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Bonded Composite Patch Repairs on
Cracked Aluminum Plates: Theory,
Modeling and Experiments

Fabrizio Ricci, Francesco Franco and Nicola Montefusco
University of Naples “Federico 11”7, Department of Aerospace Engineering
Italy

1. Introduction

Composite patches, bonded on cracked or corroded metallic aircraft structures, have shown
to be a highly cost effective method for extending the service life and maintaining high
structural efficiency (Baker & Jones, 1988; Baker, 1993; Molent et al., 1989; Baker et al., 1984;
Torkington, 1991; Bartholomeus, 1991).

Damage tolerant and fail-safe design of aircraft, aerospace and civil structures requires a
substantial amount of inspection and defects-monitoring at regular intervals. There is a
large number of high-cost inventory of aircraft structures in operation throughout Europe
and the world, that are undergoing continuous degradation through aging. Moreover, this
number is increasing by around 5% every year, resulting in significant negative impact on
the economy of many nations. The degradation of defects critical structures is controlled
through careful and expensive regularly scheduled inspections in an effort to reduce their
risk of failure.

The replacement of a damaged structural component has a relevant impact on the life cycle
cost of an airplane. Bonded composite patches for repairing cracks and defects in aircraft
structures have been widely used in the last years. This technology offers many advantages
over mechanical fastening or riveting, including improved fatigue behavior, restored
stiffness and strength, reduced corrosion and readily formed into complex shapes. The
repair of metal structures with composite materials is a technology that was first introduced
in Australia in the early 1970s and later in USA in early 1980s. It is now estimated that over
10 000 flying patch repairs, for corrosion and fatigue damages, have been performed on
Australian and US military aircraft (Christian et al., 1992; Umamaheswar & Singh, 1999;
Roach, 1995). This technology was first used for the repair of military aircraft and then
applied also to civil aircraft. The success of a bonding repair depends on the properties of
both the adhesive and the patch. The quality of the repair depends upon bonding process
and surface treatment as well. Carbon-epoxy composites have been mostly used in
aeronautics due to their high stiffness and strength to weight ratios. The performance of the
adhesive plays a key role in the successful utilization of bonded composite patch repairs.
The role of a bonded composite patch is to restore the stress state modified by the presence
of the crack. The stress intensity factor is then reduced by the presence of the patch. Many
authors have already investigated the behavior of metallic structures repaired by composite
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patches. Baker and Jones (Baker & Jones, 1988) studied an aluminum panel repaired with
composite patches. For a repaired cracked plate they showed that the stress intensity factor
does not increase indefinitely with the crack length, as it asymptotically reaches a limit
value. According to Baker’s results, Rose (Rose, 1981 and 1982) showed that the stress
intensity factor range of a repaired structure does not depend on the crack length if the crack
grows up below the repair. As a result, the crack growth rate does not depend on of crack
length according to the Paris law. Klug (Klug et al., 1999) investigated the fatigue behaviour
of pre-cracked 2024-T3 aluminum plates repaired with a bonded carbon/epoxy patch.
Single sided repairs were found to provide about a 4-5 times improvement in the fatigue
life.

After these early works many authors have addressed many numerical and experimental
aspects. Naboulsi, Schubbe and Mall (Nabulosi & Mall, 1996; Schubbe & Mall, 1999) have
analyzed the modeling of the composite and adhesive layers, using the three layer technique
in comparison with the high computational cost of the three dimensional Finite Element
models. Naboulsi and Mall (Nabulosi & Mall, 1998) have successively adopted the three
layer technique for the nonlinear analysis of the repaired structure in order to take in
account large displacements and material nonlinearities. Chung and Yang (Chung & Yang,
2002) and Jones, Whittingham and Marshall (Jones et al.,, 2002) have investigated the
fracture and the crack growth behavior in a more complex structure, such as stiffened panel,
deriving some design formulas. Tong and Sun (Tong and Sun, 2003) have presented a novel
finite element formulation for developing adhesive elements and conducting a simplified non-
linear stress analysis of bonded repairs in curved structures. Some other authors have focused
their attention on the optimal design of the bonded patches, by finite element models, in terms
of edge taper (Wang et al., 2005) and in-plane shape (Mahadesh & Hakeem, 2000).

Some of the above mentioned numerical activities have been compared with experimental
data measured with reference to the stress intensity factor and fatigue life of the repaired
structural elements (Schubbe & Mall, 1999; Wang et al., 2005;).

The aim of this work is to review the capability of finite element models in estimating the
mechanical behavior of metallic panels repaired by composite patches. The attention has
been focused on those commercial codes implementing the “quarter-point location”
formulation. The interest in commercial finite element codes is due to their use in most of
the industrial applications. Furthermore the validation of the finite element procedures for a
metallic panel with a composite patch repair is a promising result for the analysis of
composite structures to be repaired with composite patches.

The numerical analyses, limited to the case of mode I (opening crack), have been strongly
supported by well known theoretical formulations and several experimental tests.
Moreover, the experimental data allowed a comparison among different patches, adhesives
and surface preparation properties.

In this work a repair with a single patch - single sided configuration - (i.e. bonded only on
one side of the panel) has been considered. This configuration could avoid the removal of
the damaged component and in general could lead to a significant reduction of time and
costs of repair operations.

Section 2 of the paper presents the geometry of the panel used as test-case. Section 3 reviews
the mechanical behavior of the cracked panel. The mechanical behavior of the repaired
panel, estimated by the numerical models, is presented in Section 4 and the comparison
with the experimental data is discussed in Section 5. Finally, Section 6 summarizes the work
conclusions and outlines some final considerations.
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1.1 List of symbols

a
BC
C
E
G
Gi
H

Ymax

Greek symbols
p

D

(o2

Os

Omax

Omin

0o
AK:Kmux'Kmin
A0 = Opax = Omin

Notations
a

p

r

Half crack length - total crack length: 2a
correction term

material constants

Young’s modulus

shear modulus

energy release rate

Patch length

stress intensity factor, elastic

moment of inertia

stress intensity factor, elasto-plastic
fracture toughness

stress intensity factor for a one sided repair
threshold value

material constants

number of cycles

plastic radius

Thickness

elastic strain energy

plate width

geometry factor

distance of the extreme fiber ply from the neutral axis

shear stress transfer length
Poisson’s ratio

asymptotic stress

yield strength

asymptotic stress max
asymptotic stress min
nominal stress

Stress intensity range
Stress range

adhesive subscript
plate subscript
patch subscript

2. Panel geometry

The geometry of the cracked structure in the present work is shown in Fig. 1. It was
considered a 6061-T6 aluminum alloy plate; a through thickness crack is used to simulate
the defect in the structural components.
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Fig. 1. The geometry of panel with the patch

The fracture is made with the technique of Electrical Discharge Machining (EDM), based on
the erosion of metals by spark discharges. This technique allows an accurate control of the
crack size and tips shape. The size of the panel is: Hp = 180 [mm], Wp = 180 [mm] and
thickness tp = 1.5 [mm]. The central crack has a length 2a = 40 [mm] repaired by carbon-
epoxy composite patch bonded with adhesive having an estimated thickness ta = 0.1 [mm].
Tables 1 and 2 show the mechanical properties of the patch and adhesives used. The height
and width of the patch are Hr = 40 [mm] and Wr = 60 [mm], respectively. It is well known
(Mahadesh & Hakeem, 2000) that the rectangular shape of the patch is not the best choice;
nevertheless the rectangular shape is a good compromise between mechanical performances
and manufacturing aspects. The patch size is the result of various numerical tests not
reported here for the sake of brevity. It represents the minimum patch size, covering
integrally the crack length, that leads to a significant improvement of the mechanical
behavior under the considered loading conditions as shown in the next Sections.

Type 1 Type 2
E; [GPa] 18.00 12.73
G: [Gpa] 34.90 24.76
Or 0.68 0.7
ply orientation [45/-45] [(45)]Fabric
t; [mm] 0.6 0.3

Table 1. Patch properties
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Two types of carbon-epoxy patches were used. Type 1 is a two unidirectional layers +45°/-
45° patch, and Type 2 is a single fabric layer patch with the fibers oriented along the + 45°
directions.

Loctite Hysol EA95 Cytec FM73 AF163-2K
E.[GPa] 2.48 1.43 1.10
G, [Gpa] 0.905 0.53 0.44
Va 0.37 0.35 0.34
ta [mm)] 0.1 0.1 0.1

Table 2. Adhesive properties

E [GPa] 68.00
G [GPa] 26.20
o 0.33
os [MPa] 276
Kic [MPavm] 28.57
Kic [MPaVm] 3.85

Table 3. Material properties of the aluminum alloy plate

The panel is subjected to various tests with a sinusoidal uniaxial load at 1 Hz Tables 3 and 4
report the mechanical properties of the aluminium alloy panel and the loading conditions,
respectively

Tests Load [kN] Omax [MPa] Omin [MPa]
Test 1 14.71 54.50 0
Test 2 22.07 81.75 0
Test 3 29.43 109.01 0

Table 4. Load conditions applied in the tests

3. Panel without patch

3.1 Analytical procedure

In the present analysis, the Irwin - Westergaard model (Pook, 2000) is used to calculate SIF
in the panels without patch. The basic relationships are herein reported. The linear elastic
fracture mechanics (LEFM) for a plate of infinite size and central crack (opening mode I) is
given by the following expression:

K, = oVma 1)
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The stress intensity factor, Kj, completely characterizes the stress distribution at the crack tip
in a linear elastic material where ¢ is the asymptotic tensile stress perpendicular to the crack
plane and a is the crack half-length. Since the plate is of finite size, the boundary conditions
introduce an higher stress intensification at the crack tip. The mode I stress intensity factor is
given by (Jukes & Vogwell, 1995; Feddersen, 1996):

K, = Aovna [sec (;—Z)F (2)

The elastic stress analysis becomes highly inaccurate as the inelastic region at the crack tip
grows up. Simple corrections to the linear elastic fracture mechanics are available when
moderate crack tip yielding occurs (Tada et al., 1985; Burdekin & Stone; McClintock & Irwin,
1965). The size of the crack tip yielding zone can be estimated by the Irwin approach, where
the elastic stress analysis is used to estimate the elastic plastic boundary. A first order
estimation of the plastic zone size, r, is

n = () ®)

The stress intensity factor with plasticity correction is given by:

Ki = 4o |n(a—m,) [sec (;—‘;)F (4)

The estimation of K, in Eq.(4), needs an iterative approach.

If this plastic zone is small compared to the crack size, then the linear elastic assumptions
are correct. If not, the linear elastic fracture mechanics (LEFM) is not applicable and the
elasto-plastic fracture mechanics (EPFM) should be used. The value of K;" can be related to
Gy, the energy release rate for similar crack growth, in the usual way:

K =\GE ®)

Where, from the results of Griffith (Griffith, 1924) the energy released normalized with
respect to the new crack surface created during the crack extension, namely the strain
energy release rate, is given by

1 du
Gr 7 el 2k (6)

An increase in the crack length leads to a decrease of the stored elastic strain energy AU.

3.2 Numerical procedure

A finite element analysis of the configuration in Fig.1 is carried out, using the finite element
code Franc2D/L developed at Kansas University (Swenson & James, 1998).

The plate, without patch, was meshed using standard six node-isoparametric elements with
triangular shape, as showed in Fig.2. These elements perform well for elastic analysis and
have the advantage that the stress singularity at the crack tip can be incorporated in the
solution adopting the quarter-point location method (Henshel & Shaw, 1975). The strain
energy release rate is calculated using the modified crack closure method and then the stress
intensity factor from the Eq. (5). The values are reported in the Table 5.
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For the loading condition #3 the value of K;" is close to the fracture toughness. The
numerical values are in good agreement with the analytical ones but they are always higher.
Fig. 3 presents the comparison between analytical and numerical evaluation of the stress
intensity factor as function of the crack length.

I

7

T

/

Fig. 2. The finite element model of the half plate geometry: detail of crack tip in pure mode I

The Fig. 3 shows that the good agreement between analytical and numerical results does not
depend on the crack length.

Analytical Numerical (FEM) Difference [%]

Strain Energy Release Rate: G; [MPa m]

Test 1 29191073 3.030 103 3.80

Test 2 6.567 103 6.817 103 3.81

Test 3 1.167 102 1.21210-2 3.86

SIF: K;'[MPavm]

Test 1 14.23 14.45 1.54

Test 2 21.61 21.68 0.32

Test 3 29.37 28.91 1.57

Table 5. Analytical and numerical values
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Fig. 3. Analytical and numerical evaluation of the SIF vs. crack length

3.3 Fatigue life prediction
The fatigue-crack growth prediction models usually employ the following Paris power law
due to its simplicity (Pook, 2000). In this work, Paris law is used to study the fatigue
behaviors of cracked plates:

da m
&= = C(AK) (7)

The so-called material constants, C and m, for 6061-T6 aluminum alloy, are C=1.8404 10,
m=2.3. The quantity 4K is the stress intensity range. Predictions of the fatigue life of plate
without patch can be made by numerical solution of the Paris law:

Aai

AN = ——'—
Y C(AK)™

®)
where Ag; is the crack length increment.

The crack grows up in a stable way until the SIF reaches the fracture toughness, i.e. K; = Kic.
At each calculation step the value of AK; varies due to the crack growth which determines
the transformation of the tension state at the crack tip. The loading condition, considered
in this study, is characterized by 0y.i» = 0, with tension ratio R = 0, then AK; is simply equal
to Kyuam: namely the SIF value corresponding to the K;* analytically or numerically
calculated.

The value of AK;, is then corrected to take into account two phenomena that affect the rate of
the crack growth: the closure of the crack and the static fracture (Pook, 2000).

www.intechopen.com



Bonded Composite Patch Repairs on Cracked Aluminum Plates:
Theory, Modeling and Experiments 453

Aa a crack cannot grow up when it is closed, AK becomes:

AKerr = K — Kipy 9)

where Ky, is the material threshold value.

The crack growth rate depends on the value of AK; which is function itself of the crack
length. But the rate of the crack growth increases more rapidly when the critical condition of
fracture is reached. In order to model the contribution of the static fracture the Eq. (9) is
modified by the term Kg:

where

AKerr (11)
Kpg = —— 2L
KIC - AKeff

Obviously the added term Kgi becomes more and more dominant as AK reaches the
fracture toughness value.

80
= Analytical_Test 1 o Experimental_Test 1
70
60

50

40
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ooo(:OOdj ]
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Fig. 3. The experimental and numerical fatigue life for the loading condition “Test 1”
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Table 6 shows the analytical results of fatigue tests carried out for the three loading
conditions. The number of cycles to failure is based on the K, criterion, i.e.when the K
reaches the fracture toughness K¢

Load [kN] Number of cycles to failure
Test 1 14.71 34622
Test 2 22.07 9658
Test 3 29.43 2267

Table 6. Fatigue life prediction of the cracked un-patched panel

The Fig. 3 shows a comparison of the crack growth between the numerical model (Eqns. 7-
11) and the experimental results for the cracked panel (without patch) under the loading
condition #1. The details of the experimental measurements are reported in Section 5. The
higher experimental crack growth rate at the number of cycles close to the failure is due to
an asymmetric growth of the crack experienced during the tests.

4. Panel with patch

4.1 Analytical procedure
Rose's analytical model (Rose, 1981 and 1982) is used to compute the SIF for the repaired
plates by single patch,

Kg =Y - 0y/Vk (12)

where Y is a geometric factor, which accounts for repairs to center or edge cracks; Y=1 for a
repair to a centre crack; op is the nominal stress that would exist in an uncracked plate after
the application of a patch:

o = Ao (13)
°T1+s
where S=E;t, / Eyt,. k represents a spring constant given by:
s (14)

k=ﬂ+SX1—%)

where f is a shear stress transfer length in a representative bonded joint:

1
Gof 1 , 1]
p= [Z (Eptp + Ertr)] (15)
In the case of one sided repairs, Ratwani (Ratwani, 1979) provided a bending correction
factor:

K = (14 BC)Kg (16)

where K'r is the stress intensity factor for a one sided repair, the correction term BC is given
by:
_ KR\ tp(tp+ty)
BC—a%mx@—EQ——T— (17)
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where 1,.4x is the distance of the extreme fiber ply from the neutral axis of the cracked plate:

Ymax = tp T A
with
7= S(tp+tr+2t,)
2(1+5)

and I is the total moment of inertia of the plate repair:

I =1, +nl, and nzi—;
where
., 2
I, =w, ) + wpt,Z
t 2
3 [%T+ ta+(7p—Z)]
L. = WTE + w, i, 2

(18)

(19)

(20)

The stress intensity factors, computed with the above mentioned analytical procedure, for
the different patch configurations (i.e. fiber lay-up and adhesive type) are shown in the

Tables 7.
Specimen Configuration Analytical K'r FEM K'r Difference
[MPavVm] [MPavVm] [%0]
Test1 - repaired plate:
patch type 1 + ad. EA956 8.62 8.32 -3.6
patch type 1 + ad. FM73 8.97 9.22 2.6
patch type 1 + ad. AF163-2K 9.12 9.54 4.4
patch type 2 + ad. EA956 10.15 9.95 -2.0
patch type 2 + ad. FM73 10.4 10.91 4.7
patch type 2 + ad. AF163-2K 10.5 11.24 6.6
Table 7.1. Analytical and numerical SIF for the repaired plate in Test 1
Test 2 - repaired plate:
patch type 1 + ad. EA956 12.92 12.51 -3.3
patch type 1 + ad. FM73 13.46 13.87 29
patch type 1 + ad. AF163-2K 13.67 14.35 4.7
patch type 2 + ad. EA956 15.23 14.98 -1.7
patch type 2 + ad. FM73 15.59 16.43 51
patch type 2 + ad. AF163-2K 15.75 16.94 7.0

Table 7.2. Analytical and numerical SIF for the repaired plate in Test 2
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Test 3 - repaired plate:

patch type 1 + ad. EA956 17.23 16.75 -2.9
patch type 1 + ad. FM73 17.95 18.58 3.4
patch type 1 + ad. AF163-2K 18.23 19.23 52
patch type 2 + ad. EA956 20.3 20.08 -1.1
patch type 2 + ad. FM73 20.8 2215 6.1
patch type 2 + ad. AF163-2K 21.0 22.74 7.6

Table 7.3. Analytical and numerical SIF for the repaired plate in Test 3

4.2 Numerical procedure

A finite element analysis of the configurations of Fig. 4 is carried out using the finite element
code Franc2D/L for the total structure (plate and patch).

The patched plate is meshed using standard two-dimensional six node isoparametric
elements with triangular shape.

The repaired structure is modeled as three layer structure (plate, patch and adhesive).
Due to the symmetry of the problem, only half plate is modeled using 29373 nodes and
14578 elements. Tables from 7.1 to 7.3 report the SIF obtained with the finite element
models and the comparison with the previous analytical results. The configuration with
the adhesive AF163-2K usually demonstrates the highest difference between numerical
and analytical values. This performance is due to improved atomic bond of the glue. The
adhesive AF163-2K has the lowest elastic and shear moduli. The patch type 2 always
provides a higher SIF and among these configurations those using the adhesive AF163-
2K are the highest.

5. Experimental procedure

5.1 Testing procedure
In order to verify the effectiveness of analytical and numerical analyses some experimental

measurements, for the damaged and repaired panels, are carried out. The tests are
performed at room temperature in a 100 kN Metrocom Engineering SpA servo-hydraulic
test machine. The tests are focused to evaluate the fatigue life of the structures under cycling
loads at R=0 as described in Section 2 - Table 4. Each test is performed up to the complete
fracture of the panel. In each test the number of the cycles, the crack growth and the SIF are
evaluated. In particular the SIF is measured at the crack tip using three measurement grids
strain-gauges. A National Instrument data acquisition system is used to acquire the load and
strain measurements during the tests.

In all the experimental tests the panel surface is treated with a solvent to clean and remove
any impurities and / or contamination from the surface and subjected to a local mechanical
abrasion to increase and activate the contact surfaces between the metal panel and the
composite patch. In the configuration A4 reported in the Table 8, the surface is subjected to a
treatment of pickling sulfur chromium for aluminum alloys according to UNI EN 2334:1998
- Aerospace Division.
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Fig. 4. Finite element model of the plate repaired with the composite patch

5.2 Experimental results

Among all the possible combinations of patch and adhesive types and loading conditions, a
subset of tests is carried out. The experimental configurations, discussed in the present
work, are summarized in Table 8:

Configuration Patch Adhesive Loading Surface
Name Type Type Condition Treatment
Al Type 1 EA956 Test 2 Yes

A2 Type 2 FM 73 Test 2 Yes

A3 Type 2 AF163-2K Test 2 Yes

Ad Type 2 AF163-2K Test 2 Yes

Bl Type 1 EA956 Test 3 Yes

B2 Type 1 EA956 Test 3 Yes

Table 8. Experimental configurations
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A good repeatability is found for the configurations A1+A4 as the load amplitude is a
moderate percentage of the ultimate static load. The configurations Bl e B2 are
characterized by an higher load amplitudes. Moreover for the configuration B1 the patch
is bonded using the technique of mechanical compression; on the contrary for the
configuration B2 it is bonded using the vacuum bag technique. Therefore the results of the
configurations B1 and B2 are presented separately in order to show the scatter of the
experimental results, summarized in the Tables 9 and 10. The configurations A1l showed
the best performances in terms of stress level and fatigue life. The configuration Al is
repaired with a patch “Type 1” that is thicker and therefore introduces a higher stiffness
by increasing the fatigue life, but amplifies the bending in the panel. The configurations
A2+A4, with the same type of bonded patch, show the role of both the adhesive layer and
the surface treatment. In particular the configuration A4 provides a fatigue life
comparable with configuration Al although the measured SIF for A4 is the highest among
the configurations A. In Fig. 5 it is shown how for the configuration A4 the crack
propagates through the composite patch leading to the simultaneous fracture of the metal
panel and of the patch.

In other configurations the crack propagates in the adhesive layer and the patch slid over
the panel surface as showed in Fig. 6.

Configuration Name Experimental Numerical Difference [%]

Al 13.61 12.92 51
A2 14.85 15.59 -5.0
A3 15.11 15.75 -4.3
A4 16.83 15.75 6.4
Bl 17.89 17.36 3.0
B2 18.02 17.36 3.7

Table 9. SIF - K; [MPavm]: Experimental and numerical results

Configuration Name Experimental Numerical Difference [%]

Al 21770 23188 -6.51
A2 18843 21207 -12.50
A3 19375 21268 -9.77
A4 21450 21268 0.85
B1 4425 5235 -18.30
B2 4926 5235 -6.27

Table 10. Fatigue cycles: Experimental and numerical results
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Fig. 5. The configuration A4: the crack propagated through the composite patch
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Fig. 6. The crack propagated in the adhesive layer that leads to the sliding of the full patch

The configurations B demonstrate again the role of the curing procedure and a small
variation in the SIF provided a larger difference in the fatigue life.
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5.3 Comparison of numerical and experimental results

The developed finite element models are not able to take account of the difference between
the configurations A3, A4 and B1, B2. Therefore the same numerical value is reported in the
Tables 9 and 10. The comparison of the SIF shows a good agreement between experimental
and numerical results. On the contrary, the numerical results, in general, overestimated the
experimental fatigue life. The small differences in terms of SIF values lead to a larger
overestimation of the fatigue life. The curing procedure of the patch on the metallic panel
introduces random factors that cannot be easily accounted for in the finite element model
reducing its predictive capabilities.

6. Final considerations and conclusions

The main purpose of this study has been the determination of the effectiveness of bonded
composite patches to repair cracked thin aluminum panels. The repair is realized by
patching only one side of the panel in order to reduce the associated costs and time
required. In most of the cases, in fact, the other side of the panels is not easily accessible.
Moreover, this type of repair might be applied locally without the need of disassembling a
complex structure.

Several experimental tests are carried out to obtain a set of data useful to estimate the state of
stress and the fatigue behavior of cracked and bonded repaired panels and to define the
effectiveness of the repairing patch. The comparison of the data obtained from the cracked and
patch repaired panels have pointed out a significative reduction of the stress intensity factor at
the crack tips in the repaired configurations. The experimental tests demonstrate a reduction
of the average stress of about 30% due to the patch that turns out in an increase of about 50%
of the fatigue life. To support the experimental activities and reduce the associated costs,
theoretical and numerical models have been developed and the mechanisms of the damage
propagation by using fracture mechanics and fatigue strength analyzed.

The capabilities of numerical and analytical methods are compared with a set of
experimental results. In particular the analytical model, based on Rose’s analytical solution
and Paris” law, are developed to predict the stress intensity factor and the fatigue life of the
panel with and without repair.

The numerical and experimental results show that the bonded patch highly reduces the
stress intensity factor and increases the fatigue life. Moreover, it has been shown that the
effectiveness of the repair strongly depends on the patch stiffness, adhesive characteristics,
surface treatments and in general curing procedure. The effectiveness of the composite
patches is shown in the next results.

The SIF values, evaluated with the Franc2D/L finite element code and reported in Table 12,
show the benefits of the patch repair due to a decrease of about 30% of the stress amplitude
near the crack tips.

Specimen Load [kN] Ki(MPaVm) Ki(MPaVm) Difference [%0]
Configuration (Average Value Experimental)
Without Patch With Patch
Test 1 14.71 14.23 9.61 32.5
Test 2 22.07 21.62 14.46 33.1
Test 3 29.43 29.37 19.38 34.0

Table 12. Comparison of the panel with and without patch
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The Fig. 7 shows how the SIF as function of the crack length is attenuated when the through
thickness cracked plate is repaired with a bonded patch (Test 2). The finite element model
takes into account a progressive patch cracking as far as the crack grows up in the plate,
even though the effect of the patch, including the SIF growth rate, might be different as
explained in the Section 5.2. When the crack tips overtake the edges of the patch, the crack
growth rate quickly increases as showed in Fig. 8. In this figure the crack length is plotted as
function of the number of loading cycles for the patched and unpatched aluminum cracked
plate used in the experiments (Test 2). For the patched panel, it is evident as the growth rate
increases when the crack becomes larger than the patch width. Table 13 summarizes the
fatigue lifes for various specimen configurations.

The fatigue life of the repaired plate increases of about 110%. The bonded patch can
significantly increase the fatigue life of the cracked panel, depending on the stiffness of the
patch, the adhesive characteristics, the surface treatments and, in general, the procedure
used to apply the patch.
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Fig. 7. Comparison of the SIF between patched (test 2 plate repaired A1) and unpatched
cracks
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Specimen Load [kN] Fatigue life Cycles Fatigue life Cycles Difference [%)]
Configuration (Average Value Experimental)

Without Patch With Patch
Test 1 14.71 34622 72628 -109
Test 2 22.07 9658 20354 -110
Test 3 29.43 2267 4675 -106

Table 13. Comparison of the fatigue life of the panel with and without patch
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Fig. 8. Comparison the crack length vs. loading cycles
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