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Abstract. The article combines issues related to biaxial fatigue loading, corrections for equivalent stress cal-
culations, and the practical application of new knowledge regarding biaxial fatigue in the aviation industry. It
considers the possibility and expediency of taking into account the anisotropy of metals’ mechanical charac-

teristics in aircraft repair procedures, such as patching and replacing damaged skin panels. The biaxial loading
of the skin is shown to be a significant factor that should be considered in the aircraft skin repair process. It is
shown that while well-known Huber-Mises formula works well for isotropic materials, the fuselage skin made
of anisotropic alloys requires corrections to the Huber-Mises method. For aircraft parts subjected to biaxial
loading, the assessment of equivalent uniaxial stresses can be done by introducing the crystallographic fac-
tor into the Huber-Mises formula. This is achieved by transforming the biaxial stress components of fuselage
loading due to pressurization and bending into the resolved stresses in the activated crystallographic slip

systems of the dominant texture.
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1. Introduction

The fuselage of contemporary planes is a thin-walled
semi-monocoque structure, consisting of stressed skin,
supported by stringers, frames, crack stoppers, doubles,
etc. Fatigue cracks, corrosion, shooting, lightning strikes
and accidental mechanical damages are often critical in
terms of the components’ bearing capacity and fatigue
life. Repair of damaged structural elements can by con-
ducted by installation patches or replacing the skin pan-
els. Repair parts are made from the same material as the
original damaged skin.

Metal sheets used for the skin are produced by roll-
ing. Due to plastic deformation during the rolling process,
metal sheets develop a texture that defines the anisotropy
of their mechanical properties. Nowadays, the anisotropy
of the patch’s material is not considered in fuselage repair
processes, but it can have a favorable effect on the bearing
capacity of the skin components.

The appearance of fatigue crack initiates repair proce-
dures and identifies areas that require strengthening due
to their susceptibility to fatigue. Enhancing the structure’s
resistance to fatigue can be achieved by optimizing the
orientation of the patch texture.

Stress-strain analysis of aircraft structural elements work-
ing under biaxial loading conditions is currently performed
using the Huber-Mises method. It is shown that the Huber-
Mises formula was initially proposed for isotropic materials,
whereas the fuselage skin is made of anisotropic alloys. The
biaxial loading of the skin and anisotropy of patches made
of rolled sheets of aluminium alloys are not considered in
contemporary aircraft skin procedures, such as patching or
replacing damaged skin panels. The article considers the
possibility and expediency of accounting for these factors
for enhance the bearing capacity of repaired aircraft parts.

This scientific problem of increasing the bearing ca-
pacity of patches and panels in a repaired fuselage is
addressed in the paper by considering the following fac-
tors: a) accounting for the rolling crystallographic texture;
b) calculating the resolved shear stresses in grains with
dominant crystallographic orientations; c) introducing the
resolved crystallographic stresses into the Huber-Mises
formula; d) orienting the patch so that the corrected Hu-
ber-Mises equivalent stresses are minimized.

The aim of the research presented in the article is to
develop recommendations for improving the repair pro-
cedure based on a new method for calculation equivalent
stresses for materials with texture, such as those with crys-
tallographic anisotropy caused by rolling.
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2. Aircraft skin damage and repair

During their long service lives, aircraft structures sustain
damages of different nature, levels of danger and meth-
ods for repair. The most typical include: fatigue cracks
(Kuznetsov et al., 2007), corrosion (Aeronautics guide,
2023), punctures (Aviation, 2015), dents (Lafiosca et al,
2023), lightning strike damage (Dauntless aviation, 2009),
bullet holes (Pikryl, 1992) (Figure 1). All these defects im-
pact aircraft structural integrity.

Repairing the skin involves a multi-step procedure. The
process begins with an analysis of the recommendations
in the structural repair manual (SRM) issued by the manu-
facturer. For damages beyond the allowable level, the
manufacturer makes the decision. The repair itself starts
with cutting out the damaged area. In the case of fatigue
cracks, the area in front of the crack tip must be removed.

Repair by patches can be conducted using two meth-
ods: a) lap or scab patches; b) flush patches (Federal Avia-

a) b)
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tion Administration [FAA], 2023). In the simplest form, the
edges of the patch and the skin overlap each other and
are riveted together (Figure 2a). This type of patch nega-
tively affects the aerodynamic friction drag component for
high-speed aircraft. A flush patch installation (Figure 2b)
is a more complicated procedure, but it provides better
aerodynamics (lower friction drag) for the outer skin. In
some cases, usually due to corrosion in the fuselage bilge
area, entire panels of the skin must be replaced (FI360
Aero, 2020) (Figure 2c). Details of the procedure are de-
termined by the aircraft manufacturer.

These actions must ensure that the repair meets or
exceeds the static strength and fatigue life of the original
structure.

In the case of repair by replacing damaged metal, the
enhancement of bearing capacity can be achieved through
the intrinsic strength potential determined by texture ani-
sotropy.

<)

f)

Figure 1. Typical operational damages of aircraft fuselage skin: a — fatigue cracks in the skin (Kuznetsov et al., 2007);
b — exfoliation corrosion (Aeronautics guide, 2023); c — fuselage skin puncture (Aviation, 2015); d — skin dent (Lafiosca et al.,
2023); e — lightning strike (Dauntless aviation, 2009); f — bullet hole (Pikryl, 1992)

a) b)

)

Figure 2. Repair procedures: a — lap patch; b — Flush patch (FAA, 2023); c — A320 belly skin panel replacement

(FI360 Aero, 2020)
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Table 1. Composition (%) of aluminium alloy 2024-T3 (source: ASM, n.d.)
Cr Cu Fe Mg Mn Si Ti Zn | Al |

Max 0.1 3.8-49 Max 0.5 1.2-1.8 0.3-0.9 Max 0.5 Max 0.15 Max 0.25 90.7-94.7

Table 2. Mechanical properties of 202473 alloy (source: ASM, n.d.)
Ultimate Tensile Strength, MPa Yield Strength, MPa Elongation, %
483 345 18
Table 3. Composition (%) of aluminium alloy 2524-T3 (source: JIMA Aluminum, n.d.)
| Cu | Mg | Mn | Fe | Si | Zn | Ti | Cr | Other | Al
4.0~4.5 1.2~1.6 0.45~0.7 0.12 0.06 0.25 0.10 0.05 0.15 Remainder

Table 4. Mechanical properties of 2524-T3 alloy (source: JIMA Aluminum, n.d.)

Ultimate Tensile Strength, MPa

Yield Strength, MPa

Elongation, %

409~501

The fuselage skin of contemporary planes is typically
made of 2024T3 and 2524-T3 alloys (Tables 1-4) (Aero-
space Specification Metals Inc. [ASM], n.d.; JIMA Alu-
minum, n.d.).

Recently, the aluminum alloy 2024-T3 has been re-
placed by 2524-T3 due to its greater fracture toughness,
which provides better resistance to fatigue crack propa-
gation in panels subjected to tension. With strength and
other properties equivalent to those of 2024-T3, fatigue
strength has increased by 10% and fracture toughness by
20% compared with 2024-T3 (TM).

Fuselage skin thickness varies from the 0.5 to 2.0 mm
(Chatterjee & Bhowmik, 2019). To protect aluminium alloy
against corrosion, the sheets of alloys are covered by a
layer of aluminum. This cladding doesn’t improve strength,
but protection against corrosion is still mandatory.

All mentioned sheet materials used for aircraft skin are
anisotropic.

3. Anisotropy of aluminum alloys sheets for
aircraft skin

The process of rolling the alclad alloys sheets leads to the
formation of two components of their texture: crystallo-
graphic texture, which is caused by the preferred orien-
tations of grains, and mechanical fibering, which is the
elongation and alignment of grains. Anisotropy of plastic
deformation behavior is almost entirely caused by the pre-
ferred orientation of grains (Hosford, 2010).

Crystallographic orientation of metal is described by
Miller's indices: [hkl] represents a direction; <hkl> repre-
sents a family of directions; (hkl) — represents a plane; {hkl}
represents a family of planes.

The typical rolling textures in f.c.c. metals and alloys
are: copper {112K111), Taylor {4 4 11}11 11 8), S {123}
(634), brass {110K112), and Goss {110}001). Some vari-

359~398

13~15.8

ability in the exact indices can be seen, particularly in the
S component (Wilkinson, 2001).

For the aluminum layer used for clad layers of our spec-
imens, the prefered orientation after rolling is {112}<111>,
for aluminum alloys, it is {110}<112> (Wasserman & Gre-
ven, 1962).

Crystallographic texture anisotropy can be used to en-
hance the strength of repaired parts by orienting them for
lower resolved shear stresses in the grains of polycrystal-
line materials.

4. Introduction of crystallographic factor
into the calculation of equivalent stress

Almost all aircraft parts are subjected to multiaxial load-
ing; at least biaxial in-plane loading in the simplest case of
solely pressurization. For stress-strain analysis, the Huber-
Mises formula is used. However, the Huber-Mises formula
does not take into account the anisotropy of rolled mate-
rial. Therefore, to achieve the optimal orientation of the
anisotropic patch, the crystallographic factor must be intro-
duced into the calculation procedures. The method to do
this is described in the work (Maslak & Karuskevich, 2023).

According to the Huber-Mises formula, the equivalent
stress can be found as:

[T R SR

3(12 12 72 ) )

xy T tyz+zx

where: 6., — equivalent Huber-Mises stress; o, — longitu-
dinal (axial) stress; o, - hoop stress; o, — transversal stress;
Ty Tyz T — Shear stress components.

For the combined hoop and longitudinal loading, gen-
erated by pressurization and bending considered in this pa-
per, the formula for the Huber-Mises stress is simplified to:
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The discussed approach arises from numerous stud-
ies of the nature of surface deformation relief forming on
metals under repeated loads. Direct observation of slip
bands on the metal surface has shown that the signs of
the relief have a crystallographic nature. Moreover, the
transition from uniaxial loading to multiaxial loading leads
to the activation of new slip systems (Karuskevich et al.,
2012; Pejkowski et al., 2019). Based on these observations,
it was decided to consider resolved shear stresses in crys-
tals (Figure 3) (Askeland & Fulay, 2009) instead of stresses
calculated without regard to the crystallographic orienta-
tion of the grains, and to use these in the Huber-Mises
equation.

For biaxial loading by pressurization and bending, the
Huber-Mises formula for corrected equivalent stresses
gets a view:

Seq corrected = \/0,5{(ch —m(yy)z +(m5y )2 +(—mcx)2] 3)

where: 0.4 — equivalent Huber-Mises stress corrected to
account for crystallographic texture; m; — Schmid factor for
actuated slip system (Schmid & Boas, 1968). The Schmid
factor equals the cosine of the angle with the vector nor-
mal to the slip plane (¢) multiplied by the cosine of the
angle with the slip direction ().

The correctness of this idea was proved by experiments
with aluminium alloys tested under biaxial fatigue loading.
A comparison of the two relationships between the num-
ber of cycles to failure and equivalent stress, calculated by
the conventional Huber-Mises formula (Figure 4a) and the
corrected one, is shown below (Figure 4b).

@)

Figure 3. Resolved stresses in FCC crystal (source: Askeland
& Fulay, 2009)
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The Figure 4, a depicts the relationship between the
number of cycles to failure and the equivalent stress cal-
culated according to the conventional Huber-Mises for-
mula. The correlation is RZ = 0.04 only. The low correlation
value for the conventional Huber-Mises method can be
explained by two reasons: a) the Huber-Mises method was
proposed for isotropic materials, while industrial sheet ma-
terials of aluminium alloys are anisotropic; b) the Huber-
Mises method doesn't consider resolved shear stresses on
the particular slip systems (slip plane and slip direction)
responsible for microplastic deformation during fatigue

The introduction of the crystallographic factor into the
Huber-Mises formula increases the correlation between
the equivalent stress and the number of cycles to failure
from RZ = 0.04 to 0.94 (Figure 4b).

5. Loads on aircraft and stress analysis for
aircraft fuselage skin

In flight and on the ground, aircraft structure is subjected
to loads from turbulence, aerodynamic forces, buffeting,
motor vibration, maneuvers, cabin pressurization, air-
field unevenness, ground reactions, etc. (European Union
Aviation safety Agency, 2023). Almost all these loads are
transmitted to and concentrated in the fuselage structure.
Loads are transferred via the fuselage structure from one
aircraft part to another.

Figure 5 provides a general idea of the loading condi-
tions on a transport aircraft fuselage (Wanhill, 1996).

In general terms, the skin of aircraft fuselages is sub-
jected to the combined loading from cabin pressure, fu-
selage bending, and twisting, but the distribution of these
loads depends on the location of the analyzed zone. The
front fuselage withstands pressurization stresses only;
the body crown just before the front spar attach frame
withstands pressurization and bending stresses; the body
crown just behind the rear spar attach frame withstands
pressurization and bending stresses; the mid-fuselage be-
fore the front spar attach frame is loaded by pressurization
and shear stresses; the neutral line area is loaded only by
pressurization.

According to Abbishek et al. (2017), fatigue failure ac-
counts for almost 55% of failures. All the mentioned loads
fluctuate and contribute to metal fatigue accumulation.

The repair procedure of the fuselage skin by patches
or replacement of skin panels must ensure the required

..

y=-86.63In(x) +280.97
¢ R:=0.0473

Equivalent stress, MPa

“ ~

10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00
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Figure 4. Fatigue curves for specimens subjected to biaxial loading: a — conventional Huber-Mises stress;

b — corrected Huber-Mises stress
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Figure 5. Zones of transport aircraft fuselage prone to
uniaxial/multiaxial loading conditions: 1 — front fuselage;

2 — body crown just before front spar attach frame; 3 — body
crown just behind rear spar attach frame; 4 — mid-fuselage
before front spar attach frame; 5 — neutral line (Wanhill, 1996)

@

level of bearing capacity. This can be achieved by taking
into account two important factors: the biaxial stress state
of the skin component and the anisotropy of the patch
material.

Among the many loading conditions of the fuselage
structure, some representative cases were selected to il-
lustrate the necessity and possibility of accounting for
crystallographic anisotropy in aircraft repairs by patches.

For the thin-walled structure of the fuselage, hoop
stresses from pressurization are considered a primary
source of the fatigue damage (A. Skorupa & M. Skorupa,
2012), but the calculations cannot be accepted as com-
pletely correct without account for other components of
fuselage loading.

Hoop stress in the skin from the pressurization can be
found by the equation:

Shoop = P X R/t,
where: p — pressure difference; R — radius of the skin cur-
vature; t — skin thickness.

Longitudinal stress from pressurization o, equals
0,5 Ghoop'

Cabins of contemporary transport category aircraft
are pressurized. For the fuselage of a widebody Boeing
plane, for example, hoop stress equals 17.4 ksi (120 MPa).
Thus, the axial stress is equal to 60 MPa (A. Skorupa &
M. Skorupa, 2012).

The yield strength of aluminium alloy 2024T3 is
360 MPa, which means for hoop stress, the margin of
safety is 3.0. The stress caused by bending acts together
with the longitudinal stress from pressurization (60 MPa),
thus to maintain the same margin of safety, the bending
stress should also be considered as 60 MPa. These values
will be accepted as exemplary input data for the calcula-
tion of equivalent stresses below.

For fuselage skin, pressurization is a crucial impact
that has caused several disasters at different stages of the
aviation era, such as the Comet accidents in 1953 (With-
ey, 1997) and Boeing 737-200 in 1988 (FAA, 2022). Given
the large number of flights, which now typically exceed
80 000 cycles, this factor significantly contributes to ac-
cumulated fatigue damage. In addition to pressurization
loads, the fuselage is subjected to a wide range of loads,
including significant bending in the vertical plane caused
mainly by the horizontal stabilizer and elevator action. Un-
der these loads, the upper fuselage skin panels work under

tension while the lower panels are subjected to compres-
sion. Torqgue moments caused by rudder deflection gener-
ate a flow of shear stresses. All these stresses should be
considered in the multiaxial stress-strain analysis.

Let's consider calculation of equivalent stresses in the
repair patch based on the crystallographic nature of the
process (Corrected equivalent stress) for some orientations
of patches relative to the two stress components caused by
pressurization and fuselage bending. The procedure for cor-
rected equivalent stress calculation is described above and
in previously published papers (Maslak & Karuskevich, 2023).

The aluminium alloy patch is anisotropic, with the pre-
ferred orientation of grains being {110}<112> (Wasserman
& Greven, 1962). For this crystallographic orientation, the
resolved shear stresses have been found.

The calculation included: assessment of the angles be-
tween the axes of loading and directions of slip and slip
planes for hoops and longitudinal stresses; assessment of
the Schmid factors for all slip systems; calculation of re-
solved shear stresses for all possible slip systems; calcula-
tion of the corrected Huber-Mises stress for selected load
cases. Calculations of the angles between the directions of
stress components and slip planes and slip directions were
made using an online crystallographic calculator (Semi-
conductor Spectroscopy and Devices, 2020).

6. Calculations of corrected equivalent
stress for variation of patch orientation

Calculations of corrected equivalent stress has been con-
ducted for two areas of fuselage skin: the first one, where
mainly pressurization generates stresses and the second
one, where loads from pressurization are combined with
bending tension stress.

The first case considers the calculation of corrected
equivalent stress from pressurization for patches with tex-
ture direction perpendicular to the fuselage axis. The patch
is considered to be installed in the front fuselage area and
the area close to the neutral line of the fuselage, where
pressurization stresses are dominant. Aluminium alloys
belong to the Face Centered Cubic (FCC) metals contain-
ing four close-packed planes of the form {111} and three
close-packed directions of the form <110> within each
plane, giving a total of 12 slip systems (Noh & Yoon, 2024),
as shown in Figure 6.

The considered alloys belong to the 2xxx series, with
Aluminum, Copper and Magnesium as primary compo-
nents (Sanders & Marshall, 2023). Resolved shear stresses
were found for all 12 slip systems, and the slip systems

Figure 6. Twelve slip systems for FCC metals
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Table 5. Resolved shear stress caused by the hoop loading for the patch oriented with texture {110}<112> perpendicular the
fuselage axis (hoop stress 120 MPa)

. The angle petween the The angle between the . Resolved shear
. Slip force direction and the 2 . Schmid
Slip plane | .~ . -~ | force direction and slip | Cos A Cos y component of hoop
direction | perpendicular to the slip L Factor
plane, % direction, y stress 120 MPa
(ﬁ‘]) [10?] 61.9 106.8 0.47 -0.29 -0.14 16.8
[110] 54.7 0.57 0.27 324
[011] 30.0 0.87 041 49.2
61 1) [101] 61.9 30.0 047 0.87 041 49.2
[110] 54.7 0.57 0.27 324
[011_] 106.8 -0.29 -0.14 16.8
A 1_) [T1 0] 90.0 90.0 0 0 0 0
[101] 30.0 0.87 0 0
[011] 30.0 0.87 0 0
(111) [T1 0] 19.5 90.0 -0.94 0 0 0
[10?] 106.8 -0.29 0.28 33.6
[011] 106.8 -0.29 0.28 336

with maximum resolved shear stresses were selected as
the systems responsible for fatigue damage because the
dislocations in these systems will begin to move first.

The hoop stress is accepted to be 120 MPa. The lon-
gitudinal stress is equal 60 MPa. Results of the resolved
shear stresses calculations are shown in Tables 5-7.

The results shown in Table 5 deal with the case when
the crystallographic orientation {110}<112> of the patch
metal was perpendicular to the longitudinal axis of the
fuselage.

The longitudinal component of the fuselage loading
acts perpendicular to the direction <112> of the patch
metal; it is parallel to the <1171> indices in the patch metal.
This makes it possible to use the crystallographic calcula-
tor (Semiconductor Spectroscopy and Devices, 2020) to
find the required angles between the loading direction
and the slip direction, as well as the angles between the
loading direction and the perpendiculars to the slip planes
for the assessment of Schmid factors.

Table 6. Resolved shear stress caused by longitudinal loading for the patch oriented with texture {110}<112> perpendicular to

the fuselage axis (longitudinal stress 60 MPa)

The angle The angle
between the between Resolved shear
Slip plane | Slip direction forc:ngi;icetion dirt:cetifoonrc:nd Cos Cos y Schmid Factor c?omngﬁzzma?f
perpendicular to | slip direction, component 60 MPa
the slip plane, A ]
(1?1) [10?] 109.5 353 -0.33 0.82 0.27 16.2
[110] 353 0.82 0.27 16.2
[011] 90.0 0 0 0
111) [101] 109.5 90.0 -0.33 0 0 0
[110] 353 0.82 0.27 16.2
[011] 353 0.82 0.27 16.2
A 1_) ﬁ1 0] 0 90.0 1 0 0 0
[101] 90.0 0 0 0
[011] 90.0 0 0 0
(111) [110] 70.5 90.0 0.33 0 0 0
[107] 353 0.82 0.27 16.2
[oﬁ] 353 0.82 0.27 16.2




Aviation, 2024, 28(4), 255-263

Accordingly, the angles between the loading direction
and the slip directions, and the perpendiculars to the slip
planes, are found as the angles between the <111> vec-
tor and the slip directions and the perpendiculars to the
slip planes.
Thus, for the patch oriented with texture {110}<112>
perpendicular to the fuselage axis, the resolved shear
stresses have two maximum components: from the hoop
component of loading, it is equal to 49.2 MPa; from the
longitudinal component of loading it is equal 16.2 MPa.
Corrected equivalent Huber-Mises stress, calculated by
Equation (3) is equal to 43.4 MPa.
In the similar way, a set of cases of stresses from pres-
surization were considered:
= Resolved shear stress caused by hoop loading from
pressurization for the patch oriented with texture
{110}<112> at 45° to the fuselage axis (hoop stress
120 MPa);

= Resolved shear stress caused by longitudinal load-
ing from pressurization for the patch oriented with
texture {110}<112> at 45° to the fuselage axis (lon-
gitudinal stress 60 MPa);
= Resolved shear stress caused by hoop loading from
pressurization for the patch oriented with texture
{110}<112> along the fuselage axis (hoop stress
120 MPa);

= Resolved shear stress caused by longitudinal loading
from pressurization for the patch oriented with tex-
ture {110}<112> along the fuselage axis (longitudinal
stress 60 MPa).

Next series of calculations were performed for fuse-
lage crown just before the front spar attach frame and
the fuselage crown just behind the rear spar attach frame,
subjected to the combined action of pressurization and
bending.

Let's consider an example were these stresses equal
60 MPa. Added to the axial stress from pressurization, this
results in 120 MPa.

Hoop loads are not influenced by bending; thus, the
previously obtained results for hoop stresses can be used
for the calculation of stress. No additional hoop stress
should be considered for this area of fuselage under the

bending. The resolved shear component of the hoop com-
ponent (120 MPa) equal 49.2 MPa.

Longitudinal stress combines stress from pressuriza-
tion and stress from bending, with the total stress equal
to 120 MPa.

Additional calculations include:

= Resolved shear stress caused by longitudinal load-

ing and bending for the patch oriented with texture
{110}<112> perpendicular to the fuselage axis (pres-
surization + bending = 120 MPa);

= Resolved shear stress caused by hoop loading for
the patch oriented with texture {110}<112> at 45° to
the fuselage axis (hoop stress = 120 MPa, bending
stress = 0);

Resolved shear stress caused by longitudinal load-
ing and bending for the patch oriented with texture
{110}<112> at 45° to the fuselage axis (hoop stress =
60 MPa plus bending stress = 60 MPa);

Resolved shear stress caused by hoop loading for
the patch oriented with texture {110}<112> at 90°
degrees to the fuselage axis (hoop stress = 120 MPa,
bending stress = 0);

Resolved shear stress caused by longitudinal load-
ing and bending for the patch oriented with texture
{110}<112> at 90° to the fuselage axis (axial stress
from pressurization = 60 MPa, bending stress =
60 MPa).

The obtained results make it possible to calculate cor-
rected Huber-Mises stresses for areas of the aircraft struc-
ture working under: a) fuselage pressurization conditions;
b) combined loading conditions of pressurization and
bending (Table 7).

The calculation results shown in Table 7 allow us to
draw conclusions about the bearing capacity of the repair
patch: it depends on the mutual orientation of the patch’s
preferred crystallographic orientation (texture) and its
loading directions. As the patch operates under multiaxial
stress conditions, the analyzing its stress state requires the
assessment of equivalent stress.

While the generally accepted method of calculating
equivalent stresses according to Huber-Mises does not
account for the anisotropy of the sheet materials used

Table 7. Results of the equivalent stress calculations according to the conventional and corrected Mises formulas

Pressurization area

Direction of the patch

texture relative to the Pressurization

Pressurization Axial

Bending stress, Mises stress Mises stress

fuselage axis Hoop stress, MPa stress, MPa MPa original, MPa corrected, MPa
Perpendicular to the axis 120 60 - 104 434
Along the axis 120 60 - 104 29.3
45° to axis 120 60 - 104 49.9
Pressurization plus bending area
Perpendicular to the axis 120 60 60 120 434
Along the axis 120 60 60 120 433
45° to axis 120 60 60 120 57.6



in the manufacture and repair of aircraft skin, consider-
ing cystallographic anisotropy allows for the installations
of the repair patch in a way that maximizes its strength
capacity. This is confirmed by the smallest values of the
equivalent stresses.

For the area of the structure that experiences only hoop
and axial loads from pressurization, it is optimal to place
the repair patch so that the rolling texture {110}<112> of
the patch aligns with the fuselage axis.

In this case, the equivalent stresses determined by tak-
ing into account the dominant crystallographic orientation
are 29.3 MPa, while other patches orientations produce
equivalent stresses of 43.4 MPa with the patch texture direc-
tion perpendicular to the fuselage axis and 49.9 MPa when
the patch texture direction is at 45° to the fuselage axis.

For the zone of the structure loaded by the pressuri-
zation and fuselage bending, installing patches with the
texture direction at 45° to the fuselage axis provides a cor-
rected equivalent stress of 576 MPa, whilst patches ori-
ented with the texture perpendicular to the fuselage axis
result in 43.4 MPa, and those installed with the texture
along the axis also result in 43.4 MPa.

7. Conclusions

In-service, aircraft may get damaged by cracks, dents,
shootings and corrosion. The structural integrity can be
restored by the installation of patches. Integrated into the
structure, patches withstand operational loads as bearing
components. Both in the air and on the ground, the aircraft
structure withstands various forces and moments. As a re-
sult of these loads, both structural elements and patches
work under multiaxial stress conditions. Under multiaxial
loading, the strength of the structures is ensured by stress
analysis based on the assessment of equivalent uniaxial
stresses. The Huber-Mises rule, used for the assessment
of equivalent stresses, doesn’t take into account the ani-
sotropy of constructional metals, whereas the sheets of
aluminum alloys used for the aircraft skin and patches are
anisotropic.

For the first time, it is proposed to consider the anisot-
ropy of patches to increase their bearing capacity under
multiaxial cyclical loading.

It is also shown that the accuracy of the Huber-Mises
equivalent stress calculations can be improved by applica-
tion a technique that reflects the crystallographic nature of
the fatigue damage processes. This method allows intro-
ducing the crystallographic factor into the equation for de-
termining equivalent stresses according to the Huber-Mises
concept. To account for the crystallographic aspects of the
damage process, the resolved shear stresses in slip systems
were considered as components of biaxial loadings.

Introducing the crystallographic factor into the Huber-
Mises formula for equivalent stress, as evidenced by the
results of the fatigue tests under combined tension and
torsion presented in the paper, provides a better correla-
tion between the number of cycles to failure and equiva-

M. Karuskevych et al. Effect of rolling texture on bearing capacity of aircraft repair patches and replaced panels

lent stress than can be obtained using the conventional
form of the Huber-Mises formula.

The improvement in the bearing capacity of patches
can be achieved by orienting the patches so that the cor-
rected Huber-Mises stresses are minimized.

The correction of the Huber-Mises equation is ap-
propriate when calculating the stress state of structural
elements made of materials with a pronounced crystal-
lographic texture.

Further development of the proposed method is aimed
at its practical application. It requires consideration of all
combinations of possible stress components: hoop and
axial stresses from pressurization, as well as stresses from
bending and torsion. This analysis should be conducted for
all parts of the structure. The obtained data will improve the
bearing capacity of repair patches and repair panels.
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