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Abstract

Polymer composite materials can be used both for the production of semi-monocoque structures and for the repair of aircraft airframes.
Of all the elements of the semi-monocoque structure, the airframe skin is most often damaged during operation. The fragments of the skin
between the frame elements of the semi-monocoque structure are considered as a thin-walled plate. The paper presents an analysis of the
repair node of a metal plate subjected to uniform shear. The model of the repaired plate made in the Ansys Workbench environment was used
for the analysis. The boundary conditions were defined by means of an articulated frame using the possibilities of the computing environment
in the scope of, defining elements among others. The model was initially verified experimentally, assuming that it can be used to carry out
a comparative analysis of two methods of repairing a damaged plate, using CFRP (Carbon Fiber Reinforced Polymer) and GFRP (Glass Fiber
Reinforced Polymer) materials. Analyzing the obtained results, it was found that the repair does not restore the original strength of the
damaged structure, however, it reduces the stress of the plate material around the opening by 10%.
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Streszczenie

Polimerowe materiaty kompozytowe moga by¢ wykorzystywane zaréwno do wytwarzania elementow konstrukeji potskorupowych jak
i do napraw juz eksploatowanych metalowych ptatowcow statkow powietrznych. Sposrod wszystkich elementéw konstrukeji potskorupowej,
pokrycie platowca ulega najczesciej uszkodzeniom eksploatacyjnym. Fragmenty pokrycia pomigdzy elementami szkieletu konstrukcji
potskorupowej rozpatruje si¢ jako ptyte cienkoscienna. W pracy przeprowadzono analize wezla naprawczego metalowej ptyty poddanej
réwnomiernemu $cinaniu. Do analizy wykorzystano model naprawianej ptyty wykonanej w Srodowisku Ansys Workbench. Warunki
brzegowe zdefiniowano za pomoca przegubowej ramki wykorzystujac mozliwosci sSrodowiska obliczeniowego w zakresie m.in. definiowania
kontaktow. Model wstepnie zweryfikowano eksperymentalnie, przyjmujac zatozenie, ze moze by¢ wykorzystywany do przeprowadzenia
analizy porownawczej dwoch metod naprawy uszkodzonej plyty, z wykorzystaniem materiatbw CFRP (Carbon Fibre Reinforced Plastic)
oraz GFRP (Glass Fibre Reinforced Plastic). Analizujac otrzymane wyniki stwierdzono, ze naprawa nie przywraca pierwotnej wytrzymatosci
uszkodzonej struktury, jednakze zmniejsza wytezenie materiatu ptyty wokot otworu o 10%.

Slowa kluczowe: analiza numeryczna, badania doswiadczalne, wezel naprawczy, struktura poiskorupowa, wyboczenie, Ansys Workbench

1. Introdution direction perpendicular to the skin plane and its
susceptibility to loss of stability and buckling [4, 5].
In the process of operation, the airframe skin is the
element that is most often damaged (98 - 100%) [6].
The damage may be a single element damage or
a coupled damage (the skin and, additionally, other
elements of the aircraft are damaged, e.g. stringers,
wing spars, other force elements of the frame) [7,8,9].
These damages are particularly important when they
occur in the wing structure, due to its tasks, including
the creation of lift, stability and controllability [10].
Damage most often occurs as a result of impact on the
structure, e.g. in conditions of improper use. In the
case of a military aircraft, additional damage may
occur due to the effect of combat measures [6, 11].

The airframes of modern aircrafts are most often
semi-monocoque structures [1], which consist of
a frame and load-carrying skin [2]. Both the frame and
the skin contribute to the load transmission. The share
of airframe elements structure in the distribution of
loads (bending and torsion) is unequal.

Normal stresses resulting from bending are
transferred mainly by the wing spars, stringers and
skin, while the shear stress resulting from bending and
torsion are loaded by wing spars wall and skin. During
the strength analysis, the skin is considered as a thin-
walled plate [3]. One of the special features of each
thin-walled structure is its low bending stiffness in the
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In the process of maintenance, aircraft airframes
are repaired. Repairs are carried out in order to restore
the original strength of the structure and stop the
process of damage development [12, 13]. In aviation,
two basic methods of repairing aircraft skin are used:
the method with the use of metal patches and
mechanical joints [14] and the use of composite
patches and adhesive joints [15, 16] or alternatively
a hybrid solution [17, 18, 19]. Due to the technological
susceptibility of fiber-reinforced composite materials,
these types of materials are used to repair not only
composite but also metal structures. Polymer compo-
site materials are bonded to the damaged structure
with adhesive materials [20, 21].

The purpose of the performed calculations and
tests was to assess the effectiveness of repairing
a damaged plate, which was subjected to uniform
shear. The metal plate was repaired with composite
materials. Implementation of works on experimental
tests and calculations using the finite element method
were performed. Using the finite element method,
calculations were carried out on the basis of a metal
plate model which was repaired with composite
patches.

2. Model of plate and frame

In order to perform numerical calculations,
a simplified model of the plate with a loading frame
was prepared in the NX 11 environment. As part of the
model being performed, the plate, repair elements,
articulated joints and a frame for mapping the plate
shear were defined. The following assumptions were
adopted to define the plate model: thickness 1 mm and
material properties of the 2024-T3 series aluminum
alloy. The geometrical dimensions of the plate with
a damage in the form of a hole with a diameter of
50 mm are presented in Fig. 1.
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Fig. 1. Dimensions and shape of the plate used in the test
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The model of the repaired plate consisted of
elements that are used in the repair process. Inside the
hole, a metal insert is defined, while on one of the outer
surfaces of the plate a composite patch with the
material propertiecs of a glass (GFRP) and carbon
(CFRP) composite was modeled. The properties of the
glass composite corresponded to the material prepa-
red on the basis of SynglassE86 glass fabric with
a grammage of 101 g/m? and the L285/H285 (MGS)
impregnated by Havel Composites (Fig. 2).

Composite patch

Metal insert

Specimen
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Fig. 2. Elements of the repair node

The properties of the carbon composite were
defined on the basis of 160 g/m? carbon fabric by
HACOTECH and L285/H285 (MGS) by Havel
Composites. The composite patch had the shape of
a clipped cone with a back diameter of 142 mm and
a top layer diameter of 127 mm (Fig. 3). Due to the
use of a conical shape, the occurrence of stress
concentration in the joint of the adhesive joint at the
edges of the edge overlap was limited. Between the
patch and the panel to be repaired, an adhesive layer
was modeled with a thickness of 0.1 mm, diameter
of 142 mm and the properties of Epidian 57/Z1
adhesive [22].

Plate Coposite patch

- -

Fig. 3. The diagram of the repair node

As part of defining the boundary conditions in the
load area, a model of the mounting frame was made,
which consists of eight steel flat elements connected
with each other articulated with four pivots. The
scheme of the frame with the plate being repaired is
shown in Fig. 4.
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Steel elements

Fig. 4. Geometric model of the repaired plate with a frame

The plate geometries with the frame were exported
to the Ansys Workbench 21 R2 environment for
numerical calculations. For the preparation of the
calculation model, the material properties of indivi-
dual elements were defined. Epidian 57 adhesive
parameters were adopted from the publication [22]. As
part of solving the task, a simplification assuming
quasi-isotropic properties of composite materials was
adopted. Properties of the materials defined in the
model are presented in Table 1.

Table 1. Properties of materials defined for calculations

Material Young’s module Poisson

[MPa] number
Aluminium alloy 2024-T3 73100 0,33
Adhesive Epidian 57/Z1 2083 0,35
Glass composite (GFRP) 40000 0,4
Carbon composite (CFRP) 61340 0,3
Steel elements - Steel 200000 0,3

Using the symmetrical layout of the plate, a regular
shape of the plate mesh was defined. For this purpose,
the board model was divided into 8 elements (Fig. 5).
This type of operation was aimed at obtaining a mesh
with a regular shape - Fig. 6.

Fig. 5. Scheme of division of the slab model
into 8 geometric elements
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Fig. 6. The view of the model with the division into finite
elements, the so-called mesh

The Edge Sizing option was used to define the
mesh, assigning 20 elements to individual edges, and
the MultiZone option, assuming the type of Hexa
element. According to the adopted scheme, a similar
division of the composite patch, the adhesive layer and
the insert was made. Additionally, the frame elements
have been assigned an optimization module of the Hex
Dominant type. As a result of discretization, the frame
model had 53362 finite elements and 62506 mesh
nodes, while the repaired plate had 2400 elements and
5000 nodes.

3. Defining contact elements

In order to recreate the conditions of assembly the
plate to the frame, bonded contacts have been defined
between the frame and the plate. The same type of
contact is defined between the composite patch and the
adhesive layer and between the adhesive layer and the
plate and between the insert and the adhesive layer.
Figure 7 shows the individual elements for which the
type of bonded contact has been defined.

The articulated joints were modeled between the
frame elements and the pivots using a No Sepatarion
contact (slip without friction, Fig. 8).

The last type of contact that was used in the
modeling of the plate with the frame was the Frictional
contact, which was assigned to the side surfaces of the
insert and the hole. For the purposes of the analysis,
the friction coefficient of 0.1 was assumed.

In the load area, a force of 8 kN was defined
located in the pivot No. 1 directed along the z axis,
while the pivot No. 4 was fixed using the Fixed
Support function (Fig. 9).
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Fig. 7. Bonded contacts between the individual elements (red and purple indicate the contact area), from the left, the frame with
the plate, the adhesive layer with the plate, the adhesive layer with the insert and the adhesive layer with the patch
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Fig. 8. View of elements between which a No Separation
type connection has been defined
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Fig. 9. The diagram of the boundary conditions
of the FEM model
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4. Experimental verification of the model

In order to made assess the quality of the model,
calculations were carried out under the conditions of
the planned experiment (8 kN load). The obtained
results, in regard to of strain, were compared with the
results of experimental tests.

4.1. Experimental tests of the plate

The specimen for experimental tests was made of
1 mm thick 2024-T3 sheet, aluminium alloy with the
dimensions shown in Fig. 1. The repair of the plate
consisted of installing a metal insert in a hole with
a diameter of 50 mm. The composite patch was formed
of 16 layers of SynglassE86 glass fabric with diame-
ters from 127 mm to 142 mm, in 1 mm increments.
The test surface was degreased with extraction naphtha
and with the use of a 3M SC-DR disc of granularity
P180 and P400. Only the area on which the patch was
to be formed was processed. The surface preparation
process was completed with another surface cleaning
with extraction naphta. The L285 epoxy resin mixed
with the H285 hardener in the proportions 100: 40 was
used as the saturant of the composite patch. The
filtered material layers were layered according to the
scheme [0°, 30°, 60°, 90°]4. Then, next layers used in
the vacuum bag technology, including a resin draining
mat, perforated foil and delaminating fabric, were
applied to the composite patch. The patch prepared in
this way was placed in a device enabling to generate
a pressure equivalent to a pressure of 0.8 MPa and
left for 24 h at room temperature (according to the
technical sheet for curing resin L285/H285). The
prepared composite patch was adhesively bonded to
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the plate with the use of Epidian 57 epoxy resin mixed
with the hardener Z1, in a ratio of 1:10. The adhesive
has been hardened: in the first stage, 24 hours at 20°C
and for 6 hours at 80°C.

After the specimen was prepared, mounting holes
were drilled in it and the specimen with the frame was
placed in the traverses of the testing machine. The
specimen and the method of its mounting in the
machine are shown in fig. 10.

Fig. 10. Fixing the sample in the testing machine
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Strain gauges were jointed to the elements of the
repair node in accordance with the diagram shown in
Fig. 11.

composite patch

Left side Right side

metal insert

Fig. 11. Distribution and numbering of strain gauges mounted
on the specimen

The strain gauge No. 1 is jointed to the metal insert
- in the direction perpendicular to the load generated
by the testing machine. Strain gauges 2 and 3 were
jointed in the direction of load deformation of the
testing machine. The strain gauges 4, 5, 6 had the form
of a rosette bonded to the composite patch. A CL 460
(Zaktad Elektroniki Pomiarowej Wielkosci Nieele-
ktrycznych, Poland) bridge was used to measure the
deformation.

The results of the recorded strain from the
experimental tests were compared with the results of
the numerical simulation (Fig. 12 and Table 2).
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Fig. 12. Deformation values for the plate, glass fiber patch and reinforcement insert

Table 2. Values of deformations obtained in the experimental
test and numerical simulation

Canal 1 Canal 2 Canal 3 Canal 4 Canal 5 Canal 6
m/m m/m m/m m/m m/m
Experiment -0,000465 0,000685 0,000598 0,00098 -0,000081 -0,000545
Calculations -0,000300 0,000654 0,000654 0,00035 -0,000050 -0,000260

The largest differences in strain between the
results of the experimental tests and the results of
calculations occur on the composite patch, which may
be related to the take simplifications in defining the
composite material. In the case of strain gauges
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bonded directly to a metal plate, the differences are at
the level of several percent. Therefore, it was assumed
that the prepared model can be used for further
analyzes.
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5. Calculations of the repairing plate

In order to compare the effectiveness of the plate
repair with different composite materials (CFRP and
GFRP), calculations were carried out using the
prepared model. Under boundary conditions, the load
values were changed from 8 kN to 25 kN. According
to the results presented in [23], it was the range of
subcritical loads in buckling process of plate.
Computational simulations were carried out for the
undamaged, damaged and repaired plate model.
Examples of calculation results in the form of reduced
stresses (von-Mises) for an undamaged and damaged
plate are presented in Fig. 13.
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Fig. 13. Reduced stresses in the plate for undamaged (a)
and damaged (b)

Stress concentration in an undamaged plate occurs
near the corners of the plate. Which in the conditions
of a semi-monocoque structure may cause additional
stress on the mechanical joints. In the central zone of
the plate, where the stress wave formation process
takes place, the stress values are below the yield point.
Figure 14 presents the results of the stress distribution
in the plate repaired with composite patch in two
variants (option I - glass composite GFRP, option II -
carbon composite CFRP).

Fig. 14. Reduced stresses in the plate with the GFRP (a)
and CFRP (b) patch

Using both GFRP and CFRP, the effort conditions
of the undamaged plate were recreated. The greatest
changes were observed in the area of the insert
mounting hole. The comparison of normal stresses
perpendicular to the adhesive surface and the maxi-
mum main stresses in the adhesive layer for two patch
variants is shown in Fig. 15 and Fig. 16.
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Fig. 15. Normal stresses to the adhesive surface for two
patch variants: GFRP (a), CFRP (b)
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Fig. 16. Maximum main stresses in the adhesive layer
for two patch variants: GFRP (a), CFRP (b)

The values of stresses in the adhesive joint area are
lower than the values of breaking stresses defined for
Epidian 57/Z2. Table 3 presents the displacement
values of the frame model with the specimen for the
considered repair values. The smallest values occurred
for the CFRP composite patch.

Table 3. Displacement values of the frame with the plate for the considered cases

Plate without

The type of the plate damage

Plate with damage

Plate — glass patch Plate — carbon patch

Displacement in the direction of

the load [mm] 5

0,43 0,248 0,25
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6. Conclusions

Based on the calculations and experimental tests

performed, the following conclusions can be defined:

o the aircraft skin repair node, in which composite
materials are used, can locally "stiffen" a part of
the semi-monocoque structure. The consequen-
ce of repairing the skin located between the
frame elements of the semi-monocoque struc-
ture may be a greater effort of the mechanical
joints located in the vicinity of the repaired area.

o repair does not restore the original strength of
the damaged structure, however, it reduces the
strain of the plate material around the opening
by about 10%.

o regardless of the taken variant of the composite
patch (GFRP, CFRP), the effectiveness of the
repair should be confirmed in experimental tests
(especially with the use of the CFRP patch - low
susceptibility to deformation of carbon fibers in
the process of plate buckling may cause an
unfavorable phenomenon of peeling off of the
composite patch.

e it seems that in order to evaluate the adopted
solutions more effectively, the composite patch
for calculations should be defined as layered
materials - (the homogenization of the material
properties of the composite patch adopted for
calculations may negatively affect the stress
distribution in the adhesive layer.
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