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Abstract - The aircraft wing is the most important part of
the aircraft which functions to provide a lift so that the
aircraft can fly. The material structure of the aircraft wing
will experience fatigue due to its condition in the air which
requires elasticity to produce continuous movement.
Therefore, fatigue and damage tolerance analysis were
carried out. Fatigue analysis can determine the life of a
component undergoing loading from an aircraft structure,
while damage tolerance analysis can predict the rate of
crack propagation and the residual life of structures that
have been cracked. By combining these two analyses, the
best management program for aircraft structures,
especially aircraft wings, can be created. In this test,
calculations and analysis were performed with software
with the crack growth principle. In this study, the
calculation results are still within the range that should be
set by the company.

Keywords: Aircraft Wing, Fatigue Analysis, Fracture
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I. INTRODUCTION
Failures can occur for many reasons, such as

environmental or loading uncertainties, material defects,
design errors, and construction or maintenance deficiencies.
Fracture design has its own technology and is currently the
subject of very interesting research [1].For decades, it has
been recognized that cracks or defects in a material reduce the
strength of that material below the strength described by the
strength of the material. This led to the establishment of
residual strength as an important factor in the design of
engineered components for safe service life, and the damage
tolerance program in engineering was initiated. Hence, the
discipline established to address the residual strength of
cracked components focused on damage tolerance [2].

In some aircraft parts, maintenance and repair must be
done as well as possible to keep the aircraft operating
properly. Although making repairs requires knowledge of the
forces or stresses that occur at some damaged locations as well
as the forces or stresses at those locations after the repair to
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ensure that the repaired locations are better than before the
repair, it is often necessary to add certain equipment both
inside and outside the aircraft. To ensure that the installation
of components on that part of the aircraft does not
compromise its structure, a series of analyses must be
performed. To repair and add components to an aircraft, a set
of knowledge and understanding of the supporting software as
well as analytical knowledge relevant to the case at hand is
required [3].

The wing component of an airplane is very important as
it serves to generate lift. In addition, an airplane wing is
subjected to different pressures from the top and bottom sides
as it works in a very extreme environment, including high
pressure and temperature. However, as the aircraft wing
collides with the air ahead, the temperature increases.
Therefore, aircraft components must undergo material failure
checks and analysis. In the structure, it is susceptible to fatigue
of the material structure which can threaten the safety of
passengers if a fracture occurs. This fracture occurs due to an
initial crack in the structure that will continue to grow in line
with the number of flights carried out. This initial crack
usually occurs due to joints, holes, and nails or rivets. On the
wing of the aircraft itself there is an assembled body between
the structure or wing frame and the skin using rivets. Because
of this, it is very vulnerable for the aircraft wing to experience
cracks and fractures in its structure [4].

Although aircraft spectra are loaded from various
sources, fatigue crack growth (FCG) is usually predicted using
uniaxial load spectra in aircraft structural integrity
management. As graphically depicted in Figure 1, an aircraft
wing is subjected to a spectrum of shear loads and axial loads.
The axial load comes from the bending of the wing box along
the span, which mainly occurs during the dynamic landing and
taxiing phases. Specifically, the axial and shear load changes
occur almost simultaneously, and the number of axial cycles is
greater than that of shear cycles [5].
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Figure 1: Axial load resulted from wing box span-wise bending [5]

Damage tolerance is an issue related to flight safety and
is defined as a measure of the degree to which a component
can perform its design function despite damage or defects. As
a result, damaged parts must have sufficient residual strength
and stiffness to continue operating safely during planned
maintenance and inspection intervals. If damage occurs in
critical areas that jeopardize flight safety, the component must
be repaired or replaced to its full-service life or replaced
completely. If damage is not detected, the machine must be
able to operate safely until full-service life or a specified
number of maintenance intervals after damage reaches a
detectable level. To avoid the need for component
replacement, a deeper understanding of the damage resistance
of connected structures is required [6,7]

In recent years, there has been a growing focus on
investigating the fatigue behavior and failure modes of various
composite material structures. Fatigue is the deterioration of a
material caused by fluctuating stresses that are smaller than
the maximum tensile stress (ultimate tensile stress) and yield
stress (yield stress) of the material given a constant load [8,9].
The stage of fatigue propagation is depicted in Figure 2.
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Figure 2: Stage of fatigue crack propagation [8]
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Three phases comprise fatigue fracture: 1. Crack
initiation, the fatigue mechanism usually starts with crack
initiation at the weak surface of the material or at the place
where there is stress concentration on the surface (such as
notch, hole, scratch, etc.). 2. Crack propagation, crack
initiation develops into microcracks, and the propagation or
coalescence of these microcracks then forms macrocracks that
will propagate. 3. Fracture, ooccurs when the material is
subjected to stress and strain cycles that cause permanent
damage [10].

Fracture is the final stage of the fatigue process where the
material cannot withstand the existing stress and strain so that
it breaks into two or more parts. In solid mechanics, the term
“crack mechanics” refers to an important specialization in
which cracks exist and the quantitative relationship between
the length of the crack, the resistance of the material attached
to the crack, and the stress at which the crack propagates at a
high-speed leading to structural failure.To explain the state of
cracks and their propagation within structures, fracture
mechanical models have been created. This method was
originally used for brittle materials [10,11,12].

The purpose of this study concerns the fracture
phenomenon, which shows the analytical data of crack growth
of the aircraft wing. So that the age and amount of residual
stress of the structure can be known. This serves as a reference
for the inspection and maintenance schedule of the aircraft
wing.

Il. RESEARCH METHODOLOGY
2.1 Data Collection Process

The data collection process involves several things,
including:

a) Primary Structural Element: is a combination of
components that form the basic framework of the aircraft
and are responsible for the strength, rigidity and overall
shape of the aircraft. These elements work together to
withstand loads during flight, such as lift, drag and
maneuvering loads. In the PSE, containing the geometry
and size of its constituent components

b) Load and Stress: the load applied to the aircraft structure
during testing is a repetitive load. The loads for calculating
these stresses were taken from the detailed results of the
finite element model showing the loads on the rear spar
cap. Then the 1G, 1.5G, and boundary stresses are taken
from these elements ID stresses.

The stresses transferred through the crack surfaces are also
very complex, as the cracks shift between each other. The
frequency and amplitude of the load are also very
important. Frequency is the number of load cycles per unit
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time, while amplitude is the magnitude of the maximum
load applied. These two parameters will greatly affect the
crack growth rate of the material [13].

c) Material Properties: is an intrinsic characteristic of a
material that determines how it will interact with its
environment and respond to different types of loads. The
material properties can be influenced by plastic
deformation. The material used for this part is Al 2024-T3
for spar cap and Al 2024-T351 for skin. Then from these
material properties the mechanical static properties data is
taken. The material properties as shown in Table 1 and
Table 2 below [14].

Table 1: Mechanical Static Properties Al 2024-T3

Form and Clad Shect

Specification QQ-A-25005

Temper T3

Thickness, mm 02023 [ 02516 | 1.6-3.3 | 3363

Busis A | B | A | B | A | B[ A B

Mechanical Properties

O MPa L 407 413 413 | 420 427 434 | 434 441
LT 400 07 407 | 413 420 421 | 4 434
ST

aw, MPa L 303 iln 303 30 3l 34 310 3N
LT 269 276 269 276 276 289 276 289
ST

Gy, MPa L 248 255 248 255 255 269 255 269
LT 289 296 289 206 206 3l 296 3o
ST

1., MPa 255 255 255 262 262 269 269 276

O, Mpa e/D=1.5 662 669 669 669 682 696 703 17
e¢/D=2.0 | 820 834 834 | 848 862 875 | 875 £89

o', MPa ¢/D=1.5 469 482 469 482 482 503 482 303
e¢/D=2.0 | 565 579 565 579 579 607 579 607

El ion, e% L

LT 10 12-15 15 15
ST

u, Elastic 0,33

E, MPa Primary 72397

Secondary 65502 | 68950

Ec, MPa Primary 73776

Secondary 66881 [ 70329

G, MPa

Table 2: Mechanical Static Properties Al 2024-T351

Form and Bare Plate

Specification QQ-A-2504

Temper T351

Thickness, mm 63127 | 127-244 | 244381 | 381508 [ 50.8-762 [ 7621016

Basis AlBlalB[alB[a[B[a]B[Aa] B

Mechanical Properties

o, MPa L 41 | 455 | 434 | 448 [ 427 | 441 | 427 [ 440 | 403 | 427 393 | 407
LT 441 | 455 | 434 | 448 | 427 | 441 | 427 [ 441 | 413 [ 427|303 | 407
ST 358 [ 372 ) 338 [ 351

g MPa_ L 3301 ) 345 | 331 [ 345 [ 324 | 345 [ 324 [ 338 | 317 [ 331 | 296 | 317
LT 289 | 303 | 269 | 303 | 289 | 303 | 289 | 303 | 289 [ 303 [ 282 | 296
ST 262 [ 276 [ 262 | 269

oo MPa_L 269 | 282|269 [ 282 [ 269 [ 276 | 262 [ 276 | 255 | 269 | 241 | 235
LT 310 | 324 | 310 | 324 [ 303 | 317 | 303 | 317 | 296 | 310 | 282 | 296
ST 317[ 331 (303 ] 34

1o MPa 262 | 269 [ 255 | 262 [ 255 | 262 | 255 | 262 | 241 [ 255 | 234 | 241

ow’, Mpae/D=15 | 669 | 689 655 | 675 | 645 | 669 | 648 | 669 | 627 | 648 | 593 | 613
¢/D=20 | 320 | 841 | 806 | 827 | 793 | 820 | 793 | K20 | 765 | 793 | 731 751

O’ MPa ¢/D=1.5 | 496 | 524 | 496 | 524 | 496 | 524 | 496 | 524 | 496 | 524 | 482 510
¢/D=20 | 593 | 620 ) 593 | 620 ) 593 | 620 | 593 | 620 | 593 | 620 | 579 | 607
Elongation, ¢% L

LT | 12 3 7 f 4 4
8T

u, Elastic 0.33

E, MPa Primary 13776

Ec, MPa Primary 75155

G, MPa 27580
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d) Flight Profile Spectrum: is a graphical or numerical
representation of the load variations experienced by an
aircraft structure during its flight cycle. This spectrum
illustrates the load fluctuations that occur due to various
flight conditions.

e) Finite Element Model (FEM): FEM was developed to
determine the stress level and critical location of this PSE.
In the process of updating the FE model, the laws of
mechanics are used to create a structural model and the
input load and unknown parameters are calculated by the
measurement response [15].

f) Critical Location: in the PSE region is determined based
on highest stress on the part and highest bearing force on
the rivet hole in the high stress level zone. Picture 1 shows
the results of the Critical location analysis located in the
red section, where the area has the greatest stress among
other areas of the structure.

Patran 2072 G181 22-C

Fringe. 50015 Stefe 5

Figure 3: Result of finite element model of spar cap

On the spar cap, a corner crack with IMF (Initial
Manufacture Flaw = 1.27 mm) grows from the fastener hole
and then grows like a through-crack toward the near edge of
the part. At the same time, on the opposite side of the hole, an
angular crack with IQF (Initial Quality Flaw = 0.127 mm)
developed to a through-crack. Subsequently, the crack grows
as an edge crack towards the end of the part. While on the
skin, the corner crack with IQF grows from the fastener hole
and then grows as a through crack towards the near edge of
the part. At the same time, on the opposite side of the hole, the
corner crack with IQF grows to a through crack. And finally,
the crack grows as an edge crack toward the end of the part.

g) Beta factor (B): is a provision of the program that states the
form of propagation. This data become a parameter used in
fatigue resistance analysis to take into account the effect of
the geometric shape of a component on its fatigue strength.
This factor is very important because the geometry of a
component can significantly affect the stress distribution
within the material, thereby affecting the crack initiation
point and crack growth rate.
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2.2 Calculation Process

The troubleshooting procedure in this process is carried
out to analyze crack growth and predict the life of the
specified structure. This calculation is carried out in stages in
several subgroups or stages between four or five stages. This
is done because it considers the shape of the crack growth and
the length of the structure to get a more accurate value.

In the calculation process, there is a relationship with
stress intensity. Stress intensity factor describes the stress
conditions the crack tip and is related to the crack growth rate.
Stress intensity factor is a function of the geometry, size,
shape of the crack, and the type of load.

K = ovmap

where, Kisthestressintensityfactor, ¢ is the stress
perpendicular to the crack propagation direction, a is the crack
length, and B is the beta factor. The beta factor, whoes values
will differ depending on the location and geometry.

I11. RESULTS AND DISCUSSIONS
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length of the stage b rod is more than the length of the stage A
rod. However, due to the rivet hole connecting the Spar Cap to
the skin, the stress on stage B is greater. This causes cracks to
occur faster on the right side of the hole. Similarly to the Spar
Cap, the skin also has higher stress on the right side of the
hole than the left, resulting in stage B or the longer section
having a higher crack speed. The results of crack growth
calculations are shown in Table 4. Next is the calculation for
the durability of Spar Cap and Skin. In contrast to crack
growth, durability calculations are used to determine the
timing of the first inspection of an aircraft. Then the
maintenance schedule is determined from the results of the
structural residual stress calculation. Table 5 shows the results
of the durability calculation on the Spar Cap and Table 6
shows the results of the durability calculation on Skin. From
the results shown, almost all parts of the structure will collapse
before reaching the end of the structure. This shows the
importance of regular maintenance even at the slightest crack
growth.

Table 3: Crack growth for the Spar Cap

| t
Stage nput (mm) . B (mam) flight
. do Amax 0
3.1 Geometry of Spar Cap and Skin Structure 1A - 1657 ™
— | 127 25 127 11;41; 46
i L B 1,152 1425
The geometry of structure is shown in figure 4 below.
2 A 1.657 32,015 127 12;15;41 32,015 15001
3 A 3,385 33,650 9143
33,653 51,41
Rear Spar Cap \ B | 3850 63,392 8537
4 A 81,726 97,151 2,41 83,799 8539
o Table 4: Crack growth for the Skin
! Input (mm) a .
3107 flight
Lower Skin A 300 Stage % Amax ) P (mm) ’
g o — L LA 1,246 3373
~ T A T 0,127 2,0 0,127 11;41;46 1239 3318
] 1
ARTIRRTRRY TN
T 14575 2 A 14,257 51,41 14,250 17014
‘ <2 — 3,228
| { 3801 B 523,752 52:41 260,275 14794
3 A 14,261 14,260 9264
—— 4,456 51;41;45
Figure 4: Geometry of Spar Cap and Skin B 523,748 266,392 20139
A . A 4 A 24,249 538,008 241,45 326,626 23359
3.2 Calculation at Critical Location
. . . Table 5: Durability for the Spar Cap
In doing the calculation, there are 4 parts, each of which
is divided into 3 to 4 right and left stages which represent the Input (mm) . a e
. . . . . ight
direction of propagation from the right and left sides of the Stage | a max | o (mm) ’
H H A 1,519 1064
rivet hole. The calculation always starts at the same number of Do | a5 | oms | maws [ ”
flights. That is, at each stage if it starts from a different flight ;
with a long range, then interpolation is performed. 2R e |20 6101 33998 7
B 63,153 63,059 8721
In the crack growth test for the Spar Cap section, the S| A 3385 | o751 241 82,755 8723
results are shown in Table 3. The results in the calculation
show that stage B or the right side of the hole experiences
faster crack growth. This should not happen because the
© 2024-2017 IRJIET All Rights Reserved www.irjiet.com 125
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Table 5: Durability for the Skin

Input (mm) .
Stage B a flight
ap Amax bO (mm)
1 LA 1,236 2118
] 0254 20 0,254 11;41;46
B 1,237 2090
2| A 14,261 51;41 14,200 15825
3222
B 523,008 52;41 274,430 23602
3| A | a4s6 | 538008 2,41 320,957 18619

After performing the calculation, the entire output is processed
to obtain a curve so that the curve can make it easier to
determine the critical point and threshold inspection. The
curves are shown in Figure 6, Figure 6, and Figure 7 below.

Crack Growth Curve at PSE W-04 A (Damage Tolerance)

| Crifical crack lenght 326616 mm arN=2330 flight |,

300000

Lower Skin

T w00
5
[
§ 150000
N
E
g
& womo
50000
J|__aDer$3.759 mm af = 5539 fight
000
0 5000 10000 15000 2000 000
Flight
Figure 5: Crack growth damage tolerance graph
Crack Growth Curve at PSE W-04 A (Durability)
350,000
[ Crtical crackLength 320.957 mm at N = 18618 flight |
300,000
; 200,000
%
3
S 150000
S
5 -
Spar Cap |
50,000 i
[penmma ]
=

0,000
0 5000 10000 13000 20000

Flight

Figure 6: Crack growth durability graph
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Residual Strength Curve at PSE W-04 A

Spar Cap

Threshold Inspection 15,863 mm
at 9264 flight

Lower Skin

Residuat Strength (daN/mm?)

Limit stress = 18,7304 daN'mm*

Crack Length (mm)

Figure 7: Residual Strength graph
IV. CONCLUSION

In this analysis, the author can draw several conclusions,
from the calculations carried out, it is known that the critical
crack length reaches 326.616 mm with a total of 23359 flights.
For this reason, threshold inspection is carried out at 9264
flights and interval inspection at 14095 flights. This value is
still in accordance with the range that recommended by
standard.
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