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Abstract— Wings are the lift generating components in the
airframe structure. Wings are also used as fuel tanks in the
transport aircraft. From the functional requirements point of
view, cutouts are introduced in the bottom skin of the wing
structure. Bottom skin is under tension stress field during
flight. Cutouts in the bottom skin will act as stress risers due to
stress concentration effect. The current project includes the
stress analysis of a wing box with large cutouts in the bottom
skin to identify the critical location for fatigue crack initiation.
Damage tolerance evaluation includes the stress intensity
factor calculations at crack tip. This is carried out by
simulation of the crack in the finite element model. Stress
intensity factor (SIF) at different crack lengths will be
calculated using Modified Virtual Crack Closure Integral
(MVCCI) method.

Keywords— Damage tolerance design, Transport
airframe, Stiffened panel, Finite element analysis,Wing
box,SIF, MVCCI method.

I. INTRODUCTION

Aircraft is a flying machine which flies in air.
Aircraft means it is not only airplane it will be
categorized in to airplane, helicopters, parachute,
and lighter-than-air vehicles. There are many aspects
of design of aircraft structures are available. For
modern jet aircraft, the design must incorporate clear
acrodynamics shapes for long range flight near or at
supersonic speeds, and or wings to open up like
parachutes at very low speeds. Safety and weight are
two major considerations in aircraft design. There
should not be any compromise between safety and
weight. Aircraft is mainly subjected to drag force,
lift force, thrust force and weight due to these loads
there are mainly five types of stresses occurred
which are tensile stress, compressive stress, bending
stress, shear stress and torsion stress. Frames and
stiffeners will help to carry these loads. An aircraft is
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a complex structure, but a very efficient man-made
flying machine.

The basic functions of an aircraft’s structure are to
transmit and resist the applied loads to provide an
aerodynamic shape and to protect passengers,
payload systems, etc., from the environmental
conditions encountered in flight. Airframe design is
a field of engineering that combines aerodynamics,
materials technology, and manufacturing methods to
achieve balances of performance, reliability and cost.
Aircrafts are generally built-up from the basic
components of wings, fuselage, tail units and control
surfaces. Each component has one or more specific
functions and must be designed to ensure that it can
carry out these functions safely. Any small failure of
any of these components may lead to a catastrophic
failure of material.

a) Material Selection

Selection of aircraft materials depend on the
considerations which are categorized as structural
performance and cost. The key material properties
that are required to maintain cost and structural
performance are,

Ultimate and Yield strengths

Damage tolerance (fracture toughness and crack
growth)

Density

Young’s modulus
Fracture toughness
Thermal expansion
Fatigue strength

Corrosion
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Based on the above considerations some other
criteria associated with producing the basic materials
in the form of requirement and fabricating the end
product at a reasonable cost. They are

Material cost

Availability

e Fabrication characteristics

Airframe structural components are made of wide
variety of materials based on their properties and
requirement. The earliest aircrafts were constructed
from wood. Now modified aircrafts are constructed
from molded composite materials, such as carbon
fiber. Structural members of an aircraft’s fuselage
include bulkheads, stringers, longerons, ribs, spars
and more. The skin of aircraft is made from a variety
of materials, ranging from impregnated fabric to
plywood, aluminum, or composites. Under the skin
and attached to the structural fuselage are the many
components that support airframe function. The
entire airframe and its components are joined by
rivets, bolts, screws, and other fasteners. Welding,
adhesives and special bonding techniques are also
used.

Objective and Scope of the work

The main objective of this study is to evaluate the
Stress analysis and Damage tolerance evaluation for
wing structure with a large cutout in the bottom skin.

e  Stress analysis of the wing structure with a large
cutout in the bottom skin using FEA
methodology.

Refinement of the analysis model near the high
stress region to capture the stress concentration
and gradient stress field.

Calculation of stress intensity factor for different
crack length in the stiffened panel.

Methodology

Stress analysis: Stress analysis is carried by Finite
element method.

Software used: MSC Patron & MSC Nastran is a
finite element analysis (FEA) program that was
originally developed for NASA in the late 1960s
under United States government funding for the
Aerospace industry. The MacNeal-Schwendler
Corporation (MSC) was one of the principal and
original developers of the public domain NASTRAN
code. NASTRAN source code is integrated in a
number of different software packages, which are
distributed by a range of companies.

e Stress intensity factor calculation: SIF

calculations carried by Modified Virtual
Crack Closure Integral method (MVCCI).
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II. PROBLEM FORMULATION

CAD modeling of the wing structure with a large
cutout in the bottom skin is carried out using CATIA
V5 tool. Stress analysis of stiffened panel with
structure with a large cutout in the bottom skin is
done by MSC PATRAN and NASTRAN for the
internal pressurization load.

Scope of problem Statements
Steps used in MSC-Nastran and MSC-Patran is

Points

Geometrical
Lines

modeling

shown below
Finilem!.__
Method

Surfaces
Solids

Pre-Processing
MSC PATRAN

|

Meshing

Boundary condition
Loads

Properties

Processing
MSC NASTRAN

l

Post-Processing
MSC PATRAN

| Solving the problem in MSC NASTRAN ‘

Review the results }

Displacement contour
Stress contour
Element Forces

Fig: 1 Steps involved in problem formulation

Geometric modeling

A geometric model of the with a large cutout in the
bottom skin is carried by CATIA V5 R20 with
specified geometrical configuration available by
using points, lines, surfaces and solids.

Finite Element Method

Elements, loads after the preparation of geometric
model, it is imported in FEA software MSC-
PATRAN and then extraction and meshing of model
is done. After appropriate meshing using QUAD and
TRIA and boundary conditions are applied at
required locations of the model and then properties
are defined to the various components and parts of
fuselage structure and then analysis is done.

Solving

After running the analysis, the database file is
imported in the solver MSC-NASTRAN software for
the solving of the problem

Review

After solving the problem, the result file created by
solver software is imported in MSC-PATRAN for
reviewing the results. The results are carried out in
the form of stress tensor over the whole structure and
deformation of parts and full model.
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Material Specification

Selection of aircraft materials depends on their
properties which can be categorized on cost and
structural performance. Mechanical properties of the
skin, stiffening members and rivets are required for
finite element models. There is little information on
the material properties of skin, stiffening members
and rivet material in the literature. Aluminum 2024
is used for components fuselage and rivet. Table 1
describes few material properties used for analysis.

Table 1 Material properties used for analysis

Material Property Aluminium-2024 T3
Ultimate tensile 483 MPa
strength
Tensile yield 362 MPa
strength
Young’s modulus 70000 MPa
Poisson’s ratio 0.33
Fracture toughness 98

Aluminum alloys are widely used in modern aircraft
construction because of their material properties
shown in table above. There are also different grade
among them aluminum 2024 and 7075 alloys are
most commonly used. The 2024 alloys T3 have good
fracture toughness. T is the code number which
indicates the heat treatment process. The 7075 alloys
(7075-T6, T6510) have higher strength than the 2024
but lower fracture toughness. Fracture toughness is
very important parameter.

III. STRESS ANALYSIS

The CAD model prepared in CATIA V5 is imported
in MSC PATRAN FEM software and then each
curve surfaces are extracted for further working
processes. The wing structure with a large cutout in
the bottom skin is divided into groups according to
their properties. The meshing includes quad and tria
(shell) elements with fine mesh is done in between
cutout edges. Corse meshing is done wherever fine
meshing is not required. The cutout is associated
with rivet holes which are present in actual cutout of
bottom skin structure. For the meshing in skin, shell
elements especially QUAD elements are used with
fine mesh size around the cutout because the chances
of getting stress concentration near the cutout is very
high and also coarse meshing is done with both
QUAD and TRIA elements. Coarse meshing is done
for stringers where QUAD elements are used. While
meshing them, it should be in mind that the nodes of
these elements must also match with the nodes of
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skin where connectivity is achieved by 1-D bar
element rivets. MPC (multi point constraint) is done
for the rivets around the cutout which are used to
apply more sophisticated constraints on the FEM
model such as sliding boundary conditions.

Finite Elemnt Method of wing structure with large
cutout at bottom skin

Meshing can be done using MSC-nastran and MSC-
patran software. Fine meshing with 1mm elemental
length is done around the cutout region. Course
meshing is done away from the stress concentration
region . Connectivity established between them by
modifying the mesh.

Fig: 2 Finite element of wing structure

Table 2 Total no. of nodes and elements are used

Product Types of No. of No. of
Description Elements Elements Nodes
Bottom QUADA4 11268
Skin TRAI3 121 11708
Top Skin QUADA4 5414 5579
TRAI3 7
Ribs & Spar QUADA4 9680
TRAI3 223 11135
Stringers QUAD4 3880 4704
Rivet 1D bar 1530 2836

Loads and Boundary conditions
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Fig: 3 shows load and boundary condition

Wing span =10.97m

Fuselage width=1.12m

Lift load /wing = 0.4*1362kg = 652.8kg

Total lift load/wing = 652.8%4.5 = 2937.6kg

L1=10.0895%2937.6 =262.91
L2 =10.1093%2937.6 = 321.07
L3 =10.1243%2937.6 = 365.143
L4=0.1341*2937.6 =393.93
L5=0.1391%2937.6 = 408.62
L6 =0.134*2937.6 =396.63
L7=10.12129%2937.6 = 356.301
L8 =0.0895%2937.6 = 262.9152
L9 =10.0398%2937.6 =116.918
L10=0.0199*2937.6 = 58.458

Total Bending moment = 7009937.472kg-mm

MbTotal = 7*106 kg-mm

Bending moment = Force * Distance

Mb = F*D
F=7*106/ 2800
F =2503.54 kg

F/L =2503.54/386 = 6.48 kg/mm
Deformation contour
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Fig: 4 The deformation in wing structure

Maximum deflection at the tip was found to be 26.8
mm

Stress Contour

The maximum stress is found at the rivet hole
location in the skin near the cutout region. Where the
rivets are used to fasten the stiffeners on the skin.
Fine mesh was carried out to capture gradient stress
distribution

614 161714

Fig: 5 Fig shows induced stress

Maximum stress was found near the rivet hole of
fuel access cutout of magnitude 21.3 kg/mm®

IV. CALCULATIONS

SIF can be calculated by Modified Virtual Crack
Closure Integral (MVCCI) method. SIF for 10 mm
crack length is calculated by

K=+GxE

Where,
K is the stress intensity factor in MPaVm
G is the strain energy release rate in N/mm
E is young’s modulus in N/mm’.

Strain energy release rate is calculated by

- 1 aTT F
b= AN H—

2ha t
Where,

G is strain energy release rate
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F is grid point force balance
AV is the crack opening displacement
Aa is the elemental edge length near the
crack tip in mm,
T is the thickness in mm,
Elm 26138
Elm 26136
u F
Elm 22666
Elm 22668
Ac
Fig: 6 Finite Element Models in The Vicinity Of a
Crack Tip

The values of crack opening displacement and force
at the crack tip are taken from F06 file after solving
from software that is shown below. Displacement
vector gives the values of crack displacement vector
for node 679337is 0.3984 mm which is taken as V,
that is shown below. Where T;, T,, T; are
translations along X, Y, Z axis and R;, R,, R; are the
rotations about X,Y,Z axis respectively.

SUBCASE 1
DISPLACENENT VECTOR

FOINT 1D TVPE 1 1 & il R 3
90 6 L7080 -D6RNRE- 0.0 L9678-06 0.0 -5, 000824€-03
9 6 LAMNEL LML 0.0 LOGT0R3E-06 0.0 -5, J0046E-03
9 6 L3690 -2.6679%e-0 0.0 426098106 0.0 -5, BH447E-3
9 6 L3060 <2659 0.0 5.436396e-06 0.0 -6 11810303
9% 6 424600600 -2.650045e-0 0.0 643556306 0.0 -6 7430403
9 6 L1600 -L63E-0L 0.0 435067406 0.0 -1 T09006¢-03
9% 6 40860600 -2.62590%E-0L 0.0 -6, 305727-06 0.0 -0, 10637%-03

6 0020000 -2.6076SIE0L 0. 85008 0, L A0S6%E-0)
8 6 -LIEHEQ LBTRE 0.0 3504548E-00 0.0 2, 56362003
99 6 -LIAIM6E-01 -2 334060 0.0 130396809 0.0 167503

Fig: 7 (a) Crack displacement vector for node
67933

Every node has 4 elements; force in two upper
elements will be equal to lower elements but in
opposite direction. So, two elements are considered
for calculating SIF. Element 49551 has force of
73.32 which is F2. And element 47058 has force of
83.96 which is shown below.

LBV 1 1 i f 3
LU I3 QAL 3N S A 3 R 3
¢ -JABGeL -LBOGL DTTED LOOE GO DA

f LN LR T D L LA
| (e 2, 4 IR

Fig: 7 (b) Crack displacement vector for node

87492.
SUBCASE 1
GRID POINT FCRCE BALANCE
POINT-ID ELEMENT-ID  SCLRCE ! T L] Rl R L]
JE-1] 2503 -, S63004E-04

(2] 6026 quand -8 BEELLTE-
(204 60265 quand AR
LEAE] 60266 qund

ITOTALSY

-4 LE360E-0¢ 4, 173346E-06
=L MI0GLE-0¢ -4, 133506-06

L MT60LE- M

FCF-SRC
L6 quan

VTOTALSY
F-CF-SAC .
456 quand -8

L9504 qLAnd 47500 -0, 2677 R0E

0 ] &
] - -1 18250401 -1 DI8T29E-01 £ 13030303

Fig: 7 (c) Force at tip of crack

Strain energy release rate is,

G=——xXAVx-
Ldhd

Elemental length,

Aa=1mm

Crack opening displacement,
AV =V,-V,

=0.3984 - 0.3511

=0.0473 mm

Force at tip of crack,

F =F+F,

=73.32+83.96

=157.28 Kg

Thickness, t = 2mm

Young’s modulus, E = 7000

Substituting these values in above equation,
157.28

i
G= = 00473 =
x1

Stress Intensity Factor is calculated by
Where,
G =1.69 Kg/mm
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E = 7000 kg/mm’

So,
K= 108.76 kg/mm? Ymm
K=108.76 9.81 107"
K =33.74 mpa\/m.

V. RESULTS

SIF can be calculated for different incremental crack
lengths ranging from 10 mm to 637 mm. SIF for
different crack length is shown in table below.

Table: 3 Stress intensity factor values for
different crack lengths of the stiffened panel

AC |V Vs AVin |F; |F; |Finmm|Aa |G K MPavm
mm N/m
m

25| 0294 0.259| 0.0367| 87| 48] 13503 1 089 2449
30| 0.276| 0.318| 00421 72| TO| 14207 1] 1.33 3026
75| 033 0.301| 0.0485| 83| 82| 15162 1| 1.78 347
100 0372 0.32| 00512 90| 83 17307 1| 2.06 3729
125 0032  034] 0.0517( 90| 84| 17413 1| 2.04 37.12
127 | 0.393| 0.344| 00507 89| 82| 17035 1| 19 36.36
130 0396 0347| 0.0495( 87| 72 16382 1| 1.86 3545
132( 0.398| 0.351| 0.0473( 84| 73 15728 1| 1.69 3374
40 A/‘—‘

30 - /

20 + _

——Seriesl
10
0]
0 50 100 150

Fig: 8 SIF vs. crack length

VI. CONCLUSION

Damage tolerance design philosophy is generally
used in the aircraft structural design to reduce the
weight of the structure. The air load distribution was
considered for the stress analysis of the wing
structure. The crack is initiated from the location of
maximum tensile stress. MVCCI method is used for
calculation of stress intensity factor.FEM
methodology is used for the stress analysis. A
stiffened panel with a fuel access cutout was
analyses with and without the presence of the crack.
Variation of SIF is studied for different crack length.
Plot indicates that SIF decreases near stiffener
location. Residual strength calculation where carried
out for different crack length. Residual strength plot
indicates that the crack get arrested near the stiffener
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location. Results obtained from the current study are
in good comparison with results shown from an
International journal paper.
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