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ABSTRACT ARTICLE HISTORY
Three-point bending analysis, experimental and numerical, is Received 18 July 2021
conducted for three different sizes, 30*30 mm, 40*40 mm and Accepted 27 December 2021
60*60 mm, of one-sided square cross-ply TEXIPREG HS 160 RM KEYWORDS
carbon-fiber-reinforced polymer (CFRP) patches as well as intact Destructive testing; finite
and notched specimens. The tests are carried out with the aim element analysis;

to study the influence of the patch’s size on the flexural proper- delamination; epoxy/
ties of the specimen. Hashin-2D damage initiation criterion is epoxides; repair
adopted to investigate the failure in each ply, and the damage

evolution is represented by the stiffness degradation. The intact

and notched laminates flexural properties are investigated as

well as notch sensitivity. The bonded patch repairs efficiency is

investigated in the light of ultimate load, flexural modulus, peel

and shear stresses along the bond-line as well as the damage

initiation coefficient at critical zones. A significant advancement

in the flexural modulus and ultimate load for the repaired

laminates is noticed with increasing the patch’s size.

A Parametric numerical study is conducted to investigate the

influence of the patch size on the damage initiation coefficient

at the critical zones. The recommended patch’s size is 44*44 mm

in order to avoid failure initiation at the patch corner overlap on

the parent laminate.

1. Introduction

There are several applications of composite materials in the marine and aero-
space industry.'"?! The choice of composite materials for marine and aero-
space structures applications over metals could be justified by their
advantages. Composite materials have higher strength to weight ratio, the
ability to be fabricated in complex shapes without expensive tooling, and the
capability to resist corrosion and fatigue.”) Composite structures’ damage is
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mostly a combination of matrix and fiber failure in tension and compression
as well as delamination. Such damages in composites decrease its structural
integrity which leads to short service life. Hence, a repair method for the
damaged structure is required to extend its service life. An effective method to
repair damaged composites is to apply adhesive bonded patches over the
damaged area.” One of the important advantages of the bonded patch repair
is that there are no new holes introduced to the composite structure during the
installation. Hence, no secondary stress concentration is created. In addition,
small weight gain, low price and strong design ability of bonded patches give
them the privilege over conventional mechanical repair methods.' There are
several types of bonded joint repairs while the most two common types used in
the aerospace industry are scarf joints and external bonded patch repairs.”’
Scarf joints are usually used for long-term repair thanks to their efficiency and
absence of interference with the aerodynamic profile of the structure. On the
other hand, external bonded patch repairs are faster and simpler so they are
mostly used in aircraft to keep them in serviceable condition, temporary, until
maintenance.'”! From a geometrical consideration, bonded patch repairs can
be achieved by bonding the patch over both sides or single side. However, one
of the main challenges of the double-sided patches is the accessibility of the
composite structure and the difficulty of following the crack propagation.'®
There are several reasons resulting in the bonded patches’ failure such as stress
intensity factor in the parent laminate, high increased shear and peel stresses
on the adhesive and patch delamination.'*! In external patch repair technique,
the damaged area is removed by drilling or cutting a hole, and the parent
laminate is repaired by an adhesively bonded patch to increase its strength.”’
However, the performance of adhesively bonded patches is affected by differ-
ent parameters such as lay-up sequence, thickness, shape of the patch as well as
adhesive thickness. It can be noticed from the literature that patch size and
stacking sequence play a role in the patch repairs’ performance.’>*! Campilho
et al’® investigated the tensile behavior on repaired laminates with circular
patches through experimental and numerical studies. It is reported that the
effect of patch size on the patch strength is significant relative to patch
thickness effect. Shiuh and Chao'®! conducted a stress analysis study of
a damaged composite with a square bonded patch in order to investigate the
effect of patch and adhesive parameters on the stress concentration factor
reduction. It is concluded that the patch design parameters have more effect
on the bonded patches performance than the adhesive parameters. Soutis and
Hu'" investigated the influence of the patch and adhesive thicknesses on the
efficiency of external bonded patches based on the reduction of stress con-
centration. In addition, they conducted experiments on circular and square
patches with the same overlap length by applying compressive load, and they
concluded that both performed almost the same with a slight increase of 0.35%
of compressive strength for the circular patches compared to square patch



THE JOURNAL OF ADHESION 3

strength. On the other hand, Li et al"!! investigated five different shapes of
quasi isotropic patches (circle, square, trapezoid, hexagon and lozenge) influ-
ence on the static and fatigue tensile strength of adhesively bonded composite
repair. Different shapes are found to have dissimilar fatigue strength while the
fatigue damage for the adhesive layer is minimal for the square patches.
Moreover, the square patches performed the best, in terms of strength, with
an increase of 27% in residual strength compared to the unrepaired laminates.
Also, it is reported that the ratio of the patch radius relative to the cut-out
radius of 2.25 had the highest residual strength for circular patches without
investigating the square patches’ size influence. Also, Xiao-Jing et al'*?! inves-
tigated the influence of local concentration on the fatigue and tensile strength
of the adhesively bonded patches for quasi isotropic parent laminates, and they
reported that square patch repairs have the highest strength through the static
tensile tests compared to elliptical, rectangular and circular ones. In addition,
they investigated the influence of stacking sequences of circular patches, and it
is found that [45/-45]; patches have failure strength 25% higher than [0/90],
but they did not investigate cross-ply parent laminates. Limited work!"*! has
been performed to investigate the flexural properties and the damage mechan-
ism of external composite patch repairs under bending load. Tsovolos et.al'”!
investigated different patch shapes, rectangular and circular, and their influ-
ence on the flexural strength of the scarf bonded patch repairs. Nevertheless,
there is a need to investigate the influence of square one-sided external patch’s
size on the repaired specimen integrity. In this study, this is investigated,
through three-point bending test with the focus on the patch’s size influence
on the flexural properties. Three sizes of one-sided square patches are con-
sidered here: 30 mm, 40 mm, 60 mm with a stacking sequence of [0/90],,
while a parent laminate stacking sequences is considered [0/90],. Hence, this
research paper aims to extend the investigation of external square bonded
patch repairs with the main focus on flexural properties, peel and shear stresses
along the bond-line as well as damage initiation on critical zones of the
external square one-sided bonded patches.

2. Materials and Manufacturing

The two different laminates were prepared using unidirectional carbon epoxy
prepreg, TEXIPREG® Hs 160 REM, provided by the company SEAL, Legnano,
Italy, which properties are shown in Table 1. The CFRP laminates were

Table 1. TEXIPREG HS 160 RM lamina properties'**

Elastic Modulus (GPa) Poisson’s ratio Shear Modulus (GPa) Volume fraction
Eyy =109 Uy, = 0.342 Gy = 4315 06
E,, = 8.819 Ug3 = 0.342 Gy3 = 4315

B33 =8.819 U ,3 =0.380 Gi3=32
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Figure 1. A schematic of the specimen dimensions: a) top view and b) side view.

prepared by prepreg lay-up. For the parent and patch laminates, stacking
sequences of [0/90]5s and [0/90],s were used, respectively. The overall plates
were produced using the autoclave process following the manufacturer’s
recommendations. The parent plates, with a thickness of 1.8 mm, were cut
into samples with a single dimension of 150 mm x 100 mm, while the patch
laminates, with only 1.2 mm of thickness, were cut into multiple square patch
sizes, depending on the chosen dimension of 30, 40 or 60 mm. The cutting was
performed using an automated diamond saw machine, in order to achieve the
smallest dimension error and clean edges.

For the experimental procedures, the specimens were tested as intact plates,
drilled plates (as a representation of the removed damaged area) and the patch
repaired plates. For this reason, part of the parent laminates was drilled,
creating a centered hole with 20 mm of diameter. For the repaired specimens,
the adhesively bonded single patch repair was made using a structural epoxy
adhesive 3 M™Scotch-Weld™9323 B/A prepared following the manufacturer’s
recommendations and mixed with 0.8 g (0.1% by weight) of micro-glass beads
(diameter of 150 um, approximately). The adjacent faces of both the patches as
parent plates were roughened using sandpaper (grit size 240) and cleaned in
order to increase the adhesion at the adhesive/composite interface. The adhe-
sive was then applied to both sides and the parts were pressed down with
weights in order to create a considerable fillet of adhesive around the full
thickness of the patch. The thickness of the adhesive was found to be approxi-
mately constant and about 0.2 mm. The repaired specimens’ geometry is
shown in Figure 1.

3. Experimental procedure

The specimens were subjected to three-point bending tests including the
intact, notched and patch-repaired ones. The flexural test fixture, shown in
Figure 2, was used in order to fix the specimens in the x-, y- and z-axes but
allowing the rotation around these directions combined with the vertical
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100 mm

Figure 2. Flexure test setup: a) side view, b) front view and c) schematic of specimen between the
rollers.

displacement forced to the central line of the plates. The three-point bending
tests were performed using a displacement rate of 3 mm/min with a maximum
span of 22 mm and stopped when a clear failure mode was verified or in case of
a 60% drop in the load. From these tests the force-displacement curves were
obtained and the average load-carrying capacity and bending stiffness
calculated.

4. Numerical modelling

The numerical modelling for the 3-point bending test is performed using
ABAQUS Standard. Conventional Shell elements were used to model each
ply of the composite. In general, elements were set at the size of 2 mm except
around the hole where the number of elements employed is increased to
capture the stress concentration as shown in Figure 3a. The number of nodes
and elements as well as the elements type used for each model are given in
Table 2. The two support rollers as well as the loading roller were simulated as
rigid cylinders in contact with the composite laminate. The load was applied as
an imposed displacement on the reference point on the loading roller while the
two support cylinders were rigidly constrained as illustrated in Figure 3b.
A parent laminate with a stacking sequence of [0/90];; with a dimension of
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Figure 3. Numerical modelling: a) parent laminate mesh, b) Numerical model boundary conditions.

Table 2. Summary of the FEM model specifications.

Specimen Type Number of nodes Number of elements Element type
Notched 5213 8170 S4R, S3 and R3D4
Intact 4639 4557 S4R and R3D4
Patch-30 9388 12,790 S4R, S3 and R3D4
Patch-40 9643 12,165 S4R, S3 and R3D4
Patch-60 11,323 12,718 S4R, S3 and R3D4

Table 3. TEXIPREG HS 160 RM lamina Strengths for damage

initiation”'*
X1T = 1.401 (GPa) X1c =1.132 (GPa) X2T =0.059 (GPa)
Yoc = 0211 (GPa) S, = 0.054 (GPa) S;5 = 0.1055 (GPa)

Table 4. TEXIPREG HS 160 RM Critical
Energy Release rates"®'”"

G me =09 N/m G me =09 N/m
G = 143 N/m G =133 N/m

150 mm *100 mm with a circular cutout of 20 mm diameter was investigated
while there were three different square the patch’s sizes 30 mm * 30 mm, 40 mm
* 40 mm and 60 * 60 mm with the same stacking sequence of [0/90],.

4.1. Damage model

As no cohesive or adhesive failure was detected in the experiments, the model
was simplified to take into account only the damage in the patch and parent
laminate. No bond-line damage model was employed. The damage analysis for
the parent and patch laminates are investigated using Hashin’s 2D damage
initiation criterion, and the damage evolution is represented by the stiffness
degradation based on each damage mode fracture energy. A viscous regular-
ization scheme is adopted to help overcoming convergence difficulties. For the
optimization study, Tsai-Wu damage initiation criterion is adopted since it
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gives an indication about the damage initiation coefficient based on the
interaction between different stress components using only one parameter,
instead of using the four damage variables in Hashin’s criterion.!**’

4.2. Hashin’s damage initiation

2D Hashin’s criterion is implemented for each ply to predict the damage
initiation. The four main failure modes are treated separately, and the various
failure modes are described throughout the following equations:

Fiber Tension: (o;; > 0)
T12 2
al—] =1 (1)
<312>

2
011
1Fp = (| —
" (XIT)
011 2
Matrix Tension: (o, > 0)

Fiber Compression: (o1; <0)
022 2 T12 2
For = (=2 2) = 3
. (X2T> * (512) ®

Matrix Compression: (02, <0)

027 2 ch 2 022 T12 2
1

" (2513> (2513> (ch> (512) @
where 011,02, and 77, are the components of the equivalent stress tensor. X,
Xic Xors X206 S12 and S;; refer to the longitudinal tensile, longitudinal
compressive, transverse tensile, transverse compressive, longitudinal shear
and transverse shear strengths respectively - see Table 3 for values. In this
model, Hashin 2-D failure initiation criterion is adopted, where the fiber

tensile is assumed to be independent from shear stress so alpha is assumed
to be zero and X,¢ =2S;3.

4.3. Laminates’ damage evolution

When Hashin’s initiation criterion is satisfied for any failure load, any extend-
ing loading will lead to degradation of the material stiffness, and the general
form of the constitutive law is computed as:

o= Cge (5)
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where the stress and strain tensors are defined as {011,022,012} and {€11,622,€12}
respectively, and the elasticity matrix (Cy) is given as:

1 (1 — df)Ell (1 — df)(l — dm>V21E11 0
Cd = B (]. — df)(]. — dm)V21E22 (1 - dm)Ezz 0
0 0 (1 - d$>G12D
(6)
where,
D=1- (1 -d)(1 — du) viovar (7)

dg, diy, and dg are the current damage states of the fiber, matrix, and shear,

respectively. They are derived from the four damage variables (df, d7.d,,.dy,) as

shown in equations (8,9,10) which are related to the four failure modes.

ds, 011 <0
_ } dpou
9 = {d}vo-ll >0 ®)
. d(;n,0'22<0
dm_{dwzzzo )
d=1- (1 - d;) (1 - d;) (1—d)(1—d) (10)

The evolution of the damage variables of the four failure modes, fiber
tension, fiber compression, matrix tension, and matrix compression,
depends on the critical energy release rates, Gic, in these modes, which are
material properties. Therefore, critical energy release rate value must be
provided for each mode which reflects the area of the triangle OAC illu-
strated in Figure 4. ['°!

The constitutive laws are:

Tension: (o;; > 0):

5{; = L <‘911>2 + “5%2 (11)
O'g _ (o11)(en1) + ao12€12 (12)
8lq/Le

Fiber Compression:(0;; < 0):

655 :LC<—£11> (13)
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O_eq r 3
crgq [%
B
Ge 5
0 52 8eq 8%y Beg

Figure 4. Equivalent stress vs equivalent displacement.

of € — (=ou)(—en)

eq &ZqC/LC

Matrix Tension:(02, > 0):
(SZZ]T = LC <€11>2 + 8%2

wr _ (022)(€22) + 012812
O'eq - 8mT L
eq / ¢

Matrix compression:(a,; <0)
c 2
Opg = Ley/(—e22)” + &1,

me _ (—022)(—€22) + 012612
T o (SZ;C/LC

(14)

(15)

(16)

(17)

(18)

where J.q and o, are the equivalent displacement and stress for each of the
four damage modes,01;, 02, andoy, are the components of the effective stress
tensor,&;;, &, and ¢, are the components of the effective strain tensor and L¢
is the characteristic length of the element to alleviate the mesh dependency
during material softening. Since the plies in this simulation are modelled as
a shell of elements, the characteristic length is calculated by taking the square
root of the element surface area. In addition, () refers to the Macaulay

operator 15 and defined as:
(n) = % (N + |n|), for every n € R
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For each failure mode, the degradation of the stiffness is being controlled by
the damage variables, whose values varies between zero which represent the
undamaged state and unity which refers to the fully damaged state. The
damage variable for a particular mode is derived as:

8 <8eq . 52q)
) deq(sf, - o,

The matrix fracture energy, G,,. for tension and compression are taken as the
Gi. value of carbon/epoxy composite, which is approximately 0.9 N/mm. This
assumption is based on the fact that mode I delamination is mainly dominated
by matrix cracking.!'® Tensile and compressive fiber fracture energy release
rates could be obtained from compact tension (CT) and compression (CC)
tests as proposed by Pinho et al.'”! The average critical energy release rate
obtained by the experimental tests for carbon fiber tension is 133 N/mm with
a standard deviation value of 15.7%. Also, the average critical energy release
rate for fiber compression is 143 N/mm with a standard deviation of 10.5%.
These values are summarized in Table 4.

d (19)

4.4. Viscous regularization

Severe convergence difficulties in simulation’s software, such as ABAQUS
Standard may occur because of the stiffness degradation softening behavior
of the material. The viscous regularization scheme helps overcoming such
convergence difficulties since it makes the tangent stiffness matrix positive for
relatively small increments of time.'">! The four viscous damage variables are
derived by the following equations:

4 1 4
= <dﬁ - ﬂ) (20 — a)
1
die = — (dc — di) (20 - b)
'fC
1
e = — (dp — i) (21 —a)
rImT
1
e = — (dmC - d:nC) (21 —b)
Hmc

where, 7 is the viscosity coefficient for the specified failure mode that reflects
the relaxation time of the system and d reflects the damage variable evaluated
in the previous increment. Using viscous regularization with small values of
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viscosity relative to the characteristic time increment is intended to improve
the model convergence rate during the damage propagation. Viscous regular-
ization is used so that the solution of the viscous system approaches the
inviscid case at t/n—sco, where, t represents time.!"”! Also, to help overcoming
convergence difficulties, viscosity coefficients equal to10™* in all damage
modes are assumed as recommended by Hyder'® in order to overcome
convergence difficulties as well as having a simulation approximately accurate
solution.

4.5. Tsai-Wu damage initiation criterion

Based on the experimental observation as detailed later in Section 5.2, the
damage did not initiate from the adhesive joint. Moreover, a repair with
a failure initiation in the adhesive is unacceptable for industrial
applications.'"”! Hence, the failure index computed from Tsai-Wu in the
composite plies is assumed to represent the critical parameter at certain
applied load. Tsai-Wu failure initiation criterion is adopted because the
damage variable represents the interaction between different stress compo-
nents. The failure criterion requires that:

I =F; 011 +F; 0020+ Fpy 02, +Fy 0%, + Fes 01, + 2F 13 050 =1 (22)

where:
F, = XLT + XLC (23 —a)
R (23— b)
Fii=-— XTIXC (24 — a)
Pa =~ (24~ b)
Fes = S% (25 —a)
12

Fi, =fv Fi1 Fn (25 —-b)

where —1 < f < 1. The f value is assumed to be zero due to the ignorance of
the biaxial stress at failure, and at I 21, damage will initiate.
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Tsai-Wu failure theory, as in Equation 22, defines a 3D failure surface
surrounding the origin where failure occurs if a state of stress is on or outside
the surface using {011,022,012}. However, if the stress state is inside the failure
surface, I <1, then it does not provide much information. Thus, a parameter
defined as the strength ratio/safety factor R is considered as the scaling factor,
which represents how far the current stress state is from the failure surface. In
other words, it is defined as the value that if multiplied by all the stress
components {R * 011,R * 025,R * 015}, leads to I = 1. Moreover, the failure
index (), ranging from 0 to 1, is defined as the inverse of the safety factor (R).

5. Results and discussion
5.1. Intact laminates flexural properties and notch sensitivity

The load vs displacement curves, for the intact and notched laminates,
obtained through the solver of ABAQUS Standard are compared to the
experimental curves in Figure 5a and 5b. It can be noticed from Figure 5
that there is a good agreement of the elastic segments of the experimental and
numerical curves in the intact and notched laminates. Moreover, the predic-
tion of the ultimate load and flexural modulus of the intact and notched
laminates is relatively good. However, in the case of the intact simulation,
a noise at the end of the numerical curve is observed. This might be due to
convergence issue due to localization in the last two increments during the
simulation. It is logical that this only occurred in the intact specimen case as
there is no specific location or stress concentration to guide the convergence or
in other words for the damage to initiate and grow from a computational point
of view. Moreover, as previously highlighted in section 4.1, The damage in the
patch and parent laminate was based on 2D Hashin criterion in Abaqus which
simulates four damage modes namely: fiber tension, fiber compression, matrix

3000 Intact 2500

Notched
2500 .
2000 1 S
2000 el By At
‘ " 1500 - v :

1500 L

Load (N)
Load (N)

1000
1000

Exp1
----Exp2 500 4 Y,
5004 o Exp3 y
/ —— Num /

o T T T J L e B N S S
0 5 10 15 20 0 2 4 6 8 10 12 14 16 18

(a) Displacement (mm) (b) Displacement (mm)

Figure 5. Numerical and experimental load vs displacement curves for: a) Intact specimen b)
notched specimen.
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3000

200+

2000 o

100
1000 -

oA
@) Intact Exp Intact Num  Notched Exp Notched Num (b) Intact Exp Intact Num  Notched Exp Notched Num

Figure 6. Intact and notched specimens’ flexural properties: a) Ultimate load, b) Flexural modulus.

tension and matrix compression. No delamination or fiber pull out/debonding
was simulated. The damage for these two cases occurred below the loading
roller spanning across the specimens’ width leading to such sudden drop in the
load prediction without capturing the gradual crack growth observed experi-
mentally. Figure 6a and Figure 6b show the average experimental flexural
modulus and ultimate load values of the notched and intact laminates for the
parent laminate [0/90]s,. The notched laminate’s ultimate load and flexural
modulus are 0.823 and 0.787 normalized over the intact laminate values,
respectively. It can be noticed from the flexural properties of the notched
specimen for this specific hole diameter to width ration of 1/5 that the parent
laminate close to notch insensitive response.’*”! However, losing roughly 20%
of the flexural properties is a significant value need to be restored by repairing.

2500 4 patch 30 Patch 40
2500 3500 o Patch 60

y
2000+ ya

3000 4

2000
4 SN 2500 - /
1500 - i) :

1500 - | 20004
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Figure 7. Numerical and experimental load vs displacement curves for: a) patch 30, b) patch 40, c)
patch 60.
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Figure 8. Intact, notched and patch-repaired specimens’ flexural properties normalized over the
intact laminates values: a) Ultimate load, b) Flexural modulus.

5.2. Effect of patch size on flexural modulus and ultimate load

From a failure investigation point of view, all samples, regardless of their patch
size, failed due to interlaminar failure within the composite patch or parent
laminate. No failure at the adhesive bondline was observed. As far as the
macroscopic response is concerned, Figure 7a — 7c show the predicted load vs
displacement curves for the repaired laminates of the [0/90] s parent laminate,
compared with the experimental curves. It can be noticed from Figure 7 that
there is a fair prediction of the flexural modulus because the elastic segments of
the numerical curves are within the experimental ones. Moreover, the predic-
tion of the ultimate load of the repaired laminates is relatively good compared
to the experimental values. From a macroscopic load-displacement point of
view, the numerical predictions could not fully capture the sudden failure and
the multiple-step crack growth. Nevertheless, this is expected as the model
assumptions used are simplified with the objective of carrying out a parametric
study (see Section 5.4) varying the patch size while maintaining the same
failure modes. This can be considered a logical assumption since the testing is
performed for the 30, 40, 60 sizes, and the numerical parametric study is
within those limits (interpolation). Figure 8a and Figure 8b show the average
experimental flexural modulus and ultimate values of the intact, notched and
repaired laminates normalized over the intact laminates’ values. It can be
concluded that the flexural modulus and ultimate increase significantly with
the patch size. The flexural modulus for the repaired laminates with patch-60
is 1.983 times the intact laminate value; however, for the patch-30 and patch-
40, the flexural modulus is 1.145 and 1.215, respectively. The ultimate load of
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Figure 9. Longitudinal, transverse and 45 degree bond-lines: a) patch, b) parent laminate.
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Figure 10. Stress distribution on the longitudinal bond-line interface of parent and patch
laminates: a) peel stress, b) shear stress.

the repaired laminates with patch sizes of 30, 40, 60 is found to be 0.847,
0.962,1.346 times the intact laminate , respectively, as shown in Figure 8a and
Figure 8b.

5.3. Peel and shear stresses along the bond-line

Peel and shear stresses along the bond-line are two of the main aspects
influencing composite repair patch’s failure.! For the sake of comparison,
peel and shear stresses distribution on the patch and the parent laminate
longitudinal, transverse and 45 degree bond-lines interface, as shown in
Figure 9a,b, (composite and patch) are plotted in the elastic region, at 4 mm
displacement as shown in Figure 10a, b, 11a, b and 12a, b. Peel and shear
stresses on the patch are found to be higher than the parent laminate in all
bond-lines. Peel stresses distribution are roughly the same in the longitudinal,
transverse and 45 degree bond-line with a peak at the patch overlap with notch
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Figure 12. Stress distribution on the 45 degree bond-line interface of parent and patch laminates:
a) peel stress, b) shear stress.

edge on the patch interface while the peak on the parent laminate interface is
found to be at the patch edge overlap as shown in Figure 10a, 11a and 12a. On
the other hand, shear stresses on the longitudinal and transverse directions are
almost negligible but there are relatively high shear stresses on the 45 degree
bond-line where the patch overlaps with parent laminate and the notch and
patch corners as illustrated in Figure 10b, 11b and 12b. Peel stresses on patches
are found to be increasing with the patch size along the three bond-lines. On
the other hand, peel stresses on the parent laminate are roughly the same along
the bond-lines.

5.4. Recommended patch size

A parametric study has been conducted for different patches’ sizes from 30 to
60. As the objective of this study is to investigate the effectiveness of the patch
repairs as compared to the notched case, the applied load at which damage
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Figure 13. Critical zones and its failure initiation coefficient: a) Critical zones, b). Failure initiation
coefficient.

initiates in the notch case is used for the comparison. The failure index (%) is
plotted, as a function of the patch size, in order to determine the enhancement
due to the repair. The factor of safety of different patch sizes at the applied load
is represented as 1/the failure index.""”! Throughout the numerical modelling,
the damage initiation always starts on the parent laminate’s top and bottom

plies. Hence, critical zones are highlighted as illustrated in Figure 13a, as:
(Zone A) on the bottom ply at 67.5 degrees and (Zone B) on the top ply at the

patch corner overlap on the parent laminate. According to the parametric
study, the damage initiates from the patch corner overlap on the top ply of the
parent laminate for patch sizes less than 44 mm as shown in Figure 13b. For
larger patches, the damage initiates from zone A on the bottom ply of the
parent laminate. To avoid the discontinuity at the sharp edge of the one-sided
square patches, it is recommended to use patches larger than 44 mm, or with
an area of 6.165 normalized over the notch’s area. Moreover, the square patch
of the size 44*44 mm ultimate load and flexural modulus are 1.047 and 1.435
normalized over the intact laminate values. In other words, the repaired
laminate managed to restore the intact laminate flexural properties.

6. Concluding remarks

The influence of one-sided cross-ply square patch’s size on the notched parent
laminate was investigated in the light of the load vs displacement curves,
flexural modulus and ultimate load, peel and shear stresses along the bond-
line as well as damage initiation at the critical zones. The load vs displacement
curves, flexural modulus and ultimate prediction, obtained through the pro-
gressive damage analysis via ABAQUS standard were within the deviation of
the experimental values, indicating a good agreement of the used models.
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Square one-sided patches were found to be beneficial for increasing the
flexural modulus and ultimate load for the repaired specimen as compared
to both notched and intact counterparts. Ultimate loads of the square patches
with the sizes of 30*30 mm, 40*40 mm and 60*60 mm are 0.847, 0.962 and
1.346 while the flexural moduli are 1.154, 1.219 and 1.943 normalized over the
intact laminate values. Shear stresses were observed only on the 45 degree
bond-line with two peaks on the patch overlaps with the parent laminate’s
notch and patch corners. Peel stresses distribution were approximately the
same in all the three bond-lines/patch sizes with a peak at the patch overlap
with the notch edge. Based on the simulation results, the damage initiated on
the top ply of the parent laminate at the patch corner overlap for patch’s size
less than 44*44 mm. Thus, it was concluded that the recommended patch’s size
of 44*44 mm or lager for a 20 mm notch as it led the edge discontinuity
influence to disappear.
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