throughout industry and collegiate 

environments. 

Mechanical Engineering Design is a textbook used by many Engineering schools for the 

instruction of machine design and the analysis needed to assure that those design meet the 

intended requirements.  This text is used to introduce students to a few general forms of stress 

concentrations.  Students can then apply their skills to other forms of geometry in their field of 

expertise. 

As with any design there are certain features that repeat themselves throughout the design.  For 

example, fillets are used in corners to reduce the stresses in a component with two intersecting 

structures.  Grooves are cut into shafts to allow for O-rings to seal fluids from leaking past them 

into the environment were they may cause harm to humans or the environment.  With the 

recurrence of these features, a graph can be selected from a reference [12, 16] to determine if a  
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localized stress in the area of a stress concentration will exceed the material capabilities in that 

application. 

Peterson’s Stress Concentration Factors is a reference book for Engineers and students concerned 

with increasing stresses at the intersection of changing geometries.  As opposed to Shigley it 

delves deeper into the theory of stress concentrations.  It also provides a much wider field of 

geometries to reference for structural analysis. 

2.2 Research Objective 

In some cases the stress concentrations provided by these references deviate.  This report looks at 

the deviation in the plots for the semicircular edge notch.  Two other cases are also compared, the 

transverse hole and the waist geometry. 

The semicircular edge notch data from Shigley and Peterson’s are compared in Figure 2.1.  The 

figure shows that the values for Shigley are different than those of Peterson’s.  The Shigley data 

taken from [13] was based on theoretical calculations of “Theory of Notch Stress” [11], which 

were derived from the theory of elasticity.  The Peterson’s data was based on calculations by [9] 

and [10]. 
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 Figure 2.1 Semicircular Edge Notch Reference Comparisons 

For the transverse hole configuration the comparison of the published sources shows good 

correlation of the data as seen in Figure 2.2.  These results were based on photoelastic models.  

For Shigley’s data source [15], the photoelastic measurements data was taken from [6] and [17].  

The Peterson’s data was based on theoretical calculations of a “successive approximation” for a 

tension problem [8]. 



5 

 

  

 Figure 2.2 Transverse Hole Reference Comparisons 

As seen in Figure 2.3 of the waist comparison, published sources are showing difference between 

their plotted values.  The Shigley values were based on [14] whose values were taken from the 

photoelastic results of [6] and [7].  The Peterson’s values were also based on photoelastic results 

[6] but included other refinements from [2] and [18], to improve the values for Kt as the original 

data was showing lower values [6]. 
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 Figure 2.3 Waist Reference Comparisons 

The three geometries are compared through different means of measurement.  Photoelastic stress 

analysis is used for one type of analysis.  The finite element method is used for the second type of 

analysis.  These results will then be compared to the graphs in Shigley and Peterson’s. 
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CHAPTER III 
 

 

THE FINITE ELEMENT METHOD ATTACK 

3.1 Introduction 

The first method of attack on the stress concentration factors is Finite Element Analysis (FEA).  

FEA has become a common tool for many engineers in the past decade.  Software has been 

written with them in mind to help further the designs they produce.  It is a viable method of 

determining stress concentrations in complex geometries as well as simple geometries as is the 

case here.  Abaqus was chosen as the software to perform these analyses.  It is widely used in the 

automotive industry as well as other fields. 

3.2 Software 

To begin with, the geometry for analysis was modeled directly in the Abaqus 6.9.1 software 

itself.  The graphical user interface (GUI), has a modest capability for modeling different 

geometries.  It also has the capability of importing geometry directly from computer aided design 

(CAD) software as well.  This wasn’t necessary in this case as the geometry was simple and easy 

to create in the provided GUI.  The geometry was modeled as a 2D surface.  For the purposes of 

this report the measurements of the photoelastic models was used to better correlate between 

physical measurements and FEA results.   The surface was then meshed using the CPS8R element 

[1], which is an 8 node plane stress element with reduced integration.  The thickness of the 

geometry was controlled in the material section property. 
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3.3 Setup 

For the given geometries, two of the three were modeled with quarter symmetry, transverse hole 

and edge notch.  In the third case the waist samples were modeled using half symmetry.  Then the 

material properties were applied to the model.  For the PS-1 material the elastic modulus used for 

all samples was E=360,000 psi and a poison ratio of υ=0.38 [4]. 

The applied load was chosen based on keeping the maximum stress at the stress concentration 

below the yield point of the PS-1 material.  The properties given [4] did not include yield 

strength.  Typically yield strength is determined from a 0.2% strain offset of the elastic modulus 

and its intersect with the stress/strain plot.  As an engineering judgment, the calculation of the 

yield strength will be calculated as 0.2% of the Elastic modulus (3.1).  This value will be 

conservatively lower than the actual yield strength of the material. 

   �� � � � �. �% � 
��, ��� ��� � �. �% � ��� ��� (3.1) 

The initial testing load was set at 10 lbf.  Based on this load and the smallest cross sectional area 

of sample 3 of the transverse hole, the maximum allowable stress concentration factor was 

calculated (3.3). 
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From the FEA results, all the samples show that the maximum stress will be below yield as all the 

calculated stress concentration values are below the maximum of 7.2.  Finally, the load P as it is 

applied to the FEA model is uniformly distributed across the edge of the model, Figure 3.2. 
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3.4 Mesh convergence 

For mesh convergence, the geometries were analyzed with several different mesh sizes to 

determine the best mesh size to meet convergence of the results at the stress concentration.  

Looking at the transverse hole as an example, the mesh size was set to a global value of .050 in 

for element size.  The peak stress S11 was documented and then the mesh was refined in the area 

of the geometry in question.  The graph below shows the peak stress results at the edge of the 

hole with respect to the different mesh densities.  The percent difference between the global mesh 

size of .01 in and the combined mesh size of .01 in global / .005 in local, resulted in a 0.27% 

increase in recorded stress. 

    

 Figure 3.1 Mesh Convergence Graph. 
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The final mesh density selected for all analysis was a global value of .01 in and a local element 

size of .005 in.  This resulted in an overall change in peak stress between a global of .01 in and a 

refined local of .005 in of 0.27%.  Mesh and contour plots are located in Appendix A1.  For all 

models an element type of 8-node biquadratic plane stress quadrilateral, reduced integration 

(CPS8R) was used [1].  The CPS8R element has two degrees of freedom in the X and Y 

directions at each node. 

3.5 Results 

The first sample analyzed was the transverse hole configuration.  Three models for the different 

geometries given in Table 3.1 were developed.  Symmetry was used in both the X and Y direction 

to simplify the model.  The boundary conditions were set to symmetry on X and Y with a load P 

in the X direction, see Figure 3.2.  Due to symmetry in the y direction the load was reduced in 

half to 5 lbf.  The resulting values from the analysis are shown in Table 3.1.  All contour plots are 

located in Appendix A2. 

The stress concentration values Kt (3.4) are then calculated from the σmax at the hole and divided 

by the net area stress σn (3.5). 

        (3.4) 

     (3.5) 

n

Kt
σ

σ max
=
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Force
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Figure 3.2 Transverse Hole Symmetry and Loading 

 

Figure 3.3 Transverse Hole Dimensions 

Table 3.1 Transverse Hole Analysis Results and Gross Dimensions 

 

 

The next sample analyzed was the Semicircular Edge Notch configuration.  The 3 different sized 

models were input into the software.  The gross dimensions are given in Table 3.2.  Symmetry 

was used in both the X and Y direction to simplify the model.  The boundary conditions were set 

to symmetry on X and Y with a load P in the X direction, see Figure 3.4.  Due to symmetry in the 

y direction the load was reduced in half to 5 lbf.  The resulting values from the analysis are shown 

in Table 3.2.  All contour plots are located in Appendix A2. 
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The stress concentration values Kt for the edge notch samples are calculated similar to the 

transverse hole with the exception of the σn which is calculated from equation (3.6). 

      (3.6) 

 

Figure 3.4 Semicircular Edge Notch Symmetry and Loading 

 

Figure 3.5 Semicircular Edge Notch Dimensions 

Table 3.2 Semicircular Edge Notch Results and Gross Dimensions 

 

Finally the last sample analyzed was the Waist configuration.  The 3 different sized models were 

input into the software.  The gross dimensions of the models are given  in Table 3.3.  Symmetry 

was used in the Y direction to simplify the model.  The boundary conditions were set to 

trH

Force

areanet

Force
n *)2(_ −
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symmetry on Y with a load P in the X direction, see Figure 3.6.  Due to symmetry in the y 

direction the load was reduced in half to 5 lbf.  The resulting values from the analysis are shown 

in Table 3.3.  All contour plots are located in Appendix A2. 

The stress concentration Kt (3.1) of the waist configuration is calculated straight from the 

measured σmax and σn.  Where σn is measured in the field of width d. 

 

Figure 3.6 Waist Symmetry and Loading 

 

Figure 3.7 Waist Dimensions 

Table 3.3 Waist Results and Gross Dimensions 
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CHAPTER IV 
 

 

THE PHOTOELASTIC METHOD ATTACK 

4.1 Introduction 

Photoelastic stress analysis is a unique form of structural analysis.  It involves the use of light 

passing through a plastic material that exhibits temporary double refraction, “optically isotropic 

when free of stress but becomes optically anisotropic and display characteristics similar to 

crystals when they are stressed” [3].  The light from the plastic is then passed through polarized 

plates.  The resulting vision is one of a fringe pattern that describes the stresses in the material it 

is passing through.  Decades ago these techniques were used in place of cumbersome FEA 

software and even before computers were available to analyze 2 dimensional models.  It is 

considered more of an analog structural analysis versus today’s high end computer based digital 

analysis. 

4.2 Setup 

For the photoelastic analysis, 9 different samples were produced to compare with other sources of 

data.  The sample were broken into 3 groups, transverse hole, semicircular edge notch and waist.  

Within each group three different sized samples were produced to cover a broad range of 

geometry ratios. 
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Each sample was placed in an apparatus to apply a predefined load of 10 lbf.  A load transducer 

was used to verify the correct force was applied.  A polariscope was used to measure the stress 

level in the reduced width field of the sample and the peak stress at the stress concentration.  

From here the stress concentration factor Kt (4.1) can be calculated [12].  Kt is max normal stress 

divided by normal stress based on net area. 

         (4.1)  

Each sample was measured 5 times consecutively.  Data was then averaged to obtain the results.  

The peak stress level was measured on both sides of the part and then averaged together to get a 

mean value.  This was done to average out any bias from one side of the part to the other based on 

any non-symmetry of the machining. 

4.3 Samples and Geometry 

The machining methods are given in detail in Appendix A3. 

The material used for the machined samples was a high-modulus polymer PS-1 [4].  The material 

was chosen for its ease of machining.  The PS-1 properties are; Elastic Modulus E=360,000 psi, 

Poisson’s ratio υ=0.38 and for these samples a general thickness of 0.120 inches with a tolerance 

of +/-0.002 inches.  The sheets were received with a silver backing and a protective paper 

covering on the opposing side. 

Figure 4.1 shows the base configuration of the specimens which was specified to be 10 inches by 

1.500 inches, with two .375 inch holes 8.5 inches on center.   The thickness was a predefined 

value based on the purchased material.  Each sheet had its own specific thickness (t).  The 

samples were machined in accordance with the machining process in Appendix A3.  The final 

sample configuration is shown in Table 4.1, 9 samples in all. 

n

Kt
σ

σ max
=
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 (a) 

 (b) 

 (c) 

Figure 4.1 General Specimen Dimension used for (a) Transverse Hole (b) Semicircular Edge 

Notch (c) Waist 
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Table 4.1 Parameters for Specific Sample Geometries 

 

4.4 Results 

The first sample analyzed was the transverse hole configuration.  The samples were measured 

with digital calipers in order to confirm their actual size listed in Table 4.2.  Then measurements 

were taken with the polariscope to obtain σmax,avg, which is read from the outer edge of the hole.  

From here σn (4.2) was calculated to determining Kt. 

      (4.2) 

Table 4.2 Transverse Hole Photoelastic Results and Gross Dimensions 
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For the semicircular edge notch samples, Kt is calculated very similar to that of the transverse 

hole.  σmax,avg is read from the inner edge of the notch and σn is calculated from the net area 

(4.3).  Results are shown in Table 4.3 

      (4.3) 

Table 4.3 Semicircular Edge Notch Photoelastic Results and Gross Dimensions 

 

Finally the results for the waist samples are given in Table 4.4.  This case gives σn,avg as a 

measured value as opposed to being calculated like the other samples.  The reduced section of 

width d is the nominal net area needed for the calculations of Kt. 

Table 4.4 Waist Photoelastic Results and Gross Dimensions 

 

4.5 Errors 

As with any project that requires human interaction or machines designed and built by humans 

there will be errors in the research results.  Photoelastic analysis is no different and the following 

errors were identified. 

trH

Force
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n *)2(_ −
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The first errors were introduced during the machining process.  The samples were specified to 

have a predefined size as seen in Figure 4.1 with dimension from Table 4.1.  Due to wear in the 

machining equipment and error on the machinist’s part, the specimens’ final sizes were not what 

was initial specified.  More care should be taken by the machinist to minimize human error and 

newer equipment with Computer Numerical Control is recommended. 

For these samples the final sample dimension can be seen in Tables 4.2, 4.3, 4.4.  These 

dimensions were taken with a digital caliper with resolution to .001 inches.  Some features 

presented difficulties to measure, such as the edge notch and the fillet radius in the waist samples.  

These features were assumed to be of nominal size.  These features could be under or oversized.  

To correct this, it is recommended to have the samples measured by a Coordinate Measurement 

Machine.  These would provide final dimensional data of the samples to minimize any calculated 

error to be compared with the measured photoelastic data. 

The next place error was introduced into the results was during the stress measurements.  Here 

there is the potential for equipment error as well as human error.  The measurement equipment 

was calibrated before the measurements were taken so any error there will be ignored.  The 

human error deals with the viewing of the fringes and the measurement point of the peak stress.  

During the process the operator is adjusting the equipment to the point of termination of the black 

fringes at the stress point.  The first error here is the point at which the fringe disappears.  This 

point is open to interpretation by the operator, it was noticed that eye fatigue also played a part in 

the difficulty of making the measurements.  The next issue was the orientation of the sample.  

The sample was being viewed on opposing sides and any rotation of the sample with respect to 

the polariscope would show the machined edge directly or make it visible threw the plastic, thus 

adding to the difficultly of read the extinction of the black fringe.  The standard error was 

quantified and listed in Tables 4.2, 4.3, 4.4. 
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CHAPTER V 
 

 

COMPARISON OF RESULTS 

The following graphs compare the values for Kt from the 4 different sources.  The data plotted for 

Peterson’s and Shigley was interpolated from the graphs located in their respective books.  There 

is a small amount of error present in these data sets represented here as human error factors into 

the interpolations of the graphs.  A machinist ruler was used to measure the distance between 

major gridlines and interpolate to the closest values. 

5.1 Transverse Hole 

Figure 5.1 shows the data plots for Peterson’s, Shigley, FEA and photoelastic samples.  There is 

good correlation between Peterson’s, Shigley and FEA results.  At the lower d/H value (sample 1) 

there is a small amount of deviation from Shigley, which could be the result of interpolation error.  

The data for the photoelastic specimens parallel the results but show a higher Kt values and thus 

only provide comparison based on trend.  The error bars for the FEA results have not been shown 

as the error is much less than the photoelastic models. 
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Figure 5.1 Transverse Hole Results Comparison 

 

5.2 Semicircular Edge Notch 

The semicircular edge notch results show good correlation between FEA results and data 

interpolated from Peterson’s.  Shigley is significantly lower than those two data sets, refer to 

Figure 5.2.  There is a slight departure between the two at the midpoint, which is a potential error 

in the interpretation of the graph from Peterson’s.  The photoelastic results do not follow the data 

of the other two results and thus cannot be used for comparison. 
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Figure 5.2 Semicircular Edge Notch Results Comparison 

 

5.3 Waist 

Finally, the waist data presented in Figure 5.3 shows correlation among Peterson’s, Shigley and 

FEA.  There is a small amount of shift in the Kt values at each of the data points; this is most 

likely a result of how the data was obtained for each source.  The photoelastic results again show 

some discrepancies compared with the other data sources.  At lower values of Kt the photoelastic 

models show a general correlation but for the higher r/d value results in a flyer compared to the 

rest of the data.  Both Peterson’s and Shigley’s data are derived from photoelastic tests results; 

the Peterson’s date has been refined as the original values were showing lower results.  As well, 

some of the difference between these two sources, seen in Figure 5.3, may be the result of 
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interpolation error from the plots.  It should be noted that the plot in Shigley is significantly 

smaller compared to Peterson’s, thus presenting the possibility for more error in interpolation. 

Figure 5.3 Waist Results Comparison 
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CHAPTER VI 
 

 

CONCLUSIONS 

The results for the transverse hole geometry shows good correlation between Peterson’s, Shigley 

and FEA results.  There is a small deviation in Shigley at the lower d/H, but that may be 

attributed to interpolation error of the graph.  The photoelastic model has a similar trend, but the 

Kt values are higher. 

The semicircular edge notch case presents the most significant error between the published 

sources.  In Figure 5.2 it was shown that Shigley’s Kt values were significantly lower than 

Peterson’s and FEA results.  This shows a level of error in the theoretical calculations used to 

create the plots.  Results for the photoelastic samples again show a variation across the board and 

cannot be used as a comparison.  FEA results correlated well to the data from Peterson’s. 

The last configuration looked at was the waist geometry.  There are comparable trends among the 

plots for Peterson’s, Shigley and FEA results.  Though there is a shift in values between all three 

sources as seen in Figure 5.3.  Both Peterson’s and Shigley values are based from the same 

photoelastic results, though Peterson’s has refined the values based on newer sources, as the 

original Kt values had been shown to be low.  Photoelastic results are markedly better in this 

geometry at the lower r/d levels but sample 3 is a flyer, as its Kt result is significantly higher.
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Through analysis it has been shown that the stress concentration results published in Shigley, for 

the semicircular edge notch, are in error compared with Peterson’s and FEA analysis.  The stress 

concentration values for the transverse hole geometry compare well, Figure 5.1.  Finally, the 

waist geometry shows good trends but there is a small shift in the values between both published 

data and the FEA results.  Photoelastic results can provide acceptable results when great care is 

taken to produce and measure the samples.  This researcher’s photoelastic results show 

significantly different values from published data and FEA results in most cases.  These errors are 

attributed to the accuracy of the machining and the human error in data acquisition.  

Photoelastic results for this report have shown that it can be significantly impacted by human 

error and that it requires a high level of accuracy and control in machining and reading the fringe 

results.  Photoelastic measurement can be used to determine stress concentration values but great 

care is needed to assure good data.  FEA is an excellent alternative that can be used in the future 

to calculate Kt values.  In the past FEA was sophisticated software that required significant 

knowledge to obtain satisfactory results.  As the software has matured the necessity of being an 

expert in it has subsided.  It can provide an acceptable level of results to quantify and correlate 

results for stress concentration factors with basic knowledge of the software. 
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A1 – FEA Mesh convergence 

  

 

Figure 1 - Mesh size global .05 
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Figure 2 - Mesh size global .01 
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Figure 3 - Mesh size global .01 / local .005 
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A2 – FEA Results  

Hole 1 
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Hole 2 
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Hole 3 
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Edge Notch 1 
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Edge Notch 2 
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Edge Notch 3 
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Waist 1 
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Waist 2 
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Waist 3 
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A3 – Machining Process 

For the results of this report, coupons had to be generated for physical testing.  These specimens 

were machined from sheets of photoelastic sheets.  The sheets are made of plastic PS-1A [4] with 

measured values for “K” Factor and “f” values that are used in the calculations and measured 

fringe plots.  Before beginning with the manufacturing of the samples, a few items of concern 

must be addressed.  The first is the material is sensitive to heat and thus should be kept at room 

temperature at all times.  Second, due to the plasticity of the material the sheets should always be 

stored in a way that minimizes warping.  Finally, stress and heat can be introduced during the 

machining process and as such the machining techniques should take this into account. 

The sheets come in many sizes and may need to be reduced into a size more suitable for testing.  

The first step in creating the specimen is to cut the initial coupon from the photoelastic sheets.  

For this analysis the coupon size of choice was 10 in x 1.5 in.  To obtain this initial size, the 

specimen was machined through several steps.  The first step was to use a band saw [5] to cut the 

samples into strips that are 10 in long and 1.625 in wide.  The added width is to allow the 

machining of the edges to remove any heat affected edge conditions from the band saw.  At this 

point the specimens were then place in the machining fixture to reduce their width to the required 

1.500 inches.  It may be necessary to machine both long edges to remove the heat affected areas 

from both sides.  The short ends were not machined as they are outside the area of interest. 

The next phase of machining is the incorporation of specific features.  All the samples have 2 

holes 0.375 inches in diameter that are spaced 8.500 inches apart and on centerline long ways.  A 

.375 in diameter center cut end mill was used to cut these holes.  The end mill is plunged into the 

part to machine out the hole.  An alternate method to creating these holes would be to drill to a 

slightly smaller size and then ream the hole to the correct size.  For simplifications of machining 

the center cut end mill technique was used. 
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Finally, the geometry of interest is machined into the samples.  The first set of samples has a hole 

placed at the center of the part.  These holes are machined using the same techniques as described 

for the fixture holes but of their unique size.  The second set of samples has an edge hole on 

either side of the sample on center and machined into the part exactly one half the diameter of the 

hole.  The plunge cut method was also used on these samples. 

The final set of samples has a necked region machined into it.  These samples utilize a constant 

1.000 inch internal width with differing corner radiuses.  These samples required the most care 

need to machine of any of the samples.  After several test runs it was found, the best way to 

machine the waist samples was to make several passes with a decreasing amount of material 

being removed.  The final pass should remove no more than .001/.002 of an inch to obtain the 

desired shape.  This becomes more important as the fillet radius r decreases as the resulting stress 

from machining begins to play a larger role in the analysis with respect to edge effects. 
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