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Curvature Effect on Fracture Toughness of Cracked
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Adhesively bonded patch repair has been widely used as an efficient and economical method to extend the service
life of cracked structural components. Most of the currently available analysis methods and empirical databases
for composite bonded patch repair to flat structures are computationally efficient and easy to use. However, the
current knowledge on composite bonded repair for flat structures cannot be directly applied to curved repairs. A
novel adhesive element developed by the authors in conjunction with a shell element is employed to investigate the
fracture toughness at the crack tip of a cracked cylindrical shell bonded with a composite patch. To validate the
present finite element model for curved composite patch repairs, the stress intensity factors in a flat composite patch
repair are first computed by the strain energy release rate analysis method and compared with those available
in the literature. For the curved patch repairs, a full three-dimensional finite element analysis is also conducted
to validate the proposed numerical model. Some selected numerical examples are given to demonstrate the effect
of curvature on the fracture toughness of a cracked cylindrical shell bonded with a composite patch subjected to
different types of loading.

I. Introduction

D AMAGE can occur in the form of a delamination or crack
during manufacturing and/or service for most load-carrying

structures. The challenging problem is how to repair these damaged
structures to restore their original designated service life. The appli-
cation of an adhesively bonded composite patch to repair a cracked
thin-walled structure is widely used in aging aircraft because of its
high structural efficiency and cost effectiveness.

A large amount of research work on designing and assessing com-
posite repairs has been published since the early 1970s.1−5 One of
the most challenging aspects of composite bonded patch repair tech-
nology is to develop an accurate tool for investigating the fracture
toughness of the cracked structures after repair. Because of the dif-
ficulty in producing an analytical solution for the composite bonded
patch repair, most research work employs numerical methods to an-
alyze the stress field at the crack tip, such as full three-dimensional
finite element analysis (FEA),6−8 two-dimensional FEA,9,10 bound-
ary element method,11 etc. These currently available analysis meth-
ods and empirical databases are computationally efficient and easy
to use for composite bonded patch repair to flat structures. However,
curved thin-walled structures are also widely used in engineering ap-
plications, such as aircraft wing skin, fuselage, etc., and the current
knowledge of composite bonded repairs for flat structures cannot be
directly applied to those curved repairs. Therefore, it is necessary
to study the curved repairs for better understanding of the effect of
curvature on repair effectiveness.

The authors proposed a curved adhesive element formulation,12

combined with a plate/shell element, to analyze the stress in the bond
line of a curved bonded joint. In this paper, this adhesive element in
conjunction with a serendipity degenerated shell element13 is em-
ployed to investigate the effect of curvature on fracture toughness
of the curved composite patch repairs. The stress intensity factors
in a flat composite repair are first computed using the present fi-
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nite element model and compared with those available in the lit-
erature. For the curved repairs, a full three-dimensional FEA is
also conducted to validate the proposed numerical model. Finally,
some selected numerical examples are given to demonstrate the ef-
fect of curvature on the fracture toughness of a cracked cylindrical
shell bonded with a composite patch subjected to different types
of loading.

II. Finite Element Model
Figure 1 shows a cylindrical metallic shell with an embedded

through-thickness central crack, over which is bonded a single-sided
composite patch. The overlap region can be modeled by the devel-
oped scheme,12 in which both the shell and the patch are modeled
using shell elements and the adhesive layer is modeled using pseudo-
brick elements. The shell and patch are simulated using eight-noded
serendipity degenerated shell elements considering transverse shear
deformation, and the linear displacements are given by13

u(x, y, z) = u0(x, y) + zθy(x, y)

v(x, y, z) = v0(x, y) − zθx (x, y), w(x, y, z) = w(x, y)

(1)

where u, v, and w are the translational displacements and θx and θy

are the rotations of the directional normal about x and y coordinate,
respectively. The superscript zero denotes the midplane of the shell
elements, which sandwiches the adhesive layer.

Accordingly, the adhesive layer is modeled by a 16-noded adhe-
sive element.12 The patch is assumed to be perfectly bonded to the
curved surface with uniform thickness, and no debonding occurs in
the entire adhesive layer. The thickness of adhesive layer is very
thin compared to that of patch and curved surface. Therefore, the
strains in the adhesive layer are assumed to be constant across the
thickness of the adhesive layer. Only three out-of-plane stresses, σz ,
γyz , and γxz , are considered for the adhesive layer. Following these
three assumptions, the three constant adhesive stains can be readily
obtained as follows:

εzz = (1/t)(wi − w j )

γyz = (1/t)(vi ′ − v j ′) = (1/t)
[
v0

i − v0
j + (Hu/2)θxi + (Hl/2)θx j

]

γxz = (1/t)(ui ′ − u j ′) = (1/t)
[
u0

i − u0
j − (Hu/2)θyi − (Hl/2)θy j

]

(2)
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where the subscripts i and j denote the corresponding upper and
lower shell elements, respectively. Hu and Hl are the thickness of
the upper and lower shell elements, namely, the thickness of the
host shell and the bonded composite patch, respectively, and t is the
thickness of the adhesive layer.

III. Fracture Toughness Analysis
A. Strain Energy Release Rate

In this paper, only mode 1 fracture loading is considered. The
modified virtual crack closure technique14 is employed to compute
the mode 1 strain energy release rate. Note that the same procedure
can also be used for mixed mode loading and for the computation
of the mixed mode strain energy release rate (SERR).

Figure 2 shows a typical finite element mesh near the crack tip at
point c, where the crack is assumed to be enclosed by a small length
of �a. The closure forces needed at points a and b are taken to be
the same as those at points c and d , respectively. Thus, the SERR
can be calculated as the work done by the nodal force (moment) Fcy

and Fdy (Mcx and Mdx ), in closing the crack opening displacement
(rotation) v0

ay and v0
by (θax and θbx ). The total strain energy release

rate is obtained as

Gt = Gu + Gb (3)

where

Gu = 1/(2�a · H)
[

Fcy

(
v0

ay − v0
a′ y

) + Fdy

(
v0

by − v0
b′ y

)]

Gb = 1/(2�a · H)[Mcx (θax − θa′x ) + Mdx (θbx − θb′x )] (4)

where H is the thickness of the host shell, for example, Hu or Hl .

Fig. 1 Cracked cylindrical shell with bonded composite patch.

Fig. 2 Crack tip elements (top
view).

Table 1 Material properties and dimensions of a single-sided flat repair

Length Width Thickness Material
Layer L , mm W , mm H , mm properties

Aluminum plate 180.0 120.0 2.2900 E = 71.02 GPa, v = 0.32
Adhesive 76.0 38.0 0.1016 E = 0.965 GPa, v = 0.32
Composite patch 76.0 38.0 0.7620 E1 = 208 GPa, E2 = E3 = 25.44 GPa

G23 = 4.94 GPa, G12 = G13 = 7.24 GPa
v23 = 0.035, v12 = v13 = 0.1677

B. Stress Intensity Factor
To compare the current analysis results with those in the literature,

the SERR obtained from Eqs. (3) and (4) is transformed into stress
intensity factor. According to Young and Sun,15 if the rotational
(bending) contribution to the strain energy release rate Gb is small,
mode 1 stress intensity factor in the state of plane stress can be
obtained by

Kl = Ku =
√

Gu Es (5)

where the subscript s denotes parameters associated with the host
cylindrical shell.

If bending is not negligible, then stress intensity factor for pure
bending moments in the state of plane stress can be given by

Kb =
√

3Gb Es (6)

Subsequently, the maximum stress intensity factor over the thickness
of the plate is

Kl = Ku + Kb (7)

IV. Numerical Verification
To verify the present finite element model for curved composite

patch repairs, the stress intensity factors in the flat patch repairs and
the SERRs in the curved patch repairs are computed and compared
with those available in the literature and/or three-dimensional finite
element solutions.

A. Single-Sided Composite Patch Bonded to Cracked Flat Plate
As shown in Fig. 3, a center-cracked aluminum plate, which is

adhesively bonded with a boron composite patch on one side, has
been investigated in previous studies.8−10 The material properties
and dimensions of the single-sided repair are given in Table 1 and
are the same as those employed in previous studies. The total length
of the central crack is 2a = 50.0 mm. Because of the structural
symmetry, only one-quarter of the single-sided repair is modeled.

The stress intensity factor is used to evaluate the fracture tough-
ness at the crack tip with patch repairs to compare the results ob-
tained by the present model with those available in the literature.
Three load cases are considered in the calculation of the stress inten-
sity factors by assuming that the local stress field near the crack tip
is in a state of plane strain, which leads to the relationship between
the SERR and the stress intensity factor as

Kl =
√

G E/(1 − v2) (8)

where v is Possion’s ratio of the cylindrical shell.

Fig. 3 Single-sided composite patch bonded to cracked flat plate.
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Table 2 Comparison of Km at the midplane for single-sided flat repair

K m

Chue et al.8 Sun et al.9 Naboulsi and Mall10 Sun et al.9

λ Present three dimensional two-dimensional plate model three-layer technique three dimensional

−2 0.555 0.392 0.493 0.552 0.565
0 0.607 0.481 0.536 0.570 0.612
2 0.658 0.571 0.579 0.609 0.660

Table 3 Comparison of Kf at the free surface for single-sided flat repair

K f

Chue et al.8 Sun et al.9 Naboulsi and Mall10 Sun et al.9

λ Present three dimensional two-dimensional plate model three-layer technique three dimensional

−2 0.992 0.742 0.900 0.945 0.933
0 1.050 0.902 0.953 0.982 0.985
2 1.108 1.062 1.007 1.019 1.036

Table 4 Material properties and dimensions of a single-sided curved repair

Sector angle Width Thickness Material
Layer α, mm W , mm H , mm propertiesa

Aluminum shell 30.0 30.0 1.0 E = 70.0 GPa, v = 0.30
Adhesive 15.0 15.0 0.15 E = 2.4 GPa, v = 0.30
Composite patch 15.0 15.0 1.0 E1 = 208 GPa, E2 = E3 = 25.44 GPa

G23 = 4.94 GPa, G12 = G13 = 7.24 GPa
v23 = 0.035, v12 = v13 = 0.1677

aRadius of the outer surface of the shell is R = 100.0 mm.

The three load cases are λ = −2, λ = 0, and λ = 2, where the
biaxial load factor λ is defined as

λ = σx/σy (9)

The stress intensity factors are normalized with respect to σy
√

(πa),
that is, the normalized value for the stress intensity factor is

K = Kl

/
σy

√
πa (10)

This problem has been investigated by Chue et al.8 and Sun et al.,9

using three-dimensional FEA and also by Sun et al.9 and Naboulsi
and Mall10 using Mindlin plate theory and the three-layer tech-
nique, respectively. The three-dimensional finite element solutions
show that the stress intensity factor through the plate thickness is
nearly linear, which supports the use of plate/shell elements that as-
sume a linear distribution of bending stress over the plate thickness.9

Therefore, comparisons of the single-sided composite repairs stress
intensity factor are made at the plate midplane and free edge. Tables
2 and 3 list the normalized stress intensity factors at the midplane,
K m , and at the free surface of the plate, K f .

The three-dimensional finite element solutions in Refs. 8 and 9
are obtained using two and more layers of 20-noded brick elements
across the aluminum plate thickness and later the model is refined.
The present stress intensity factors at both the midplane and the free
surface are in a very good agreement with those from the Sun et al.
three-dimensional model,9 especially for the results at the midplane
with the difference being less than 2%. For the stress intensity factors
at the free surface, the maximum difference is 7%. Furthermore, the
present results at the midplane are in better agreement with three-
dimensional finite element solutions than those from Mindlin plate
theory (see Ref. 9) and the three layer technique10 because of the use
of a more accurate eight-node element, whereas four-node elements
are used in the latter two analyses. This clearly shows the validity
and advantage of the present finite element model in the analysis of
flat composite patch repair.

B. Single-Sided Composite Patch Bonded
to Cracked Cylindrical Shell

As shown in Fig. 1, a center-cracked cylindrical shell, which is
adhesively bonded with a boron composite patch at its outer surface,
is considered. The material properties and dimensions of the single-
sided curved repair are given in Table 4. The total length of the

Table 5 Comparison of Gt for single-sided curved repair

Present Three dimensional
λ Gt , J/m2 Gt0, J/m2 (Gt − Gt0)/Gt0, %

−2 41.89 40.64 3.1
0 41.52 39.98 3.8
2 41.15 39.33 4.6

central crack is 2a = 15.0 mm. Only one-quarter of the single-sided
repair is modeled due to the structural symmetry. The three biaxial
load cases are λ = −2, λ = 0, and λ = 2 with σy = 1.0 MPa, where
λ is defined in Sec. IV.A.

For the curved structure, the SERR is widely used to evaluate
the fracture toughness instead of stress intensity factor. Therefore,
the SERR is employed to assess the curvature effect on the fracture
toughness of the curved composite patch repairs. Table 5 lists the
total strain energy release rate obtained using three-dimensional
finite element analysis and the present finite element model.

A commercial FEA software, STRAND7,16 is used to conduct a
three-dimensional FEA of a curved composite patch repair. For the
three-dimensional finite element model, nine layers and two layers
of eight-node brick elements are employed for the cylindrical shell
and the bonded patch, respectively. As a convergence analysis, one,
two, and four layers of brick element are used for the adhesive layer,
which shows that one layer of brick elements can provide enough
accuracy for the fracture toughness analysis. This is also testified
in Ref. 6 for the stress intensity factor in the flat patch repairs. The
results in Table 5 are obtained by four layers of brick elements in
the adhesive layer (14,388 nodes and 43,164 degrees of freedom
for three-dimensional model vs 4521 nodes and 27,126 degrees of
freedom for the present shell element model).

From Table 5, it can be seen that the total SERRs obtained by
the present shell element model correlate well to those calculated
by the three-dimensional finite element model with the maximum
relative difference less than 5%. A possible reason that may con-
tribute to the difference in the SERR between the three-dimensional
and present finite element models is the difference in the simula-
tion of the adhesive layer. Only three out-of-plane stresses in the
adhesive layer are considered in the present model, whereas all six
stress components are taken into account in the three-dimensional
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Fig. 4 Distribution of normalized stress intensity factor though-the-
thickness of cylindrical shell (λ = 0) for single-sided repair.

finite element model. On the other hand, crack closure in regions
of compression at the crack tip is not considered in the present
model. Although the crack closure is not found for the present nu-
merical examples in the three-dimensional FEA, note that ignor-
ing the crack closure may produce some errors when the structure
undergoes a large deformation or is subjected to a large bending
moment.

To further compare the fracture toughness results predicted by
the present shell model with those of the three-dimensional finite
element model, a nominal stress intensity factor is calculated using
the formulas in Sec. IV.A. Note that the nominal stress intensity
factor used here is for comparing the energy distribution through-
the-thickness of cylindrical shells at the crack tip predicted by both
models. According to Eq. (7), the nominal stress intensity factor
is assumed to be linearly distributed through the cylindrical shell
thickness in the present shell model. The three-dimensional FEA
shows that this distribution is almost linear, which is shown in Fig. 4
with the origin measured from the adhesive–shell interface. It can
be seen in Fig. 4 that the nominal stress intensity factor distributions
calculated by both models agree well with each other.

The numerical results given in Table 5 and Fig. 4 indicate that the
present shell model can effectively and efficiently be used to predict
the influence of bonded patch on the fracture toughness of a cracked
shell structure.

V. Numerical Results and Discussion
A. Single-Sided Curved Composite Patch Repairs
Subjected to Tensile Loads

Consider the same configuration of curved bonded repair as that
in Sec. IV.B. Only tensile loads in the y direction, σy = 1.0 MPa,
are applied to both ends of the cylindrical shell. Two cases are
analyzed, that is, keeping the span (R sin αS = 50.0 mm) or the
height [R(1 − cos αS) = 13.4 mm] of the cylindrical shell constant,
respectively. The constant length of the bonded patch is 26.18 mm.
The crack length is 2a = 15.0 mm. All other structural dimensions
and material properties are the same as those described in Sec. IV.B.

Figure 5 shows the strain energy release rates for different ra-
dius of cylindrical shell and for both cases. When the height of the
cylindrical shell is kept constant, both the bending moment Mx and
membrane force Fy are nearly constant at the crack plane. It can be
seen from Fig. 5 that the total SERR increases with curvature, 1/R,
whereas the comparison of the closure and rotational contributions
to the total SERR indicates that a larger curvature can result in a
marginal increase in the pure bending SERR Gb and a significant
increase in the closure contribution to the SERR, Gu . When the span
of the cylindrical shell is kept constant, only the membrane force
Fy is constant at the crack plane, whereas the bending moment at

Fig. 5 SERRs of single-sided curved composite patch repairs sub-
jected to tensile loads.

a) R = 100 mm

b) R = 500 mm

Fig. 6 Patch size effect on SERR of single-sided curved composite
patch repairs subjected to tensile loads.
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a) Gt (WP = 15 mm)

b) Gu (WP = 15 mm)

c) Gb (WP = 15 mm)

d) Peak adhesive stresses in middle line of bonded patch (WP = 15 mm)

e) Gt (WP = 20 mm)

f) Peak adhesive stresses in middle line of bonded patch (WP = 20 mm)

Fig. 7 Stress intensity factors and peak adhesive stresses in single-sided curved composite patch repairs subjected to bending moments.
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the crack plane will increase for the larger curvature. From Fig. 5,
it is evident that the larger bending moment at the crack plane can
lead not only to a significant increase in Gu , but also a considerable
increase in Gb. Consequently, it results in a substantial increase in
the total SERR.

To investigate the effect of patch size on the SERR of curved
patch repairs subjected to tensile loads, the host cylindrical shell is
kept unchanged, while the arc length and the width of the bonded
composite patch is varied. The host shell is assumed to have a width
Ws = 30 mm and half arc length of 50 mm. Two values of radius
are considered, that is, R = 100 mm and R = 500 mm. Two cases
of patch width are computed, Wp = 15 mm and Wp = 20 mm. The
crack length is assumed to be 2a = 15 mm. The thickness and mate-
rial properties for the host metallic shell, bonded composite patch,
and adhesive layer are the same as those described in Sec. IV.B. A
tensile load, σy = 1.0 MPa, is applied.

Figure 6 shows the SERR vs patch size. From Fig. 6, when the
arc length of the bonded patch is very short, that is, half arc length
is 3.0–4.0 mm, the total SERR Gt and the rotational SERR Gb

decrease rapidly from the much higher values of the unpatched
cracked shell, which are not shown. The closure SERR Gu , however,
varies slightly with different radii and widths of the bonded patch.
Further investigation into the adhesive stresses shows that much
higher peak peel stress and lower peak shear stress occur on both
free ends of the adhesive layer and in the middle of the adhesive
layer where the crack face is located. It indicates that the adhesive
layer is not long enough to transfer the applied loads into the bonded
patch. However, the extension of arc length of the bonded patch, as
shown in Fig. 6, leads to an increase in the SERR and follows a slow
decrease again with a longer bonded patch. For a smaller radius of
the cylindrical shell, R = 100 mm, the increase in the total SERR
is more significant than for a larger radius, R = 500 m, and is 106
and 18% for Wp = 15 mm, respectively. A comparison of Gt for
different widths of the bonded patch shows that a wider patch can
result in lower strain energy release rate.

B. Single-Sided Curved Composite Patch Repairs
Subjected to Bending Moments

To further identify the effect of curvature on fracture toughness
of the curved patch repair, a composite patch repair subject to a
constant bending moment is considered. As shown in Fig. 1, the
arc length of the cylindrical shell is kept constant at 150.0 mm. A
pair of uniform bending moments about the x axis, mx = 1.0 KN,
is applied to both ends of the bonded repair. The crack length is
2a = 15.0 mm. The radius of the curved repairs, the arc length, and
the width of the bonded patch are given in Fig. 7. For the flat repairs,
patch length equals the arc length of the curved repairs. The other
structure dimensions and the material properties are the same as
those described in Sec. IV.B.

Figure 7 shows the SERRs and the peak adhesive stress at the free
end of the bond line (x = 0 and y = −Wp) for different radii of cylin-
drical shell bonded with different sizes of patches. Similar to the case
of tensile loads, Gt and Gb drop to a very low level with a very short
arc length of the bonded patch, whereas Gu increases, as shown in
Figs. 7a–7c and 7e. Further extension of the arc length of the bonded
patch leads to an increase of the SERRs (Gt , Gu , and Gb). After the
SERRs achieve their asymptotic values simultaneously, the SERRs
decrease with the prolonged arc length of the bonded patch. On the
other hand, the peak value of the peel stress (as shown in Figs. 7d
and 7f) in the adhesive layer decreases first with a very short arc
length of the bonded patch and then increases slightly to its asymp-
totic value and tends to be steady for any further extension of the
arc length of bonded patch. The peak value of adhesive shear stress,
however, increases monotonously to its asymptotic value with a very
short arc length of the bonded patch and then tends to be steady.

A comparison of SERR for different radii of the bonded patch
repairs subjected to a pair of bending moment shows that a larger
curvature (1/R), that is, smaller radius of the patch repairs, leads to
a higher value of SERR after the SERRs achieve their asymptotic
values, whereas the peak values of the adhesive stresses at x = 0,
y = −Wp decrease for larger curvature of the patch repairs. This

Fig. 8 Curvature effect on SERR of single-sided curved composite
patch repairs subjected to bending moments (half constant arc length
of the bonded patch 20 mm).

Fig. 9 Through-thickness cracked circular cylindrical shell bonded
with two composite patches subjected to internal pressure.

trend is more clearly shown in Fig. 8 with half the arc length and
half the width of the bonded patch 20 and 15 mm, respectively.
Note from Fig. 8 that Gt , Gu , and Gb are increased by 95.6, 95.2,
and 81.8%, respectively, when the curvature of the cylindrical shell
varies from 0 (flat) to 0.01. This difference indicates that the effect
of curvature tends to result in higher SERR at the crack tip with an
increase in the curvature of curved repairs with longer bonded patch
subjected to the bending moment. However, the medium radius of
curved repairs seems to have a higher value of SERR when the
arc length of the bonded patch is shorter. For example, the highest
value of Gt is obtained when R = 500 mm with the arc length of the
bonded patch in the range of 3–12 mm, as shown in Figs. 7a and 7e.

From Fig. 7, note that an increase in the width of the bonded
patch leads to a lower value of the SERR and a lower peak value
of the adhesive stresses. Therefore, it is recommended to increase
the width of the bonded patch for diminishing the SERR and the
adhesive stresses.

C. Single-Sided Curved Composite Patch Repairs
Subjected to Internal Pressure

Figure 9 shows a circular cylindrical shell in which are embedded
two symmetric through-thickness cracks, repaired by bonding with
two external patches that are located symmetrically about the verti-
cal line passing through the center of the shell. The circumferential
and longitudinal coordinate x and y are measured from the center of
the bonded patch. The cylindrical shell has a width 2Ws = 100 mm,
a radius R, and the length of the symmetric through-thickness crack
is 2a = 15 mm. The bonded patch has a width 2Wp = 40 mm. The
thickness and material properties for the host shell, the adhesive
layer, and the bonded patch are the same as in Sec. IV.B. The cylin-
drical shell is assumed to be subjected to an internal pressure. The
longitudinal displacement at both ends of the cylindrical shell is as-
sumed be fixed. Only a quarter of the structure is taken for analysis
due to its symmetry.

To identify clearly the effect of curvature on the SERR for the
curved patch repairs subjected to an internal pressure, the circumfer-
ential stress in the undamaged host cylindrical shell is kept constant.
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Fig. 10 Curvature effect on total SERR of cracked circular cylindrical
shell bonded with two external composite patches subjected to internal
pressure.

Fig. 11 Curvature effect on the SERR of cracked circular cylindrical
shell bonded with two external composite patches subjected to internal
pressure (constant sector angle of the bonded patch is 0.4 rad).

Because of the high ratio of thickness-to-radius of the cylindrical
shell, the circumferential stress can be approximately given by

σθ = (R/HS)p (11)

where HS is the thickness of the host cylindrical shell.
Then the strain energy release rate is normalized by

Ḡ = G/σθ (12)

Figure 10 shows the curves of the SERR vs the circumferential
length of the bonded patch for different radii of the host cylindrical
shell. Note that the total SERR remarkably decreases with the cir-
cumferential length of the bonded patch. However, further extension
of the circumferential length of the bonded patch can only reduce
the total SERR for the cylindrical shell with a large curvature, such
as R = 100 mm. For other two cases, R = 250 and 500 mm, the
total SERR tends to remain unchanged with longer circumferential
length of the bonded patch. For R = 750 mm, an increase in cir-
cumferential length of the bonded patch seems to lead to a slight
increase in the total SERR. On the other hand, a comparison of
the total SERR for different radii of host shells with the same cir-
cumferential length of the bonded patch shows that larger curvature
(smaller radius) results in a lower total SERR. Further investigation

into the total SERR for different radii of the host shell with the
same sector angle of the bonded patch, as shown in Fig. 11, shows
that an increase of curvature can lead to a slight decrease in the
total SERR.

VI. Conclusions
A finite element model is proposed to investigate the fracture

toughness of the cracked cylindrical shell repaired by a single-sided
bonded composite patch. The present model is validated by com-
paring the predicted stress intensity factors at the midplane and free
surface with those results available in the literature for flat repairs.
The total SERRs at the crack tip predicted by the present model are
slightly higher than those obtained by three-dimensional FEA. The
selected parametric study results show that the effect of curvature
on the SERR can be significant and is dependent of geometrical
configuration, applied loading, and boundary condition of the host
structures bonded with curved patch repairs.
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