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Abstract 

This article aims to understand the maintenance program Mid-Life Update (MLU) of the F-16 

aircrafts, which is performed at OGMA. There was a permanent contact with Programming and 

Production Control and Maintenance Engineering departments, trying to understand the roll of each one 

in the program, and somehow recreate a bit of the work done in both departments. 

With Programming and Production Control department it was identified the need to implement a 

visual tool linked to Working Letters system applied in the F-16 maintenance hangar. In order to optimize 

the interpretation of the Working Letters important data a Macro, in Visual Basic, was developed. This 

allows with a single click the generation of a Gantt chart based on the previous day information. The 

final result is on-time visualization of what is going in the aircraft maintenance milestones. 

With Maintenance Engineering department it was identified one critical component replaced during 

the MLU program. Based on the component technical drawings provided, a 3D model was created with 

CAD software and after that it was imported in a Finite Elements software to perform different analysis, 

such as static, fatigue, fatigue crack growth and Cold Work. These analyses intended to verify if the 

component enters the plastic domain and in worst case if rupture occurs during life time. 
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1. Introduction  

The F-16 is a single-engine multirole fighter 

aircraft produced by Lockheed Martin. This aircraft 

production started in 1973 and USAF received the 

first models in 1978. It was the first fighter to reach 

9g. Its maneuverability and lightness are two great 

points that allows the F-16 to take advantage 

during missions against extremely recent fighters 

and because of this is the preferred fighter among 

several air forces all over the world including the 

Portuguese Air Force (FAP) [1]. 

 

2. MLU Program  

The MLU program was introduced in the 

beginning of 90´s and had the main goal of extend 

the operationally of the F-16 for more 20 years 

with the same efficiency in missions. In Portugal, 

the F-16 aircrafts of FAP suffered the majority of 

the MLU modifications at OGMA. The new 

configuration includes new avionics, new 

weapons, cockpit layout change, motor upgrade 

and the most important structural components 

modification [2] [3] [4] [5]. 

Inside the MLU are two programs that involves 

structural modifications, named Falcon Up and 

Falcon STAR. The objective of both programs is 

to increase aircrafts service life time from 5500 to 

8000 hours. In general, a F-16 mission lasts for 1h 

and 30min which means that aircraft will perform 

5333 instead of 3666 missions [3] [5] [6]. 

 

3. Programming and Production Control 

The Programming and Production Control 

department (MCP) is responsible for the 

production planning. The most important tools in 

this department are the Working Letters which 

allows to define and register all maintenance 

tasks.  

mailto:luis.f.n.caldeira@live.com.pt


 

2 
 

These letters are provided by Maintenance 

Engineering and implemented by MCP. As 

responsible for planning, MCP has to define the 

priorities attending to the deadlines imposed to 

aircrafts, motors and components.  

The author mission was to help this 

department to implement a new Working Letters 

programming method applied for the F-16. 

By developing a Macro in Visual Basic to run 

at Microsoft Excel and PowerPoint it was possible 

to create a visual tool, friendly user and easy to 

understand for the F-16 hangar maintenance 

technicians. This Macro imports all the data from 

the Letters generating a Gantt in a PowerPoint.  

 

4. Maintenance Engineering 

The Maintenance Engineering is another 

department with a great contribute for this article.  

This department is responsible for the 

Engineering Orders where the maintenance tasks 

methodology is defined.  

Working together with this department allowed 

the identification of one critical structural 

component of the F-16 which was replaced during 

the MLU program.  

That component is the main landing gear 

lower bulkhead which withstands bigger loads 

than the majority of all other components during 

one particular phase of flight – the landing. The 

bulkheads, before and after MLU, are shown in 

Figure 1. 

 

 
Figure 1 – Bulkheads replacement [7] 

 

The old bulkhead had never been replaced 

since the manufacturing of the aircrafts, having 

already 3200 flight hours.  

Like it was said it is supposed that the F-16 

reaches 8000 flight hours. So the new bulkhead 

has to fulfill at least 4800 flight hours which is 

approximately 3200 missions and that is going to 

be verified in later chapters of this article. 

For the analysis it was necessary to establish 

a CAD model to be exported to a Finite Element 

(FE) software. For CAD the chosen program was 

CATIA v5-6 2012 and for FE it was ANSYS 

Workbench 14.5. One 3D view of the bulkhead 

CAD model is shown in Figure 2 [8]. 

 

 
Figure 2 - Isometric 3D view of the bulkhead CAD model 

 

The old and new bulkheads are from 

Aluminum and Copper alloys, respectively Al 

2024-T351 and Al 2124-T851. The most important 

proprieties for both alloys required to perform the 

analysis in Workbench are shown in Table 1 [9]. 

 

Material Proprieties Old 

Bulkhead  

New 

Bulkhead  

Yield Stress, 𝝈𝒚 [MPa] 241.32  377.56 

Rupture Stress, 𝝈𝑼𝑻𝑺 [MPa] 351.63  426.65  

Young Modulus, 𝑬 [GPa] 73.77  71.71 

Density, 𝝆 [kg/m3] 2768 2768 

Poisson, 𝝂 0.33 0.33 

Table 1 - Proprieties of both bulkheads material 

 

5. Assumptions for the analysis 

For this analysis to simulate the reality it was 

necessary to establish assumptions for the 

landing of the F-16 case study. At first instant of 

landing, considered ∆𝑡 = 1 s, the wheels of main 

landing gear touches the ground. It is right there 

when the bulkhead has to cope largest loads 

resulting of the impact. The boundary conditions 

for the component are only fixed supports 

representing the bolted connections between 

bulkhead and aircraft fuselage which are indicated 

with the blue arrows in Figure 3. 

As simplification it was not considered the 

presence of bushings mounted by interference on 

the bulkhead holes. Also that is not taken into 

account the lift force at the moment of landing 

because this force is neglected when compared to 

the weight of the aircraft when the wheels touches 

the ground. 
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Figure 3 - Loads and boundary conditions [7] 

 

The forces, resulting from the ground reaction 

during impact, come of the wheels to the beams of 

main landing gear and from them to their axis 

which is mounted by interference on bulkhead 

holes, reaching this way the component. In 

Workbench the forces are applicable directly to 

this holes as it can be observed in Figure 4. 

 

 
Figure 4 - Loading on bulkhead holes 

 

With the above assumptions, and after 

knowing the speed (296 km/h), weight (13600 kg) 

and angle of attack (13º) of the aircraft in a typical 

landing situation it was possible to obtain the 

forces that reach the Shock Strut, in compression, 

and the Tensile Strut, in tension [2] [10] [11] [12]. 

Using applied mechanics analysis it was 

possible, with the struts angles known, to obtain 

the final forces that arrive to each hole of the 

bulkhead. 

 Besides of typical case of landing, named 

case 1, three more cases were studied. The 

second case with a landing weight equal to 

maximum take-off weight (16100 kg), the third one 

with a velocity increased by 100 km/h, and the last 

one where the landing is not perfect, in other 

words, one wheel of main landing gear touches 

the ground some seconds before the other. Table 

2 shows forces magnitudes at bulkhead holes for 

each case. 

 

Cases Forces Shock 

Strut holes [N] 

Forces Tensile 

Strut Holes [N] 

1 - 126818.41 55768.31 

2 - 150130.61 66019.84 

3 - 170130.61 74938.67 

4 R - 253636.81 111536.62 

4 L - 6005.22 2640.79 

Table 2 - Forces on bulkhead holes 

 
6. Static analysis 

From the static analysis the values for 

stresses suffered by the old and new bulkhead at 

the landing were obtained. The loads are 

considered static and linear during the impact 

period estimated to be ∆𝑡 = 1 s and at the end of 

that instant the loads presents the maximum 

value. 

Finite Element Method (FEM) was used for 

this and for the following analysis. The FE meshes 

created in Workbench could not be 

parameterized, because of the bulkhead complex 

geometry. So the meshes were created 

automatically by Workbench. The FE involved in 

the meshes could not be shell type because that 

suppose a constant thickness to attribute to the 

elements. Therefore it was necessary to use solid 

type elements which produce meshes in longer 

computational times than shell. By default, 

Workbench selects tetrahedral SOLID187, a 3D 

high order element with 10 nodes, for the entire 

mesh [13] [14].  

To obtain a pretended convergence of the 

final solutions with relative errors less than 1% it is 

necessary to perform a convergence study of 

maximum displacement, 𝑑, for a fixed value and 

strain energy error (SEE) to zero. Eight meshes 

were created and the last one had around 20 

million of FE. In Figures 5 and 6 it can be observed 

the asymptotic convergence expected for both 

parameters [15] [16]. 

 

 
Figure 5 - Convergence of 𝒅 with the nº FE 
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Figure 6 - Convergence of SEE with the nº FE 

 
For the stresses convergence in FEM 

sometimes problems could happen mostly 

because of singularities. A singularity is a point or 

a region of a component where peaks of stress 

occurs. In the majority of the cases these 

singularities are material discontinuities (holes or 

cracks) or not rounded edges. In the bulkhead 

model there are no regions with large peaks of 

stress, however the regions with great 

concentration of holes presents higher values for 

stresses as expected. In Workbench it is possible 

to analyze one region of the model separately.  

For the convergence study were selected the 

regions with holes near the Shock Strut where the 

stresses are higher and regions without holes in 

the neighborhood. The equivalent stress field of 

the region with holes is represented in Figure 7. 

[15] [17]. 

 

 
Figure 7 - Equivalent stress in the region with holes 

 

As it can be seen in Figure 8, in the region with 

holes the convergence is obtained for the stresses 

requested to Workbench: von Mises 

equivalent, 𝜎𝑒𝑞, maximum principal, 𝜎1, minimum 

principal, 𝜎3, and maximum shear, 𝜏𝑚𝑎𝑥.  

Applying von Mises yielding criterion, the yield 

of material occurs when [18]:  

 

 𝜎𝑒𝑞   ≥ 𝜎
𝑦              →             

𝝈𝒆𝒒 

𝝈𝒚 
  ≥  1                    

    (1) 

 

 
Figure 8 - Convergence of stress with the nº FE 

 

With that in mind it is possible to verify if yield 

occurs in the chosen regions of the old and the 

new bulkhead for every case study. This results 

are shown in Tables 3 and 4. 

 

Cases Yield with holes Yield without holes 

1 1.31 0.54 

2 1.55 0.64 

3 1.76 0.72 

4 2.56 1.06 

Table 3 - von Mises criterion in the old bulkhead 

 

Cases Yield with holes Yield without holes 

1 0.84 0.35 

2 0.99 0.41 

3 1.12 0.46 

4 1.63 0.67 

Table 4 - von Mises criterion in the new bulkhead 

 

In the regions with holes, for almost every 

case, yield occurs near the holes. However, 

changing the material to an Aluminum alloy with 

better proprieties delayed the entrance in plastic 

domain for cases 1 and 2, avoiding this in cases 3 

and 4. 

In the regions without holes it is possible to 

see that yield did not occur in both material for 

cases 1, 2 and 3, and the new material avoided 

the yield in case 4.  

 

7. Fatigue analysis 

Fatigue is the process where progressively 

and permanently structural changes occurs in 

materials involving dynamic stresses our strains in 

one or more points of that material. This process 

could originate cracks that propagates in the 

material and in some cases can originate rupture 
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for a determined number of loading cycles. In 

Aeronautics, fatigue is the major responsible for 

component rupture.  

The main landing gear lower bulkhead is one 

of the F-16 components more affected by fatigue. 

This analysis will include all the four cases of 

study, and it is pretend to check if the new 

bulkhead can reach 𝑁𝑑𝑒𝑠𝑖𝑔𝑛 = 3200 landings 

without rupture. Remember that this 𝑁𝑑𝑒𝑠𝑖𝑔𝑛 , 

design cycles, was defined by the MLU program 

and has to be inserted in the Workbench as a 

parameter [19]. 

 To obtain the fatigue analysis in Workbench 

is necessary to define the stress ratio, 𝑅 [19] [20]: 

 

𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
                              (2)   

                                    

For the case study 1, 𝑅 = 0.047, resulting of 

the assumption that the maximum load or stress, 

𝜎𝑚𝑎𝑥, is from the impact moment previously 

calculated and the minimum load or stress, 𝜎𝑚𝑖𝑛, 

in bulkhead is the main landing gear weight 

(6315.48 N) which represent the loads seconds 

before the impact of the wheels on the ground.  

It was considered that every case study 

present constant amplitude load, which means 

that in every cycle/landing the minimum and 

maximum loads remain constant [21]. 

Rupture of Aluminum alloys happens for high 

number of cycles, 𝑁 (>  105), and in these cases 

the stress-life, or 𝑆 − 𝑁, curves are commonly 

used. They are represented in log-log graphics 

and Workbench needs one or more theoretical 

curves for different 𝑅 obtained in literature to 

proceed to fatigue analysis [22] [19] [21]. 

In 𝑆 − 𝑁 curves the stress involved there is the 

stress amplitude, 𝜎𝑎, defined by [19] [20]:  

 

𝜎𝑎 =
∆𝜎

2
                                     (3) 

 

In equation (3), ∆𝜎 is the stress range given 

by [19] [20]: 

 

∆𝜎 = (𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛)                           (4) 

 

Some theories take into account the mean 

stress for fatigue analysis. The most common 

theories for ductile materials like Aluminum alloys 

are Goodman and Gerber theories, both of them 

will be considerate in Workbench to obtain the final 

results [19] [21] [20]. 

The last parameter to be taken into account 

for the Workbench is the dynamic concentration 

factor, 𝐾𝑓, which is going to be by default 1. This 

value means that the bulkhead is assumed as 

insensible to notches, or in other words, it is like a 

smooth specimen [19]. 

The parameters analyzed were [21]: 

 

 Cycles until rupture, 𝑁𝑟𝑢𝑝𝑡𝑢𝑟𝑒 

 Damage: 

 𝐷 =
𝑁𝑑𝑒𝑠𝑖𝑔𝑛

𝑁𝑟𝑢𝑝𝑡𝑢𝑟𝑒
                                   (5) 

 

 Safety factor in life: 

 

 𝑆𝐹𝑛 =  
𝑁𝑟𝑢𝑝𝑡𝑢𝑟𝑒

𝑁𝑑𝑒𝑠𝑖𝑔𝑛
                       (6) 

 

The final results are converged with the mesh 

refinement and shown in the Tables 5 and 6. 

 

Cases 𝑹  𝑵𝒓𝒖𝒑𝒕𝒖𝒓𝒆 

[cycles] 

𝑫 𝑺𝑭𝒏 

1 0.047 10000000 0.00032 3125.00 

2 0.040 7766800 0.00041 2427.13 

3 0.035 3207200 0.00099 1002.25 

4 0.024 0 - 0.00 

Table 5 - Constant amplitude  results with Gerber 

 

Cases 𝑹  𝑵𝒓𝒖𝒑𝒕𝒖𝒓𝒆 

[cycles] 

𝑫 𝑺𝑭𝒏 

1  0.047 8502300 0.00038 2656.97 

2 0.040 1262200 0.00253 394.44 

3 0.035 140940 0.02270 44.04 

4 0.024 0 - 0.00 

Table 6 - Constante amplitude results with Goodman 

 

It can be observed that Goodman theory is 

more conservative because predict a lower 

𝑁𝑟𝑢𝑝𝑡𝑢𝑟𝑒 for the component, so the conclusions 

should be taken for the results obtained by this 

theory. The cases 1, 2 and 3 reach 3200 landings 

performing much more than this number of 

landings until rupture. The case 4 does not fulfill 

the 3200 landings. Workbench gives 𝑁𝑟𝑢𝑝𝑡𝑢𝑟𝑒 = 0 
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but this is a default value from program when 

𝑁𝑑𝑒𝑠𝑖𝑔𝑛 is not reached. 

After constant amplitude loads, variable 

amplitude load case were considered. For this 

cases 𝑅 can change after some loading cycles. 

The best way to represent that type of load case 

is with Miner blocks, as represented in Figure 9 

[19]. 

 
Figure 9 - Miner Blocks [23] 

 
Each block represents a different load case at 

landing, where, for example, 𝑛1 represents the 

number of cycles performed by load case 1 and 𝑁1 

the number of cycles until rupture of load case 1. 

The total damage in the bulkhead, 𝐷, is calculated 

by [19] : 

 

𝐷 =  
𝑛1

𝑁1
+

𝑛2

𝑁2
+

𝑛3

𝑁3
+

𝑛4

𝑁4
= ∑

𝒏𝒊

𝑵𝒊
               (7) 

 

This parameter cannot exceed 1, if so, that 

means that rupture will occur. This way it is 

necessary to know the number of replays, 𝑅𝑒𝑝, of 

Miner blocks that will produce rupture of the 

component: 

 

𝑅𝑒𝑝 =
1

𝐷
                                    (8) 

 

It was considered that 92% of the landings are 

in case 1, 2% in case 2, 6% in case 3 and case 4 

was neglected because it cannot reach the 3200 

landings in constant amplitude loads. The results 

are obtained considering each case separately. 

For the case i, 𝑛𝑖 =  𝑁𝑑𝑒𝑠𝑖𝑔𝑛 of each block and 𝑁𝑖 = 

𝑁𝑟𝑢𝑝𝑡𝑢𝑟𝑒 of that specific case. Table 7 shows the 

results obtained using mean stress Goodman 

theory which is more conservative. In this table  

𝐷𝑖 is the damage suffered by each Miner block. 

It is possible to conclude that for this landing 

cases scheme bulkhead can achieve 𝑅𝑒𝑝 =
1

0.001759
= 568 blocks replay until rupture. 

 

Cases  𝒏𝒊  

[cycles] 

𝑵𝒊 

[cycles] 

𝑫𝒊 𝑫𝒊/𝑫 

[%] 

1 2944 8502300 0.000346 19.67 

2 64 1 262200 0.000051 2.90 

3 192 140940 0.001362 77.43 

 ∑ 𝒏𝒊 = 

3200 

 𝐷 = ∑ 𝐷𝑖 = 

0.001759 

 

 

Table 7 - Variable amplitude load results with Goodman 

 

8. Fatigue Crack Growth analysis 

The presence of a crack may reduce 

substantially the life time of an aircraft structural 

component. Is important to know if a pre-crack 

with certain dimensions will propagate or even 

generate rupture in the component. 

During this study of fatigue crack growth the 

Mechanic of Fracture knowledge will be applied. 

Also, is assumed that the material is in the Linear-

Elastic domain for the following equations can be 

applied. 

Note that in this chapter only will be 

considered the typical landing case study 1 with 

𝑅 = 0.047. That is also only be taken into account 

the region with holes chosen in previous chapters, 

because it is where the stresses are higher. 

The main parameters were [19] [24] [25]: 

 

 Stress intensity range, ∆𝐾 

 Fracture toughness, 𝐾𝐼𝐶 

 Initial and final crack length, 𝑎𝑖 and 𝑎𝑓 

 Crack growth rate, 𝑑𝑎/𝑑𝑁 

 

For ∆𝐾 it was considered the mode I of 

rupture, where are normal stress on crack plan. 

This is the most severe mode because cracks 

tends to propagate in regions with higher tensile 

stresses, in another words, on the plan of 

maximum principal/normal stress. 

In literature this parameter ∆𝐾 is obtained by 

the following equation where 𝑌 is the geometric 

factor and 𝑎 is the crack length [19] [25]: 

 

∆𝐾 = 𝑌 ∆𝜎√𝜋𝑎                              (9) 

 

∆𝐾 is given by Workbench and when reaches 

the fracture toughness, 𝐾𝐼𝐶, rupture happens in 

the component. For Al 2124-T851,  𝐾𝐼𝐶 = 63.733 

MPa.m1/2 [9]. 
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The study only takes interest over small 

cracks which fulfills the condition 0.1 𝑚𝑚 ≤ 𝑎 ≤

2 𝑚𝑚. So, for this case study 𝑎𝑖 = 0.1 mm and 𝑎𝑓 

= 2 mm [25]. 

Paris created a log-log graphic of 𝑑𝑎/𝑑𝑁 in 

function of ∆𝐾 as we can see in Figure 10. This 

graphic has three different regions and the linear 

region also known as Paris or crack propagation 

region is where Paris Law can be applied [19] [25]. 

 

 
Figure 10 - Graphic of 𝒅𝒂/𝒅𝑵 in function of ∆𝑲 [25] 

 

Crack Propagation will only occur in this 

region when ∆𝐾≥∆𝐾𝑡ℎ, where ∆𝐾𝑡ℎ is the threshold 

stress intensity range. For Al 2124-T851,  ∆𝐾𝑡ℎ  = 

2.967 MPa.m1/2 [19] [25] [9]. 

The Paris Law equation is given by the 

following equation where 𝐶 and 𝑚 are respectively 

the constant and exponent of Paris [19] [25]: 

 
𝑑𝑎

𝑑𝑁
= 𝐶∆𝐾𝑚                     (10) 

 

For the Al 2124-T851 𝐶 = 2 × 10−9 and 𝑚 =

 3.466 for a 𝑅 = 0.05 graphic, close to 𝑅 = 0.047. 

With the previous equation is possible to get  

𝑑𝑎/𝑑𝑁 values with the ∆𝐾 taken from Workbench 

[9] [19]. 

Later in this analysis, the number of fatigue 

cycles, 𝑁, to reach certain 𝑎 were obtained thanks 

to Paris which purpose another equation in Paris 

region for 𝑚 ≠ 2 [19]: 

 

𝑁 =
𝑎𝑓

1−𝑚/2−𝑎𝑖
1−𝑚/2

(1−
𝑚

2
)𝐶𝑌𝑚(∆𝜎)𝑚𝜋𝑚/2

                    (11) 

To create a pre-crack at Workbench it was 

necessary first to choose the hole and the region 

around the hole to apply it in the model. So, the 

regions with higher 𝜎1 were chosen as shown in 

Figure 11. 

 

 
Figure 11 - Maximum principal stress field  

in the region with holes 

 

Workbench has the limitation to consider only 

surface semi-elliptical cracks. Besides, bulkhead 

has a small thickness in this region, so this case 

study is a plane stress case with one dimension, 

thickness, smaller than the other two dimensions, 

length and width. Saying that, the pre-crack could 

have the major semi axis with the dimension of the 

hole thickness for the worst scenario. The minor 

semi axis of the pre-crack will be given by the 

value of pretended 𝑎. Figure 12 shows the semi-

elliptical pre-crack along the hole thickness. 

 

 
Figure 12 - Semi-elliptical pre-crack in Workbench 

 

This new pre-crack in the model needed a 

new mesh refinement. The general mesh for the 

bulkhead remained the same but in the insertion 

region was created a Sphere of Influence with 

smaller FE [26]. 

To obtain final results it was followed the next 

methodology in Workbench: 

 

1. Insert pre-crack in region 1 of the 

indicated hole 

2. Perform several iterations with different 

values of 𝑎 to obtain the ∆𝐾 values 
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3. With ∆𝐾 values and inside the 

propagation region (∆𝐾𝑡ℎ < ∆𝐾 < 𝐾𝐼𝐶) 

apply equation (10) to obtain 𝑑𝑎/𝑑𝑁 and 

create a graphic like the linear region of 

Figure 10 

4. With 𝑎𝑖 = 0.1 mm and 𝑎𝑓  = 𝑎, for different 

points, apply equation (11) to obtain 𝑁 

and create graphic of  𝑎 in function of 𝑁 

5. Deactivate region 1 pre-crack and insert 

pre-crack in region 2, repeating steps 2-4 

6. Activate region 1 pre-crack again and with 

both pre-cracks repeat steps 2-4 

 

The finals results shows that: 

 

 For region 1 the propagation will begin for 

𝑎 ≥ 0.25 mm → ∆𝐾 = 4.283 MPa.m1/2 . For 

𝑎 = 2 mm → ∆𝐾 = 8.802 MPa.m1/2 <<  𝐾𝐼𝐶 

So there is no risk of rupture in this region 

 For region 2 the propagation will begin for 

𝑎 ≥ 0.50 mm → ∆𝐾 = 3.736 MPa.m1/2  . For 

𝑎 = 2 mm → ∆𝐾 = 5.853 MPa.m1/2 <<  𝐾𝐼𝐶 

So there is no risk of rupture in this region. 

 For both regions simultaneously the 

results are the same compared to the 

isolated regions, with very small 

differences in values due to stress field 

modifications around the hole with two 

pre-cracks inserted 

 

The Paris linearity for the crack propagation 

region was confirmed as Figure 13 shows. It is 

possible to see that the crack growth rate is higher 

in region 1 of the hole. 

 

 
Figure 13 - Obtained graphic of 𝒅𝒂/𝒅𝑵 vs ∆𝑲 

Also, it is conclusive that region 1 pre-crack 

needs 𝑁 ≅ 2970643 cycles to reach 𝑎 = 2 mm, 

while region 2 pre-crack needs 𝑁 ≅ 8480172 

cycles. So, region 1 is the region with more 

tendency for crack propagation around, not only 

from the hole, but from the entire bulkhead model 

Figure 14 shows the graphic of 𝑎 in function of 

𝑁 for both regions. 

 

 
Figure 14 - Obtained graphic of 𝒂 vs 𝑵 

 
 
9. Cold Work 

To increase components fatigue resistance 

the most common process Cold Work, also known 

as Cold Expansion (CX). This process is 

applicable to metallic materials and is 

characterized for a radial expansion of holes with 

the introduction of compressive residual stresses. 

This kind of stresses reduces the fatigue 

propagation [27] [28]. 

One specific technique of Cold Work is the 

Split Sleeve CX used in OGMA which involves a 

hydraulic puller unit, mandrel, split sleeve and 

nosecap. This technique is divided in three 

different steps which are represented in Figure 15 

[27] [28] [29]. 

The diameter of the mandrel and the small 

thickness of the sleeve are slightly bigger than the 

initial diameter of the hole to originate plastic 

deformation around the region. Then, the material 

in the elastic domain around the new plastic region 

tries to become to original form. This fact originate 

a compression of the plastic region creating a 

plastic ring well defined around the hole as shown 

in Figure 16 [27] [28]. 
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Figure 15 - Steps of Split Sleeve CX [27] 

 

           

Figure 16 - Compressive residual stresses  

around the hole [27] 

 
To simulate this process in Workbench was 

necessary to apply a compressive radial stress 

around the internal surface of the hole, 

represented in Figure 17. 

 

 
Figure 17 - CX application in Workbench 

 

As mention in the literature, for Aluminum 

alloys these stresses can vary from 10 to 15 Ksi 

(68.95 and 103.45 MPa) [30].  

Simulations started with 10 Ksi: 

 

 For region 2 with 𝑎 = 2 mm → ∆𝐾 = 2.384 

MPa.m1/2 <  ∆𝐾𝑡ℎ. So there is no crack 

propagation in this region 

 For region 1, 𝛥𝐾 was reduced by 45%, 

although with 𝑎 = 2 mm → ∆𝐾 = 4.565 

MPa.m1/2 > ∆𝐾𝑡ℎ. So crack propagation 

still exists in this region 

 

Performing the same simulation with 15 Ksi: 

 

 For region 1, 𝛥𝐾 was reduced by 68%, 

with 𝑎 = 2 mm → ∆𝐾  = 2.446 MPa.m1/2 < 

∆𝐾𝑡ℎ. So there is no crack propagation in 

this region 

 

Therefore, it is conclusive that applying Split 

Sleeve CX technique with 15 Ksi no crack 

propagation will occurs in the bulkhead critical 

holes. 

 

10. Conclusions  

This article allowed to understand the 

importance of the main landing gear lower 

bulkhead as a structural component of the F-16 

aircraft. From the analysis, following conclusions 

can be taken: 

 

 Static analysis: yield occur in the regions 

with holes even with the new material. The 

results for the regions without holes show 

that the new material will not enter the 

plastic domain 

 Fatigue analysis: for constant amplitude 

loads the new material achieves 3200 

landings for cases 1, 2 and 3. Case 4 will 

not achieve this objective. For variable 

amplitude loads is possible to achieve 568 

repetitions of Miner blocks until rupture  

 Fatigue Crack Growth analysis: despite of 

crack propagation around the hole, the 

new material is able to achieve the 3200 

landings 

 Cold Work: 15 Ksi of compressive 

residual stresses is enough to eliminate 

crack propagation around the hole in the 

new material 
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