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Among several composite repair methods, single-sided bonded patch repair is
a simple and time-effective method, but its post-repair tensile strength is usually
low compared to that of double-sided repair and scarf repair. Despite the tensile
loading, out-of-plane bending deformation is inevitable owing to the step-like load
path and generates peel stress in the adhesive layer. This study proposes a variable
stiffness (VS) patch that mitigates steep stiftness changes at the edge of the patch
using a curvilinear fiber orientation and verifies its effectiveness in delaying patch
debonding. The damage progress in the single-sided repaired quasi-isotropic CFRP
laminate under tensile loading was predicted using three-dimensional finite element
analysis with cohesive elements. Although patches debonded from one end in the
loading direction, the VS patch with low stiffness near the end obtained a smaller out-
of-plane deformation and a higher debonding onset strain than those of the standard
quasi-isotropic patch. Furthermore, tensile tests of patch-repaired CFRP specimens
demonstrated an increase in the debonding onset strain by the VS patch with a small
variation. These results confirmed the effectiveness of the VS patch in the single-
sided bonded repair of composite structures.

Keywords: polymer-matrix composite (PMCs); composite patch; single-sided repair;
variable stiffness panel; debonding

1. Introduction

In recent years, carbon-fiber-reinforced plastics (CFRPs) have been increasingly used in
the primary structures of airplanes and wind turbines owing to their high specific strength
and modulus, and good fatigue properties. These composite structures can be damaged
during operation, and their repair [1-3] should have high reliability and high work
efficiency to shorten the maintenance period.

Scarf repair has been developed for composite structures; after removing the
damaged area in a circular shape and machining its edge at a predetermined taper
angle, the adhesive and prepreg are laminated and cured to fill the removal [4-8].
It has a high post-repair strength and small incremental aerodynamic drag in
aircraft and wind turbines owing to its small surface irregularities. However, it
usually takes a long time for careful machining operations and is thus unsuitable
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for temporary repairs. Bolted repair has been used in metal structures. After
removing the damaged area, a prepared patch is bolted to cover the removal
[4,5]. It requires less processing time and is suitable for temporary repairs; how-
ever, additional thickness, i.e. weight, is inevitable for composite structures to bear
the stress concentration near the bolted holes. This study focuses on bonded repair,
which uses adhesives to secure a patch to the damaged and removed area
[4,5,9,10]. This method is as simple as bolted repair and does not suffer from
stress concentrations. However, its post-repair strength is lower than that of the
scarf repair. Improving the strength and reliability of bonded repair will lead to
a high maintenance efficiency of the airframe.

The mechanical properties of bonded repairs have been characterized both experimen-
tally and analytically in the literature. External patch bonding repair can be classified into
two types: single-sided and double-sided. Double-sided repair is more effective than
single-sided repair in terms of the stress intensity factor of the damage in the base plate
[11], and many studies have been conducted on repair/joining using both sides of the base
plate [9,12—18]. However, the back surface is not always accessible in real structures, in
which case strength recovery is required by single-sided repair. In previous studies of
single-sided repair, the strength and durability have been investigated with respect to the
geometry (i.e. size, thickness, and shape) of the patch. Hou et al. [19,20] studied the low-
velocity impact response of a CFRP cross-ply laminate with single-sided repair and
investigated the relationship between the impact position and the delaminated area in the
base plate. The optimal size, shape, and stacking sequence of the patch were also discussed
analytically. Hall et al. [21] experimentally investigated low-velocity impact damage in
single-sided patch repaired CFRP panels. Ultrasonic C-scan observations revealed that
delamination was contained within the patch and that the surrounding base plate was not
damaged by impact loading. Rachid et al. [22] analytically discussed the influence of the
in-plane geometry of the boron/epoxy patch on the stress intensity factor of the crack in the
base aluminum plate under tensile loading. Instead of the standard in-plane geometries, ‘H’
or arrow-shaped patches, which have a large bond area away from the repair site, improved
the repair efficiency compared with a rectangular patch. Kashfuddoja et al. [23] investi-
gated the displacement and strain fields of the adhesive layer in the single-sided patch
repaired unidirectional CFRP specimen using the digital image correlation and finite
element analysis. Load transfer from the base plate to the patch, i.e. the shear-lag
mechanism, was observed near the longitudinal end of the patch. Their results suggested
that the tapered patch end had a slight influence on strain reduction near the edge of the
adhesive. Matta et al. [24] experimentally and numerically investigated the in-plane
compression behavior of the open-hole CFRP plate with single-sided and double-sided
bonded patches. The failure process started with the partial debonding of the patch(es). The
patch debonding extended from the longitudinal end in the single-sided repair, whereas
from both the longitudinal end and hole edge in the double-sided repair. The repaired
specimens failed after complete separation of the patch(es).

In the case of single-sided repairs, a tensile load causes the patch to separate, and the
repaired plate fails simultaneously. The reason for the premature failure of single-sided
repair is the out-of-plane deformation called secondary bending [25-27]. When the patch
is adhered to a single side, the neutral axis of bending changes in a step-like manner, as
shown in Figure 1(a). Tensile loading then induces bending deformation, such that the
neutral axis (i.e. the load path) becomes flat (Figure 1(b)). Such out-of-plane bending
deformation is inevitable for single-sided repair. Both the shear and peel stresses are
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Figure 1. Schematic diagram of secondary bending and smoothing the neutral axis of bending.

severe at the edge of the adhesive layer, and the patches frequently separate before the
final failure.

To address this difficulty, we focus on the method of changing the stiffness rather
than the shape or size of the patch, and propose a variable stiffness (VS) patch.
Moderating the step-like change in the neutral axis of bending, as shown in
Figure 1(c), reduces secondary bending and delays the onset of debonding. The VS
patch concept is more rigid at the center and less rigid at both ends. Automated fiber
placement [28,29] and additive manufacturing [30,31] can continuously steer the fiber
direction, and variable-stiffness panels using curvilinear fiber placement have been
studied in recent years [32-35]. Therefore, patches with continuously varying stiffness
can be realized by designing the fiber orientation within a ply.

Thus, the purpose of this study is to demonstrate the effectiveness of VS patches in
improving the reliability of single-sided patch repair. To this end, a finite element
analysis and tensile tests of single-sided patch-repaired CFRP plates are conducted.
The remainder of this paper is organized as follows. In Section 2, a finite element
analysis of the patch debonding progress is described, and the effect of the VS patch
on debonding onset is investigated. In Section 3, tensile tests using the quasi-isotropic
(QD patch and VS patch are conducted, and the advantages of the VS patch are
discussed. Finally, the conclusions of this study are presented in Section 4.

2. Analysis
2.1. Analytical model

The debonding process of the patch from the base CFRP laminate plate was predicted to
verify the concept of a VS patch for single-sided repair. The commercial finite element
analysis software ABAQUS 2019. HF6 was used in this study. Figure 2 shows the finite
element model, which consists of a CFRP base plate, CFRP patch, and film adhesive.
The base plate with the QI stacking sequence [45/0/—45/90]s has an open hole at the
center as the removal of a damaged part. The base plate was 190 mm long, 39 mm wide,
and 1 mm thick, and the hole diameter was 10 mm. Four patches were examined in this
study: one had the same QI stacking sequence as the base plate, and the others had
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Figure 2. Analytical model of a patch repaired composite plate.

curvilinear fiber orientations (described in detail in the following section). The patch was
25 mm square and 1 mm thick; the geometry of the patch against the base plate was
based on Ref. [36], where the QI patch did not show sufficient repair efficiency. The base
plate and patch were divided into eight plies, each of which was transversely isotropic.
The film adhesive 0.2 mm thick had isotropic material properties. The material properties
are listed in Table 1. Eight-node hexahedral solid elements were used, with 52,524 solid
elements and 116,282 nodes. It is noted that increasing the number of divisions in the
through-thickness direction or using the second-order solid elements is required for more

Table 1. Material properties used in the analysis [37,38].

(a) CFRP

Longitudinal Young’s modulus (GPa) 135
Transverse Young’s modulus (GPa) 8.2
In-plane Poisson’s ratio 0.31
Out-of-plane Poisson’s ratio 0.4
In-plane shear modulus (GPa) 4.8
Out-of-plane shear modulus (GPa) 3.5
(b) Film adhesive

Young’s modulus (GPa) 3.0
Poisson’s ratio 0.42
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accurate analysis. The longitudinal end of the model was fixed, and a uniform tensile
displacement was applied to the other end.

Crack growth at the interface between the patch and the adhesive layer was assumed,
and Abaqus built-in eight-node cohesive elements were inserted into the interface. A bi-
linear relationship between the traction and relative displacement was assumed, and
parameters typical for the interface between the CFRP and adhesive were used for the
strength (50 MPa) and fracture toughness (2 kJ/m?) to identify differences in the debond-
ing process owing to the patch configurations. The quadratic stress criterion was used to
initiate damage, and damage evolution was considered when the mixed-mode energy
release rate reached the fracture toughness.

2.2. Analysis cases

When a standard patch with uniform stiffness is adhered to a single side, the load path is
stair-stepped in the through-thickness direction. Tensile loading then causes secondary
bending, such that the load path approaches a straight line, and out-of-plane deformation
generates a severe stress state in the adhesive layer. Therefore, the VS patch requires low
stiffness near the end to mitigate the steep changes in the load path. A local stiffness
change can be realized by steering the carbon fibers. The fiber orientation in the VS
patch investigated in this study is illustrated in Figure 3. The patch size was 25 mm
square. The fundamental stacking sequence is quasi-isotropic [45/0/—45/90]s, and in the
5-mm region at both ends, the fiber orientation was changed to 60° for the 45° ply, 45°
for the 0° ply, and —60° for the —45° ply. Furthermore, a double-steered VS patch with

(o))

0° 60° 45° 45°

—
p ———»
—

NN\
NN

E
93}
o
E

_6q° —:60° _h 25 mm |
NN N G
\ \ £
S
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Figure 3. Lamination structure of the VS patch. Fiber orientation in the end regions is steered to
reduce the stiffness.
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Figure 4. Lamination structure of the double-steered patch.

a smaller stiffness change was also considered by dividing the end region into two parts
(Figure 4).

The following four analyses were conducted. The reference analysis used a standard
QI patch with uniform stiffness (case #1). The effectiveness of stiffness control was
investigated using a single-steered VS patch (case #2) and a double-steered VS patch
(case #3). Moreover, the influence of the width of the fiber steering region on the
debonding process was investigated by increasing the width (10 mm) with the fiber
orientation shown in Figure 3 (case #4).

2.3. Analysis results

The predicted stress—strain curves are shown in Figure 5. The stress is the sum of the
nodal forces on the longitudinal end surface divided by the cross-sectional area far from
the patch, and the strain is the applied displacement divided by the length of the base
plate. In case #1 with the QI patch, as shown in the traction distribution in Figure 6, the
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Figure 6. Effective traction distribution at 1.12% applied strain in analysis case #1.

patch debonded unstably at 1.12% applied strain, and the stress decreased abruptly.
Figure 7(a) (black) shows the out-of-plane displacement of the width-wise centerline
of the patch just before the QI patch debonded. The patch was convexly deformed

downward, indicating secondary bending.

In cases #2 and #3, similar to the QI patch, the VS patches debonded rapidly and the
stress decreased abruptly as shown in Figure 5, but the applied strain of debonding
(1.25% and 1.2%, respectively) was higher than that of the QI patch. The out-of-plane
deformations of cases #2 and #3 are shown in Figure 7(a). The displacement at the end of
the VS patches was smaller than that of the QI patch at an applied strain of 1.12%, at
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(b) Comparison by fiber steering widths

Figure 7. Out-of-plane displacement at the center of the patch in the transverse direction. The
displacement distribution is symmetric about x = 0. The left half shows the distribution at the strain
just before debonding in the reference case, and the right half shows the distribution at the strain
just before debonding in each case.
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which point the QI patch debonded. Therefore, the effect of the VS patch on the
relaxation of secondary bending was analytically demonstrated. Comparing cases #2
and #3, there was no positive effect on patch debonding by two-step fiber steering in the
patch end region.

In case #4, where the width of the fiber steering region was 10 mm, patch debonding
developed rapidly as in cases #1 and #2, but the applied strain of separation was 1.49%,
which was significantly higher than that in case #2. Figure 7(b) compares the out-of-
plane deformation of the patch in case #4 with that in case #2. The displacement at the
end of the patch in case #4 was the same as that in case #2 at 1.25% applied strain.
However, the deflection at the center of the patch in case #4 was smaller than that in case
#2, and patch debonding was further delayed by reducing secondary bending. Therefore,
it is suggested that the size of the fiber steering (i.e. low stiffness) region of the patch has
a significant effect on the post-repair strength.

3. Experiment
3.1. Materials and setup

The effect of the VS patch on delaying patch debonding was experimentally verified. The
dimensions of the patch-repaired CFRP coupon specimen were the same as those of the
analysis model (Figure 2): the base plate was 240 mm long, 39 mm wide, and 1 mm
thick, with an open hole of 10 mm diameter, and the patch was 25 mm square and 1 mm
thick. GFRP end tabs, 25 mm long and 1 mm thick, were attached to alleviate stress
concentration by gripping. The thickness of the adhesive layer was 0.2 mm. The stacking
sequence of the base plate was [45/0/—45/90]s. A uniform stiffness QI [45/0/—45/90]g
patch and a single-steered VS patch were prepared. To steer the fiber orientation in the
VS patch, a prepreg sheet was warmed gently using an electric hot plate (70°C), and the
fibers near both ends were oriented to the angle prescribed in Figure 3 using glass sheets
[39], as depicted in Figure 8. The materials used were standard multi-purpose CFRP
prepreg T700SC/#2500 (Toray Industries) and film adhesive FM300K (Cytec) used for
composite-to-composite and composite-to-metal bonding. The stacked prepreg sheets

Figure 8. Image of the 0° ply in the VS patch with the fiber orientation modified at the ends.
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were cured using a vacuum hot-press process at 135°C temperature for 2 h. After
fabricating the base plate and patch separately, the bonding area was sanded and cleaned,
and the patch was then adhered to the base plate using the film adhesive at 175°C
temperature for 1 h.

Quasi-static tensile tests of the patch-repaired CFRP specimens were conducted at
a crosshead speed of 0.3 mm/min using a universal testing machine (AG-50kNXDplus,
Shimadzu). The load, crosshead displacement, and strain were simultaneously measured.
Because tensile loading causes secondary bending deformation, strain gauges were
attached to both sides of the base plate away from the patch and at the center of the
patch.

3.2. Results and discussion

Figure 9(a) presents the stress—strain curves obtained using the QI patch. The stress is the
load divided by the cross-sectional area of the flat part; the solid line is the average of the
two strains on both sides of the base plate away from the patch, and the dashed line is the
strain at the center of the patch. Although the former strain increased linearly with
increasing applied stress, the latter strain changed nonlinearly owing to secondary
bending. The strain on the patch then decreased at an almost constant stress. The
adhesion area, when the strain on the patch was reduced, was observed using additional
specimens via a soft X-ray radiography system (M100, Softex). Contrast agent was
applied to the patch periphery. The soft X-ray image in Figure 10(a) shows that the
patch debonded from an end at an applied stress of 460-520 MPa and rapidly lost its
load-bearing capacity, resulting in a decrease in the strain on the patch. Because the base
plate did not break even after one-half of the patch was completely separated, the applied
stress increased, while the strain on the patch remained at approximately 0.1% until final
failure. Figure 9(b) shows the stress—strain curves when using the VS patch. As with the
QI patch, the VS patch lost its load-bearing capacity before the final failure owing to
debonding, and the strain on the patch decreased despite the increase in the applied
stress. Half of the VS patch was separated at an applied stress of approximately 500 MPa
as shown in Figure 10(b).

The average strength of the specimens with QI patches was 554 MPa and that of the
specimens with VS patches was 544 MPa, showing no significant difference between
them. This was because the patches lost their load-bearing capacity before the final
failure. Therefore, strength is not appropriate for evaluating the effectiveness of the
patch. Instead, the applied strain when the maximum strain was reached on the patch is
defined as the debonding onset strain, as shown in Figure 11. Table 2 summarizes the
debonding onset strain and the applied stress at that moment. The debonding onset strain
of the VS patch (0.96%) was higher than that of the QI patch (0.90%) and its variability
was smaller than that of the QI patch. The stress applied when the debonding onset strain
was reached using the VS patch was approximately 30 MPa higher than that when using
the QI patch. Thus, the effect of the VS patch on delaying the debonding onset was
experimentally confirmed.

Figure 12 presents an overview of the specimens after failure. No significant differ-
ence between the two patches was observed on the separated surface, and cohesive
failure occurred with the adhesive remaining on both the patch and the base plate.

To prevent premature failure and to increase the efficiency of strength recovery,
tensile tests were performed on coupon specimens with 35-mm-long patches. Specimens
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Figure 9. Stress—strain curves in the tensile tests of patch repaired CFRP plates.

with QI and VS patches were tested, and the fibers were steered within a 5 mm area at
both ends in the VS patch. Figure 13 presents the measured stress—strain curves. The
average strength was 589 MPa for the QI patch and 583 MPa for the VS patch, which
was greater than that obtained using a patch 25 mm long. There was no significant
difference in average strength between the QI and VS patches. However, for the QI
patches, two patterns appeared: one-half of the patch separated before the final failure in
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(b) VS patch

Figure 10. Soft X-ray photograph of the specimen after the strain on the patch decreased.
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Figure 11. Schematic illustration of the debonding onset strain.

specimen #1, and failure occurred during the rapid progress of patch debonding in #2 and
#3. Different failure patterns resulted in a wide variety of strengths. In contrast, all
specimens using the VS patch failed during the debonding process. The debonding onset
strain of the VS patch was higher and less varied than that of the QI patch (Table 3). The
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Table 2. Summary of the test results using the patches 25 mm long.

Strain on the Debonding onset Applied stress
patch (%) strain (%) (MPa)
(a) QI patch
#1 0.248 0.975 463.7
#2 0.254 0.962 453.8
#3 0.247 0.788 376.1
#4 0.254 0.879 423.9
#5 0.244 0.889 425.3
Average 0.899 428.6
Standard 0.067 30.5
deviation
(b) VS patch
#1 0.253 0.933 430.8
#2 0.249 0.980 464.9
#3 0.332 0.956 459.6
#4 0.308 0.966 463.5
#5 0.288 0.961 471.0
Average 0.959 457.9
Standard 0.015 14.1
deviation

(b) VS patch

Figure 12. Overview of the failed specimens.
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Figure 13. Stress—strain curves in the tensile test of CFRP plate repaired with long patch.

small variation in the debonding onset strain and strength by the VS patch suggests that
the low-stiffness region reduces the impact of the adhesion quality on patch debonding.

These experimental results demonstrate the advantage of the VS patch in delaying
debonding. However, the improvement in debonding onset strain by the VS patch was
reduced when the patch was elongated. If the size of the fiber steering area and its
stacking configuration (i.e. stiffness) are optimized according to the overall dimensions,
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Table 3. Summary of the test results using the patches 35 mm long.

Strain on the Debonding onset Applied stress
patch (%) strain (%) (MPa)
(a) QI patch
#1 0.404 1.023 484 .8
#2 0.436 1.097 537.7
#3 0.507 1.147 550.1
Average 1.089 524.2
Standard 0.051 28.3
deviation
(b) VS patch
#1 0.557 1.136 540.0
#2 0.524 1.054 517.7
#3 0.536 1.132 549.1
Average 1.107 535.6
Standard 0.038 13.2
deviation

the use of the VS patch will further improve the debonding resistance and post-repair
strength compared to conventional single-sided patch repairs.

In summary, compared with the use of the QI patch, the VS patch reduces the out-of-
plane displacement and cohesive traction near the longitudinal edge of the patch, where
patch debonding is initiated. In practical situations, such as aircraft structural compo-
nents, a patch-repaired component experiences cyclic and creep loading under varying
environmental conditions. Reducing traction in the adhesive layer delays stress-induced
plasticization and the formation of microscopic damage, and improves long-term dur-
ability. However, it is noted that the effectiveness of patch repair is inferior to that of
scarf repair, unless the patch is considerably larger than the area of damage removal,
allowing for an increase in weight. Even with a VS patch, secondary bending is
unavoidable as long as the patch is repaired from one side. The repair efficiency (i.e.
the ratio of the post-repair strength to the pristine laminate strength) was approximately
60% for the 35-mm-long patch in this study. In contrast, the repair efficiency using scarf
repair was 64—80% depending on the repair design [40].

In this study, the VS patches were characterized in a simple uniaxial tensile loading
situation, which is a limitation of this study. In practical cases, the structural components
are subjected to biaxial and complex loading. In such cases, fiber steering only at the
opposite ends, as shown in Figure 3, may not be sufficient. For more complex cases,
detailed studies, including the optimization of the range of fiber steering and fiber
orientation angles, are required.

4. Conclusions

In this study, a VS patch was proposed for single-sided repair, and its effectiveness was
verified both analytically and experimentally. Finite element analysis was performed to
predict the debonding process of the patch and identify the advantage of the VS patch
over the standard patch with uniform stiffness. Quasi-static tensile tests were also
conducted on CFRP laminates with single-sided repair. The conclusions of this study
are summarized below.
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(1) The finite element analysis demonstrated that the VS patch with reduced stiff-
ness near the longitudinal ends relaxed the secondary bending and delayed
debonding compared to the QI patch with uniform stiffness. In addition, the
larger the fiber steering region, the greater is the applied strain at which
debonding occurred.

(2) In the tensile tests of the patch-repaired CFRP plate, the patch 25 mm long
debonded from one end to the hole and lost the load-bearing capacity before
final failure, regardless of the type of patch. However, the debonding onset strain
of the VS patch was higher than that of the QI patch. Reducing the stiffness near
the patch ends delayed debonding.

(3) Specimens repaired with the patch 35 mm long broke by rapid debonding of the
patch regardless of the type of patch, showing a strength recovery effect of patch
repair. Again, the debonding onset strain of the VS patch was higher and less
varied than that of the QI patch.

These experiments and analyses demonstrated the effect of the VS patch on
delaying debonding onset by mitigating secondary bending. VS patches have
several degrees of freedom, including the overall size, size of the fiber steering
region, and stiffness distribution. The optimization of these parameters for each
structural application, including multiaxial loading, is the subject of our future
study.
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