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Abstract.This paper provides an illustration of all stages of primary aeronautical composite structure repair by
using industrial tools and scientificmethodologies, as well as numerical tools to simplify the cross-over analysis of
the mechanical behaviour of the repaired area. Economically and scientifically speaking, one of the main
challenges of composite repair (for monolithic long fiber composite parts) consists of promoting a bonded
composite patch option without additional riveted doublers. To address this challenge, size reduction of the
patch could be mandatory. A patent (jointly owned by ICA, Bayab Industries and CES), entitled “Method for
repairing a wall consisting of a plurality of layers”, is devoted to reducing repair patch dimensions of monolithic
composite parts provided the bonding zone has a stepped-lap geometry. This patent is based on a simple idea
that no overlapping length is required between composite plies for load transfer except in the fiber directions of
the plies (unidirectional or biaxial long fiber reinforcements with epoxy matrix). To prove this concept, we
consider on one hand, a situation unusual in the literature by studying a composite specimen without fibers
aligned along the main loading axis, and on the other hand, a classical situation of where the shape of the
specimen is adapted to be studied by uniaxial tension tests. After different manufacturing steps, the studied
specimen contains three zones representing both the influence of the total thickness of a repair patch, the
stepped-lap area assembled with an adhesive film and the parent composite part. Basically, a simple parent
structure consisting of 16 plies of UDHexply

®

M21/35%/268/T700GC (close to Airbus composite rawmaterials
on board in A380) is manufactured with a stacking sequence of [+45/−45/−45/+45/+45/−45/−45/+45]s.
Then, the parent structure is machined by the Airbus Abrasive Water Jet machine and the final repair area has
a stepped-lap geometry by overlapping successive plies of the same nature as the parent plate and after having
previously applied an adhesive film (cured at 180 °C). Furthermore, 3 values of overlap length (respectively, 6, 8
and 13mm) are investigated to include the mean value required by Airbus in the case of the use of the studied
prepreg. After abrasive water jet machining of the composite parent part, repair patch manufacturing was
performed according to Airbus requirements. The studied specimens were cut from the final plate (involving the
parent plate, the stepped lap zone and the zone of the patch itself) and tested in an uniaxial tensile configuration
with a loading direction shifted 45° with respect to the fiber direction. Furthermore, studying uniaxial tensile
tests on multilayer-pasted interface is innovative in the literature. In this paper, it is shown that the stepped-lap
area assembled with an adhesive film is not the weak link of the mechanical response but rather the parent area,
i.e. the unrepaired monolithic composite. Numerical calculations confirm this proof of concept by underlying
that the level of shear stress in the adhesive film, for these three overlapping values, is below the chosen limit
value. These results show that the patch size reduction is possible.

Keywords: Composite repair / abrasive water jet machining / composite bonded assembly / light finite
elements modelling / mechanical testing
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Fig. 1. View of the repair evaluator with (a) the start and (b) the last phase of the multiaxial mechanical test, see [5] for details.

2 F. Collombet et al.: Mechanics & Industry 20, 812 (2019)
1 Introduction

This paper deals with scientific and technical issues related
to the repair of aeronautical structures, made of multilayer
monolithic long fibre composites. There is an increasing
need for such repairs due to the entry into service of
hundreds of B787 and A350 aircraft per year. In the repair
process, according to the customer services of the aircraft
manufacturers, one of the issues is to limit the influence of
the area and/or the volume of removal of material and
reduce the prohibitive time of immobilization of the
aircraft (which costs the operating company roughly 100–
200 kUS dollars per day).

According to this Specification of Work (SoW),
a joint patent [1] held by the Clement Ader Institute,
the two SMEs Composites Expertise & Solutions and
Bayab Industries, is of interest because it is based on
a simple idea that a nominal overlapping length is only
necessary in the direction of each UD ply. This patent
allows the description and modelling of a minimum
volume of material to be removed while ensuring
a nominal transfer of efficient stress flow between the
parent composite part and the repair patch. To give some
orders of magnitude, it was shown that this approach can
lead to the reduction of the repair patch grip by more
than 70% [2], making the adhesive patch certifiable by
aeronautic regulation authorities [3]. Actually today, the
bonding repair patch is allowed alone (i.e. without
additional riveted doublers [4]) only if its loss is not an
impediment to the limit loading transfer (“patch-off”
concept). In aeronautics [3], all critical structures will
have a repair size limit no larger than a size that allows
Limit Load strength to be achieved with the repair failed
or failed within constraints of the arresting design
features (in the repair or base structure). This approach
is needed to ensure Limit Load capability in the event of
bonded repair failures.

Two geometries for bonding composite repair patch are
used in aeronautic industry with respectively tapered scarf
and stepped-lap joints. During thirty years, Boeing
employed only scarf geometry to repair composite primary
aeronautic structures. Airbus was the first to introduce the
stepped-lap geometry for composite repair. As regards
the overlapping length, Airbus was more conservative than
Boeing. For example, Airbus requires 8mm overlap for
0.13mm ply thickness while Boeing 5mm overlap for the
same ply thickness. We have chosen stepped-lap geometry
for taking the best performance in terms of patch size
reduction [2].

To be close to industrial applications, an original
methodology of mechanical characterization (called Multi-
Instrumented Technological Evaluator tool box) has been
proposed [2,5]. The MITE tool box allows the design of
case-by-case specific repair evaluators that can be tested in
a multi-axial testing machine under complex loading
sequences. For achieving such approach, metric composite
parts are mandatory according to the real patch repair size
and the definition of the SoW because of the case-by-case
nature of the composite repair issues. The proof of the
interest of the joint patent has been done in the past thanks
to the Multi-Instrumented Technological Evaluator tool
box [5], cf. Figure 1.

The originality of the current paper lies in the choice of
a composite specimen (i.e. a composite part with a simpler
geometry compared to a composite repair evaluator but in
the framework of an unusual situation because this
specimen will be tested without fiber directions in the
main loading axis using a classical tension set-up (cf.
Fig. 2). Furthermore, whatever the chosen stacking
sequence, studying uniaxial traction tests on multilayer-
stepped interface is innovative in the literature.

On Figure 2, only the half thickness is shown for
clarity. On Figure 2a, the stacking sequence is quasi-
isotropic and frequent in the world of composites and in
aeronautics. The performance of our approach for such a
stacking sequence has been demonstrated on the techno-
logical evaluator, and works. Most of the loading flow goes
through the plies at 0° and therefore the associated bonded
assemblies. The ruptures of the part and the bond occur at
the same time (because of the plies at 0°). It is therefore
difficult to know if the bond has been damaged due to the
part rupture or vice versa. Furthermore, a tension set-up
with an adequate loading capacity is not easily available
for such stacking sequences. On Figure 2b, an unusual
stacking sequence is shown, only used for demonstration.
It has no industrial utility, except for a torsion shaft, but



Fig. 2. Illustration of two situations of composite specimens with stepped lap respectively with, (a) classical stacking sequence and
(b) unusual stacking sequence (scheme of loading transfer and its intensity under tension indicated by the white arrows with respect to
their size and direction).
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it allows verification that the bonded area is not the weak
link in the system using a classical tension set-up.

To illustrate our purpose, we have chosen to study
a parent plate consisting of 16 plies of UD Hexply

®

M21/
35%/268/T700GCprepreg cured in autoclave at 180 °C, for
this first stage, with a stacking sequence: [+45°/−45°/−45°/
+45°/+45°/−45°/−45°/+45°/+45°/−45°/−45°/+45°/
+45°/ −45°/−45°/+45°] i.e. [((+45°/−45°)s)s]s.

The second stage of this study corresponds to
a machining phase using an abrasive water jet technique
for the composite milling. This phase was performed with
the mobile machine called REPLY.5, designed by the
innovative small company Bayab Industries. It is the only
machine certified by Airbus to repair primary structures on
the A350 [6].

The third phase concerns the lay-up of the stepped-lap
with the same material after having previously stacked an
adhesive film. The total length of the UD is sufficient to
provide a final plate with the composite bonding assembly
zone located far away from its extremities (grip zones
during the test). The fourth phase is devoted to the
polymerization of the adhesive film and the added
composite plies. The patch zone and the added monolithic
zone polymerization is performed using the portable hot
bonder Aeroform AHB-380, to be in accordance with the in
situ Airbus repair requirements [6]. Different overlap
lengths (6, 8 and 13mm) are considered to surround the
overlapping value recommended in aeronautics by provid-
ing a step ratio of about 1/30. Indeed, the overlapping
distance is expressed as a ratio of the ply thickness, and, in
aeronautical applications, this ratio is usually 30 (which is
roughly the ratio between 8mm overlap length and
0.26mm ply thickness), whatever the fibre orientation
with respect to the main loading direction.

The fourth phase is devoted to cut test coupons from
parent plates with these three overlap ratios, 20, 30 and 50
respectively, to perform uniaxial tests. As was explained
previously, this situation is unusual but represents a good
comprise between a simple manner to test (uniaxial
tension) and the material orientation to study if a nominal
overlap length is strictly necessary in the direction of the
UD fibres.

In a fifth phase, a finite element study was performed in
parallel with the experimental investigation. The repair
zone was modelled through an innovative multi-scale
method [7] in which the composite substrates are modelled
through shell elements and the adhesive joint consists of
volume elements. The aim is to avoid the use of overly
heavy finite element calculations such as described in [8], as
this penalizes the design of large repaired structures,
making cross-test calculations very time-consuming. The
numerical model shows that the non-repair zone is the weak
link of these coupons and not the overlapped region. These
numerical results confirm the experimental observations
during tension tests.
2 Manufacturing and abrasive water jet
machining process

The first stage of this study corresponds to the fabrication
and machining process of a monolithic carbon-epoxy
composite plate. For this study a 16 ply composite plate
of [((+45°/−45°)s)s]s was made from a UD Hexply

®

M21/
35%/268/T700GC prepreg, cured in autoclave at 180 °C.
Afterwards the plate is cured and then machined. Three
step ratios (step length over ply thickness) were studied,
20, 30 and 50, which roughly correspond to overlap lengths
of 6mm, 8mm and 13mm respectively. The machining is
done using the abrasive water jet (AWJ) removal
technique. The AWJ blind machining was performed by
a mobile machine (REPLY.5, cf. Fig. 3).

AWJ is the only technique allowing an offset machining
“layer by layer” of multi-layered composite material (to be
capable to take into account the variability of the
composite part [9]). This is very difficult with the cutting
tools used by the conventional techniques [10].

The REPLY.5 AWJmachine consists of three principal
elements, the control unit which contains the pump and the
control system (cf. Fig. 3a), the abrasive water jet
equipment (which is light −50 kg − compared to the
competing project attempts) and the control panel to
operate the machine (cf. Fig. 3b).

After fixing the composite plate onto the workbench,
the AWJmachine is placed on top of it and is maintained in
position with suction cups (cf. Fig. 4a). In an industrial
situation, this suction system allows the positioning of the
machine onto a composite fuselage. The machine is
then levelled to roughly adjust the distance between the
AWJ head (nozzle) and the composite part (cf. Fig. 4b).



Fig. 4. Abrasive water jet machine Reply.5 with (a) levelled machine and (b) nozzle.

Fig. 3. Bayab Industries abrasive water jet machine REPLY.5 with (a) control unit and (b) abrasive water jet equipment (50 kg) and
control panel.

Fig. 5. Alignment process of the nozzle over the x- and y-main
directions of the composite plate.
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The waste generated during the machining process
(composed by composite dust, abrasive particles and
water) is removed by a patented aspirator system.

The machine is aligned by a laser level to the marked
along the x- and y-main directions of the studied parent
composite plate (cf. Fig. 5).

After aligning the machine, the layer of composite
material corresponding to the first step (here ply #16) is
removed. As an illustration, the first machined step for
the step lap ratio of 20 is presented in Figure 6. For the
other step lap ratios of 30 and 50, the same procedure is
applied. The cut trajectory and cut parameters (water jet
pressure, and nozzle feed rate) are programmed into the
machine. These parameters are Intellectual Property
of Airbus and Bayab Industries and have not been
disclosed.

Once the machining process in one ply is finished,
a verification is done by means of image analysis using the
camera installed on the AWJ machine and a lighting of the
machined zone through a set of four low-angled lights
aimed in the four possible orientations of the reinforcement
respectively, 0°, 90°, +45° and −45° (cf. Fig. 7a). To verify
the fibre direction of the ply below, the camera takes four
different images using each lighting angle. Indeed, the
lightning emitted by the low-angled light is diffracted
differently depending on the angle with respect to the long
fibre orientation. The control unit compares the recorded
images pixel-by-pixel. For accurate information, a selection
of images from the screen of the control panel (cf. Fig. 7b)



Fig. 6. View through the protection screen of themachine during
the machining of the step#1 for the stepped lap ratio of 1:20 (step
length over ply thickness).

Fig. 7. Verification process of the machining surface with (a) ov
selection of the images on the control panel to estimate the location
spots due to no light diffraction).

Fig. 8. Machining of the 15 steps (for 16 plies in total) with (a) schem
stepped-lap for the overlap ratio of 20.
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shows an estimation of the matrix ratio (percentage of dark
spots thanks to no light diffraction, ≈60% according to ply
thickness variabilities, [9]) in an interface between two
plies. The matrix ratio is evaluated to ensure that just one
ply was removed. This is an alternative to direct
measurement of the cut depth.

Afterward, the process or nozzle alignment, machining
and verification are repeated. As an illustration, the
resulting stepped lap profile (step ratio of 20) is shown in
Figure 8.

3 Repair process

After completion of the machining process, the composite
plates are cut in halves in order to create the possibility of
repairing two sets of plates for each overlap ratio (cf.
Fig. 8). This situation is representative of a “through hole”
repair. We label the parent plate as “Plate 13”, correspond-
ing to a step length of 13mm or a step ratio of 50, as shown
in Figure 9 and hereafter as an illustration in this paper.
Typical Airbus repairs require that the material of the
repair patch should be cured at 120 °C, in order to not
erlap zone analysed by image analysis and (b) visualization and
of the interface between to plies (i.e. presence of numerous dark

e of milled profile (not to scale) and (b) view of the finishedmilled
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thermally degrade the material of the parent structure,
which was cured at 180 °C, if applying a certain number of
cure cycles of the repair patch. However, in the repairs
presented here, in order to limit the influence of the
different materials in the final tested structure, the chosen
repair material of the reconstituted zone is the same one as
that of the parent plate, i.e. Hexply

®

M21/35%/268/
T700GC and the adhesive film was cured at 180 °C as well.
However, to be close to the Airbus repair process
requirements, the curing process for the parent plate is
performed with a portable hot bonder machine under only
vacuum instead of being placed in an autoclave [6].
Fig. 9. View of parent composite plate noted “Plate 13” (overlap
length of 13mm), shown after AWJ milling phase and before the
repair patch installation.

Fig. 10. Repair patch installation with (a) lay-up of the Hexbond
®

first repair ply and (c) after the placement of the sixteenth repair
An adhesive film of Hexcel Composites Hexbond
®

is
placed between the repair plies and the parent plate to
assure that the surface of the parent structures (already
cured) adheres completely to the repair patch (to be cured).
This film is cured at 180 °C, to be compatible with the cure
cycle of M21 resin of the repair plies.

The surface of the stepped-lap area is degreased and
cleaned using alcohol and/or acetone. The repair
procedure is composed of different phases. First, the
adhesive film of Hexbond

®

is placed in the stepped-lap
area (cf. Fig. 10a). Then, the repair plies are stacked, for
the first ply (cf. Fig. 10b) to the sixteenth repair ply (cf.
Fig. 10c), using guidelines drawn on the surface of the
tooling for adequate ply placement (cf. Figs. 10b and 10c).
In the industry (aircraft repair and maintenance), guide-
lines painted onto the surface of the parent structure (like
the aircraft fuselage) are indeed used not only for ply
placement but also for ply orientation purposes. After the
repair is done, the repaired surface will be cleaned and
painted as per SRM indications (Structural Repair
Manual [6]).

Once all the repair plies are laid up, the vacuum bag is
installed. The sequence of vacuum bag materials is done as
per Airbus SRM indications for structural composite repair
(cf. Fig. 11).

Once the vacuum bag is placed and sealed, a vacuum
test is performed. The vacuum is applied using the external
vacuum pump (cf. Fig. 12).
adhesive film with its protective plastic film, (b) placement of the
ply.



Fig. 11. Scheme of the vacuum bag products (not to scale) for the composite patch curing by heating blanket (according to SRMA350
chapter 51.77.11, see [6]).

Fig. 12. Overview of the vacuum bag products and the
connections to the different thermocouples.

Fig. 13. Portable hot bonder Aeroform AHB-380 (right) and the
portable vacuum pomp (left).

Fig. 14. View of finished repair on “Plate 13” after curing
(overlap length of 13mm).
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The temperature cycle is programed into the hot
bonder (cf. Fig. 13). The M21 resin cures at 180 °C for 2 h.
An intermediate dwell at 100 °C for 30min is used in order
to homogenise the temperature in the unconsolidated
patch prepreg and to promote the movement of resin and
removal of entrapped air causing porosities in the material.
The temperature ramps are set at 3 °Cmin−1. The vacuum
is applied with an external portable vacuum pump (cf.
Fig. 13).

When the curing cycle is complete, the part is
demoulded. The resulting part is shown in Figure 14.
Finally, coupons for tensile test are cut from the repaired
parent plate using an abrasive water jet machine. The
central zone is only considered to eliminate defects in the
boundary of the parent plate.

4 Light finite element models and mechanical
tests

A light finite element (FE) modelling strategy is used [5,7].
This strategy uses shell elements for the composite
laminate and volume elements for the adhesive joint (cf.
Fig. 15). Themesh of the composite parent zone ismodelled
with shell elements of 0.44� 0.44mm dimensions. One
volume element of 0.1mm thick with the same width and
length as the composite shell elements is employed tomodel
the adhesive film with a thickness to length ratio of 1:4.



8 F. Collombet et al.: Mechanics & Industry 20, 812 (2019)
To ensure a continuous transfer of stresses and nodal
displacements, each segment of the step repair is linked to
the previous one using rigid beam elements. In our
applications, there was no adhesive rupture but only
a cohesive one, if any. Thus, since we are not interested in
studying the interface failure of the adhesive joint (no
adhesive rupture) and with the need to have a light FE
model, cohesive elements are not considered. This light
modelling strategy allows the reduction in computation
time and facilitates the experiment/calculation compar-
isons. The initial implementation of this methodology was
programmed in SamcefTM code [5,7] and it was successfully
applied in the AbaqusTM code. Details of the number of
elements and the degrees of freedom for each of the 6, 8 and
13mm overlapping length models are given in Table 1.

The shape of the tensile repaired coupon is shown in
Figure 16. The repaired coupon is 22mm wide in the gauge
zone, corresponding to the overlap zone. Its end tabs are
30mm wide in order to avoid a possible material failure at
the machine clamps. The zone of 20mm length approxi-
mately located between the overlap and the tab is
considered as representative of a non-repaired area. This
zone corresponding to the non-repaired zone of the parent
Fig. 15. Mesh detail between two consecutive steps (ply #n and
#n-1).

Fig. 16. 3D representation of the FEmodel (shell thicknesses rende
view (XY plane).
zone has the original parent plate of 16 plies, while the
reconstituted material in the patch area has one extra ply
(repair ply #0) with the same orientation as the repair ply
#1. This filler ply is only used to ensure continuity of the
bottom surface of the repair, and to provide support for the
stacked plies, otherwise there would be ply waviness in the
rest of the stack. Thus, this zone has a stacking sequence
with 17 plies in total in accordance with composite repair
implementation (cf. Fig. 17). As in Figures 2 and 17 uses
white arrows to show the loading flow transfer principle
from the parent plies to the repair plies.

In this study, we are not concerned by the ultimate
tensile strength of the coupon, according to the aeronauti-
cal specifications of work for which no damage is allowed
(no defect event in general). The behaviour of the±45°
tensile test is matrix dominated, and having the fibres
oriented at an angle different from the loading direction,
the resulting axial stress � strain curve begins nonlinear
because of many reasons which have not been investigated
in this study, such as damage initiation in the matrix.
We are interested to study the performance of the
repair while the 16-ply monolithic non-repaired zone of
the material is within its linear regime just before the
nonlinear regime. The material behaviour of the FE
models is considered as linear elastic without considering
non-linearity. This is an arbitrary choice in order to apply
the convenient Tsai-Hill (TH) criterion.

In the input material data, the priority characteristics
to be identified from the initial parent part are those most
influenced by the matrix behaviour i.e. the transverse
Table 1. Definition of the three meshes per overlap length
value.

Step size (mm) 6 8 13

Number of Finite Elements 48 000 58 000 86 000
DoF (AbaqusTM variables) 309 000 367 000 542 000

red at their given values) with (a) side view (XZ plane) and (b) top



Fig. 17. Scheme of composite repair overlap considerations (not to scale).

Fig. 18. Inverse identification of the material properties (at the beginning of the non-linear behaviour) using a tensile test on
unrepaired specimens extracted from the manufactured mother plate.
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Young’s moduli E2=E3 and the axial-transverse shear
moduli G12=G13 of the UD prepreg. We have identified
these two input material values. Indeed, there are some
adjustments to be done compared to the values given by
themanufacturer due to the real state of the matrix (ageing
…), the manufacturing conditions and the test configura-
tion. This is achieved through an inverse method by a loop
of optimisation reducing the gap by adjustments between
numerical and experimental results in tension. For that,
specimens are extracted from a non-repaired zone of the 16
plies±45° plates. These testing coupons, noted “Ep 1”, “Ep
2” and “Ep 3”, are shaped in the form of a dumbbell (with
wider end tabs and a narrow gauge area) in order to control
the place where the testing coupon is expected to reach
a non-linear response (i.e. away from the clamps of the test
machine). The beginning of the nonlinear part of the axial
stress-strain curve (cf. Fig. 18) is used in the inverse
analysis leading to the elastic and our arbitrary or chosen
limit values of shear strength and transverse strength
matrix identifications (in red on Tabs. 2 and 3). For the
other mechanical properties, the values given by the maker
are considered to be reliable (in black on Tabs. 2 and 3).

The material properties of the Hexply
®

M21/35%/268/
T700GC and the Hexbond

®

adhesive film are indicated in
Table 2. The strength values used to calculate the Tsai-Hill
(TH) criterion are indicated in Table 3. These values are
entered into the FE model to compute the Tsai-Hill
criterion for the composite material as a high probability of
the issue occurrence. As mentioned before, this test is
mainly dominated by the shear and tensile matrix
properties, and it is well below the maximum load capacity
of the fibres. The values for the tensile strength of



Table 2. Material properties of the Hexply
®

M21/35%/268/T700GC (in red, the updated properties by inverse
identification along reinforcement orientation) and the Hexbond

®

adhesive film.

UD Ply: Hexply
®

M21/35%/268/T700GC Adhesive film: Hexbond
®

Property Value Property Value

Axial Young’s modulus
E1 (MPa)

140 500 Adhesive Young’s modulus
Ea (MPa)

3 800

Transverse Young’s modulus
E2, E3 (MPa)

10 100 Adhesive Poisson’s ratio
na

0.300

Axial-transverse Poisson’s ratio
n12, n13

0.334 Mean adhesive thickness
ta (mm)

0.100

Transverse-transverse Poisson’s ratio
n23

0.171

Axial-transverse shear modulus
G12, G13 (MPa)

4600

Transverse-transverse shear modulus
G23 (MPa)

3600

Mean ply thickness
tply (mm)

0.260

Table 3. Strength of the polymerised ply (in red the limit values obtained by inverse identification along the
reinforcement orientation) of the Hexply

®

M21/35%/268/T700GC and the Hexbond
®

adhesive film.

Property Value Property Value Property Value

Axial tensile strength
XT (MPa)

2 800 Transverse tensile strength
YT (MPa)

20 Shear strength
S (MPa)

23

Axial compressive strength
XC (MPa)

−1 700 Transverse compressive
strength YC (MPa)

−300

Average adhesive shear strength
in the overlap (MPa)

35 Adhesive tensile strength
(MPa)

70 Adhesive peel
strength (MPa)

20
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the matrix (YT) and the shear strength (S) are below
the typical epoxy values, as these values were identified to
determine the limit values on the±45° test configuration.
A Mixed Failure criterion developed by [7] is used for the
adhesive film. This criterion is based on the work of [11] and
[12]. The input data are presented in Table 2.

Three different models are considered, one for each of
the overlap lengths respectively, 6mm, 8mm and 13mm.
Fig. 19. Axial tensile test configuration with, (a) set-up with two
cameras for 3D DIC and (b) zoom of the repaired coupon with its
DIC speckle (in white).
5 Test calculation comparisons

Three coupons per overlap length were tested in a universal
test machine. Here we illustrate with results concerning the
13mm overlap repair length for the three specimens noted
“Ep 13–1”, “Ep 13–2” and “Ep 13–3”. The non-repaired zone
in the parent area was painted for digital image correlation
in order to have the stress-strain curve of this particular
area (cf. Fig. 19). The zone, with the thinnest cross section
because of 16 plies instead of 17 plies in the overlap and the
reconstituted zone of the repair patch (cf. Fig. 17), is the
zone expected to reach limit values before the others and
especially before the adhesive joint repair patch.
The aim is to illustrate that the maximum loading flow
(here the shear flow), when it is not applied in the
reinforcement orientation, does not depend on the overlap
length. This hypothesis will be used to reduce the repair
patch extension [2]. According to [2] along the fibre
direction, the overlapping length depends on the chosen
step ratio. In the other directions, this ratio can be reduced



Fig. 20. Axial stress sxx � strain exx curve of the parent area of
repair coupons Ep 13-1, 13-2 and 13-3 and reference test coupons
Ep 1, 2 and 3.

Table 4. Results of the reference test coupons Ep 1, 2 and 3.

Properties Coupons (without repair area) Mean Std. deviation

Ep 1 Ep 2 Ep 3

Axial Young’s modulus Exx (GPa) 16.3 15.5 16.9 16.2 0.70
Axial strain exx (1E−6) 2 765 2 536 2 760 2 687 131
Axial stress sxx (MPa) 45.0 39.4 46.9 43.8 3.88
Load L (kN) 4.18 3.67 4.46 4.10 0.40

Table 5. Results of the test coupons Ep 13–1, 13–2 and 13–3.

Properties Coupons (with repair area) Mean Std. deviation

Ep 13-1 Ep 13-2 Ep 13-3

Axial Young’s modulus Exx (GPa) 15.5 17.0 16.0 16.2 0.77
Axial strain exx (1E−6) 2 625 2 844 2 823 2748 130
Axial stress sxx (MPa) 40.5 48.5 44.7 44.6 4.00
Load L (kN) 3.56 4.28 3.94 3.93 0.36
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down to zero. Comparing the test between the repaired
composite specimens and the reference coupons, we cannot
see any distinction in the mechanical behaviour (cf.
Fig. 20). At this moment of the test, the adhesive has
not reached a limit value.

Tables 4 and 5 summarize the experimental results for
the reference, non-repaired coupons, and the repaired
coupons for the non-repaired parent area. We observe that
the values for the Young’s modulus, as well as the limit
values are within the same order of magnitude.

As expected, the place where the limit values are
reached is at the parent zone (with cross section reduction
compared to the rest of the specimen) between the end tab
and the overlap areas. It corresponds to the same situation
in the reference coupons. The three overlap ratios exhibit
numerically the same behaviour (cf. Fig. 21).
As volume elements are used for the adhesive, they
provide information on the out of plane and transverse lap
shear. Figure 22 shows the distribution of the shear
stresses txz at the bondline of each of the 16 steps for the
three overlap ratios of 20, 30 and 50. We observe that the
stress distribution is maximum at the extremities and
minimum in the central steps but below the limit shear
value (roughly 13MPa), and, because of the test
configuration, the peel stress values are negligible (less
than 1MPa which represents 1/20th of the limit value, cf.
Tab. 3). The stress values have the same order of
magnitude for the three overlap ratios [13]. The shear
stress shown on Figure 22 is in accordance with typical
results in the literature [14], and is not uniform along the
bond-line. At both ends of the overlap, we have a peak of
shear stresses while at the midpoint of the bond-line the
shear stress values are close to zero. For this reason,
assessing the adhesive performance with the maximum
shear stress is not useful.

According to [7,11,12], a criterion to determine whether
the bond has cohesively failed by shear stress is to obtain
the area under the curve, which is the total stress per unit
length that the adhesive carries (cf. Fig. 23). For epoxy
adhesives, the shear strength, i.e. the maximum stress that
can be applied into the adhesive along the overlap, is
35MPa. Here, numerically the maximum shear stress was
13.5MPa, which is indeed 2.5 times lower than the
maximum shear stress for the adhesive. It was observed
experimentally that no testing coupon had a failure of the
adhesive.

The FE results show that, at a load corresponding to
the limit values in the parent composite (TH=1, cf.
Fig. 21), the maximum shear value, calculated in the
adhesive (area under the txz curve), is 13.5MPa in both
step #1 and step #16. The rest of the steps in between
have a less significant value (cf. Fig. 24). All overlap lengths



Fig. 21. Tsai-Hill criterion (TH=1 in red when the chosen limit values are reached) in the FE models for the 6, 8 and 13mm overlap
lengths (from top to bottom).

Fig. 22. Shear stress txz distribution in the adhesive in each step (from top to bottom) for the 6, 8 and 13mm overlap lengths.
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Fig. 23. Determination of the average shear value along the
adhesive joint for 6mm overlap length [7].

Table 6. Results of the FE models when the Tsai-Hill criterion is satisfied (TH=1 for chosen limit values).

Overlap length (mm) 6 8 13

Load L (N) 3 980 3 980 3 980
Displacement ux of the mobile clamp (mm) 0.52 0.60 0.80
Max area under the curve of txz (MPa) 13.63 13.66 14.01
Max axial strain exx in the non-repaired parent area (10�6) 2 728 2 722 2 764

Fig. 24. Area under the curve txz-step length at each step and
for the 6, 8 and 13mm overlap lengths.
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(6, 8 and 13mm) exhibit average shear lap stresses of the
same order of magnitude.

Finally, Table 6 summarizes the data obtained by the
FE models highlighting that the three respectively, 20, 30
and 50, overlap ratios (corresponding to 6, 8 and 13mm
overlap lengths respectively) yield the same orders of
magnitude for the maximum axial strain exx in the non-
repaired parent area (i.e. in the monolithic parent zone).
This suggests that reduction of the overlap length is
beneficial [2].
6 Conclusions

In this paper, the different stages of a repair process on an
aeronautical composite material have been presented.

First, the machining tool generates an abrasive
waterjet with specific parameters adapted to composite
blind machining [10]. A control system captures and
analyses images to generate a mapping of the machining
work to take into account the ply thickness variability
allowing both adaptation of the depths to the ply
thickness variability between each machining step [9],
and archiving of the result when the repair machining
work is complete.

Second, the repair procedure is followed using the
industrial set-up with a hot bonder. The studied plate of 16
plies of UD Hexply

®

M21/35%/268/T700GC prepreg with
an unusual stacking sequence [+45/−45/−45/+45/
+45/−45/−45/+45]s was repaired for 3 overlap lengths
(6, 8 and 13mm) according to the aeronautical require-
ments.

Third, for the different overlapping lengths, a compari-
son was made between computations and physical tests on
specimens taken from the repaired plate and subjected to
an axial load. The mechanical tests showed that the
stepped lap of the repaired zones are not the weak link of
the specimens, whatever the overlap lengths.

Fourth, an innovative multi-scale model is employed in
which only the adhesive zone consists of volume finite
elements. The FE results show that at a load corresponding
to the chosen limit values in the parent composite, the
maximum shear value calculated in the adhesive is below
the limit shear value, whatever the steps and the overlap
lengths.

This illustrates that the joint patent [2] held by the
Clement Ader Institute, the SME Composites Expertise &
Solutions and the SME Bayab Industries operates. The
simple idea of [2] indicates that a nominal overlap length is
only necessary if the loading is strictly in the direction of
the UD ply fibres. Taking profit from the joint patent, the
repair approach should reduce the patch size as
compared to the conventional approaches by 70% [1].
Finally we note that a French repair workshop exists since
2010 in the GDR (Research Group) 3371 MIC “Mise en
œuvre des composites et propriétés induites” (Composite
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Manufacturing and Induced Properties), showing the
relevance of the French composite repair activity. The
composite repair activities are carried out in particular at
Clement Ader Institute (France) in cooperation with the
SME Composites Expertise & Solutions (France), for more
than 20 years, and recently, since 2019, with the Airbus
Customer Services for performing repair tests at high
altitude at Pic duMidi (2877m) in the PyreneesMountains
(France).
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Aircraft Repairs & Retrofits, and Guillaume Ferrer [6], Embodi-
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ACyT of Mexico for the PhD scholarships provided to Sergio
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