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ABSTRACT 

A baseline three-dimensional Finite Element (FE) model has been developed for a 
structural detail on an F-lll lower wing skin at Forward Auxiliary Spar Station 
(FASS) 281.28. This location has been the site of cracking in both RAAF and USAF 
aircraft. The FE model was developed using precise thickness measurements 
appropriate for a specific full-scale test wing available at AMRL (serial number A- 
10-824). This document is a sensitivity study of the finite element model. The effects 
of small dimensional changes falling within the range of the manufacturing 
tolerances are investigated. This will allow a quantitative assessment of the stress 
variations which could be expected at that location within the F-lll fleet. 
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Sensitivity Study of an AMRL Finite Element 
Model of the F-lll Lower Wing Skin Structural 

Detail at Forward Auxiliary Spar Station 
(FASS) 281.28 

Executive Summary 

A baseline three-dimensional Finite Element (FE) model has been developed for a 
structural detail on an F-lll lower wing skin at Forward Auxiliary Spar Station (FASS) 
281.28. This location has been the site of cracking in both RAAF and USAF aircraft. The 
FE model was developed using precise thickness measurements appropriate for a 
specific full scale test wing (serial number A10-824) available at AMRL. This report 
documents an investigation into the sensitivity of the FE model to small changes in the 
local geometry. The effects of geometry extremes within the range of manufacturing 
tolerances are investigated. Parameters investigated include skin thickness, the fillet 
radii around the fuel-flow passage, and the effectiveness of the skin to spar fasteners. 
The most sensitive parameter was found to be the skin thickness. Consequently, it has 
been recommended to the RAAF that non-destructive in-situ measurements of the 
local skin thickness at this critical location on all RAAF F-lll aircraft would provide a 
useful indication of susceptibility to cracking. 
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1. Introduction 

The discovery of a 48 mm chordwise fatigue crack at a fuel-flow passage at Forward 
Auxiliary Spar Station (FASS) 281.28 in the lower wing skin of a RAAF F-111C aircraft 
(Tail Number A8-145) has led to the use of an adhesively bonded patch repair. A 
similar crack had also been discovered in the wing of a USAF F-111G aircraft. A series 
of Finite Element (FE) models of the local region indicated in figure 1 has been 
developed, as part of a comprehensive repair-substantiation program being 
undertaken by AMRL for a RAAF-designed bonded composite repair for this cracking. 
Detailed thickness measurements undertaken on a full-scale wing available at AMRL 
(ex-USAF F-111A, serial no: A-10-824) were used to create a baseline FE model, as 
detailed in [1]. This model was validated and calibrated by comparing the FE results 
with experimental strain-gauge data obtained from a strain survey undertaken on that 
wing. 

FASS 281.28 

Forward Auxilaty Spar 

OUTBOARD 

Figure 1. Fuel-flow passage 

AFT 

Portable hand routers are used in the final manufacturing process of the Fuel-Flow- 
Passage (FFP) [2]. This has led to significant variations in local geometry. It was found 
through ultrasound thickness measurements [3] that the actual thickness of the test 
wing was outside the engineering drawing specifications [4] (approximately 12 per 
cent increase). Due to the relatively small dimensions associated in the fuel-flow area, 
this small geometry change had a significant effect on the strain distribution 
surrounding the crack site. 
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Along with the wing skin thickness, variations in the fillet radii and the assumed spar 
contact area on the spar landing were also found to affect the strain distribution at the 
FFP in the FE model. This report documents the effect of small changes to these three 
parameters. To minimise run time, no coupling of the varied parameters was 
considered. 

2. Thickness Sensitivity 

The total stress at the FFP is a combination of bending and tensile load. The neutral 
axis offset between the wing skin and the spar landing produces the localised bending 
stress. The tensile load is derived from the entire wing bending. Both stresses are 
proportional to the wing skin thickness. Because of the relatively thin wing skin 
(nominally 3.7 mm), small variations of even half a millimetre can create a large 
percentage change in the thickness. These small variations can be created from the 
manufacturing process. The test wing for example has an average wing skin thickness 
of 4.19 mm, whereas the skin thickness on the cracked F-111G wing is 3.3 mm. This 
section documents the effect of expected thickness variations within the F-lll fleet on 
the stress and strain fields at the FFP. 

2.1 Drawing specifications 

The manufacture of the F-lll including the wings, is outlined in [2]. Drawing 
specifications allow a wing skin thickness of 0.143 +0.010 inches (3.6 +0.2 mm) [4]. 

2.2 Test wing dimensions 

Ultrasound testing of the F-111A test wing skin indicated a thickness of 0.163 ±0.007 
inches (4.15 ±0.17 mm) at the centre of the FFP [3]. 

2.3 Finite element model 

The finite element model documented in [1], assumes a constant skin thickness of 
4.3 mm (0.169 inches). This value corresponds to the average wing skin thickness for 
the test wing at the FFP. The skin thickness in the critical region at the centre of the 
fuel flow passage is approximately 4.2 mm (0.165 inches) and the skin thickness 
variations described in this report refer to changes in the skin thickness in the critical 
region. 
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2.4 Sensitivity range 

The present investigation into wing-skin thickness sensitivity uses FE results for wing 
skin thicknesses ranging from 3.6 mm to 4.2 mm. These values correspond respectively 
to the minimum acceptable thickness, according to the design specifications, and the 
actual skin thickness measured on the A-10-824 test wing. The chordwise strain 
distribution results for different wing skin thicknesses at CPLT loading are shown in 
Appendix A. 

3. Radii Sensitivity 

As far back as Wöhler's experiments on railway axle failures [5], the radii at step 
downs have been recognised as an important parameter in fatigue fracture mechanics. 
The stress concentration at the fuel-flow passage is closely bounded by two spar- 
landing step downs or fillets. The engineering design drawings for the F-lll wing 
specify a fillet radii design tolerance of approximately five percent at the FFP [4]. These 
tolerances were designed to allow for small geometry variations in the manufacture of 
the wing skin. This section documents the influence of fillet radius variations within 
design tolerances on the stress and strain distribution at the FFP. 

3.1 Drawing specifications 

The General Dynamics drawing specifications defined the fillet radii dimensions at the 
FFP as 0.38 ±0.024 inches (9.6 ±0.6 mm) [4]. 

3.2 Measured radii 

A polyether mould of the fuel-flow passage was taken from the test wing. 
Approximate radii measurements placed the fillet radii at between 8 mm and 
10 mm [6]. 

3.3 Finite Element model 

Due to the range of fillet radii measurements, a radius of 9.6 mm was selected for the 
FE model fillets. This value corresponds to the drawing specifications, and is within 
the measured radii range. 
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8.0mm 

9.6mm 

10.2mm 

Figure 2. Range of selected radii 

3.4 Range selected 

To investigate the sensitivity of fillet radii variations, results for radii between 8.0 and 
10.2 mm were obtained. These radii represent the maximum and nunimum values of 
the measured and designed fillet radii at the FFP. Results for stress, strain and the 
deformed shape at the FFP are shown in Appendix B for CPLT loading. 

4. Effective bolt clamping radius 

The method of fastening the spar to the spar landing in the FE model influences the 
amount of support transferred from the spar to the wing skin, which in turn influences 
the stress distribution at the FFP. The amount of the spar fastened to the spar landing 
is based on an effective bolt clamping area [7]. An area of adjoining nodes on the spar 
cap and spar landing are collapsed onto each other along most of the length of the 
landing. Gap elements are inserted between the spar cap and spar landing in the 
remaining area between the bolt centres bridging the fuel flow passage. This allows the 
skin and spar landing to bend independent of the spar cap hence allowing variations 
to the FE stress strain distribution. This section documents the effect of reasonable 
variations of the effective bolt clamping area on the stress and strain distributions at 
the FFP. 

4.1 Definition 

4.1.1 Actual wing 

For the actual wing, a circular area can be used to approximate the clamping zone as 
shown in figure 3. The Effective Bolt Clamping Radius (EBCR) is used as a geometry 
parameter. 
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Taper-lock bolt 

Figure 3. Definition ofEBCR 

As the wing deforms the shape of the effective bolt clamping zone will change. Due to 
the localised bending, the largest deformation of the FE model spar landing occurs at 
the FFP. It is therefore assumed that the EBCR closest to the passage will exhibit a 
larger variation than at the other bolt locations. 

4.1.2 Finite Element Model 

The FE model bolt clamping zone is assumed to modelled as a rectangular area of 
nodes joined to the spar and spar landing. This is shown in figure 4. 

Figure 4. FE definition ofEBCR 
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As shown by figure 5 below, when the value of the EBCR is increased, the width and 
length of the rectangle increases with respect to the centre of the actual bolt location 
closest to the FFP. 

Centre of first bolt on 
spar landing closest to the FFP 

Effective Bolt Clamping Area 

\   Effect of increasing the EBCR on the 
FE model's effective bolt clamping area 

Figure 5. Effect of varying the EBCR to FE model effective bolt clamping area 

4.2 Sensitivity range 

The minimum chosen EBCR value was that of the taper-lock fastener shank diameter 
(6.5 mm). A selection of bolt clamping radii were chosen arbitrarily. The strain results 
at CPLT loading are compared in Appendix C. 

5. Discussion 

5.1 Thickness sensitivity 

The results shown in Appendix A indicate that a change in wing skin thickness 
produces a shift in the FE strains. As shown in the following equation, the total stress 
is a combination of tensile load and bending: 

-L   Ml 
~ A+  I 

As the cross-sectional area "A" decreases, the tensile stress increases for the same 
applied force. At the FFP, as the wing skin thickness decreases, the neutral axis offset 
becomes larger producing a larger bending moment "M", and the magnitude of the 
second moment of area "I" decreases. These changes increase the magnitude of the 
bending stress. The net result is an increase in the magnitude of the total stress on the 
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inside surface (in tension), and a lesser increase in magnitude on the outside surface. 
Assuming linear elasticity, the strain is directly proportional to stress, and thus would 
follow the same trend. 

The wing skin thicknesses for the FE models used in the sensitivity study were based 
on the extreme design specifications (3.6 and 3.8 mm), and that of the test wing. The 
minimum thickness of 3.6 mm is used as it is the most conservative. The maximum 
percentage decrease in strain within the design tolerances was calculated by the FE 
model to be 1.4 percent on the outside surface and 8.5 percent on the inside surface of 
the FFP centre. The test wing FE model, with a wing skin thickness of 4.19 mm, 
calculated a 15.2 percent decrease in strain on the outside surface and a 32.7 percent 
decrease on the inside surface compared to the base line 3.6 mm thick wing skin 
model. 

The decrease in the strain due to an increase in wing thickness on the outside surface 
of the wing skin is not as large as on the inside surface. This can be explained by the 
large stress decrease caused by the tensile load an the outside surface being only 
moderately reduced by the compressive bending stress. The magnitude of these strain 
variations would have a significant influence on the fatigue behaviour. 

5.2 Radii sensitivity 

Results shown in Appendix B indicate that the fillet radii most sensitive to change is 
situated on the centreline of the spar landing as shown in figure 5. 

As the governing fillet radius is increased, the transition line between edge of the 
radius and the flat wing skin moves towards the crack line (Appendix B.2). After 
deformation occurs there is a peak produced on the inside surface of the crack line 
(Appendix B.3). This is the location of the maximum bending and tensile stress. A 
second stress concentration is produced at the location of the transitional line. As the 
radius increases, the effects of both stress concentrations converge (Appendix B.3). The 
interaction of both stress concentrators leads to an increase in the maximum stress. 
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governing radius 

Transition line 

Figure 6. Location of critical radii 

5.3 Effective bolt clamping radius (EBCR) 

The presence of a spar creates a bending restraint which has an affect on the deformed 
shape at the FFP as shown in figure 7. The restraining effect varies with EBCR. An 
increase in ECBR provides more restraint which decreases the radius of curvature 
observed at the FFP and reduces the secondary bending. This is reflected in the 
increased value in the minimum strain on the lower surface (Appendix Cl). The 
mechanism for this is that the increased EBCR leaves a shorter spanwise distance 
across the FFP which may move upwards to accommodate the neutral axis offset 
between the spar landing and the skin. 

1 y  '■" * » 
EBCR 

/ ^y           v^_ 
 __^-^ 
 - -  

A-A 
Figure 7. Effect of EBCR on deformed shape 

B-B 
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The discrete nature of the EBCR restraint in the FE model creates small stress 
concentrations around the nodes at the edges of the spar attachment area. However 
the locations at which calculated strains are examined however are far enough from 
these stress concentrations so as not to be influenced by them. 

As the structure deforms, the spar landing diverges from the spar at the end of the 
EBCR restraint, as shown in figure 7. The spar landing at the edge of the FFP remains 
in contact with the spar. Gap elements are used here to allow compressive only load 
transfer and to prevent the separate structural elements from passing through one 
another. As the EBCR is increased, the extent of vertical translation and the radius of 
curvature of the wing skin at the centre of the FFP is reduced. This increases the 
calculated strains at the FFP with the inside surface increasing by more than the 
outside surface (Appendix Cl & 2). 

6. Conclusion 

6.1 Wing skin thickness 

The most sensitive parameter investigated was found to be the wing skin thickness. A 
variation in the wing skin thickness produces a significant strain shift. The thinner the 
wing skin , the larger the stresses and strains become at the FFP. Based upon these 
findings, it is recommended that non-destructive in-situ measurements of the local 
skin thickness at the FFP would provide an indication of the susceptibility to cracking 
at this location. 

6.2 Wing skin radii 

A variation in the spar landing fillet radius at the FFP produced a change in the FE 
stress distribution. A decrease in the fillet radius within the engineering design 
tolerances, was found to decrease the magnitude and spread of the stress concentration 
at the FFP. 

6.3 Effective bolt clamping radius 

A variation of the EBCR was found to affect the stress and strain distribution at the 
FFP. An increase in EBCR resulted in an increase in bending and therefore stress 
magnitudes at the crack location. 
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Appendix A 2 
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Appendix B 1.1 
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Appendix B 1.2 
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Appendix B 2 

Comparison of deformed shapes with differing fillet 
radii at CPLT loading conditions 

fillet 

8 mm 
9.6 mm 
10.4 mm 

Tangent locations 
10.4 mm   9.6 mm 8 mm 
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Appendix B 3 

Uniaxial stress comparison at CPLT load conditions 

8.0 mm rad 

^am 
- __/'■ 

Iplil 

9.6 mm rad 

10.4 mm rad 

fillet rad 

'xx (MPa) 

>450 
>400 
>350 
>300 
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>200 
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