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ARTICLE INFO ABSTRACT

Keywords: Bonded stepped repairs to aircraft composite structures offer many advantages, such as a smooth aerodynamic
Bonding surface, high strength, and low mass addition. However, their design remains challenging due to the varying
Composite stiffness along the bondline in a thin laminate. This study investigates, numerically and experimentally, to what
E:ilizlrre extent an “equivalent” stepped joint can be used to design a stepped repaired panel. In the proposed case, failure
Damage is driven by laminate fracture instead of patch disbonding. Tension tests on stepped repairs at the scale of

coupons and panels were carried out in 11 different configurations. Specimens were obtained by hot-bonding as
it would be done to perform in-situ repairs. Finite element modelling was performed with cohesive zone
modelling to account for disbonding and delamination, and continuum damage mechanics to simulate composite
failure. This multiscale experimental study showed that stepped repaired coupons have a similar behaviour to
repaired panels in terms of damage mechanisms, failure onset location, and tensile strength. It supports the idea
to use coupons instead of whole panels to carry out experimental testing of stepped repairs. A good agreement
with 2D and 3D numerical simulations was also found. They predicted accurately the strength of the repairs and
highlighted a failure location compatible with the experimental results. As a conclusion, an equivalent stepped
joint can be representative for the strength of a stepped repaired panel, including when failure occurs inside the

laminates.

1. Introduction

The use of composite materials in aeronautical structures has sub-
stantially risen over the last decades thanks to their attractive perfor-
mances [1]. However, these materials are susceptible to damage during
their operational lifespan, requiring intervention to restore the original
integrity of the structure. Carbon fibre reinforced polymers (CFRP)
materials are indeed vulnerable to out-of-plane loading, such as impacts
[2], which may occur due to low-speed impacts, such as tool drop or
ground collision, or high speed impacts such bird strike. Low velocity
impacts can cause delamination between composite plies and develop-
ment of cracks at the interface between fibres and matrix, which leads to
a dramatic decrease of the compressive strength of the impacted com-
posite structure with a barely visible impact damage. The ability to
repair a damaged composite structure is therefore a major concern for
economic and operational reasons. Several types of repairs can be per-
formed on composite structures: mechanically fastened repairs, bonded
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repairs or hybrid repairs using both bolts and adhesive bonding. Among
those repair types, bonded flush repairs draw a lot of attention as they
allow keeping a smooth external surface while providing increased joint
strength compared to doubler repairs [3]. By avoiding the use of bolts,
they bring two additional benefits: no subsequent mass addition to the
original structure, and no need to drill holes in it. The two most common
types of flush repairs are scarf repairs, featuring adherends smoothly
machined in a scarf shape, and stepped repairs, featuring adherends
machined in a stepped shape. Even though these repair types come with
many advantages, they are challenging to perform [4] because they
require precise machining of the parent structure. Their design is also
especially difficult, as the design of structural bonded joints is itself
challenging, and there is no current standard existing to do so. More-
over, flush repairs are a particularly complex type of bonded joints, with
plies drop-off involving a stiffness variation of the adherends along the
bondline.

Multiple modelling approaches dedicated to scarf and stepped joints
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design have been explored. It began with early analytical models [5]
adapted directly from the shear-lag theory [6], before evolving towards
semi-analytical models to introduce non-linear behaviour of the adhe-
sive material [7]. In the recent years, the standard shifted towards the
use of finite element (FE) modelling. Different modelling approaches
were proposed, with two-dimensional (2D) [8,9] and three-dimensional
models (3D) [10,11], associated with meshing strategies involving shell
[12,13] or brick elements [14,15]. Among the various models that have
been proposed, a distinction can be made between those relying on a
failure criterion to predict the strength of a flush repair, such as
maximum stress, average stress [16] or strain-based criterion [17], and
those modelling damage initiation and evolution. The latter is per-
formed thanks to cohesive zone modelling (CZM) [18] and continuum
damage mechanics (CDM) [19] based on the fracture energy of the ad-
hesive material and composite laminates. However, high-fidelity simu-
lations using 3D FE with CZM and CDM are very computation intensive.
New studies proposing improved semi-analytical modelling of stepped
joints [20] were released to match the need for faster tools to design
flush repairs. To go further, a review that investigates the different
modelling approaches and their agreement with experimental testing
was proposed [21].

Among the studies on flush repairs, there are two scales of modelling
and testing usually proposed: full scale repaired panel (usually about
300 mm wide) and the “equivalent” repaired coupon (usually about 20
mm wide). Because of the complexity of experimentally testing full-scale
repaired panels, only rare studies performed such work [22-26], while
most of the literature is focused on studying scarf and stepped joints, at
the scale of a coupon. The problem is the same for numerical modelling.
This is why many studies are focused on modelling a scarf or stepped
joint, which is more convenient than a full-scale repaired panel. This
approach comes with the hypothesis that the behaviour of a
flush-repaired panel is driven by the behaviour of its most loaded sec-
tion, which can be described as its equivalent joint. This hypothesis is a
matter of discussion in the literature thanks to numerical investigation
[27,28]. There is an agreement on the fact that the stress state in an
equivalent joint is very close to the one in the highest loaded section of a
flush repair [29]. Moreover, Tashi and Abedian [30] confirmed by FE
modelling that the stress concentration factor in the most loaded section
of a 3D scarf repair is close to the one in 2D scarf joints. Their results
were consolidated by another numerical study on stepped repairs [31],
showing that the load-carrying capacity of the bondline of a 3D
stepped-repaired panel under tension loading can be approximated by a
2D model. These studies tend to confirm the hypothesis than the
equivalent joint is representative for the behaviour of a full-scale repair,
but there are mainly focused of the behaviour of the adhesive layer
between the parent plate and the repair patch. Beyond static strength of
repairs, it can be mentioned that recent publications are aimed towards
residual strength of composite bonded repairs after impact damage [32,
33]. Compressive behaviour of bonded composite repairs is also gaining
more attention thanks to recent work [34,35,36].

There is still work to be done to pursue the discussion on the
equivalent joint given that (i) there is no experimental study that tested
stepped repaired panels and their equivalent coupons, (ii) there is no
comparison between 2D and 3D FEM models of stepped repairs with
CFRP progressive damage modelling, as [30] and [31] used a
linear-elastic behaviour of the laminates, and (iii) papers often study
bondline failure of the laminates [37] experimentally and numerically,
but rarely deal with repairs configuration where failure happens by neat
laminate failure, even though the latter is what a repair should aim for.
This paper intends to fill those gaps by providing experimental
multi-scale testing of stepped repairs, and FE modelling in 2D and 3D by
improving the models studied in [31] through the addition of CFRP
damage modelling and delamination between plies. It intends to actu-
ally study to what extent a stepped joint can be representation for the
behaviour of a stepped repaired panels. FE modelling in 2D and 3D is
performed to achieve a numerical comparison of the behaviour of panels
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and equivalent joints and provide a simplified modelling framework for
stepped repairs. The numerical part of this work is supported by the
experimental data obtained from experimental tension tests.

This work is focused on stepped repairs rather than scarf repairs,
because industrial in-situ repairs tend to be closer to a stepped config-
uration due to plies drop-off [38]. Hence, three different types of spec-
imens under tension loading are studied in this paper (Fig. 1).
Thereafter, full scale stepped repaired panels will be referred as repaired
panels, and their equivalent joints at the scale of a coupon will be
referred as through repaired coupons and non-trough repaired coupons,
depending on the damage depth. Coupons and panels refers to the two
different scales of specimen considered in the proposed multi-scale
study. Multiple patch stacking sequences and damage depths were
also considered to investigate the effect of those design parameters and
the robustness of the FE models. Results are discussed in terms of
damage onset location, failure scenario and repairs strength to compare
the different scales of experimental and numerical testing.

2. Experimental work
2.1. Materials used

All specimens were manufactured using Hexcel M18-1/43/G939
carbon epoxy prepreg (referred as G939/M18 in this paper) as the
parent material. It is meant to be representative for the structure to be
repaired. The G939 is a balanced carbon fabric with a 4H satin weave
and a nominal ply thickness of 0.24 mm. The M18 is a thermosetting
epoxy matrix that cures at 180°C. This material is typically used in he-
licopter structures, as a monolithic material or in sandwich structures.
Repairs were performed using G939 dry carbon fabric and Hexcel
Hexbond 312-L epoxy film adhesive. The latter is a high performance
unsupported adhesive film, supplied at a nominal thickness of 0.1 mm
and an areal weight of 150 g/m?. It has a nominal curing temperature of
120°C, making it suitable to perform hot bonding on G939/M18 without
degrading the M18 matrix. Repair patches were manufactured by wet-
layup of G939 fabric associated with Hexbond 312-L, creating a
G939/Hexbond 312-L laminate, and co-bonded onto the parent struc-
tures, i.e. the patch is simultaneously cured and bonded onto initial
structure. Therefore, the specimens of this study are in the end made of
three different materials: G939/M18 for the parent plates, G939/
Hexbond-312L for the repair patch, and Hexbond 312-L at the inter-
face between the two latter. The materials properties used for numerical
simulations are presented in Section 3, Tables 2 and Table 3, along with
the characterisation tests that were performed.

2.2. Testing matrix

The baseline configuration chosen for this study is a stepped repair
loaded under tension, with an initial damage size of 30 mm. As G939 is a
balanced woven fabric, plies orientations are referred as (0/90) and
(+45/-45), ignoring the small variations of properties between the warp
and weft direction. An 8-plies-quasi-isotropic stacking sequence of
[(45/-45), (0/90)]2s, with a nominal laminate thickness of 1.92 mm, was
chosen for the parent structure. A test matrix with four parameters,
being the scale of specimen, repair depth, repair layup and step length,
was proposed. Two different scales of specimens were tested: repaired
coupons, with a width of 20 mm and out-of-overlap length of 50 mm
(Fig. 1), and repaired panels, with a width of 300 mm and a length of
450 mm. Two repair depths were considered, including repairs with a
depth 4 plies depth out of 8 total plies referred as non-through repairs
(NT), and repairs of 8 plies depth out of 8, referred as through-repairs
(T). In each configuration, repairs steps were one-ply-deep, i.e. 0.24
mm. Three different step lengths of 4, 8 and 12 mm were tested,
resulting in step depth to step length ratios of 1:17, 1:33 and 1:50. It
covers the typical step ratio used to perform repairs. Three types of
repair patch layup were tested, with matching layup, matching layup
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Fig. 1. Types of specimens studied, axis system and loading applied. Adapted from [31].

with an additional 0° overply, or overlapping layup with a 45° overply
(Fig. 2). The idea of the overlapping layup is that each repair ply over-
laps a parent ply with the same orientation. It is often mentioned as the
reference technique to achieve optimal repair performance because each
repair ply is bonded to a parent ply with the same orientation [38,39].
The bottom ply, also known as “filler ply”, is oriented at 45° to ensure

Step length
b eng Patch

Parent

=

Matching layup

Matching layup + 0° overply

-1 0 1 2 3 4 5 6 7

Overlapping layup + 45° overply

[](+45/-45) ply [B(0/90) ply [ adhesive layer

Fig. 2. Tested layups of the repair patch. A numbering of the step ends is also
provided. Adapted from [31].

that the stiffness of the patch is close to the stiffness of the parent
laminate. On the other hand, the idea of the matching layup is to restore
the parent laminate with its original plies orientations. A numbering of
step ends is provided in Fig. 2, starting at #0 at the first ply of the parent
patch so that it remains applicable no matter the chosen configuration.

With two parameters taking two values, and the two other taking
three values, up to 36 configurations could be tested. The testing matrix
was reduced to 11 different configurations (Table 1) by testing the effect
of damage depth only on repaired coupons and the effect of patch layup
only on through repaired coupons. Repaired panels were tested under
tension by sets of three specimens, and repaired coupons by sets of five
specimens. In addition, tension tests on G939/M18 coupons with a
[(45/-45), (0/90)]2s layup and a width of 20 mm were carried out to
measure the strength of the parent material, so that it can be used to
evaluate the repairs strength recovery rate.

2.3. Specimen manufacturing

The general steps followed to obtain the specimens were: (i) curing a
parent plate, (ii) machining the edges of the parent plate; (iii) machining
the stepped shape; (iv) co-bonding the repair patch; (v) sampling the
coupons (coupons only). Each stepped-repaired panel specimen was
obtained from a different parent plate (Fig. 3), while each set of non-
through repaired coupons were manufactured using a single parent

Table 1
Specimen testing matrix.

Name Scale Repair depth ~ Repair layup Step length (mm)
C-NT-4M Coupon 4 plies (NT) Matching 4
C-NT-8M 8
C-NT-12M 12
C-T-4M Coupon 8 plies (T) Matching 4
C-T-8M 8
C-T-12M 12
P-T-4M Panel 8 plies (T) Matching 4
P-T-8M 8
P-T-12M 12
C-T-80 Coupon 8 plies (T) Overlapping + 45° 8
C-T-8M* Coupon 8 plies (T) Matching + 0° 8




J.-B. Orsatelli et al.

Thin-Walled Structures 208 (2025) 112764

Fig. 3. Stepped repaired panel specimen example. (a) Close-up view of the stepped shape after water jet abrasion machining. (b) Global view of the panel after

performing the repair and adding the strain gauges.

plate (Fig. 4). This plate was repaired with rectangular steps before
cutting a set of five coupons from this plate in the end. Through-repaired
coupons were manufactured in the same way except two parent plates
were co-bonded together with the repair patch to obtain a through
repair configuration. Each step of the repair process is detailed hereafter.
Parent plates in G939/M18 were hand laid up and cured in an
autoclave during 2 hours at 180 °C as recommended by the supplier.
Then, to obtain straight parallel edges, the parent plates were machined
with a computer numerical control (CNC) diamond wheel for the cou-
pons, CNC milling for the panels. Once parent plates were produced, the
stepped shapes were obtained on those plates by abrasive water-jet
milling. This was done by the company BAYAB Industries who devel-
oped this process [39]. It allows machining automatically one-ply-deep
steps by removing parent material with a high-degree of precision, using
a water jet filled with abrasive particles. Rectangular steps were
machined onto plates destined to make repaired coupon specimens, and
circular steps onto plates destined to make repaired plates specimens.
Once the stepped shapes were machined, a degreasing product was
applied on the surface before deposing the repairs plies. Each repair ply
was made of one layer of Hexbond 312-L film associated with a ply of
dry G939 carbon fabric. The two components were first compacted
together under vacuum so that they stick together. Then, repair plies
were then hand-cut at the right dimensions and applied onto the parent
plates. They were aligned using a template to match as close as possible
the steps machined on the parent plates. Hand positioning of repair plies
with a 4 mm step length is a particularly challenging task. Even a small
misalignment of the repair plies, of about 1 mm, is likely to provoke high
strength loss of the repair. Co-bonding of the repair patch was done
using an ANITA NG9201 mobile repair console to be representative for a

Parent plate 1

Repair plies uncured

real repair. This equipment, developed by GMI AERO, is a portative hot-
bonder destined to perform on-field repairs to composite structures. It
comes with a heating blanket that is laid up onto the plate to be cured,
thermocouples to control the curing temperature, and a vacuum pump
(Fig. 5). The curing cycle used for co-bonding last 1h at 110°C with a
previous hold at 70°C to let the adhesive material viscosity decrease, in

Fig. 5. ANITA repair console.

Coupon sampling
example

Parent plate 2

Fig. 4. Through repaired coupons manufacturing process, after added repair plies and before curing. The direction of coupon sampling is also provided.
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order it to penetrate the dry fabric. After cooling down the repairs were
finished. Repaired coupons required an additional machining step to cut
them from the plates by CNC diamond wheel milling.

2.4. Tension testing setup

Repaired coupons were tested using a hydraulic machine, equipped
with hydraulic jaws. Specimens hand-aligned with a steel bracket, so
that they are parallel to the load axis, and then clamped inside the jaws.
The loading was applied at a speed of 1 mm/min until failure of the
specimens.

Repaired panels were instrumented before testing with two strain
gauges facing each other at the centre of the repair. Panels were spray
painted to create a speckle pattern suitable to perform digital image
correlation (DIC) during the tests, using a ZEISS ARAMIS-SRX DIC sys-
tem with a 550 x 400 mm measure volume. The elongation of the
specimens was computed using a virtual extensometer of 250 mm gauge
length centred on the specimen and oriented in the direction of the load.
It includes the entire repaired area between the ends of the extensom-
eter, as the maximum diameter of the repairs tested is 198 mm for P-T-
12M specimens (Fig. 6). It was not possible to create a longer DIC
extensometer because a part of the specimens was hidden by the jaws.
The elongation of the repaired coupons was also measured by DIC, using
a virtual extensometer with a base length of 125 mm and one end
positioned in the middle of the specimen.

Panels were tested on a testing machine of 3000 kN capacity (Fig. 7)
due to the need of large jaws to fit in the 300 mm wide specimen. The
applied load was monitored using a 1000 kN measure range. Specimens
were clamped inside the hydraulic jaws with a pressure of 120 bar to
prevent any sliding during the tension tests. The loading was applied at
constant displacement rate of 1 mm/min until failure of the specimens.

3. Finite element modelling
Two types of FE models for stepped repairs were developed using the

Abaqus software: a two-dimensional generalized plane strain (2D GPS)
model for coupons, and a three-dimensional model for panels (3D

DIC virtual
extensometer

A
T T Double strain
gauge
/ ,’/ R \\ ‘\\
E g/ & N Y0
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diameter for ™
4,8and 12 | H

mm steps ;

Fig. 6. Schematic representation of a repaired panel with the DIC extensometer
and strain gauge.
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Repaired
panel

DIC system

Fig. 7. Tension testing setup for repaired panels.

Panel). These models are improved versions of the ones presented in
[31], by adding progressive damage modelling in the behaviour of the
composite adherends and delamination between composite plies in both
the 2D GPS and 3D model.

3.1. Geometry and mesh

The axis system used is given in Fig. 1. The X-axis is set in the di-
rection of the load, the Y-axis in the width of the specimens, and the Z-
axis through the thickness of the laminates. The 2D GPS model (Fig. 8)
uses the geometry of repaired coupons reduced to one-half by taking
advantage of their symmetry plane at the centre of the patch. The 3D
Panel model uses the geometry of stepped repaired panels but modelling
only a quarter of it thanks to its two symmetry planes along its length
and width (Fig. 9). These symmetries are preserved even in presence of
45° plies because the G939 is a balanced woven fabric. The 2D GPS is not
only meant to study the behaviour of the repaired coupons, but also to
investigate to what extent it can be representative for the behaviour of
repaired panels.

The meshing strategies of both models are similar. One layer of 8-
nodes continuum shell elements with reduced integration (SC8R) was
used for each ply of the parent structure and the repair patch, with a 0.24
mm thickness to match the nominal thickness of G939/M18 plies. Repair
plies made of G939/Hexbond 312-L were modelled using the same
thickness. A layer of 8-nodes cohesive elements (COH3D8) with a
thickness of 10 mm was inserted between each ply of composite to be
able to simulate the delamination inside the laminates by CZM. One
layer of cohesive elements of thickness 0.1 mm was used to model the
adhesive material at the interface between the repair patch and the
parent plate, driving the behaviour of the stepped joint using also CZM
(Fig. 8).

To mesh the specimens in 2D GPS, a single element of 1 mm width
was used in the width direction of the model (Y-axis), instead of using
the real width of the specimen to save computation time. In the 3D Panel
model, 60 elements were used around the perimeter of the quarter
repair. The 2D GPS and 3D Panel models were split in two areas: the
zone of interest including the repair and a 5 mm area around it, and the
rest of the model. An element length of 0.1 mm was used in the zone of
interest, and a size of 5 mm was used outside of the zone of interest,
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Fig. 8. Stepped joint meshing in the 2D GPS model.

Symmetry Ux=0

Loading
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Symmetry Uy =0

Fig. 9. 3D modelling of a stepped repaired panel.

again to save computation time. With those mesh parameters, nearly
200,000 elements were used in the 3D model of the quarter stepped
repair panel with 12 mm steps, against 15,315 elements for the 2D GPS
model with the same repair configuration.

3.2. Boundary conditions

A set of custom boundary conditions were used in the 2D GPS model
to create a generalized plane strain state. A boundary condition Uy = 0
was imposed one of the side faces of the model. On the other side face, an
equation constraint was used to enforce the nodes of the face to have the
same transverse displacement Uy. Those two conditions together ensure
that the strain in the direction Y of the model remains constant through
the whole structure. A symmetry condition Uy = 0 was imposed on the
plane of symmetry located on the patch side of the model, and the other
side was clamped. The load was then applied by an imposed displace-
ment of the parent side along direction X, until failure of the specimen.

In the 3D Panel model (Fig. 9), Ux = 0 and Uy = 0 were respectively
applied to the side faces of the model to enforce the symmetry condi-
tions. The loading edge was clamped and an imposed displacement
along the X direction was imposed until failure.

3.3. Damage modelling

3.3.1. Cohesive zone modelling

Cohesive zone modelling (CZM) is it an efficient way to model pro-
gressive failure of adhesive layers or delamination of composite lami-
nates, as it allows to simulate the initiation and propagation of a crack
along a predefined path. To do so, it uses traction-separation laws with a
softening shape that accounts for the damage evolution. Various laws
shape can be used to model bonded joints, such as triangle, trapezoidal
and exponential laws. Previous studies showed that the choice of the law
shape may have a little influence CFRP bonded repairs simulations, but
without major discrepancies between the results obtained with each
shape [10,31].

In this study, CZM was used in FE simulations with the Abaqus
software to model the behaviour of the Hexbond 312-L adhesive inter-
face between the parent plate and the repair patch, and to model
delamination in G939/M18 and G939/Hexbond 312-L laminates. A
triangle law shape (Fig. 10) was used for the adhesive interface and for
delamination. Material parameters used are given Table 3. The law is
defined in pure mode I and II by the interface stress, damage initiation
stress and fracture energy. In each pure mode, before reaching the
initiation stress, the cohesive law results in a linear elastic behaviour
with a stiffness k;. After the initiation stress is exceeded, the damage
variable D increases and the stiffness decreases accordingly. To handle
mixed-mode behaviour, quadratic stress initiation criterion was used:

() () -

Where 6, (0;) are the normal (shear) interface stress, and o?(c9) are
the mode I (mode II) maximum interface stress. Benzeggagh-Kenane
damage evolution criterion with an exponent 7 = 1 was used to deter-
mine mixed mode fracture energy:

Gu !
2
Gy + GII) @

Gc = Gic + (Guc — GIC)(

Where G; is the strain energy release rate in mode i (i = I, II) and
with and G is the mixed-mode fracture energy. Mathematical details
about the implementation of triangle law in Abaqus and the damage
variable computation can be found in the Abaqus analysis user guide
[40]

3.3.2. Continuum damage mechanics for CFRP

Continuum damage mechanics (CDM) were used to model the
intralaminar failure behaviour of the parent plate and the repair patch.
Unlike CZM, CDM allows to compute the initiation and propagation of
damage inside a material without predefining a crack path, at the price
of being computationally intensive. To do so, plane-stress Hashin’s
failure criterion was used for damage initiation inside the laminates,
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Fig. 10. Bi-linear traction separation law [31].

coupled with linear damage evolution based on intralamianar fracture
energy. This damage evolution is driven by the same types of triangle
laws that are used for cohesive laws (Fig. 10). In the case of woven fabric
laminates, the usual writing of Hashin’s criterion in terms of fibre and
matrix criterion makes less sense because there are fibres in the longi-
tudinal and transversal direction of the laminates. Thus, matrix prop-
erties were set equal to fibre properties in Abaqus and a tension/shear
coupling coefficient « = 1 was used, so that fibre tension initiation cri-
terion in longitudinal and transversal directions are identical. For an
illustration purpose, the Hashin’s initiation criterions for tension
loading with those parameters are written as follows:

) ()
Xr Si2

822 2 ?12 2

(%) +(52) = @

Where 611, 642, 712 are the components of the effective stress tensor
¢ that is computed from 6 = Mo where M is the damage operator, which
depends on the damage variables and o the true stress. The other no-

tations are detailed in Table 2. The damage variables for each damage
mode are computed using:

d— 6£q <5eq - 5(e)q) 5)

53‘1 (5);1 - 5211)

Where 5gq (6’;1) are the equivalent displacements at damage initia-

tion (propagation), as defined in Fig. 10. The current equivalent

Table 2
CFRP intralaminar properties used for FE modelling.
Property Symbol (unit) Value
G939/ G939/Hexbond
M18 312-L
Young modulus Eyj3 =Ex 59000 59000
(MPa)
Poisson ratio V12 0.05 0.05
In-plane shear modulus G2 (MPa) 4200 3050
Out-of-plane shear modulus Gi13 = Ga3 4050 3000
(MPa)
Tensile failure stress Xr = Yr (MPa) 850 840
Compressive failure stress Xc = Yc (MPa) 800 800
In-plane shear failure stress S12 (MPa) 107 82
Out-of-plane shear failure Sa3 (MPa) 107 82
stress
Fibre tensile fracture energy Ge g (kJ/m?) 25 25
Fibre compressive fracture Gege (kJ/m?) 25 25

energy

displacement &, is computed from the stress and strains associated to
each damage mode. For instance in fibre tension:

Sy =L/ (en)” +e1s® (6)

Where L¢ is a characteristic length determined by Abaqus based on
the element geometry and formulation. In the case of a first order
element is the typical length of a line across the element. Mathematical
precisions about the initiation criterion and computation of damage
variable and damage evolution can be found in the Abaqus user analysis
guide [41].

3.4. Material properties

There is existing data on the in-plane properties of G939/M18 [42],
however there is no data available on G939/Hexbond 312-L and only
very little data on Hexbond 312-L [43-45]. Thus, a large test campaign
was carried out to identify the material properties that are needed for
finite element (FE) modelling. This test campaign is not extensively
detailed in this paper and a brief description of the tests that were car-
ried out is provided instead.

Properties used to model the intralaminar behaviour of G939/M18
and G939/Hexbond 312-L are summarized in Table 2, where subscripts
1, 2 and 3, refers respectively to warp, weft, and through-the-thickness
direction of the fabric, and X and Y respectively refers to strength in
warp and weft directions. As FE modelling was done using shell elements
for the laminates, the out-of-plane modulus E33 was not required. To
reduce the number of tests, it was supposed that the composite materials
had an orthotropic behaviour with E;; = Eyy, Gi13 = Goz and Xt = Yr
and Xc = Y, since G939 is a balanced woven fabric. Tensions tests on
16-plies-thick specimens oriented at 0° were carried out to identify Eq;,
v12 and X7. Compression tests at 0° were carried out to identify Xc.
Tensions tests at 45° were performed to identify G2 and S13. Sa3 was set
equal to S;3 as there is no significant out of plane shear effect in this
problem. Out-of-plane shear modulus G;s3 was measured by 3 points
bending tests on large specimens with a thickness of 10 mm, monitored
by DIC. Fibre tensile fracture energy Gg ¢ of G939 fabric was measured
by compact tension tests on G939/M18 specimens. Because the problem
studied is a stepped repair loaded in tension, compression properties of
the laminates do not have significant influence on the results. Thus, fibre
compressive fracture energy Gc ¢ was set equal to fibre tensile fracture
energy Gg .

Properties used for CZM of delamination inside the adherends, and
disbonding of the adhesive interface are summarized in Table 3. G939/
M18 and G939/Hexbond 312-L delamination fracture energy in Mode I
and II Gy¢ and Gy were measured by DCB and 4ENF tests. 20 plies-thick-
specimens were used, with a PTFE film of thickness 0.007mm inserted in
the middle to create an initial crack. Delamination interface stiffness and



J.-B. Orsatelli et al.

Table 3
Delamination and adhesive properties used for CZM.

Property Symbol Value
(unit Hexbond G939/M18 G939/Hexbond-
312-L delamination 312L
parent/patch delamination
Mode I e (N/ 24000 1.10° 1.10°
interface mm®)
stiffness
Mode II n (N/ 8000 1.10° 1.10°
interface mm®)
stiffness
Mode I o (MPa) 68 50 50
initiation
stress
Mode II o) (MPa) 48 50 50
initiation
stress
Mode I Gic (kJ/ 2 0.4 1.3
fracture m?)
energy
Mode 1I G (kJ/ 4.5 1 2.5
fracture m?)
energy

peak stresses were not experimentally measured, as Gic and Gy drive
the delamination behaviour. Instead, those parameters were set at
typical values used to model delamination of an epoxy matrix by
cohesive zone modelling, namely 1.10® N/mm?® for the interface stiffness
based on the guidelines of Turon et al., and peak stresses of 50 MPa [46].

Hexbond 312-L behaviour was studied at confined state, as it is in a
repair, using aluminium adherends and a surface treatment that allows
cohesive failure of the bonded joints to be obtained. DCB and 4ENF tests
were performed to identify the adhesive fracture toughness in mode I
and II. Butt Joint and Thick Adherend Shear Tests (TAST) were carried
out to measure the tensile and shear maximum stress of the adhesive,
and to identify its elastic modulii E = 2400 MPa and G = 800 MPa. The
Hexbond 312-L interface stiffnesses in the repair was determined using
ki = E/t; and k;y = G/t, where t; = 0.1 mm is the adhesive film nominal
thickness.

3.5. Mesh study

A mesh study was performed on the 2D GPS model to make sure that
the element length chosen is small enough to compute failure of the
composite adherends. Simulations with mesh size of 1, 0.5, 0.2, 0.1 and
0.05 mm were compared in terms of failure strength of a repaired
coupon with a step length of 8 mm (Fig. 11). The element length does
not influence on failure load when it is smaller than 0.1 mm. Because the
stress state along the bondline in the 3D Panel model is similar to the one
of the 2D GPS model [31], the mesh study on the 2D GPS model ensures
that the chosen mesh size is appropriate for the 3D Panel model.

Strength (N/mm)

900 1 1 1 1
0 5 10 15 20 25
Mesh density (mm')

Fig. 11. FE 2D GPS meh convergence study with CFRP damage modelling.
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4. Results and discussions
4.1. Fracture patterns

4.1.1. Experimental observations

Failure of the coupons under tension loading always occurred in the
area where the parent plate and the repair patch overlap each other.
Coupons broke into 2, 3 or 4 pieces, meaning there can be several
fracture locations on the same specimen. Among the tested coupons: two
main types of fracture patterns were encountered. The first one, named
type A (Fig. 12), is neat failure of the composite laminates with no
visible sign of disbonding of the patch, featuring fibre fracture and some
interlaminar cracks of variable length near the fractured area. The
location of this neat fracture is variable from one specimen to another
(see section 4.1.3). The second fracture pattern, named type B (Fig. 12),
is a mixed failure featuring fibre fracture of the composite laminates and
disbonding of the repair over a part of the bonded joint. The latter
happens about the middle of the stepped joint, and appears to be mix of
adhesive failure, cohesive failure and matrix cracking. Among the cou-
pons, type B failure occurred only in the C-T-4M configuration, namely
through repaired coupons with 4 mm steps, while type A failure was the
only one observed among the other repaired coupon configurations.

The same types of fracture patterns were observed on the repaired
panel specimens (Fig. 13). Type A only was encountered for steps length
of 8 and 12 mm. The crack path on repaired-panels goes from one edge
to the other and passing through the patch area. It is clearly visible that
the crack path follows the end of one of the repairs steps, in a circular
shape, right at the centre of panels. It confirms that step ends are the
weak spots of the repaired panels. Type B failure was encountered on
panels with 4 mm steps, in two specimens out of three. In that case, there
is a crack going from side to side in the parent plate, but a part of the
repair patch was visibly disbonded from the parent plate. Therefore, it
can be concluded that the failure mechanism encountered in repaired
coupons are consistent with the one of repaired panels. A summary of
the failure types and locations is provided in Table 4 and is discussed in
section 4.1.3 in comparison to FE results.

4.1.2. Numerical progressive damage analysis

In 2D GPS FE simulations, type A fracture pattern was obtained,
involving fibre fracture and interlaminar cracking near the failure spot
(Fig. 14) as it was observed experimentally. During the loading, all the
step ends become areas of stress concentration inside the laminates. The
analysis of Hashin’s criterion for fibre fracture in tension (HSNFTCRT)
allows highlighting those stress concentrations. In this study,
HSNFTCRT is used as the initiation criterion, and is coupled to a damage
evolution law. It would be overly conservative to use it alone as the final
failure indicator, as it reaches the value 1 at 70 % of the maximum load
completed with damage evolution. The fibre tension damage variable
(Fig. 15) is the actual failure indicator. The presence of stress concen-
tration at multiple steps ends is compatible with the variety of failure
locations spotted experimentally as described in the next section. Failure
eventually happens in the 0° ply located under the first repair step, right
under the beginning of the first step. The rest of the plies then pro-
gressively fracture one after another through the whole laminate
thickness, resulting in the same neat failure that was observed
experimentally.

When it comes to local effects (Fig. 15), the Hashin’s matrix tension
criterion is similar to the fibre tension criterion in 45/-45° plies. This
was expected given how the woven composite material was modelled in
the analysis. The top 45° ply reaches its maximum load carrying ca-
pacity at 83 % of the maximum load at step end number 1. The end part
of this 45° ply going between step #1 and step #0 is visibly unloaded,
redistributing the load to the rest of the structure. This effect is quite
interesting, given that peeling effects at stepped and scarf repairs end are
often mentioned to be significant [11]. Yet, in the present case, the end
plies at the top of the repairs does not carry much load as in can be seen
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Fig. 12. Macroscopic view of the fracture morphology of stepped repaired coupons.
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Panel type B failure

Fig. 13. Macroscopic view of the fracture morphology of stepped repaired panels.

through the present analysis. (Section 3.3.2). The fibre tension damage
variable progresses only at the step end #0 and in the top 45° ply at step
#1 as explained. Fibre damage does not evolve at the other step ends
even though the fibre tension initiation criterion is met. Delamination
effects are visible inside the parent laminate at step end #0 where failure
occurs. However, the adhesive layer between the patch and the parent
plate does not fail and the patch remains bonded to the parent plate after

failure, as shown by the scalar stiffness degradation of cohesive zones,
also called SDEG variable in Abaqus. The two latter observations are
representative for the experimental fracture patterns observed in case of
failure type A, featuring neat laminate failure with local delamination
but no patch disbonding.

In the 3D panel model, type A fracture with a crack going along one
of the step ends was obtained (Fig. 16), in agreement with experimental



J.-B. Orsatelli et al.

Table 4
Failure types and locations.
Specimen Failure location (* Failure FE 2D GPS FE 3D Panel
set indicates it was type failure failure
encountered more than scenario scenario
half of the time)
C-NT-4M 0*/6 A 0A -
C-NT-8M 3*/1/2 A 3A -
C-NT-12M 3*/0 A 3A -
C-T-4M 1/3/4 B 0A -
C-T-8M 0/1/3 A 0A -
C-T-12M 3*/0/1 A 0A -
P-T-4M 2/3/4 A/B - 3A
P-T-8M 3*/4 A - 3A
P-T-12M 3* A - 3A
C-NT-80 3*/0 A 3A -
C-T-80 0/3/5 A 3A -
C-T-8M* -1/0/3/4 A 0A -

observations. Like in 2D GPS simulations, the fibre failure initiation
criterion is met at several locations, and especially at step ends #1 #3
and #4. The local effects associated with the composite laminates failure
in the 3D model are similar to the ones identified in the 2D model. In
particular, the upper 45° ply at the step end #1 that reaches his
maximum load carrying capacity before the final failure, unloading the
end of this ply and redistributing the load to the rest of the steps. Fig. 17
highlights the evolution of the fibre tension criterion in the parent
structure and the repair patch separately.

It appears that the middle section of the repaired panels is indeed the
most loaded section, even though the surface 45° plie does not reach a
value of 1 of the fibre tension criterion (Fig. 16). Stress concentrations
are located at the steps ends around a 45° arc on both sides of the most
loaded section. In the studied configuration, FE simulation predict a
simultaneous failure of the repair patch and the parent material, as there
is no clear sign of early failure in one of the these.

Failure type B was not predicted by FE models for C-T-4M specimens
as it was observed in experiments (Fig. 16). Instead, a failure type A with
fibre fracture was obtained. Two hypotheses can be formulated to
explain this discrepancy. On the one hand, repaired coupons with 4 mm
steps are particularly vulnerable to defects in the repair process. With
such short steps, a small misalignment of the patch results in a high
relative loss of step length, resulting in an early disbonding of the patch.
On the other hand, it could come from a coupling effect between the
composite laminate fracture and the disbonding of the patch, i.e. the
damage mechanism at the interface between the patch and the parent

Parent side

83% failure load

93% failure load
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plates and inside the laminates acting together, that is not present in the
FE model. Decreasing step lengths were tested in 2D GPS models until
obtaining a disbonding of the patch with a 3.5 mm step length (Fig. 18).
A more comprehensive analysis of cohesive failure of stepped joints
simulated by FE is available in [30] and [31].

The failure scenario obtained does not feature both disbonding and
fibre fracture as it is in failure type B. It consists in a complete dis-
bonding of the patch. These results show that the C-T-4M configuration
is theoretically close to the disbonding failure mode. It is compatible
with the two hypotheses made on failure type B, namely high sensitivity
to step length defect, and the lack of coupling mechanism between
disbonding and laminate failure in the FE models.

4.1.3. Comparison between experimental and numerical failure location

Measurements of the failure locations were performed with to
identify precisely where it occurs. On repaired panels, this measurement
was done on the centreline of the specimen. It was concluded that type A
failure always happened at the end of one of the repairs steps of the
coupons and panels, confirming that steps ends are the weak spots of the
laminates due to stress concentrations as highlighted by the FE
simulations.

Fig. 19 brings a comparison between the experimental failure path of
a P-T-8M specimen and the FE results of the associated model. It can be
clearly seen that the failure path of the specimen follows the circular
shape of a step end. The FE model can predict accurately this failure
path. It shows that that this type of numerical modelling can identify the
weak spot of a stepped repaired panel.

When it comes to repaired coupons, the failure locations reported by
the tension tests are not as deterministic as the FE simulations. Fig. 20
highlights the failure locations of the C-T-8M* specimens as an example.
Several different fracture locations were often reported within the same
set of specimens, and sometimes two different locations were reported
on the same specimen. This is generally the case for other configurations
tested. The FE results predict one the failure locations that was experi-
mentally obtained at step #3, unlike the C-T-8M which was predicted to
fail at step #0 on the parent side (Fig. 14). This location was encoun-
tered on 3 specimens out of 5 tested. It can also be seen that failure may
happens outside of the repaired area.

To give an overview of all the different failure behaviour encounter
among the tested specimens, all failure types and locations that were
encountered are summarized in Table 4 and compared to FE results,
based on the steps numbering provided in Fig. 2. There is a good
agreement between simulation results and experimental observations.

Patch side

HSNFTCRT
Envelope (max abs)
(Avg: 75%)

1.

100% failure load

Fig. 14. FE progressive damage analysis by 2D GPS modelling of the C-T-8M configuration. Specimen thickness was magnified 2x for better readability. HSNFTCRT

is Hashin’s fibre tension criterion. Steps number from O to 7 are reminided.

10



J.-B. Orsatelli et al.

Thin-Walled Structures 208 (2025) 112764

Hashin fibre tension criterion

Cohesive zones scalar stiffness degradation

000000000000~
0O NWRNODNDOO
SOENADBNOBRNNRONS

Fig. 15. Local analysis of the failure mechanisms in the C-T-8M configuration at 100 % of failure load. The 0 to 1 color scale applies to all the displayed criterion

and variables.
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Fig. 16. FE 3D panel failure scenario in P-T-8-M configuration. HSNFTCRT is the Hashin’s fibre tension criterion.

When it comes to the experimental failure type A, FE models always
predict a failure location that happened experimentally, and often the
most encountered one. Type A failure locations predicted 2D GPS and
3D Panel model with the same repair configuration are nonetheless
different: it occurs at step end #0 in the first model and at step end #3 in
the second model. However, step end #3 is the second most damaged
spot in the FE 2D GPS model (Fig. 14). Thus, even though 3D effects in
the full-scale model may shift the failure spot to a different location, the
stress state of the laminates in the 2D GPS models remains close to the
most loaded section of the 3D model. Type B failure happened mainly

11

between step ends number #3 and #5, which is compatible with the
failure scenario of the 2D GPS model with a 3.5 mm step length.

To pursue the investigation of the deviations between the FE failure
scenario and experimental results on C-T-4M specimens, microscopic
observations were performed on the leftover material that remained
after cutting these coupons. Two samples were embedded in resin and
then carefully polished to be able to observe (XZ) sections of the repair,
as presented in Fig. 2. This allows understanding how repair plies are
positioned in relation to repairs steps ends. Thanks to these microscopic
observations, some repair ply positioning defects were found. An
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Fig. 17. Evolution of Hashin’s fibre tension criterion (HSNFTCRT) in the parent structure and the repair patch when approaching the ultimate load in the P-T-8M

configuration.
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Fig. 18. FE 2D GPS failure scenario in C-T-4M configuration. SDEG is the damage variable of the cohesive elements modelling the adhesive material.

example of positioning defect of a repair ply is provided in Fig. 21. Gaps
going from 0.2 mm to 0.75 mm were measured between the corner of a
step and the associated repair ply, and there was a good agreement
between the observations of the same step end on the two samples.
These experimental observations are compatible with the results of the
FE simulations with a step length reduced to 3.5 mm (Fig. 17).

To conclude this section, these results extend the conclusions of [30]
and [31], by showing that 2D and 3D FE models with damage modelling
of the composite adherends (i) have similar failure scenarios and (ii)
agree with experimental observations.

4.2. Repair strength

4.2.1. Overall mechanical response

Elongation of the panels was computed by DIC measurements
(Section 2.4), to bring a measurement of the response of the structure
under the tension loading. DIC data was preferred to the displacement

12

measurement provided by the 3000 kN testing machine because the
latter tends to include to machine stiffness to the results, and therefore
make the specimens stiffness appearing lower that it actually is. As a
matter of example, the elongation-load curves of the P-T-8M specimens,
C-T-8M specimens and the FE simulation results are presented in Fig. 22.
The experimental data shows a linear behaviour of the coupons and the
panels, followed by an instantaneous failure. The FE results are in good
agreement with the experimental data, with a slightly stiffer response.
The same type of linear behaviour followed by an instantaneous failure
for panels with 4 mm, 8 mm and 12 mm steps, and for repaired coupons.

4.2.2. Effect of patch stacking sequence

The experimental and numerical results obtained for the three sets of
through repaired coupons with a step length of 8 mm and different patch
layups are presented in Fig. 23. Because these specimens are through
repaired coupons, the entire load has to be transferred by the bonded
joint when the specimen is loaded in tension. The C-T-8M configuration
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Fig. 19. Comparison of experimental failure path and FE failure path computed thank to progressive damage analysis. DAMAGMT is the damage variable associated
with fibre failure of the composite material.
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Fig. 20. C-T-M8* specimens failure location and FEM results associated.

has the lower strength, follow by the C-T-80 configuration and then the appears that there is no significant deviation between the C-T-8M*
C-T-8M* configuration with the highest strength. When comparing those strength and the parent plate strength, given the dispersion of the re-
results to the tensile strength measured for the parent material alone, it sults. The associated strength recovery rate is about 100%. There is an

13



J.-B. Orsatelli et al.

End of 0

Thin-Walled Structures 208 (2025) 112764

T

Fig. 21. Microscopic view at 50x magnification of a section of a stepped repaired coupon.
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Fig. 22. Load - elongation curves of P-T-8M specimens. Elongation refers to the
longitudinal strain of the specimens measured by the DIC extensometer.

excellent agreement between experimental results and numerical results
for C-T-8M specimens and C-T-80 specimens, with less than 2 % devi-
ation, and a good agreement for C-T-8M* specimens with less than 5 %
deviation. The numerical FE 2D GPS tends to overestimate the strength
of the first two configurations and underestimate the strength of the last
one. Nonetheless, it predicts that the C-T-8M*configuration do indeed

(4]
o

N w B
o o o
T T T

Coupon stiffness (GPa)
S

C-T-8M
] Coupon tests

FE 2D GPS

have higher strength than the C-T-80 configuration, as shown by
experimental results. In terms of stiffness, the addition of overplies
contribute to make the coupons stiffer, as it can be expected. The FE
simulation agree with the experimental results on that tendency, while
being slightly stiffer, about 5%, than the latter.

The results of the C-T-8M* tests show that it is possible to achieve a
through-repair on a coupon that can restore the initial strength of the
pristine laminate. It means that the bonded joint is strong enough not to
be the weak link of the repair, and that the repaired laminate is able to
withstand the stress concentration at the end of the steps. These results
consolidate the conclusions that the bonded joint is not always the weak
link in a stepped repair [39,47]. However, this conclusion remains
limited to strength recovery rate of the repair under static loading: the
repair is not likely to recover fully the initial durability of the pristine
laminate, when subjected to hot-wet aging for example. When it comes
to the repair patch layup, the results of this study dispute the common
idea that an overlapping layup (O) of the patch, where each repair ply is
bonded to a parent ply of same orientation, is needed to achieve a proper
repair. This could be explained by the fact that proposed matching patch
layup plus 0° overply (M*) allows using one more 0° ply than the
standard overlapping patch configuration with the same total number of
plies.
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Fig. 23. Effect of patch layup on repair stiffness (a) and strength (b).
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4.2.3. Effect of step length, damage depth and specimen scale

The measured stiffness (Fig. 24) and repair strength (Fig. 25) of the
C-NT-xM, C-T-xM and P-T-xM (x = 4, 8, 12) specimens was analyzed
compared to FE results. Repair strength is compared in terms of force
flow (N/mm) to be able to compare coupons and panels of different
widths. The effect of three variables can be studied thanks to this data,
being step length, damage depth and specimen scale (coupon / panels).
Overall, there is only little deviation between the experimental results of
the nine configurations tested and FE results are in excellent agreement
with experimental data. In terms of stiffness, FE models are a little stiffer
than experimental tests. FE models are likely to be stiffer that tests
because of (i) perfect boundary conditions hypothesis in the FE mode,
while real BC may be less stiff, and (ii) perfect specimen alignment
hypothesis in the FE model, while real testing setup might not be perfect
because of a small misalignment between the ends of the machine. In
terms of strength, there is also an excellent agreement between tests and
simulations. C-T-4 M specimens are the only exception, as they have a
lower strength than the others do. This particular point is discussed at
the end of the section.

The following conclusions on the three parameters studied can be
drawn from the experimental data. First, there is no strength increase of
repaired panels and non-through repaired coupons beyond a step length
of 4 mm steps, but through-repaired coupons do have an increase of
strength when going from 4 mm steps to 8 mm. There also no significant
effect of damage depth on the strength of repaired coupon with step
length of 8 mm and 12 mm. It shows that deeper repairs may not be
weaker than shallower ones if the step length is long enough. Finally,
there is a good agreement between the strength of repaired panels (P-T-
xM) and the equivalent coupons (C-T-xM) for step lengths of 8 mm and
12 mm, but C-T-4M specimens have a lower strength than their equiv-
alent panels P-T-4M. Those three points are related to the same physical
phenomenon, being the level of stress concentrations at the end of the
repair step. Indeed, when the step length is long enough to ensure that
the bonded joint is not the weak link of the repair, the stress concen-
trations inside the laminates drive the behaviour of the repairs as
highlighted by FE simulation (section 4.1.2). These levels of stress are
directly related to the stress state along the bondline of the repair.
Furthermore, it was shown by a previous study [31] on stepped joints
that the levels of stress along the bondline barely depends on the step
length within a range from 3 to 12 mm and are similar in the most loaded
section of a repaired panel and its equivalent stepped joints.

The present experimental results confirm that there is step length
threshold, beyond which no increase of the repair static is obtained.
Regarding the “equivalent joint” question, it can be concluded that that
tests at the scale of coupon allow measuring, conservatively, the
strength of the associated stepped repaired panel. In addition, the 2D
GPS modelling of stepped repairs is suitable to study the behaviour of a
stepped repaired panel, including the strength and the failure
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mechanisms, hence providing a less-computation intensive modelling
framework than full 3D models.

Yet, the lower strength of C-T-4M specimens compared to the C-NT-
4M and P-T-4M ones indicates the field of validity of that last conclusion
is to be discussed. This, behaviour of C-T-4M specimens can be related to
C-T-4M specimens being close to patch disbonding as shown by FE re-
sults (section 4.1.2) and being the only ones with no alternative load
path available than the bonded joint, which makes them more sensitive
to manufacturing defects, as highlighted in section 4.1.3 (Fig. 21), and to
possible coupling effects between disbonding of the joint and composite
fracture. It could be reasonable to say that there is a zone around the step
length where the transition between failure by disbonding of the joint
and composite fracture occurs, inside which the behaviour of a coupon
and a repaired panel may be more different. Moreover, repaired coupons
are subjected to free-edges effect that do not exist in the centre section of
a repaired panel, and it was shown be FE analysis in a previous study
[31] that those effects tend to make the bondline of coupons weaker
than the bondline of repaired panels, and weaker than predicted by a 2D
GPS model.

4.3. Stress redistribution effect in repaired panels

Compared to coupons, stepped-repaired panels do have alternative
load paths than portion of the bonded joint aligned with the direction of
the load. For example, the load can be transferred by around the most
loaded section of the bonded joint by the other parts of the bonded
joints, or by the parent laminate. In both cases, this effect should results
in a decrease of the load going through the centre of repaired patch
compared to the average load applied to the specimen. The idea of the
section is to discuss this “load bypass” effect, thanks to the strain gauges
that were applied at the centre of the repaired panels. The mean lon-
gitudinal strain at the centre of the patch was computed as ¢, = (e1 +
€2)/2, where ¢; and e, are the strains measured by the gauges at the
centre of the patch. It was then compared to the results FE simulations.
The results of panels with 4 mm steps are presented in Fig. 26. The strain
varies almost linearly with the applied load and there is a good agree-
ment between the experimental data and the FE 3D Panel simulation.
Nonetheless, there is a slight effect visible when the load approaches the
ultimate stress of the repair. The strain measured by the central gauge
increases more slowly than initially, indicating that the force flow
through the patch begins to increase more slowly.

The stress inside the patch may not be measured directly, but the
repair patch is the only material present at the centre hole of the panel.
Hence it is possible to evaluate the force flow Py going through the
centre of the patch as Pyach = Epépty, where E, is its Young modulus
computed thanks classical laminate theory, t, its thickness, ¢, the lon-
gitudinal strain measured. Knowing the mean force flow applied the
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Fig. 24. Effect of step length, damage depth and specimen scale on repair stiffness.
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With this definition, if § takes positive values, it means that the force
~ 200 } flow going through the patch is lower than the mean force flow applied
g to the specimen. The results obtained for the nine repaired panels are
o 150 | presented in Fig. 27. For through repaired coupons that are equivalent to
9 P-T4M-01 repaired panels, # will be equal to 0 because the whole load must go

100 r P-T4M-02 through to centre of the patch as there is no other path available. The
50 | ) P-T4M-03 obtained results for panels should be interpreted very carefully as they
. - - --- FE 3D Panel rely on the modulus E, to evaluate the load going through the patch.

0 kLZ L L L 1 Indeed, slight error on the value of E, will significantly change the value
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Fig. 26. Strain measured at the centre of the patch of P-T-4M specimens and
comparison with FE results.

repaired panel can be written P = F/b, where F is the force measured by
the load cell and b is the width of the panel, a load by-pass coefficient
can be defined as follows:

this study, as they were manufactured with the same material batch.
Thus, the variation of # during the tension tests and the deviations be-
tween each specimen can be interpreted. First, there is a lack of
repeatability and no clear § variation tendency among the P-T-8M
specimens, but P-T-4M and P-T-12M specimens do have clearer trends.
Indeed, the load bypass tend to increase in P-T-4M specimens as the load
increases, while it remains near zero in P-T-12M specimens. The effect
becomes clearly visible beyond 200 kN applied, which is about 80 % of
the ultimate load. This is compatible with the fact the bonded joint of
panels with 4 mm steps is pushed closer to failure than the one of panels

6 L
24 i
(2]
0 ( 1
®
% /1/
o 2 F \
-
'D .
g A . «/.-s:
— P-T-4M tests
0 = P-T-8M tests
— P-T-12M tests
2 1 1 L 1 1 L 1
0 50 100 150 200 250 300 350 400

Loading (kN)

Fig. 27. Load bypass factor computed from stepped repaired panels tension tests.
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with 12 mm steps and leads to a higher stress redistribution effect in
panels with smaller steps.

5. Conclusions

In this paper, multi-scale testing of CFRP stepped repairs under
tension was carried experimentally and numerically, to assess the
representativeness of tests at the coupon scale compared to tests at the
panel scale. A test matrix with 11 configurations with various including
step length, damage depth, patch layup and specimen scale, was pro-
posed to investigate the influence of design parameters and the
robustness of the models. FE modelling of stepped repairs in 2D gener-
alized plane strain and 3D was proposed, using CZM and CDM. These
models account for damage and delamination in the CFRP laminates, in
addition to modelling of the adhesive layer between the parent plate and
the repair patch.

Specimens were manufactured by co-bonding with a mobile hot-
bonder, as it would be done in situ. Different types of fractures pattern
as a function of step length were observed, the main one being neat
CFRP laminate fracture in the repaired area. It was shown experimen-
tally that repaired coupons and repaired panel has the local failure
mechanisms and the same overall failure locations. Step ends were
identified as being the weak spots of the laminates. The failure strength
of repaired panels was close to the one of the equivalent repaired cou-
pons unless the step length is in the transition zone between failure of
the bondline and failure of the laminates. No increase of strength was
found for repairs with 12 mm steps compared to 8 mm steps, indicating
that the repairs reach a maximum strength for a given patch layup.
Tensions tests on specimens with a patch featuring a matching layup and
a 0° overply can achieve almost a 100 % strength recovery rate. This
result encourages exploring innovative patch layups in further studies,
as the reference overlapping layup may not be the only repair configu-
ration to consider.

FE simulations in 2D and 3D were able to predict the type of failure,
including local failure mechanisms, and to predict the failure location
compatible with experimental observations. Yet, through repaired
coupons with a step length of 4 mm have a mixed fracture pattern that
does not appear in FE simulations. A good agreement was found between
the repair strength predicted by FE simulations and the strength
measured experimentally. The largest strength deviation between tests
and FE was of about 16 % the C-T-4M, in all other configurations this
deviation is less than 5 %. This conclusion is supported by the agreement
in terms of failure scenario between tests and FE results. The larger
deviation in the C-T-4M configuration may be related to manufacturing
issues. The effective step length may be up to 0.75 mm shorter than the
nominal step length, as shown be micrographic observations. The latter
is likely to have a stronger impact on the strength of 4mm step repaired
coupons compared to the other specimens. The out-of-plane effects that
are not captured by the shell elements in FE simulations does not prevent
the FE models to predict the specimen’s strength accurately. Finally, the
assumptions on the balanced nature of the CFRP materials used, and on
its compressive behaviour are shown to be acceptable due the correla-
tion between FE and tests results. The modelling methodology proposed
here can be qualified as robust, given that all the input properties are
directly based on material testing.

These experimental and numerical results extend the conclusions of
[30] and [31]. It shows that experimental testing at the scale of a
coupon, which is usually proposed in research paper, is indeed suitable
to study the behaviour of a whole repaired panel. However, when
approaching the step length at which failure happens by patch dis-
bonding, coupons may exhibit an early failure compared to panels. In
terms of modelling, 2D FE under generalized plane strain is suitable to
predict behaviour of full-scale repaired panels when failure occurs inside
the laminates instead of the adhesive layer. It provides a modelling
framework that could be further investigated as a less
computation-intensive alternative to full 3D models.
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Further investigations could be carried-out on the representativeness
of a repaired coupon compared to a repaired panel in terms of repair
reliability and durability, with the effects of defects, hot-wet aging,
impacts and fatigue loading. These issues, which go beyond the simple
static strength of a repair, are major concerns and cannot be ignored
when designing a composite bonded repair.
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