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Abstract

Failure analysis of composite bonded repairs in cracked metallic structures is often given superficial treatment. Apart from crack
growth, which is prevented during the design of the repair by ensuring that the stress intensity factor will remain in safe levels, patch
debonding is a very critical failure mode since its presence reduces the effective area of the patch. In this paper, a finite element-based
progressive failure model was used to investigate the geometrical effects on patch debonding initiation and progression induced by
mechanical loading. A metallic sheet containing a central through-thickness crack loaded in tension and repaired using a double-sided
rectangular tapered composite patch was used as the basic configuration. In all cases examined, the debonding is due to cohesion or
adhesion failure caused by high shear stresses. It was found that, depending to the patch thickness, the debonding initiates either at
the upper patch edge (being catastrophic for the repair) or at the crack faces (being not catastrophic). Given the adhesive shear strength,
the debonding initiation load increases significantly with increasing the patch thickness, adhesive thickness and tapered length. Based on
these findings, specific suggestions for the enhancement of composite bonded repairs against debonding are made.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The continuous growth in air transport has stimulated
an increasing demand in the aeronautic industry to
improve the maintainability and sustain the reliability of
civil aircrafts. The best way to achieve this goal is to
improve the current repair techniques and develop new
ones [1]. Adhesively bonded composite patches have been
established as the most effective repair method of dam-
aged (cracked or corroded) airframes offering many
advantages over the traditional method of mechanical fas-
tened doublers including improved fatigue behavior, resis-
tance to corrosion and minimization of stress
concentration. Although implementation of composite
bonded repairs started more than 30 years ago by the
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Royal Australian Air Force [2], at present, such repairs
are certified for use only on secondary structural parts
of the airframe [1]. In order to expand their use on pri-
mary structural parts also, a detailed knowledge of their
mechanical performance under several loading conditions
is required. Currently, this task is being mainly accom-
plished through very expensive and time-consuming
experimental programs performed by the airline compa-
nies and research institutes under the guidance of national
Air Forces.

Numerical analysis is a powerful tool, which can provide
very useful information regarding the mechanical perfor-
mance of composite bonded repairs. However, to date,
numerical models have been only used for calculating the
stress field of the repairs and optimising the patch geometry
with regard to the reduction of stress intensity factor (SIF).
An important, but overlooked area is failure analysis of the
repairs. Designs that ignore certain critical failure modes
may cause greater damage than the original damage they
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are intended to repair. Fig. 1 illustrates the failure modes
that might occur in a bonded repair of a cracked fuselage
skin [3]. These are crack growth, patch debonding and
nucleation of new fatigue cracks in the skin at the patch
edges. The foremost failure mode is crack growth. Of
almost the same importance is patch debonding, since its
presence increases the possibility of crack growth in the
repaired structure by reducing the effective area of the
patch, and thereby, the amount of stresses being trans-
ferred from the cracked structure to the patch. Mechani-
cally induced patch debonding may be due to either high
adhesive shear stresses or high peel stresses In Fig. 2, a
schematic representation of the shear stress distribution
in a bonded repair is given. As can be seen, the stresses
are maximized on either side of the crack and at patch
Fig. 1. Schematic of the failure modes occurring in a bonded repair of a
cracked fuselage skin, after [3].

Fig. 2. Schematic of the shear stress distribution in a bonded repair, after
[3].
edges. A standard practice for reducing the stresses at
patch edges is patch tapering.

Up to the present time, very few works have studied
composite patch debonding in adhesively bonded repairs.
Naboulsi and co-workers, in a series of papers [4–6], used
the three-layer technique (two-dimensional FE model con-
sisting of three layers) accompanied by experiments to
investigate the effects of pre-existing debonding of various
sizes and in various locations on the fatigue crack growth
and life of repaired cracked structures. The results of their
investigation showed a clear variation in fatigue life and
SIF with varying the location and size of debonding.
Recently, Megueni et al. [7] and Ouinas et al. [8] used
the FE analysis to compute the SIF in cracks repaired
by composite bonded patches taking into account pre-
existing debonding. They also found that the presence
of debonding increases the SIF considerably. Therefore,
from the above works it is concluded that the presence
of debonding significantly affects the effectiveness of the
repairs.

It is evident that the research conducted so far on patch
debonding intended to assess the importance of this failure
mode. Having established the importance of debonding,
the next step is to enhance the repairs against it. To this
end, information is required regarding the initiation and
progression of patch debonding and how specific features
of the repair such as geometry and materials used may
influence patch debonding. The aim of this paper is to con-
tribute towards this objective.

2. Progressive failure analysis

The technique of progressive failure analysis has been
extensively used in the past to simulate the mechanical
behavior of composite bolted joints [9–11]. The authors
of this paper were the first to apply this technique in com-
posite bonded repairs in [12] by appropriately modifying a
3-D progressive failure model initially developed for com-
posite bolted joints. The progressive failure model
(PFM), used to accomplish the current study, integrates
the components of stress analysis, failure analysis and mate-

rial property degradation.

2.1. Stress analysis

Stress analysis of the repair was performed using 3-D
FE models developed with the commercial FE code
ANSYS [13]. The metallic sheet, composite patch and
epoxy adhesive were modelled as different bodies using
the 8-noded 3-D ANSYS SOLID45 element. The patch
lay-up is the unidirectional [0�]8. Due to symmetry of
geometry and loading only one-eighth of the repair was
modelled. Fig. 3 shows the FE meshes of the repair parts
and complete repair. A fine mesh was adopted in the area
around the crack tip to allow a satisfactory accuracy in
SIF calculation. It should be noted, however, that the
goal of this work is not the accurate calculation of SIF



Fig. 3. FE meshes of the repair parts and complete repair.
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values but, rather, the influence of repair parameters on
SIF values. To this end, the mesh selected provided rea-
sonably good results in reasonable time. Away from the
crack tip, a coarser mesh was adopted in order to reduce
the total number of elements. As can be seen in the close-
view of the repair bottom, shown in Fig. 4, through the
thickness of the sheet, patch and adhesive, four, four
and one elements have been respectively used. The use
of many elements through the thickness provides greater
accuracy in the calculation of through thickness stresses,
which are important in the prediction of patch debonding.
The incremental tensile loading was applied in the sheet
through the application of an incremental uniform tensile
stress r at its top surface.

2.2. Failure analysis

Failure analysis concerned both the composite patch
and the adhesive. Initially, seven failure modes, represent-
Fig. 4. Close-view of the FE m
ing the basic failure modes of the composite material, have
been considered for the composite patch. However, the first
few analyses revealed that the stress state developed in the
composite patch for the specific combination of repair con-
figuration and loading conditions was too low to cause sig-
nificant failure in the patch. Based in this finding, in order
to reduce the total computational effort, no failure checks
were performed for the composite patch. For the adhesive
and the adhesive/metal or adhesive/patch interface, three
major failure modes were considered; namely, adhesive
shearing, adhesive/metal peeling and adhesive/patch peel-
ing. The failure criteria used for the detection of these fail-
ure modes are:
Adhesive shearing:

smax ¼
r1 � r3

2
P ps ð1Þ

Adhesive/metal peeling, for (rza > 0):

rza P pam ð2Þ
esh in the repair bottom.
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Adhesive/patch peeling, for (rza > 0):

rza P pap ð3Þ

where smax is the maximum shear stress in the adhesive, r1

and r3 are the maximum and minimum principal stresses,
and rza is the stress in the normal direction. ps is the shear
strength of the adhesive and pam, pap are the peeling
strengths of the adhesive/metal and adhesive/patch inter-
faces, respectively. To account for the shearing failure of
the two interfaces, ps can be considered as the minimum
of the shear strength of the adhesive and the shear
strengths of the interfaces. From the modeling point of
view, this consideration seems satisfactory, since the break-
age of a single element of the adhesive is equivalent to the
debonding of the either of the interfaces in this element.

2.3. Material property degradation

Once failure is detected in the adhesive, material prop-
erty degradation is applied by setting the elastic moduli
A trial

initiate

If ασ

shear s

Check whether the 
additional debonded 

area exceeds 1%.

Increase load 

(1

(2) 

(8)

(9)

Yes

No

(10)

Fig. 5. Flowchart of the pro
of the failed elements equal to zero. In order to avoid
numerical problems that will cause the zero values of the
elastic moduli in the solution of the FE model, a very small
value (=0.001 of the initial value) is set instead of zero.

2.4. Model algorithm

The three model components integrate in an iterative
algorithm, which is described by means of the flowchart
depicted in Fig. 5. The steps of the algorithm are numbered
according to the sequence of their implementation. Note
that due to the local character of the stress concentration,
the criterion used in this study for examining the re-distri-
bution of stresses at the same load level (more than 1%
increase of the debonded area between two consecutive iter-
ations, step 8 in the algorithm) may be large and a smaller
value may show a slightly different debonding behaviour.
However, this would increase dramatically the computa-
tional time and storage requirements. To implement the
model, the ANSYS macro-language [13] was used.
No
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3. Geometrical effects

The configuration considered comprises a metallic sheet
with a central through-thickness crack loaded in tension
and repaired using a double-sided rectangular (symmetric)
carbon-fiber-reinforced plastic (CFRP) patch with tapered
edges. The dimensions of the repair parts are listed in Table
1. Except where mentioned, these dimensions were used.
The material properties of the repair parts are: Aluminum
sheet: E = 70 GPa, v = 0.33; CFRP patch: Exx = 168 GPa,
Eyy = Ezz = 10 GPa, Gxy = Gxz = 8 GPa, Gyz = 4 GPa, vxy

= vxz = 0.02, vyz = 0.48; Adhesive (Epoxy film FM-73):
E = 2.2 GPa, v = 0.35. The subscripts in the material prop-
erties of the CFRP material refer to a local coordinate sys-
tem in which the x and y-axes are parallel and transverse to
the fibers, respectively, while the z-axis coincides to the nor-
mal direction. The orientation of the system was chosen
such as the fibers to be oriented perpendicular to crack line.

The first few trial analyses have indicated two candidate
areas for patch debonding initiation; namely, the area just
above the crack (crack region) and the upper patch edge:
areas A and B, respectively, in Fig. 6. Determinant about
where patch debonding will initiate is the geometry. Based
on this finding, a parametric study was conducted to ascer-
tain the role of repair geometry (patch thickness and width,
adhesive thickness and tapered length) in patch debonding
initiation and progression.
Table 1
Dimensions of the repair parts

Dimension Value (mm)

Sheet height 310
Sheet length 108
Sheet thickness, ts 3
Crack length 15
Patch width (parallel to crack line) 45
Patch height (including tapered) 67
Adhesive thickness 0.15
Tapered length 20

Fig. 6. Candidate areas for patch debonding initiation.
3.1. Effect of patch thickness

Fig. 7 shows the variation of debonding initiation stress
rd normalized by the shear strength ps at the areas A and
B as function of the patch thickness tp for two sheet thick-
nesses. Debonding initiation stress rd is defined as the
applied stress that initiates debonding. Obviously, the deb-
onding initiates at the area where rd/ps is smaller. At small
values of tp, the debonding initiates at the crack region while
at large ones at the upper patch edge. This is because with
decreasing tp the shear stresses at the patch edge decrease
(role of tapering) while those at the crack region increase
(the resistance to crack opening is smaller). The transition
of debonding initiation from area A to B takes place at lar-
ger values of tp as the sheet thickness increases because the
ratio of patch stiffness to the sheet stiffness ts decreases.

3.2. Effect of adhesive thickness

Fig. 8 shows the variation of rd/ps at the areas A and B

as function of the adhesive thickness for two sheet thick-
nesses. It is evident that increasing the adhesive thickness
will increase the strength of the repair. In general, the adhe-
sive thickness does not affect the position of debonding ini-
tiation. However, in the case of ts = 3 mm, shown in
Fig. 8(b), for an adhesive thickness less than 0.15 mm deb-
onding will initiate at the crack region, whereas, for an
adhesive thickness more than 0.15 mm debonding will ini-
tiate at the patch edge.
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Fig. 7. Variation of (normalized) debonding initiation stress with regard
to the patch thickness for two sheet thicknesses.
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The variation of SIF with regard to the patch thickness
and adhesive thickness is shown in Figs. 9(a) and (b),
respectively. As can be seen, the trend of variation is oppo-
site. Contrary to patch thickness, the increase in adhesive
thickness leads to increase of SIF. This is expected, since
a large adhesive thickness will lead to a more resilient
repair allowing larger metallic sheet deformation.
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Fig. 9. SIF variation with regard to (a) patch thickness and (b) adhesive
thickness.
3.3. Effect of patch width

Figs. 10(a) and (b) show the variation with regard to the
patch width of the rd/ps and SIF, respectively. With
increasing the patch width, the rd/ps increases at both
areas. However, the increase at the upper patch edge where
the debonding initiates is insignificant. Therefore, it is con-
cluded that the patch width has a minimal effect on the
debonding initiation and zero effect on the debonding pro-
gression. On the contrary, it has a considerable positive
effect on the SIF.

3.4. Effect of tapered length

Fig. 11 shows the variation of rd/ps with regard to the
tapered patch length. As expected, tapering significantly
affects the shear stress values at the patch edge but has
no effect on the shear stresses at the crack region.
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Fig. 10. Variation of (normalized) debonding initiation stress and SIF
with regard to the patch width.
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Fig. 11. Variation of (normalized) debonding initiation stress with regard
to the tapered length.



Fig. 13. Increase of the percent debonded area with the applied load for
the case of Fig. 12.
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4. Debonding initiation and progression

The previous analyses were conducted for a constant
applied load. In order to examine the debonding progres-
sion, the steps described in the flowchart of Fig. 5 were fol-
lowed. The first finding was that debonding initiation at the
crack region is due to crack opening and it is not cata-
strophic for the repair in the sense that the load can be
increased; the crack must be further opened in order for
the debonding to progress. Figs. 12(a) and (b) show the
variation of the percent debonded area and SIF with
regard to the applied load, respectively, for a case in which
debonding initiated at the crack region. The results of
Fig. 12 are taken for an adhesive strength ps = 40 MPa.
As can be seen in Fig. 12(a), the debonding initiated at
220 MPa. The applied stress continued to increase up to
350 MPa whereat the debonding initiated also at the upper
patch edge and propagated instantly leading to complete
dissociation of the patch from the sheet. Even though yield-
ing is expected at an applied load of 350 MPa, it should be
noted here that the analysis considered in this paper is lin-
ear elastic in order to examine the debonding behavior of
composite bonded repairs. The SIF, affected by the deb-
onding, increases almost linearly up to the load of
350 MPa whereat it sharply rises from 25 to 73 MPa

ffiffiffiffi

m
p

.
Fig. 13 shows the progression of debonding for this case.
The debonding initiated at the crack was confined to the
area around it while the debonding initiated later at the
upper patch edge propagated very fast.
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Fig. 12. Progression of debonding (dark grey area) initiated at the crack
region.
On the other hand, when debonding initiates at the
upper patch edge, it is catastrophic for the repair because
it significantly reduces the patch effective area. In such
cases, the debonding initiation load is also the maximum
load that the repair can sustain. All iterations are per-
formed under the same load since the criterion of 1%
increase of the debonded area is constantly fulfilled (step
8 in the flowchart). Figs. 14(a) and (b) show the variation
of the percent debonded area with regard to the number
of iterations and the variation of SIF with regard to the
percent debonded area, respectively. The results are taken
for ps = 40 MPa and the applied load that initiates debond-
ing is 275 MPa. Although the debonded area increases
almost linearly with the iterations, the SIF is not affected
by this increase except for values of the percent debonded
area larger than 86% where it increases sharply. This is
t p =1 mm

0

20

40

60

80

100

0 10 20 30 40
Iteration number

P
er

ce
n

t 
d

eb
o

n
d

ed
 a

re
a

a

b t p =1 mm

0

2

4

6

8

10

12

14

0 20 40 60 80 100

Percent debonded area

SI
F

Debonding 
initiates at the 
upper patch 
edge 

Fig. 14. Progression of debonding (dark grey area) initiated simulta-
neously at the crack region and the upper patch edge.



Fig. 15. Increase of the percent debonded area with the applied load for
the case of Fig. 14.
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Fig. 16. Stress concentration as function of (a) patch thickness and (b)
adhesive thickness.
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due to the debonding of the area of the patch in front of the
crack. The progression of debonding for such case is shown
in Fig. 15. As can be seen, the debonding soon after the
debonding initiated at the upper patch edge, it also did at
the crack. However, it propagated faster (at the same load)
from the upper edge leading to sudden complete failure of
the repair.

5. Discussion and conclusions

In most composite patch repairs of cracked structural
elements, patch width and length is controlled not only
by the requirements of the crack shielding but also by
the position of the repair and care should be taken that
no load transfer to neighboring elements takes place.
However, patch stiffness and thickness, adhesive thickness
and tapered length, are in most situations, chosen from a
wide range of possible values. In order for the repair to
be efficient, it has to be assured that it will remain in
place (no debonding will take place) and that it will
reduce the SIF of the crack even below the fatigue
threshold values. It should be noted that no effect of
the patch elastic properties was considered in this work,
since this is equivalent to changing the patch thickness,
as the controlling parameter is the product of patch stiff-
ness and thickness.

From the results presented in the previous sections, it
was found that the minimum value of the normalized deb-
onding stress rd/ps is about 4. Considering that typical
adhesive shear strength is 25–40 MPa [14], this gives a min-
imum debonding stress of 100–160 MPa. However, careful
selections of the repair parameters can double this stress.
Therefore, the debonding stress can be much larger than
typical maximum fatigue loading, ensuring durability of
the repair. However, the effect of environment and loading
history on possible degradation of adhesive properties or
bondline properties should be also examined. On the other
hand, the SIF values evaluated were very small and close to
threshold values of Al2024, suggesting that no significant
fatigue crack growth will take place.

Ensuring efficiency of the repair, another aspect that it is
important is the stress concentration in the metallic plate
due to the presence of the patch that occurs just above
the patch edge. Considering the typical S–N curve of alu-
minum alloys used in aircraft structures, an increase of
the stress in the metallic plate by, e.g. 10%, might result
in approximately 30% reduction in fatigue life. Typical
stress concentrations in the metallic plate due to the pres-
ence of the patch are shown in Figs. 16(a) and (b). The fig-
ures suggest that stress concentration increases with
increased patch thickness and decreased adhesive thickness
and it ranges between 10% and 15% for the considered
repair. Care should be taken that the stress concentration
would not cause more damage to the repair area than the
original crack itself.

The general conclusion of the present study is that given
the adhesive shear strength, patch debonding initiation and
progression is controlled by the geometry of the repair. In
particular, the following effects have been found:

• At low values of patch thickness, debonding initiates at
the crack region, being not catastrophic for the repair,
while at large ones it initiates at the upper patch edge,
being catastrophic. The transition of debonding initia-
tion from one area to the other depends also on the sheet
thickness.

• The increase of patch thickness, adhesive thickness and
tapered length results in a significant increase of the deb-
onding initiation stress at the crack region. The effect of
patch width has been found to be minimal.
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• Contrary to the adhesive thickness, the increase of patch
thickness and patch width results in a decrease of the SIF.
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