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3.1.2 Results 

The resistance data for the experiment are presented in Table 3-1 and are plotted in 

Figure 3-3. In Table 3-1 and Figure 3-3, the contact resistance datum indicated at zero 

pounds-inch of applied torque corresponds to the point at which torque can no longer be 

applied to the nut with the fingers. 

 

Table 3-1. Resistance across the Splice. 

Contact 

Resistance 

(mΩ) 

0.054 0.029 0.005 0.004 0.0035 0.003 

Applied 

Torque 

(lbf-in) 

0 3 9 12 18 48 

 

 

 

Figure 3-3. Plot of Resistance across the Splice. 
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3.1.3 Discussion 

The resistance across the splice quickly falls off asymptotically as clamp load is 

increased. The change in resistance across the splice for brand new bus material seems to 

asymptotically approach 0.003 milliOhms as applied torque is increased. Qualitatively, 

these data have a trend similar to contact resistance computed as a function of the applied 

load for the Weierstrass profile [41], as well as experimental contact resistance data and 

computed contact resistance values for a cluster of a-spots as presented by Braunovic et 

al. [30].  

The resistivity of the copper base material is temperature dependent [42]. Since 

Joule heating of the splice will take place when the bus has a current load applied, 

measurements of the contact resistance should be made while current is applied to get a 

more complete understanding of the behavior. Furthermore, the geometry of the bus bar 

will also change in time due to thermal expansion. This may influence the contact 

resistance by redistributing the locations of surface asperities on either contact surface. 

For relatively clean samples with good quality surfaces, it may be that problematic 

localized heating arises as a function of stress relaxation of the bolts which provide 

clamping load to the splice. The Joule heating model for conductors carrying current is 

given by Equation 3-1 [43].  

 ̇      (3-1) 

In this equation,  ̇ is the heat generated in the conductor, I is the applied current, and R is 

resistance. In the reported resistance measurements there is a 17 times increase in 

resistance across the splice when the pretension is negligible. It can be clearly seen that 
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loss of pretension in the bolt due to transient relaxation of the bolt material is a probably 

root cause for localized heating of the splice. Data on the creep behavior medium carbon 

steels is not forthcoming in the literature. As such, further analysis is not provided. 

 

3.2 Qualitative Prediction of Contact Pressure 

3.2.1 Numerical Simulation 

The finite elements method was used to simulate the bolted joint and provide a 

descriptive view of the contact pressure profile between the mating conductive surfaces 

of the bus sections. All simulations were implemented in ANSYS v.13.0. A two-

dimensional study was conducted assuming perfectly planar bus bar. The nominal 

dimensions for the bus bar, bolt, and nut were used. The pretension is modeled from 

Equation 2-5 for the nominal torque of 350 pounds-inch. The modeled value of 

pretension was reduced to 2 significant figures for a value of 1800 pounds at each bolt. 

The loading was applied as a distributed load on the surfaces where the bolt head and 

conical washer nominally interface with the bus. Plane183 8-node planar solid elements 

were used to model the bus. A modulus of elasticity of 17,000,000 pounds per square 

inch and Poisson’s ratio of 0.3 were used to model the copper material. Frictionless 

contact between the two sections of the bus bar was modeled using Contact172 and 

Target169 elements. To avoid rigid motion, the lower bus bar is constrained at two points 

in both x- and y- directions while the upper bus bar is constrained in the x-direction. The 

set-up for the simulation is shown in Figure 3-4. 
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Figure 3-4. Schematic for 2D Contact Simulation. 

 

3.2.2 Results 

The qualitative two-dimensional contact pressure map for simulated contact between 

perfectly planar bus bars is presented in Figure 3-5. The qualitative map of von Mises 

stress is presented in Figure 3-6. 

 

 

Figure 3-5. Descriptive Contact Pressure Plot. 
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Figure 3-6. Descriptive von Mises Stress Profile. 

3.2.2 Discussion 

In Figure 3-5 it can be seen that, for perfectly planar surfaces, the contact pressure is 

focused at the location of clamp loading and quickly falls off to be negligible outside of 

the direct area of influence under the bolt head and washer system. This observation is 

supported by the plot of von Mises stress, in Figure 3-6, which shows that the material is 

primarily stressed in the area that is directly influenced by the clamping of the bolt. The 

local stresses on the extremities of the bus bar are phantoms due to the modeled 

displacement constraint at these locations.  

The simulation is idealized to solve for the case of perfectly planar mating surfaces. 

It will be seen that this is not realistic. On the other hand, comparison of these results 

with real samples of disassembled bus can provide insight into the nature of contact 

pressure and internal stresses in the bus. Macro photographs are presented which show 

the mating surfaces of previously in-use bus material. Via examination of contact witness 

marks, one can determine where a mating surface has actually come into contact with 

other mating surfaces. In Figure 3-7, one mating surface of a power conducting bus is 

shown. In Figure 3-8 and 3-9 the mating surfaces of a power conducting bus and load bus 



53 
 

 
 

are shown, respectively. The load bus is bolted to the power conducting bus for 

distribution of current to individual loads. 

 

 

Figure 3-7. Mating Surface of Power Conducting Bus with Witness Marks 

Outlined. 
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Figure 3-8. Mating Surface where Power Conducting Bus meets Load Bus 

 

 

Figure 3-9. Mating Surface of Load Bus. 

 

From all of the Figures 3-7 through 3-9, the first thing to note is that the true mating 

surface is much smaller than the expected or “apparent” mating surface. For example, in 
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Figure 3-7, the green dashed line shows the rough outline of the witness mark left by 

contact with another piece of bus bar. The location shown in Figure 3-7 is where this 

piece of main power conducting bus bar would be spliced to a second piece of main 

power conducting bus bar. Figures 3-8 and 3-9 show the reciprocal mating surfaces of a 

main power conducting bus and load bus. Again it can be noted that the actual contact 

area is much smaller than the apparent contact area. In the case of  

Figure 3-7, the irregular shape of the actual mating area is a function of geometric 

tolerances in the cross section of the bulk copper material with respect to its length and 

potentially process tolerance allowance for the thickness of the tin plating. The influence 

of these effects is seen in both mating surfaces, adding to the uncertainty of the problem. 

In Figures 3-8 and 3-9 the shape of the contact area is primarily a function of the 

construction method of the load bus. This particular load bus is a hollow copper bar 

which is cold formed in a press to create the flat mating surface and punch the mounting 

holes. Flattening of the originally tubular material leaves macro-scale surface waviness in 

the mating surface. The irregular pattern of contacting surfaces results and is not designed 

for.  

In the finite elements analysis, the mating surfaces are treated as perfectly planar. As 

such, their deformation under the clamping load of the simulated bolt system leads to a 

situation in which the surfaces come into contact directly in between the bolt head and 

washer. This leads to internal stresses being concentrated around this point.  

Examination of the samples shows that, without further quantifying study to produce 

accurate surface models, the qualities of the real situation must be extrapolated by 

interpretation of the simulation results because the bus bars are not perfectly planar. The 
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material shows contact wear outside of the area predicted in the simulation. In the case of 

main power conducting bus, this is probably due to combination of the geometric 

tolerance on the cross section of the bar as well as additional deformation of the area 

surrounding splicing holes as the holes are punched cold. Based on the simulation results, 

the contact pressure is expected to be concentrated in the areas showing witness marks 

and to quickly fall off on the fringes of these areas. Internal stresses in the material are 

generated due to the constraint created by the clamping bolts as well as interfacial 

contact. The areas where contact pressure is concentrated are where the conduction of 

electricity occurs across the splice. 

Splicing occurs at numerous points in the power distribution system. Every 

individual load gets its power from a load bus which is bolted to the main power bus. 

Every splice between main power bus sections is a double lap joint which uses a small 

splicing patch of copper bus bar material to complete the splice. This is described in 

Figure 3-10. As such, the actual number of interfaces is twice the number of such splice 

locations. For the power application of study, three-phase power is used. This then triples 

the amount of splicing interfaces for each point along the current stream of the bus. 

 

Figure 3-10. Description of Power Bus Splice. 
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The splice interface is not optimized for contact quality. In other words, the ratio of 

actual contact area to apparent contact area is very small. Since the amount of actual 

contact area is so small, fretting wear, and potential subsequent oxidation of mating 

surfaces, is of primary concern in the studied application. Considering the small area of 

actual contact and the extreme increase in resistance for oxidized copper, this is likely a 

primary cause of localized heat generation problems that may arise suddenly. 

Unfortunately, the supplier of industrial automation power distribution networks can only 

provide guidelines as to how frequently the system is taken offline and does not have 

direct control over the likelihood of fretting wear occurring in the field. An ideal 

approach to reducing the development of localized heat generation problems in the field 

is to optimize the mating contact surfaces of the bus. This could be provided through 

tighter geometric tolerances on the final bus material.  

As described earlier in Section 1.2.3, the bus is cold drawn and then sheared to 

length. This is an economical process. The flatness of the bus mating surfaces could be 

enhanced with additional cold work in a press, or with machining. Both suggested 

options for improving the mating surface are economically unattractive due to the 

external costs of adding additional processing to an entire family of parts, of which each 

part is made in many thousands, annually. The bus bar is a basic component in a very 

large number of assemblies. As such there would be a large internal engineering cost, due 

to the creation and processing of drawing and bill of materials changes and engineering 

change notices, associated with implementing a change to its processing. To optimize the 

mating surfaces via additional processing would not be feasible to pursue unless it could 
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be proven that it would drastically increase the reliability of the splice regarding the onset 

of problematic localized heating in the field. Based on the literature review portion of this 

text the author would argue that said increased reliability could be proven experimentally. 

A short term solution would be for the supplier to work with the customer to custom 

engineer the distribution network to reduce the number of splices between main power 

conducting buses on a project-to-project basis. 
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Chapter 4. Conclusion 

4.1 Summary 

In summary, there were two main purposes for the implementation of this project. 

The first was to design and validate a bolt pretension measurement method for in-situ 

measurements in industrial automation power distribution networks. The second was to 

generate a body of knowledge on the contact resistance behavior of the interface between 

bolted spliced electrical power distribution buses for a set of product. The author has put 

particular effort on maintaining the concept that the parameters governing the mechanical 

behavior of the bolted joint and those governing the electrical properties of the bolted 

electrical splice are highly process specific. Therefore, they are product specific, as 

geometrical and process tolerances are governed by the organization using the materials. 

This project is but a small piece in a much larger body of work that the author is 

developing.  

4.2 Conclusions 

A methodology is herein presented which can be used to design, tune, and validate a 

load cell for making in-situ measurements of pretension in bolts. The experimental load 

cell was validated to make measurements within 10% accuracy of the measurements 

made by an industry clamping load cell. A modeling equation which predicts pretension 

as a function of applied torque to the same level of accuracy is presented and compared to 

a typical calculation used in industry which, for the particular case of interest over-

predicts pretension by 150%. For brand new samples of bus material clamped with two 

bolts it was found that the contact resistance can vary by 170% between negligible 

pretension and 640 pounds of pretension load. Based on this result it is suggested that a 
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probable root cause for problematic localized heating of the bus is an increase in contact 

resistance across the splice due to stress relaxation of the bolt. Data on the stress 

relaxation of medium carbon steels is required for further analysis. The mating surfaces 

of samples of previously in-use bus material were examined and it is determined macro-

scale surface abnormality is leading parameter influencing the contact resistance for cold-

drawn, sheared, and punched tin-plated copper bus bar. Based on the literature review 

and understanding that oxidation of the copper surface will increase the local resistance 

by a factor of 10
10

, it is suggested that a an additional probable root cause for problematic 

localized heating in systems which have been brought offline and put back online many 

times is degraded mating surface quality on the bus bar via fretting corrosion and 

oxidation.  
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            lineColor = [1 0 1]; %magenta; 

        case 3 

            lineColor = [0 1 1]; %cyan; 

        case 4 

            lineColor = [1 0 0]; %red; 

        case 5 

            lineColor = [0 1 0]; %green; 

        case 6 

            lineColor = [0 0 1]; %blue; 

        case 7 

            lineColor = [0 0 0]; %black; 

        case 8 

            lineColor = [.7014 0 1]; %violet; 

        case 9  

            lineColor = [1 0.2706 0]; %red-orange; 

        otherwise 

            lineColor = [1 0.4964 0.1367]; %brown; 

         

    end 

     

    data(:,2) = data(:,2)/1000; %convert to Ksi 

    data(:,4) = data(:,4)/1000; %convert to Ksi 

   

    figure(222) 

    title ('Load vs. Strain Curves, Machined Specimens') 

    ylabel('Load (Lbf)') 

    xlabel('Strain') 

    hold on 

    plot(data(:,1),data(:,3),'Color',lineColor) 

    hold off 

     

    %convert load data array to percentage of yield stress 

    data(:,3) = data(:,2)/AverageYield; 

       

    figure(333) 

    title ('Stress vs. Strain Curves, Machined Samples') 

    ylabel('Stress (ksi)') 

    xlabel('Strain') 

    hold on 

    plot(data(:,1),data(:,2),'Color',lineColor) 

    hold off 

     

    %configure to plot 'modulus' data against % of yield 

stress 

    modCounter = 0; 

    for j = 1:length(data) 

        if data(j,3)<1.0 
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            modCounter = modCounter+1; 

        else 

            break 

        end 

    end 

     

     

    figure(444) 

    title ('Slope of Stress-Strain Curve, Machined 

Samples') 

    ylabel('"Modulus" (ksi)') 

    xlabel('% of Average Yield Stress') 

    hold on 

    

plot(data(1:modCounter,3)*100,data(1:modCounter,4),'Color',

lineColor) 

    hold off 

     

    %figure(i) 

    %plot(data(:,1),data(:,2),data(:,1),data(:,3)) 

     

 

     

end 

 

AverageData = AverageData/numberOfSamples; 

 

outputFileName = 'AveragedDataMach.csv'; 

outputFile = fopen(outputFileName, 'w'); 

fprintf(outputFile,'Strain , Stress , Modulus\n'); 

 

for i=1:length(AverageData) 

    fprintf(outputFile,'%12.8f , %12.8f , %12.8f\n', 

AverageData(i,1),AverageData(i,2),AverageData(i,3)); 

end 

 

fclose(outputFile); 
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Appendix C: MATLAB Script for Compression Test Processing 
 

%Automated Data Processor for Compression Test on Nuts. 

 

windowOfInterest = 350; 

AverageData = zeros(windowOfInterest,3); 

numberOfSamples = 7; 

 

for i=1:numberOfSamples 

 

    S = num2str(i); 

    fileName = strcat('Sample',S,'.csv'); 

    fid=fopen(fileName); 

    data = textscan(fid,'%f 

%f','HeaderLines',3,'Delimiter',',','CollectOutput',1); 

    fclose(fid); 

 

    data = data{1}; 

 

    data = [data zeros(length(data),1)]; 

    %[ (Deformation) (Load) (Load-Deformation Slope)] 

     

    lengthOfData=length(data) 

     

    for j=2:length(data) 

        data(j,3) = (data(j,2)-data(j-1,2))/(data(j,1)-

data(j-1,1)); 

    end 

     

    if i<windowOfInterest+1 

        AverageData(:,1) = AverageData(:,1) + 

data(1:windowOfInterest,1); 

        AverageData(:,2) = AverageData(:,2) + 

data(1:windowOfInterest,2); 

        AverageData(:,3) = AverageData(:,3) + 

data(1:windowOfInterest,3); 

    end 

     

    switch i 

        case 1 

            lineColor = [1 1 0]; %yellow; 

        case 2 

            lineColor = [1 0 1]; %magenta; 

        case 3 

            lineColor = [0 1 1]; %cyan; 

        case 4 
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            lineColor = [1 0 0]; %red; 

        case 5 

            lineColor = [0 1 0]; %green; 

        case 6 

            lineColor = [0 0 1]; %blue; 

        case 7 

            lineColor = [0 0 0]; %black; 

        case 8 

            lineColor = [.7014 0 1]; %violet; 

        case 9  

            lineColor = [1 0.2706 0]; %red-orange; 

        otherwise 

            lineColor = [1 0.4964 0.1367]; %brown; 

         

    end 

     

    data(:,2) = data(:,2)/1000; 

    data(:,3) = data(:,3)/1000; 

   

    figure(222) 

    title ('Load Profiles') 

    ylabel('Load (kip)') 

    xlabel('Deformation (in)') 

    hold on 

    plot(data(:,1),data(:,2),'Color',lineColor) 

    hold off 

     

    figure(444) 

    title ('Slope of Load Profiles') 

    ylabel('"Modulus" (kip/in)') 

    xlabel('Load (kip)') 

    hold on 

    plot(data(:,2),data(:,3),'Color',lineColor) 

    hold off 

     

    %figure(i) 

    %plot(data(:,1),data(:,2),data(:,1),data(:,3)) 

     

 

     

end 

 

AverageData = AverageData/numberOfSamples; 

AverageData(:,2) = AverageData(:,2)/1000; 

AverageData(:,3) = AverageData(:,3)/1000; 

 

figure(222) 
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hold on 

plot(AverageData(:,1),AverageData(:,2),'--k','LineWidth',3) 

hold off 

 

figure(444) 

hold on 

plot(AverageData(:,2),AverageData(:,3),'--k','LineWidth',3) 

hold off 

 

outputFileName = 'AveragedData.csv'; 

outputFile = fopen(outputFileName, 'w'); 

fprintf(outputFile,'Deformation , Stress , Modulus\n'); 

 

for i=1:length(AverageData) 

    fprintf(outputFile,'%12.8f , %12.8f , %12.8f\n', 

AverageData(i,1),AverageData(i,2),AverageData(i,3)); 

end 

 

fclose(outputFile); 

 

 


