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Tension-Bearing Couples (TBC), Part II*

 

: Adding Realism to the 
FEM Validation of Proposed Analysis Approach 

Hatem H. Daken† and M. Kamal Shoukry‡

1. Introduction 

 
 
Abstract: This article discusses the results of seven (7) fastener joints analyzed using the 
enhanced analysis approach proposed in Reference 2 as compared to the results of finite 
element models that were constructed to simulate the actual properties and behavior of these 
joints.  These finite element models, unlike the idealized ones of Reference 2, permit flexural 
and shear deformations in the joint plates.  Results of the proposed enhanced analysis 
approach differ significantly from the results of the realistic FEM models.  The difference is 
approximately between +20% and -80%.  Results of the realistic FEM models also indicate 
that the moment induced tensile load is carried mainly by the fasteners at the fitting’s free 
edges being pulled up by the out-of-plane bending moment.  A probability distribution of 
fastener maximum load correction factors is established for use with the proposed enhanced 
analysis approach.   
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The validation and evaluation of the new analysis approach1 is introduced in Reference 2. 
This article addresses the effects of permitting flexural and shear deformations in the upper 
plate of the finite element models on the validation results discussed in the above reference2

This article entails seven (7) of the fastener joints described in Reference 2 and illustrated in 
Figure 1 and Figure 2 of this reference, excluding joint 4x4A.  The materials selected for use 
in the proposed enhanced analysis approach are: 7050-T74 aluminum die forging per AMS 
4107, with extensional/compressive modulus of elasticity of 10.7x106 psi, for the fitting, 6Al-
4V titanium alloy per AMS 4965, with extensional modulus of elasticity of 16.0x106 psi, for 
the fasteners.  No material needs to be selected for the substrate/base because the proposed 
enhanced analysis approach assumes all extensional deformations to occur in the fasteners and 
all compressive deformations to occur in the fitting. 
 
 

. 
 

2. Finite Element Modeling 
Autodesk Algor Simulation 2010 was used to construct finite element models that 
simulate the properties and behavior of the fastener joints under investigation.  All 
components of the fastener joints are modeled using isotropic 8-node brick elements with 
compatibility enforced.  An approximate absolute mesh size of 0.065” is used for all joint 
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components.  Enforced boundary conditions are such that all six degrees of freedom are 
constrained at the lower surface/plane of the substrate/base while only five degrees of freedom 
are constrained at the lower fastener heads.  Translation along the z-axis direction is 
unconstrained for all fasteners.  Surface contact pairs are established between the upper 
fastener heads and the upper surface/plane of the fitting, the lower surface/plane of the fitting 
and the upper surface/plane of the substrate/base, and the lower surface/plane of the 
substrate/base and the lower fastener heads.  The details of the finite element models are 
described and depicted in Reference 2. 
 
The proposed enhanced analysis approach idealizes the fitting as a plate of infinite flexural 
and shear stiffness supported by tension springs in the tension region and a compression 
spring in the bearing region.  These springs rest on a foundation of infinite extensional-
compressive stiffness.  It also assumes that extensional deformations are allowed only in the 
fasteners while compressive deformations are allowed only in the bearing side of the fitting.  
The realistic FEM models, on the other hand, assume the fitting as a plate of finite flexural 
and shear stiffness supported by tension springs in the tension region and a compression 
spring in the bearing region.  These springs rest on a foundation of infinite extensional-
compressive stiffness.  This simply means that flexural, shear, and extensional-compressive 
deformations are allowed everywhere within the model except the substrate/base. 
 
The fitting material is 7050-T74 aluminum die forging per AMS 4107, with 
extensional/compressive modulus of elasticity of 10.7x106 psi, the fasteners are 6Al-4V 
titanium alloy per AMS 4965, with extensional modulus of elasticity of 16.0x106 psi, and the 
substrate/base material is a fictitious material based on AISI 4130 low-alloy steel per AMS 
6350, with extensional modulus of elasticity of 29.0x1012 psi.  
 
The proposed enhanced analysis approach and FEM analysis are performed according to the 
validation roadmap depicted in Figure 9 of reference 2.  The analyzed joints are loaded in the 
realistic FEM models as described and shown in Figure 5 of same reference. 
 
 
3. Validation Results, Comparisons, and Discussions 
The ratio of the modulus of elasticity of the fasteners to that of the fitting in Reference 2 is 
(16.0x106/29.0x1012) or 0.000001.  This is intended mainly to prevent flexural and shear 
deformations in the idealized FEM models.  In the current study this ratio is 
(16.0x106/10.7x106) or 1.495327, which is intended mainly to permit flexural and shear 
deformations in the realistic FEM models.  The impact of the difference between these two 
ratios is depicted in Figure 1.  This figure represents the 8x2 joint loaded by an out-of-plane 
bending moment that makes zero degree angle with respect to the local x-axis.  The upper part 
is the result of the idealized FEM model and the lower part is the result of the realistic FEM 
model.  The reason for these two significantly different results is the difference between the 
moduli of elasticity ratios of the fasteners and fitting in the idealized and realistic FEM 
models, i.e. 0.000001 and 1.495327. 
 
To demonstrate the impact of permitting flexural and shear deformations, in the realistic FEM 
models, on the general deformation pattern of the fitting, Figure 2 illustrates a 6x4 joint 
loaded by an out-of-plane bending moment that makes a 60° angle with to the local x-axis. 
 
The results of the realistic FEM models demonstrate, and contrary to the idealized FEM 
models, that: 
 
o Equations 1 through 11 of Reference 1 and equations 1 through 8 of Reference 2 are 
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valid only for the proposed enhanced analysis approach and idealized FEM models.  
They do not apply for the realistic FEM models 

o The realistic FEM models do not result in any zero-load fasteners, as illustrated in 
Figure 1 

o There are regions of separation, or no contact, between the fitting and the 
substrate/base as depicted in Figure 1 

o The bearing area of the fitting is not localized to one region and does not have regular 
shapes as the proposed enhanced analysis approach and idealized FEM models 
assume, Figure 3 

o Flexural and shear deformations exhibit a high gradient and localized pattern near the 
free edges of the fitting that the out-of-plane bending moment tries to pull up.  This is 
demonstrated by the patterns and magnitudes of the Z-displacement contours depicted 
in Figure 4 through Figure 10 

 
The maximum and total fastener loads computed by the proposed enhanced analysis approach 
were compared with their counterparts resulting from the realistic FEM models for every joint 
and out-of-plane bending moment angle.  The results are depicted in Figure 11 and Figure 12.  
The differences are significant and approximately range from +20% to -80%.  When these 
parameters were compared to the results of the idealized FEM models the differences were 
only ±10%.  This is mainly because both  the proposed enhanced analysis approach and the 
idealized FEM models do not account for flexural and shear deformations in the fitting.  
These significant differences do not kill the proposed enhanced analysis approach altogether.  
The introduction of correction factors for the results of the proposed enhanced analysis 
approach can solve this problem. 
 
The correction factors for the total and maximum fastener load are depicted in Figure 13 and 
Figure 14.  A correction factor is simply the ratio of the result of realistic FEM model divided 
by the respective proposed enhanced analysis approach result.  StatSoft’s® STATISTICA 
9.0.231.9 was utilized to create the normal probability plot for the fastener maximum load 
correction factors.  This analysis entails correction factors for all joints and all applied out-of-
plane bending moment angles.  The resulting probability plot is depicted in Figure 15.  The 
abscissa of this figure represents observed values of fastener maximum load correction factors 
and the ordinate represents expected normal values, which are expressed in terms of a normal 
distribution standard deviation multiplier. 
 
STATISTICA was also used to create observed and expected normal probability and 
cumulative probability for the fastener maximum load correction factors.  This analysis also 
entails correction factors for all joints and all applied out-of-plane bending moment angles and 
is depicted in Figure 16. 
 
As part of the previous analysis, STATISTICA performed a chi-square test to evaluate the 
goodness of fit of the fastener maximum load correction factors to a normal distribution.  The 
parameters of this chi-square test are: 
 
o Number of categories is 11, 
o Lower limit is 0.6, 
o Upper limit is 3.8, 
o The mean is 2.0656303, and  
o The variance is 0.41404005. 
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As a background, the chi-square test is used to determine whether there is a significant 
difference between the expected and observed frequencies in one or more categories3

o χ2 value is 1.04817, 

.  This 
test resulted in: 
 

o p value is 0.7896, and 
o Adjusted number of degrees of freedom is 3. 
 
This means that there is a 78.96% probability that the difference between expected and 
observed values is due to chance alone and accordingly we cannot reject the null hypothesis. 
 
The upper bound of the fastener maximum load correction factors (FMLCF) is depicted in 
Figure 14 versus the angle of applied out-of-plane bending moment with respect to the local 
x-axis.  Maximum values occur at α=0° and α=90° while the minimum value occurs at 
α=45°.  Based on this fact, once the FMLCF is determined from Figure 16, per our preference 
of confidence level, the fastener maximum load correction factor can be determined for any 
angle of the applied out-of-plane bending moment using: 
 

( ) ( ) ( )FMLCF p, FMLCF p AngFac sin 2α = − ⋅ ⋅α , where: 
 
FMLCF(p,α) Fastener maximum load correction factor as function of the angle of 

applied out-of-plane bending moment with respect to the local x-axis 
and selected confidence level 

FMLCF(p) Fastener maximum load correction factor as of function of selected 
confidence level, from Figure 16 

AngFac Factor to account for the angle of the applied out-of-plane bending 
moment vector with respect to the local x-axis 

α Angle of applied out-of-plane bending moment with respect to the local 
x-axis 

 
An added merit for using the enhanced analysis approach is depicted in Figure 17.  As 
illustrated, the processing times for the finite element models are extremely higher than the 
processing time for the proposed enhanced analysis approach.  The processing times for the 
finite element models are based on using Dell Precision Mobile Workstation M6300 with Intel 
Core 2 Duo CPU T9300 @ 2.50 GHz and 8 GB of 2.49 GHz RAM and Autodesk Algor 
Simulation 2010 iterative AGM solver.  The proposed enhanced analysis approach processing 
time is less than one (1) minute for any analyzed joint or moment angle. 
 
 
4. Conclusions 
The results of the realistic FEM models are significantly different from the results of proposed 
enhanced analysis approach.  Percentage differences between results of the proposed 
enhanced analysis approach and results of the realistic FEM models approximately range from 
+20 to -80% for the highest fastener tensile load and +20% to -30% for the total tensile load 
of all fasteners across all joints analyzed.  These differences are attributed to: 1) allowing 
flexural and shear deformations of the fitting in the realistic FEM models; 2) the fastener 
flexural and shear deformations, particularly in the direction of the shorter dimension of the 
fitting; and 3) bearing area of the fitting is not localized to one region and does not have 
regular shapes as the proposed enhanced analysis approach and idealized FEM models 
assume. 
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The correction factors determined in this study are based on fastener/fitting modulus of 
elasticity ratios of 0.000001, representing the proposed enhanced analysis approach and 
idealized FEM models, and 1.495327, representing the realistic FEM models.  The estimated 
correction factor is assumed to be 1.0 for the first and approximately 3.80 for the second.  Our 
next task is to determine correction factors for different fastener/fitting combinations that 
entail: aluminum/steel, modulus of elasticity ratio of 0.362; titanium/steel, modulus of 
elasticity ratio of 0.583; aluminum/titanium, modulus of elasticity ratio of 0.656; 
titanium/titanium, modulus of elasticity ratio of 1.056; titanium/aluminum, modulus of 
elasticity ratio of 1.495, steel/titanium, modulus of elasticity ratio of 1.813; and 
steel/aluminum, modulus of elasticity ratio of 2.843.  We believe these combinations represent 
every possible fastener/fitting combination from an engineering perspective.  This would 
enable us to develop a chart for correction factors versus the fastener/fitting modulus of 
elasticity ratio to be used with the proposed enhanced analysis approach.  The true potential of 
the TBC proposed enhanced analysis approach can only be evaluated after such work is 
complete. 
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Figure 1: The Deformation Patterns of Idealized and Realistic FEM Models for the 8x2 
Joint Loaded with a 0° Bending Moment  

 
 
 

 
 

Figure 2: Deformation Pattern of a Realistic FEM Model for the 6x4 Joint Loaded with 
a 60° Bending Moment  
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Figure 3: Bearing Regions of the Realistic FEM Models 
 

  



Paper: ASAT-14-032-ST 
 
 

8 

 

 
 

Figure 4: Comparison between the Z-Displacement Contours of Idealized and Realistic 
FEM Models - 8x4 Joint Loaded with a 45° Bending Moment 

 
 

 
 

Figure 5: Comparison between the Z-Displacement Contours of Idealized and Realistic 
FEM Models - 6x4 Joint Loaded with a 45° Bending Moment 
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Figure 6: Comparison between the Z-Displacement Contours of Idealized and Realistic 
FEM Models - 4x4 Joint Loaded with a 45° Bending Moment 

 
 
 

 
 

Figure 7: Comparison between the Z-Displacement Contours of Idealized and Realistic 
FEM Models - 4x8 Joint Loaded with a 45° Bending Moment 
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Figure 8: Comparison between the Z-Displacement Contours of Idealized and Realistic 
FEM Models - 3x5 Joint Loaded with a 45° Bending Moment 

 
 

 
 

Figure 9: Comparison between the Z-Displacement Contours of Idealized and Realistic 
FEM Models - 8x2 Joint Loaded with a 45° Bending Moment 
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Figure 10: Comparison between the Z-Displacement Contours of Idealized and Realistic 
FEM Models - 8x1 Joint Loaded with a 45° Moment 

 

 
Figure 11: Percent Difference between Enhanced Analysis approach and Realistic FEM 

Analysis Predictions for Total Fastener Loads – All Joints 
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Figure 12: Percent Difference between Enhanced Analysis approach and Realistic FEM 

Analysis Predictions for Maximum Fastener Load – All Joints 
 
 

 
Figure 13: Ratio of Realistic FEM to Analysis approach Predictions - Total Fastener 

Loads 

Maximum Fastener Load
Titanium Fasteners/Aluminum Fitting

-80%

-70%

-60%

-50%

-40%

-30%

-20%

-10%

0%

10%

20%

0 10 20 30 40 50 60 70 80 90

Moment Angle  [degrees]

   
%

 D
iff

er
en

ce
 b

et
w

ee
n 

A
na

ly
tic

al
 M

od
el

an
d 

FE
M

 A
na

ly
si

s 
 P

re
di

ct
io

ns

8X4 Joint

8x2 Joint

8x1Joint

6X4 Joint

4X4 Joint

4X8 Joint

3X5 Joint

The dashed lines represent High Aspect Ratio Joints

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1.20

1.30

1.40

1.50

0 10 20 30 40 50 60 70 80 90

R
at

io
 o

f R
ea

lis
tic

 F
E

M
 to

 A
na

ly
tic

al
  

M
od

el
 P

re
di

ct
io

ns
   

Moment Angle  [degrees]

Total Fastener Loads
Titanium Fasteners/Aluminum Fitting

8X4 Joint

8x2 Joint

8x1 Joint

6X4 Joint

4X4 Joint

4X8 Joint

3X5 JointThe dashed lines represent High Aspect Ratio Joints



Paper: ASAT-14-032-ST 
 
 

13 

 
Figure 14: Ratio of Realistic FEM to Analysis approach Predictions - Maximum 

Fastener Load 
 

 
Figure 15: Normal Probability Plot of Fastener Maximum Load Correction Factors 
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Figure 16: Observed and Expected Probabilities of Fitting a Normal Distribution to the 

Fastener Maximum Load Correction Factor and the Chi Test Results  
 
 

 
Figure 17: Processing Times of the Realistic FEM Models  
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Figure 18: Realistic FEM Results Z-displacement Contours and Angle of Applied Out-

Of-Plane Bending Moment for the 8x4 Joint 
 
 

 
Figure 19: Realistic FEM Results Z-displacement Contours and Angle of Applied Out-

Of-Plane Bending Moment for the 6x4 Joint 
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Figure 20: Realistic FEM Results Z-displacement Contours and Angle of Applied Out-

Of-Plane Bending Moment for the 4x4 Joint 
 

 

 
Figure 21: Realistic FEM Results Z-displacement Contours and Angle of Applied Out-

Of-Plane Bending Moment for the 4x8 Joint 
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Figure 22: Realistic FEM Results Z-displacement Contours and Angle of Applied Out-

Of-Plane Bending Moment for the 3x5 Joint 
 
 

 
Figure 23: Realistic FEM Results Z-displacement Contours and Angle of Applied Out-

Of-Plane Bending Moment for the 8x2 Joint 
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Figure 24: Realistic FEM Results Z-displacement Contours and Angle of Applied Out-

Of-Plane Bending Moment for the 8x1 Joint 
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