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A B S T R A C T

The design of high performance composite structures frequently includes various shape and size discontinuities
for various purposes. The zones near to these notches become critical regions under various working loading.
The stress concentration factor (SCF), failure process, delamination, and tensile strength degradation of alu-
minum as well as in E-glass laminated plates are addressed in the current study through a combination of
analytical, experimental and numerical studies using finite element (FE) modeling techniques. In the first part of
the current work, a series of tensile tests on laminates with various fiber orientation angles and specimens with
different notch diameter/width D W( / ) ratios are designed and tested to determine the SCF and fracture me-
chanisms for unnotched/notched specimens. In addition, strain distribution, failure patterns and damage me-
chanisms of laminated plates with square and rectangular holes with rounded corners have been investigated.
The specimens were manufactured from commercially available aluminum and unidirectional E-glass and
Medapoxy STR resin epoxy. Digital Image Correlation (DIC) technique is used to obtain full-field surface strain
measurements in notched specimens with different fiber orientations and open hole sizes, in order to show their
effects on SCF, failure strength and mechanisms. The strain concentration that allowed damage initiation and
failure propagation in the notched laminated plates is obtained experimentally and compared with the simu-
lation details. Furthermore, the effect of the delamination defect around the notch that was unavoidable during
hole drilling process was also discussed. In the second part of this study, the experimental data was used to verify
the capability of two modified stress criterions models for predicting tensile strength for both materials under
consideration. It is shown that the modified models are able to predict tensile strengths of notched samples that
display different stress gradients. Compared to experimental data, the accuracy of the predicted strength is
within 17%. On the other hand, the numerical outputs from finite element analysis (FEA) compare favorably
with experimental results, and give a good estimation for stress distribution compared to the approximate
analytical results. This experimental work will be very useful for the validation of new analytical stress calcu-
lation models, damage initiation as well as failure propagation models.

1. Introduction

Composite materials are increasingly used as structural materials in
aerospace, civil and other engineering applications. Their growing use
has risen because of their high specific strength/stiffness properties and
improved fatigue life, when compared to the more traditional materials
[1]. The increasing use of these materials has motived researchers to
understand their complex behaviors, especially in the presence of open
notches and damage. Laminated composite plates with various notch
shapes and sizes are being extensively used in different aircraft struc-
tural elements to facilitate joining of structural parts or to provide

access to the interior of the structure [2,3]. During its service life, an
aircraft is always subjected to diverse structural loads. However, when
these structures are subjected to various load conditions, undesirable
high stress concentration, which affect their performance, is produced
around these notches [4]. Over last a few decades, the development of
stress concentration around openings has always been of major con-
cern, and great efforts have been made to investigate the effect of the
presence of notches on laminate strength [5]. The effect of these not-
ches on the global behavior of structures is an important topic because
it causes a significant reduction in strength and service life of the
composite structures. There are a variety of methods for evaluating the
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stress concentration in composite plates due to geometrical irregula-
rities. The stress distribution around openings can be evaluated by
using computational techniques, elasticity theory and experimental
stress analysis such as DIC [6]. Great efforts have been made in de-
veloping accurate analytical models to determine the stress distribution
in notched composite laminates.

One of the most powerful approaches for the analytical determi-
nation of stress distribution around geometric irregularities in an in-
finite elastic plate is Muskhelishvili complex variable approach[7].
Using this approach [7], Ukadgaonker et al. [8–10] gave stress and
moment functions for laminated composite plates with openings of
different shapes under in-plane and bending loadings. On the other
hand, more recent work on this problem using analytical methods in-
clude a work by Rao et al. [11]. The authors derived stress functions for
generalized mapping function for square and rectangular holes in
symmetric laminates under arbitrarily oriented in-plane loading using
Savin’s [12] basic solution for anisotropic plates. Moreover, an analy-
tical solution is given by Rezaeepazhand et al. [13] to study the stress
distribution of plates with different central cutout shape. The effect of
cutout geometry, material properties and fiber orientation was studied
analytically in his work. While these methods are very powerful in
solving a wide variety of notched plates problems, they are complicated
and must be reformulated for each type of far-field load; and also they
are not able to give ideas about the strength degradation, damage lo-
cations and failure mechanisms. As a consequence, great efforts have
been made in developing strength prediction models for failure analysis
of notched composite laminates with different open notch sizes.

A brief review on current fracture models for assessing the residual
strength has been given by [14,15]. Strength prediction methods are
generally based on the Point Stress Criteria (PSC) and Average Stress
Criteria (ASC) proposed by Whitney and Nuismer (WN) [16]. These
failure criteria involve two parameters, the unnotched strength σ0 and
the characteristic length d0 or a0. Whitney et al. [16] assumed that the
characteristic length is a material constant, independent of the hole
radius. It is then possible to predict the strength ratio. But if the char-
acteristic length depends on the notch radius, their [16] model needs
corrections. As a result, researchers [17–19] have made some mod-
ifications in the PSC to estimate the notched tensile strength of lami-
nates with various notch sizes. These two parameters fracture models
were first modified into a three parameters notched strength criterion
by Pipes et al. [20]. In their model, Pipes et al. assumed that the
characteristic length as a function of the hole size to reference radius,
notch sensitivity factor and exponential parameter. Kim et al. [21]
extended this model and expressed the possibility of varying the notch
sensitivity factor with the selection of the reference radius and con-
sidered the characteristic length is a function of hole diameter, spe-
cimen width, notch sensitivity factor and exponential parameter. On
the other hand, Kannan et al. [22] made some modifications in the WN
model to estimate the notched tensile strength of plates with different
notch sizes. More details on the modified fracture models used in the
current work, (Kim [21] and Kannan [22]), will be given in the next
section.

The main purpose of this study is experimental and numerical de-
termination of the influence of geometrical notch shape (circular,
square and rectangular holes) and notch size on stress concentration as
well as on strength degradation and failure mechanism in aluminum
and laminated specimens subjected to tensile load. Based on the FEM
[23], stress distribution in composite laminates is evaluated. More de-
tails on the developed finite element model used in the current work
will be given in Section 3. The specimens were manufactured from
commercially available aluminum and unidirectional E-glass and Me-
dapoxy STR resin epoxy. The complex failure mechanisms present
during the work loading stage are increased due to the presence of a
stress concentration, causing a wide range of damage and effects, such
as stress and strain gradients. The influence of initial delamination and
micro-cracks produced by drilling operation around the open notch has

been discussed. It is therefore, more desirable when performing ex-
perimental study on samples to obtain extensive full-field strain data to
get the global view of the damaged zone near to the open hole. There
have been a number of studies in the literature using full-field mea-
surements to examine the mechanical response of notched composite
structures under mechanical loading [24–27]. The optical technique of
DIC is one of the powerful methods to obtain a full-field strain data. In
this experimental work, the DIC technique [28] is used to obtain full-
field surface strain measurements in notched specimens with different
fiber orientation angles and open notch sizes, in order to show their
effects on SCF, failure strength and damage mechanisms. However, only
very few number of studies focus on the assessment of the failure me-
chanism and strength in laminated plates with square and rectangular
holes; and their relation by the stress concentration in notched com-
posite structures using DIC techniques. In the research works [29–33]
only laminated plates with circular notches were studied.

The paper is organized as follows. The work contains two main parts
with several sections. In the first part, material and specimens pre-
paration steps and different material characterization tests are ex-
plained in detail. Then, Parametric FE models are developed and the FE
formulation is given. Next to this section, stress–strain curves for not-
ched plates are given experimentally, and failure loads for different
notch shapes and sizes are also obtained and discussed in this section.
The stress and strain distributions around different notch size using
FEM are given. Also in this section, the DIC full-field strain measure-
ments are also obtained, focusing on damage initiation and failure
propagation around the central hole. The relation between the notch
shape, damage locations and the fracture mechanisms are explained in
detail. In the second part, the experimental data was used to verify the
capability of two modified stress criterion models for predicting tensile
strength for both materials under consideration.

2. Theory

To determine the notched tensile strength of a laminated plate
containing circular hole under uniaxial tensile loading, Whitney et al.
[16] suggested a two parameters model called PSC. This model is based
on the approximate function of the stress distribution adjacent to the
opening. PSC assumes that the failure occurs when the stress σy over
some characteristic length d0, away from the boundary of the dis-
continuity is equal to or greater than the tensile strength of the material
σ0

= = +σ x σ at x R d( ,0)y 0 0 (1)

where R is the hole radius. For an orthotropic plate subjected to uni-
form stress ∞σy , the normal stress σy along to the x-axis ahead of the
circular hole is expressed approximately by [34] as
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where the SCF ∞KT for an infinite plate can be written in the following
form [35]

= + − +∞K E E v E G1 2( / / )T y x yx y yx (3)

where E E v, ,x y yx and Gyx are the effective elastic moduli of the laminate.
Note that the y-axis is oriented along the loading direction, and x-axis is
oriented transverse to the loading direction. Applying the PSC model of
Eq. 1 in conjunction with Eq. 2, the strength ratio can be given as
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where σ0 is the tensile strength of unnotched specimen and ∞σNh is the
notched strength of an infinite width plate. Based on PSC model,
Whitney et al. [16] assumed that the characteristic length is a material
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constant, independent of the hole radius. It is then possible to predict
the strength ratio. But, if the characteristic length depends on the hole
radius, Whitney’s [16] model needs a correction. For predicting the
correct notched strength of the composite laminate with different notch
size, two modified stress criteria (MSC) are used. The first one is pro-
posed by Kim et al. [21] and the second is suggested by Kannan et al.
[22]. Kim et al. [21] modified the PSC model and proposed that the
characteristic length depends on the opening radius as

= ⎛
⎝

⎞
⎠

−d k R
W
2 m

0
1

(5)

In this model, d0 is a function of the open hole diameter R2 , plate
widthW, notch sensitivity factor k, and an exponential parameter m. On
the other hand, Kannan et al. [22] proposed that the relationship be-
tween the fracture parameters and the characteristic length d0 can be
given as
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In this model, the fracture parameters (kf and mf ) are to be de-
termined by a least squares fit to the data for d0 and ∞σ σ/Nh 0. Since, the
above models were formulated by assuming that the plate is of infinite
width, a comparison between the experimental data and notched
strength models requires a correction for finite width of the specimen
[35]. The notched tensile strength of an infinite plate ∞σNh is obtained by
multiplying the experimental notched strength of a finite width plate
σNh by a correction factor ∞K K/T T , and the characteristic length is de-
termined from the MSC using the normal stress distribution adjacent to
the hole in an infinite plate [36]. Here, KT and ∞KT are the SCF for finite
and infinite width orthotropic plates, which are given by [37] as
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For any material system, the constant parameters in both fracture
criteria are to be determined experimentally by testing unnotched and
notched specimens.

3. Finite element formulation

A partial differential equation is a relation between a function of
several variables and its partial derivatives. Many problems in physics,
engineering and mathematics are modeled by one or several partial
differential equations. Freefem++ [38] is a software to solve some of
these equations numerically. As its name implies, it is a free software
based on the FEM; it is not a package, it is an integrated product with its
own high level programming language. Freefem++ has an advanced
automatic mesh generator, capable of a posteriori mesh adaptation; it
has a general purpose elliptic solver interfaced with fast algorithms
such as the multi-frontal method UMFPACK, SuperLU. Hyperbolic and
parabolic problems are solved by iterative algorithms prescribed by the
user with the high level language of Freefem++. It has several trian-
gular finite elements, including discontinuous elements [38].

Elasticity solid objects deform under the action of applied forces: a
point in the solid, originally at x y z( , , ) will come to X Y Z( , , ) after some
time. The vector = = − − −u u u u X x Y y Z z( , , ) ( , , )1 2 3 is called the dis-
placement. When the displacement is small and the solid is elastic,
Hooke’s law gives a relationship between the stress tensor =σ uu σ( ) ( )ij
and the strain tensor ∊∊ = ∊ uu( ) ( )ij .

3.1. Differential or strong form of the equations of solid mechanics

The solution of an elastic static problem of solid mechanics (the
domain Ω of a solid is limited by its border Γ) is governed by partial
differential equations accompanied with the formulation of the
boundary and initial conditions [39].

• Static equilibrium (with =σ σij ji).

∂
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i
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• Constitutive law (Hook’s law)

= ∊uσ C( )ij ijkl kl (10)

• Static boundary conditions (traction imposed)

=un σ t( ) (On Γ)i ij j t (11)

• Kinematic boundary conditions (displacement imposed)

=u u (On Γ )i i u (12)

3.2. Integral or weak form of the equilibrium equations of solid mechanics

The modeling of any physical problem leads to differential equa-
tions. This differential form is called the strong form of the limit pro-
blem. The finite element method does not solve the strong form. It
addresses a mathematically equivalent form, called integral form or
weak form.

The integral form of equilibrium or the weak form is
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In Eq. 13, ∊kl are the components of the strain field, and ∊δ ij are the
components of the virtual deformation field.

3.2.1. Isotropic material
When the displacement is small and the material is isotropic, in the

stationary case the following conditions are satisfied

−∇ =uσ f( )ij i (15)

=un σ t( ) (if traction imposed)i ij j (16)

=u u (if displacement imposed)i i (17)

with

= ∇ + ∊u u uσ λδ μ( ) 2 ( )ij ij ij (18)

δij is the Kronecker delta, λ and μ are Lame’s constants that describe
the mechanical properties of the isotropic solid, and are themselves
related to the better known constants E, Young’s modulus and ν,
Poisson’s ratio as

=
+

=
+ −

μ E
ν

λ νE
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,
(1 )(1 2 ) (19)

3.2.2. Composite material
The integral form of equilibrium or the weak form is extended to

study the stress distribution in composite materials. In this formulation,
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the classical laminate theory is adopted in order to give the constitutive
relationship between the force resultants and the strains field.

By adopting the classical laminate theory, the forces N and moments
resultants M are related to the mid-surface strains ∊∊0 and to the cur-
vatures k by

= ⎡
⎣

⎤
⎦

∊{ }{ }N
M

A B
B D k

0

(20)

where [A], [B] and [D] are the extensional, coupling and bending ri-
gidity matrices, respectively, and are defined as

∫=
−

A B D Q z z dz{ , , } [ ] (1, , )T
h

h
ij k/2

/2 2
(21)

with Qij are the stiffness coefficients of a layer in the global coordinate
system x y z( , , ) of the laminate forming an angle θ with the local co-
ordinate system of the lamina. The stiffness coefficients are given by
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where =s sin θ( ) and =c cos θ( ).

4. Experimental procedure

In the following the procedure to prepare materials and specimens
from them is explained in brief. Further, the experimental procedure is
also presented in brief.

4.1. Materials and specimen preparation

During this work, specimens with different opening sizes and fiber
orientation angles were fabricated by hand lay-up method. The initial
materials were laid up by hand in 300mm wide by 500mm long plates
with various fiber orientation angles. Mold release agent is first applied
to the mold for getting a high-quality surfaces and facilitate the release
of the laminate from the metallic mold. When the agent has cured
sufficiently, the unidirectional glass fiber is manually placed on the
mold. The resin is applied by brushing. A paint roller is used to con-
solidate the laminate, thoroughly wetting the reinforcement and re-
moving the entrapped air. Subsequent layers of the unidirectional glass
fiber are added to build the required laminate thickness. The laminates
were preserved at room temperature for more than 7 days. The speci-
mens were made of 4-ply unidirectional (UD) E-Glass/Epoxy lamina.
The thickness of individual ply is 0.5mm. The initial materials, E-glass
fiber 400 g/m2 and Medapoxy STR resin epoxy with a density of 1.15 g/
cm3 and a hardener with a density of 1.02 g/cm3, used in the

manufacturing of the specimens, were purchased from SF composites
(France).

The completed laminates have been checked to ensure good quality
without defects and then cut into specimens with a total length of
L=250mm, a width ofW=25mm, using a dedicated cutting machine
with a diamond-coated blade. To create circular holes at the center of
specimens, different sizes of drills were used. In order to limit the ef-
fects of delamination around the openings caused by the drilling pro-
cess, wood en plates under the specimens and a drill machine with a
speed of 2300 rad/min, were used to ensure that all the notched spe-
cimens had holes in similar conditions. Different sizes of drill, including
(0 ’un-notched’, 2.5, 5, 7.5, 10, and 12.5 mm) were used to obtain
different diameter to width D W( / ) ratios. A circular hole is machined
by initially drilling a starter hole of smaller diameter, and then carefully
enlarging it to its final dimensions by incremental drilling. On the other
hand, the following procedure is followed to create various sizes of
square (4×4, 6×6, 8× 8 and 10×10mm2) and rectangular (4×8,
6×12 and 8×16mm2) notches at the center of laminated specimens.
The first step is to make a transparent paper and fixing it onto the la-
minated plate using adhesive tape. The transparent paper shows the 4
corners as well as the center of the rectangle. A needle is used to mark
the center locations on the laminated plates. A straight edge and the
needle are used to connect the 4 points. Initially, 1 mm diameter drill is
used for creating the initial holes at the 4 points and the center. Starting
with a small diameter drill improves the accuracy of the location of the
hole. Then, using a drill of sufficient diameter, a bigger hole centered at
the initial hole is created just to reach the edges of the square/rectangle.
The small drill is also used to remove the extra material inside the
square/rectangle and to get the edges of the hole closer to the drawing
lines. The finishing work will be done using a flat file to get straight
edges. The specimen surfaces were scrubbed and were cleaned thor-
oughly to remove the dirt. Before the testing, the DIC specimens were
prepared and covered using a black paint and sprayed with a white
aerosol to create a random speckle pattern, which was used for the DIC
analysis, (see Fig. 1).

In-plane mechanical properties were measured by following
ASTMD3039 [40] and ASTMD3518 [41] for tensile and shear proper-
ties, respectively. The tensile properties of the specimens, such as la-
minate Young’s modulus E E,1 2, Poisson’s ratio v12 and unnotched
strength were measured by static tension testing of longitudinal [0]4
and transverse [90]4 unidirectional specimens under normal environ-
ment conditions (temperature 24±2.5 °C, humidity 45±5%). The
shear modulus of the laminate was determined by loading the laminate
specimens whose principal axes are on 45°. Four identical specimens
were used in the material characterization tests. In addition, in order to
get ideas about the fiber orientation effect on stress distribution and
SCF values, plates with different fiber orientation angles (0°, 45°, −45°
and 90°) were manufactured and circular hole with D=4mm was
chosen to limit the hole size effect and the plate can be considered as

Fig. 1. Specimens with different open notches shapes and sizes (a) circular holes and (b) square holes.
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infinite.
As isotropic specimens, aluminum plates were prepared; and the

same dimensions (250 × 25×2mm3) and different opening sizes
were considered. A typical strain rate for standard test samples is about
0.5 min−1 for each family of test.

Remark: For DIC measurements only one surface of the specimen is
painted. The thickness of the paint must be very small compared to the
thickness of the specimens; otherwise the paint later will have effect on
overall deformation pattern of the laminate (due to unsymmetry) being
tested. Thus, ideally both surfaces must be painted. However, in the
present study only one surface is painted with very thin layer and
therefore, its effect on overall deformation is neglected.

Remark: Delamination is one of the main defects that we can ob-
serve during the drilling of laminated plates and can be an important
limiting factor for the use of composite materials. This is because the
drilling process causes micro-cracks and these cracks are the origin of
the high stress concentrations. It has been observed that the lower
cutting speed can minimize delamination and lead to a better notched
surface. Also, wood en plate under the specimens is used in order to
limit the effects of delamination around the openings caused by the
drilling process. On the other hand, it has been observed that the de-
lamination zone and the broken fibers around the notches using 2.5, 5,
7.5 mm drills are less compared to 10 and 12.5mm drills.

4.2. Experimental setup

A universal testing machine (INSTRON-5969) was used to conduct
the tests on the laminates as well as the aluminum specimens. A high
precision load cell with a capacity of 10 kN is used for recording the
load. The ends of the specimens were carefully mounted in the wedge
grips of the machine to make sure that the specimen is aligned and
centered. The specimens were loaded in tension to failure at a crosshead
strain rate of 0.5 min−1 to ensure steady deformation and recorded
easily. When loading, the whole test process was carefully recorded by
the force/displacement curves and final damage pictures were obtained
using manual photographing. The specimen was illuminated by or-
dinary white light during the experiment. High resolution images
during the loading event were taken using a digital camera using an
appropriate speckle pattern. The experimental data obtained in this
study were processed with open source 2D-DIC software[28]. Elastic
deformations around the notch were evaluated using DIC method,
which basically captures successive pictures throughout the load ap-
plication period, thus assessing the continuous change in the specimen’s
surface around the notch caused by the elastic deformation. So, DIC
involves comparing images of an object before and after its deformation
and presenting the relevant information thus obtained in the form of
pixels, which can then be converted into metric units such as necessary
[42]. Fig. 2 shows the experimental test setup and a typical example of
the random pattern on the surface of specimen produced by spraying
paint.

To perform DIC experiments, three identical specimens were used
and the results are averaged, because it is very difficult to generate a
suitable pattern with manual paint. This procedure was repeated for all
opening size and fiber orientation angles to obtain correct stress con-
centration to eliminate the error due to the speckle pattern.

5. Finite element modeling

In this study, 2D FEA was carried out using the open source FE
software Freefem++ [38] with quadratic triangular element (P2), as
show in Fig. 3. As it was known, 2D models have the advantage of high
efficiency and less time consuming. On other hand, it is also preferable
to use open source finite element modeling technique. Freefem++ is a
software to solve partial differential equations numerically. The FE
models of all groups of specimens, including circular holes (with dif-
ferent cutout size and different fiber orientation angles) as well as plates

with square and rectangular notches (with different sizes as mentioned
above) are created and the stress distribution around the openings is
obtained. The elastic orthotropic properties used in this investigation
will be given in the next section. Furthermore, in view of the rapid
change in the stress field near the hole, a higher mesh density with
smaller elements is adopted and coarse meshes far from the notched
region are used. A convergence study is carried out to obtain initial
appropriate mesh in the open notch zone. Then automatic parametric
program was developed changing the open hole size, the fiber or-
ientation angle and the mesh refinement, because if we keep the same
number of elements around the cutout boundary, the stress distribution
will be affected changing the hole size. The initial element numbers
around the circular hole are 30 and 5 elements will add to the previous
element number for each iteration. For plates with square and rectan-
gular notches, the initial element number on each side of the notch is 60
and 10 elements will add for each iteration. The radius of the circular
corner is 0.5 mm (similar to the experimental models) and it divided to
20 elements. In the analyses, the nodes on the bottom end B are fully
restrained for all displacement (u v, ), while the nodes on the top end A
were loaded (10MPa).

6. Results and discussion

6.1. Experimental unnotched tensile proprieties

The performed experimental tests aimed to evaluate the tensile
strength of unnotched/notched specimens and determine the strain
distribution in laminated plates containing different notch sizes in order
to calculate the stress state. The results obtained from the longitudinal
tension tests, for both materials under consideration, are summarized in
Table 1. Figs. 4–7 show typical stress–strain curves for four unnotched
aluminum and laminate specimens used for material characterization.
The following were observations for the longitudinal tension tests.

(a) It can be seen from the figures that the curves, for each family of
test, have identical behavior and the curves almost overlap each
other.

(b) The stress–strain curves for aluminum and composite materials
used in this study were practically superposed in the elastic region.

(c) There are three distinct regions in the behavior of both materials;
the first is the initial elastic region where the behavior is essentially
linear up to the (LP) point (end of the linear part of the curve). This
linear elastic phase is characterized by the elastic modulus.
Following this part, the curves lose relatively its linearity and start
of damage, and the third one with a nonlinear increase of tensile
stress with longitudinal strain up to a final rupture (final damage).

(d) Composite material shows an elbow at the end of the elastic region
(LP) which can be related to an earlier fiber breakage initiation or
pulling-out of fibers happened at end of the linear loading stage
resulted from the poor fiber–matrix interfacial strength of these
laminates.

(e) The failure positions of the most specimens were near the center.
Then as expected, the damage mechanism was following the fibers
direction. Some specimens were clearly failed in the end of the
grips. Each family of specimens test has practically the same
strength and the averaged values could be accepted as an approx-
imation of the true material strength. The average values of the
tensile strength for four unnotched composite plates are 576.92,
82.01, 37.37MPa for [0]4, [45]4 , [90]4 laminates, respectively.
The tensile strength for aluminum specimens is 160.9 MPa. The
longitudinal strength of composite material is 3.6 times greater
than the aluminum, but the transverse strength is reduced.

6.2. Experimental notched tensile strength degradation

The tensile strength results for the unnotched and notched
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longitudinal [0]4 laminate specimens as well as for plates with different
fiber orientation angles are shown in Figs. 8–11. The strength de-
gradation of composite laminate was subsequently compared to that of
aluminum specimens. Fig. 8 shows the stress-stain curves obtained
experimentally and one can clearly see that the degradation of strength
values was related to the circular notch diameter. The ultimate strength
values varies greatly with the hole size, and the laminate strength de-
creases as the hole size increases. The same behavior is also shown for
plates containing square (Fig. 9) and rectangular (Fig. 10) notches.
From the stress–strain curves shown in the Figs. 8–10, it is noticed that
plates with different shape and size of notches showed practically the
same slope reduction compared to unnotched plates. This means that
the Young’s modulus degradation for the perforated plates is relatively
the same. In addition, all the notched specimens showed a nonlinear
elbow at the end of the elastic region which can be related to an earlier
fiber damage initiation. Accordingly, the nonlinearity of the perforated
specimens is mainly associated with the fiber damage, delamination

Fig. 2. Experimental setup for DIC testing.

Fig. 3. Final mesh pattern of the specimen with open holes (a) square hole (b) rectangular
hole and (c) circular hole.

Table 1
Material properties.

Materials Elastic properties Thickness

E1 (GPa) E2 (GPa) G12 (GPa) v12 h (mm)

Isotropic 23.15 23.15 9.04 0.28 2± 0.2
E-Glass/Epoxy 22.54 10.94 3.54 0.30 2± 0.3

Fig. 4. Typical stress–strain curves for aluminum specimens.

Fig. 5. Typical stress–strain curves for [0]4 laminates.
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and pulling-out of fibers that take place in the vicinity of the hole.
Remark: As mentioned earlier, for each shape family, the stress–-

strain curves have identical behavior and the curves almost overlap
each other. This is because that the recorded strain is the far field one.
So, the strain will not affect much by the notch size and the recorded

strain values will not change relatively during the loading process. For
this reason, DIC investigation will be carried out to calculate the strain
field around the notch and also to determine the notch size effect on the
strain distribution.

Fig. 11 compares the strength degradation of specimens with var-
ious fiber orientation angle of perforated composite plates with open
hole diameter equal to 4mm. This notch diameter was chosen to limit
the hole size effect and the plate can be considered as infinite. As shown
in Fig. 11, the strength degradation was lowest for [45]4, and the
strength degradation of [90]4 was smaller than that of [0]4. In these
tests, the reason that the [0]4 specimen exhibited more strength de-
gradation during tensile loading than other fiber orientation angle is
probably associated with the stress concentration effect. As the fibers
are the major load carrying constituents, in [0]4 specimen more fibers
are cut that carry the load. Therefore, it results a significant strength
degradation. A similar justification can be given for [45]4 and [90]4
specimens. For a better understanding of the strength degradation, an
in-depth study on strain and stress distributions will be given in the next
section.

Fig. 12 summarizes the experimental data for composite laminate
with circular notches for comparison with aluminum specimens. It can
be seen from this figure that the degradation of strength was strongly
related to the material properties and the size of the open hole. It turned
out that as the open hole diameters increased from 2.5 to 12.5mm, the
strength ratio steadily decreased from 0.753 to 0.361 and from 0.521 to
0.314 for laminate and aluminum plates, respectively. The strength
degradation of composite material was smaller than that aluminum.
More details on the strength behavior using the analytical models will
be given in the Section 7 for both composite and aluminum materials.
On the other hand, Fig. 13 shows comparison of the tensile strength
ratio for the laminated plates with different shape and notch sizes. The
strength ratios for plates with rectangular notches are greater than
those for square notches.

6.3. Open hole stress distribution

As discussed earlier, the DIC technique was used to obtain the strain
fields developed in aluminum plates, composite specimens with various
fiber orientation angles (0°, 90° and±45°) as well as in specimens with
different notch sizes loaded in tension at a rate of 0.5 mm/min. It is
shown in Section 4.2 that the technique provides quantitative in-
formation that can be used to identify the stress distribution and pos-
sible damage zones. A speckle pattern was applied manually on the
specimen surface. As the quality of the speckle pattern affects the strain
distribution it needs to be carefully dropped. The correlation subset size
was large enough to ensure that there was a sufficiently distinctive
pattern contained in the area used for correlation. In order to calculate
the SCF around the zone of discontinuities, the stress–strain relation-
ship was used for planar composite structures. Four fiber orientation
angles are chosen to validate the FE models with the experimental and
approximate analytical solution. DIC technique measurements were
carried out in all the samples. The SCF results tabulated in Table 2, are
actually the average of three values obtained for each specimen. It can
be seen that the FE outputs are in good agreement with both approx-
imate analytical and experimental results, and the difference between
them is considered insignificant. However, an important difference can
be noted comparing experimental findings with FEM and analytical
solution for composite laminate when = °θ 90 . So, it is important to
realize that the experimental measurements consider the real de-
formation of the composite specimens, and it is very difficult to gen-
erate a suitable pattern for all the specimens with manual paint. On the
other hand, it can be concluded that the stress concentration phe-
nomena explain the strength degradation in specimens with different
fiber orientation angle. It turned out that the strength load decreases as
the stress concentration increases.

The validity of Eq. 2, multiplied by the correction factor ∞K K/T T , is

Fig. 6. Typical stress–strain curves for [45]4 laminates.

Fig. 7. Typical stress–strain curves for [90]4 laminates.

Fig. 8. Comparison of the stress–strain curve for unnotched and notched specimens with
various hole diameters.
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verified in Figs. 15 and 14 by comparing the stress distribution obtained
analytically with the FEA results of the notched laminates as well as
aluminum specimens with different circular notch sizes under tensile
load.

It can be seen from the figures that for both materials, with the

increase of the circular notch diameter, the stress increases in a non-
linear manner. Moreover, at and near the hole edge, the analytical re-
sults are very close to the FEM, and further away from the hole, the
analytical results differ very much from the FEM except for plates with
a hole diameter less than or equal to 5mm, which simulates the results
of a hole in an infinite width plate. It should be noted that the ap-
proximate analytical solution multiplied by the correction factor may
not be accurate enough for large notch size (more than 5mm in our
study, =D W/ 0.2), for comparisons with FE calculations that give ac-
curate stresses at nodal points.

In addition to the stress curves given for circular holes, laminated
plates with no-circular notches are analyzed to study the influence of
the hole shape effect on the stress distributions. There are two sets of
numerical results, one for square notches and the second for rectangular

Fig. 9. Comparison of the stress–strain curve for unnotched and notched specimens with
various square holes.

Fig. 10. Comparison of the stress–strain curve for unnotched and notched specimens with
various rectangular hole.

Fig. 11. Comparison of the tensile strength for unnotched and notched specimens with
various fiber orientations.

Fig. 12. Comparison of the tensile strength ratio for composite and aluminum unnotched
and notched specimens with various hole diameter.

Fig. 13. Comparison of the tensile strength ratio for composite unnotched and notched
specimens with different shape holes.

Table 2
SCF for plates with different fiber orientation angles under tensile load.

Materials Fiber Orientation Analytical FEM Experimental

Aluminum – 3.000 3.117 3.695
E-Glass/Epoxy 0° 3.939 4.047 4.224

45° 2.827 2.776 3.184
−45° 2.827 2.776 3.358
90° 3.047 3.151 1.655
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holes. The results are plotted by solid and dashed lines in Fig. 16, re-
spectively. FE stresses on and near the notch boundary and in the far
field along x-axis are plotted for specimens with various notch sizes.
From the Fig. 16, it is clearly seen that with the increase of the notch

size, the stress increases in a linear manner. Laminated plates with
rectangular notches have lower stress compared to square notches. This
means that the increase of the square hole side, parallel to the applied
load, will lead to the minimization of maximum stress by smoothing the
stress distribution. Moreover, the stress is relatively equal to 0 on the
left side of the right top corner. Then it can be seen the stress jumping
from 0 to a maximum value. Further, away from the notch corner, the
stress is slightly reduced till it reaches the applied load far away from
the hole.

6.4. Open hole DIC strain fields

6.4.1. Strain distributions around circular holes
The strain fields obtained by the DIC technique as well as the final

catastrophic failure observed for different open notch size are shown in
Figs. 17–22. In order to validate the DIC measurements, the experi-
mental strain distribution have been compared to the FE output results.
Fig. 17–22 show the three in-plane strain fields (∊yy (load direction), ∊xx
(transverse direction) and ∊xy) in the cutout region obtained by DIC and
FEA output under elastic applied load. The results show very high lo-
calized strains at the opening boundary. The strain concentration zone
increases as the notch size increases. This phenomenon explains the
increase of the SCF and the damage zone observed in the previous
section.

Figs. 17 and 18 show the DIC and FEA results in terms of en-
gineering strain plots ∊ ∊,xx yy and ∊xy for laminate plate with open notch
diameters equal to 5 and 7.5mm, respectively. As shown in these fig-
ures, the ∊yy strain is concentrated on two points located at± 90° re-
specting the load direction (∊ = × −1.91 10yy

3 for D=7.5mm) and fiber
breakage would be expected at this strain level, which is not captured
by DIC technique. The ∊xy strain distribution although relatively low, in

Fig. 14. Comparison of the analytical/FEM stress distributions for aluminum specimens
with various hole diameters.

Fig. 15. Comparison of the analytical/FEM stress distributions for laminated specimens
with various hole diameters.

Fig. 16. FEM stress distributions for laminated specimens with rectangle and square
notches.

Fig. 17. FEA and DIC engineering strain fields for [0]4 notched laminate (D=5mm); (a)
∊xx , (b) ∊yy and (c) ∊xy distributions.

A. Khechai et al. Composite Structures 185 (2018) 699–715

707



combination with high longitudinal strain ∊yy, introduces damage in the
form of longitudinal splitting as shown in the final failure picture of
Fig. 19.

Fig. 19 shows a typical local view of region around the notches and
describes the main damage of laminated specimens, showing cracks,
fiber breakages and splitting bounds. All these damages initiated firstly
from the notch edge. The main damage mechanism observed in the
laminates was first initiation of damage at± 90° respecting the load
direction. Then the damage mechanism was splitting at the cutout
boundary along the fibers direction and parallel to the loading axis.
Fig. 19 shows the final catastrophic failure of a [0]4 notched specimen

with holes of D=5 and 7.5mm. For laminated specimens with hole
diameter less than 7.5 mm, the open hole has completely been isolated
by 0° splits respecting the load direction and the specimen behaves like
the one with no hole. The damage here acts as a ‘crack stopper’ leading
to a notch insensitive behavior of the composite laminate. This ob-
servation is consistent with the results given in [2].

Figs. 20 and 21 depict the DIC and the FEA results in terms of en-
gineering strain plots for open notch laminate with opening diameter
equal to 10 and 12.5mm, respectively. The longitudinal strain values
increase as the notch size increase and the maximum value of ∊yy esti-
mated by the DIC is approximately × −2.1 10 3 for D=12.5mm. For
plates with large open notch diameters, both fiber breakage and fi-
ber–matrix interface failure are expected to occur at this strain level.
The results show very high localized ∊yy strain near the hole, con-
centrated on two points located at± 90° respecting the load direction
and creating the first damage locations.

In Fig. 22, the behavior of the D=10 and 12.5mm notched spe-
cimens is presented. The final failure occurs at an applied stress of
274.86 and 204.59MPa, respectively. In this case also, damage in-
itiated firstly from the notches edges and high normal strain generated
here. For specimens with open hole diameter greater than 7.5mm, the
main damage mechanism observed in the specimens was a first initia-
tion of damage at± 90°. As loading increased, these small damage
regions started to propagate along fiber direction. When growing big
enough, the damage zone around the notch region will be extensive.
The failure mechanism was mixed between transverse cracking and
splitting at the cutout boundary along the transverse-longitudinal di-
rections, respectively. Other specimens have a fracture surface almost
perpendicular to the loading axis. This failure mechanism can be ex-
plained by the edge effect and the high localized strain/stress con-
centration. This causes 90° transverse cracks near the hole region while
the shear strain ∊xy drive axial splits, parallel to the loading axis.

Fig. 18. FEA and DIC engineering strain fields for [0]4 notched laminate (D=7.5mm);
(a) ∊xx , (b) ∊yy and (c) ∊xy distributions.

Fig. 19. Final failure of a [0]4 laminate notched specimens (D=5 and 7.5 mm).

Fig. 20. FEA and DIC engineering strain fields for [0]4 notched laminate (D=10mm);
(a) ∊xx , (b) ∊yy and (c) ∊xy distributions.
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6.4.2. Strain distributions around square and rectangular holes
To clarify the effect of square and rectangular notch sizes on the

strain distribution and failure mechanism, it is again useful to use the
DIC technique in this investigation. Strain distributions at and near the
notch boundary and in the far field along the horizontal and vertical
axes are given in Fig. 23–28. In this case also, the experimental strain
distributions have been compared to the FE output results to validate
the DIC measurements. [0]4 plates with rounded square and rectangular
holes were subjected to far-field load and the strain concentration at the
corners is of interest. It is noted that in this kind of notches, one can

focus only on the strain concentration at the corner of the hole, because
these corners are the locations of cracks and fracture initiations. The
above mentioned figures show the three in-plane strain fields (∊ ∊,yy xx
and ∊xy) in the cutout region obtained by DIC and FEA outputs. Once
these strains are calculated, the stress–strain relationship for planar
composite structures is used to find the stress concentration. In the
following, the accuracy and applicability of the DIC technique and FE
models are examined through a series of examples. The first two ex-
amples are plates with square holes of 4× 4 and 6× 6mm2 sizes with
rounded corners.

It can be seen that the FE models can produce good results for the
strain or stress concentration. The results show very high localized
strains at the notch corners. The strain field is dominated by the strain
patterns associated with the nearby corner, and the strain patterns from
neighboring corners are of negligible magnitudes. On the other hand,
the strain concentration zone increases as the notch size increase.
Furthermore, as shown in these figures, the ∊yy strain is concentrated on
the four corners × −(2.3 10 )3 for ( × = ×a a 6 6 mm2) and fiber
breakage would be expected at this strain level. The ∊xy strain dis-
tribution although relatively low, in combination with high long-
itudinal strain ∊yy, introduces damage in the form of longitudinal
splitting as shown in the final failure picture (see Fig. 25).

Fig. 25 shows a typical local view of region around the square
notches and describes the main damage of laminated specimens,
showing fiber breakages and splitting bounds. The main damage me-
chanism observed in laminates with 4× 4 and 6×6mm2 square not-
ches was a first initiation of damage at two opposite corners. As the
loading increased, the damage was splitting at the cutout boundary
along the fibers direction parallel to the loading axis. Fig. 25 shows the

Fig. 21. FEA and DIC engineering strain fields for [0]4 notched laminate (D=12.5mm);
(a) ∊xx , (b) ∊yy and (c) ∊xy distributions.

Fig. 22. Final failure of a [0]4 laminate notched specimens (D=10 and 12.5 mm).

Fig. 23. FEA and DIC engineering strain fields for [0]4 notched laminate (4× 4mm2); (a)
∊xx , (b) ∊yy and (c) ∊xy distributions.
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final failure mode of a [0]4 notched specimen. The end result is that for
laminated specimens with square hole length less than 6mm, the
square notch has completely been isolated by 0° splits respecting the
load direction.

The second examples are similar to the first except that the square

notch lengths are × = ×a a 8 8 and 10×10mm2. The engineering
strain distributions obtained using the DIC experiments and the FEM
are plotted in Figs. 26 and 27. The comparison of the obtained results is
very similar to the comparison given for the Figs. 23 and 24. The main
difference is that for larger square holes, the fracture path is different
compared to the first cases, as we will discuss in the following. This is
because of the edge notch effect. Moreover, the longitudinal strain
values increase as the notch size increases and the maximum value of
∊yy estimated by the FEM is approximately × −2.8 10 3 for ×10 10 mm2

square hole. For plates with large square notch, both fiber breakage and
fiber–matrix interface failure are expected to occur at this strain level.
The results show very high localized ∊yy strain concentrated on four
points located at the corners creating the first damage locations as
shown in Fig. 28.

In Fig. 28, the fracture behavior of the a× a=8×8 and
10× 10mm2 notched specimens is presented. The final failure occurs
at an applied stress of 307.32 and 282.83MPa, respectively. For spe-
cimens with square hole length greater than 6mm, the main damage
mechanism observed in the specimens was a first initiation of damage
at two opposite corners. As loading increased, these small damage re-
gions tried to propagate along fiber direction. When growing big en-
ough, they became the splitting bands towards the free edge. Extensive
damage area around the free edge on the cross line of the notch gen-
erated delaminations along fiber direction ( × = ×a a 10 10 mm2). The
final failure mechanism was mixed with transverse cracking and split-
ting at the cutout boundary along the transverse-longitudinal direc-
tions, respectively. Other specimens have a fracture surface almost
perpendicular to the loading axis. The final failure mechanism can be
explained by the edge effect, fiber breakages happened in some weak

Fig. 24. FEA and DIC engineering strain fields for [0]4 notched laminate (6×6mm2); (a)
∊xx , (b) ∊yy and (c) ∊xy distributions.

Fig. 25. Final failure of a [0]4 laminate notched specimens ( × = ×a a 4 4 and
× = ×a a 6 6 mm2).

Fig. 26. FEA and DIC engineering strain fields for [0]4 notched laminate (8× 8mm2); (a)
∊xx , (b) ∊yy and (c) ∊xy distributions.
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regions and the high localized strain–stress concentration causes
transverse cracks near the hole region while the shear strain ∊xy drive
delamination and axial splits, parallel to the loading axis.

For the next three examples, laminated plate with rectangular

openings with rounded corners shown in Figs. 29–31 are analyzed. The
strain distributions are plotted in the same manner as in the preceding
cases. The results for these cases are similar to those obtained for square
notches. Again it can be seen that the FEM can provide good results for
these examples. Moreover, the strain concentration in these cases are
less compared to those obtained for square notches with the same lower
length and radii curvature. This means that the increase of the square
hole side, parallel to the applied load, will lead to the minimization of
maximum strain by smoothing the strain distribution. In these cases
again, the fracture locations (see Fig. 32) are clearly seen at the corners
of the rectangular notches. The final failure loads are 377.16, 361.66
and 315.26MPa for × = × ×a b 4 8,6 12 and 8× 16mm2, respec-
tively.

The SCF obtained using FEM and DIC are summarized in Table 3.
Compared to experimental data, the accuracy of the numerical results is
within 18%. The DIC technique remains more practical in these kind of
problems (notch with corners), because the strain analysis of plates
with square and rectangular notches with small radii of curvature is far
more computationally challenging than cases where the radii are large.
At very small radii of curvature, the FEA would be unable to produce
very accurate strain–stress results at the notch corners. To obtain very
accurate strain results at such small radii, adaptive fine meshes are
needed in the FEA. However, The FEM remains practical because
compared to experimental findings the accuracy of the obtained results
are within 18%.

7. Experimental and analytical open hole tensile strength

The characteristic length d0 is estimated from Eq. 4 using the ex-
perimental tensile strengths of the unnotched and notched specimens,

Fig. 27. FEA and DIC engineering strain fields for [0]4 notched laminate (10×10mm2);
(a) ∊xx , (b) ∊yy and (c) ∊xy distributions.

Fig. 28. Final failure of a [0]4 laminate notched specimens ( × = ×a a 8 8 and
× = ×a a 10 10 mm2).

Fig. 29. FEA and DIC engineering strain fields for [0]4 notched laminate (4× 8mm2); (a)
∊xx , (b) ∊yy and (c) ∊xy distributions.
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the width of the specimens and the notch radius. As discussed earlier,
the notched strength ∞σNh is obtained from the experimental notched
strength multiplied by the correction factor ∞K K/T T . The characteristic
length, for both composite and aluminum materials, can be obtained
from Eq. 4 using the Newton–Raphson iterative scheme [43]. Table 4
and 5 present the SCF obtained by the analytical solution, FEA output
and the DIC technique as well as the tensile strength of notched spe-
cimens and the characteristic length. It can be seen from these results
that the SCF and the characteristic length increases and the notched
strength decreases with increase in the notch diameter. The increase in
strain concentration and damage zone observed in the final failure
pictures explain clearly the increase in characteristic length. Compar-
ison of experimental data [17,21,44–47] has also shown that char-
acteristic lengths are material and hole size dependent [22]. This calls
for using the modification of point stress criterion models proposed by
Kim et al. [21] and Kannan et al. [22] to predict the notched tensile
strength. In Kim et al. [21] and Kannan et al. [22] models, the tensile
fracture parameters (k m, ) and (k m,f f ) in Eqs. 5 and 6 are to be de-
termined using the experimental data for both equations, =d f R W(2 / )0

and = ∞σ πd k f σ σ/ ( / )f Nh0 0 0 , respectively. These parameters are to be
determined by least square curves fit to the data (see Fig. 33–36). Two
notched specimen tests in addition to an un-notched specimen test are
required. In this experimental investigation, more tests are performed
to take into account the scatter in test results.

The values of the fracture parameters calculated form the experi-
mental results, for both aluminum and composite materials, are sum-
marized in Table 6. Now, the tensile strengths σNh using Kim’s model
can be predicted using the following equation

Fig. 30. FEA and DIC engineering strain fields for [0]4 notched laminate (6×12mm2);
(a) ∊xx , (b) ∊yy and (c) ∊xy distributions. Fig. 31. FEA and DIC engineering strain fields for [0]4 notched laminate (8× 16mm2);

(a) ∊xx , (b) ∊yy and (c) ∊xy distributions.

Fig. 32. Final failure of a [0]4 laminate notched specimens ( × = × ×a b 4 8,6 12 and
8×16mm2).

Table 3
Experimental and numerical SCF for composite material with different shape notches.

Circular notch Square notch Rectangular notch

D (mm) FEM DIC ×a a (mm2) FEM DIC ×a b
(mm2)

FEM DIC

2.5 3.756 4.114 4×4 4.682 5.721 4×8 4.399 5.212
5 3.937 4.025 6×6 5.313 5.956 6×12 4.946 5.676
7.5 4.194 4.799 8×8 5.917 7.032 8×16 5.442 6.086
10 4.601 5.072 10×10 6.551 7.229 – – –
12.5 5.213 5.122 – – – – – –
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On the other hand, the tensile strength is obtained based on
Kannan’s model by using Eq. 6 in Eq. 5 for eliminating the characteristic
length d0. The nonlinear fracture strength equations are solved using
the Newton–Raphson iterative method to obtain the notched strength

∞σNh of the infinite plate for the specified notch size. The notched
strength σNh of the finite width specimen is then obtained by dividing

∞σNh with the correction factor. Table 7 and 8 give the notched tensile
strength of open hole composite and aluminum plates from the mod-
ified point stress models. The notched tensile strength estimates, by
both models, are found to be within 17% of test results.

Remark: As mentioned in Kannan et al. [22], whenever mf is found
to be greater than unity, the parameter mf has to be truncated to 1 by
suitably modifying the parameter kf with the fracture data. In our
study, the aluminum material has mf =1.314. Based on Kannan et al.
[22] remark, the parameter mf is truncated to 1.0 and the new kf is
equal to 28.989.

Table 4
SCF and notch strength results for composite material.

SCF Fracture strength Charac.
length

R W2 / Analytical
solution

FEM Test σNh (MPa) ∞σNh (MPa) ∞σ σ/Nh 0 d0 (mm)

0.1 3.981 3.756 4.114 427.570 432.151 0.761 0.847
0.2 4.122 3.937 4.025 353.541 369.928 0.652 1.039
0.3 4.384 4.194 4.799 314.932 350.540 0.618 1.347
0.4 4.801 4.601 5.072 274.861 334.991 0.590 1.595
0.5 5.428 5.213 5.122 204.590 281.960 0.497 1.304

Table 5
SCF and notch strength results for aluminum material.

SCF Fracture strength Charac.
length

R W2 / Analytical
solution

FEM Test σNh (MPa) ∞σNh (MPa) ∞σ σ/Nh 0 d0 (mm)

0.1 3.023 3.004 3.272 83.751 84.648 0.527 0.330
0.2 3.140 3.131 3.648 79.850 83.578 0.520 0.633
0.3 3.347 3.358 3.716 70.380 78.523 0.489 0.778
0.4 3.693 3.732 4.338 65.572 80.722 0.502 1.139
0.5 4.250 4.330 4.766 50.401 71.399 0.444 0.901

Fig. 33. Values of characteristic length according to R W2 / for laminate specimens.

Fig. 34. The critical stress intensity factor according to the strength ratio for laminate
specimens.

Fig. 35. Values of characteristic length according to R W2 / for aluminum specimens.

Fig. 36. The critical stress intensity factor according to the strength ratio for aluminum
specimens.

Table 6
Tensile fracture parameters for composite and aluminum materials.

Materials Fracture parameters

σ0 (MPa) k m kf (MPa m ) mf

Aluminum 160.91 0.557 0.703 22.081 1.314
E-Glass/Epoxy 576.92 0.522 0.319 55.499 0.592

Table 7
Comparison of notched tensile strength estimates with test data for laminate specimens.

Fracture strength σNh (MPa)

R W2 / SCF Test Model 1 Relative error
in %

Model 2 Relative error
in %

0.1 3.981 427.571 429.003 0.336 434.186 1.548
0.2 4.122 353.540 359.838 1.782 362.284 2.474
0.3 4.384 314.930 306.807 −2.578 307.073 −2.494
0.4 4.801 274.862 260.171 −5.345 258.684 −5.886
0.5 5.428 204.591 216.881 6.008 214.176 4.686
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8. Conclusion

In the present work, digital image correlation (DIC) technique was
used for the assessment of strain–stress distributions and failure me-
chanisms taking place in aluminum as well as in composite laminates
with various notch shapes and sizes loaded in tension. Laminated plates
with circular, square and rectangular notches were used in this in-
vestigation. In addition, approximate analytical solution and FEM were
also used to validate the experimental results and investigate the tensile
strength degradation in specimens with different open hole sizes and
fiber orientation angles. The DIC technique was successfully applied to
determine the surface strains and relate to possible failure mechanisms
that could occur in different specimens. The key points that can be
concluded from this study are:

• The failure of the specimens was dominated by strain concentration
and fiber breakage due to weak notch region and hole edge effect.
Strain measurements and SCF, for various circular notch sizes, were
compared to approximate analytical solution with a good agree-
ment. The high localized strains identified by the DIC technique
were also in agreement with the final observed damage mechanism.

• It has been shown that tensile strength degradation and final da-
mage mechanism that appear after final failure are depending on
hole shape, open notch size, fiber orientation angle and stress dis-
tribution. It can be seen that the SCF and the damage zone increase
and the notched strength decreases with increase in the notch size.

• Moreover, the stress concentration around rectangular notches are
less compared to those obtained for square notches with the same
lower length and radii curvature (for example, The SCF is equal to
5.721 and 5.212 for × = ×a b 4 8 and × = ×a a 4 4 mm2, respec-
tively). As a consequence, the ultimate strength loads are greater
(7% greater compared to square notch). This means that the in-
crease of the square hole side, parallel to the applied load, will lead
to the minimization of maximum strain by smoothing the strain
distribution and lead also to the maximization of the ultimate load.

• The fiber breakage and the crack propagation, after final failure,
coincide with the high strains developed around the hole region and
successfully captured by DIC. Similar success was also achieved in
the stress distribution assessment where parametric study models
were developed for aluminum and laminated notched specimens
under tensile loading and the DIC full-field strain measurements
were in good agreement with FE results.

• In the second part of this study, the experimental data was used to
verify the capability of two modified stress criteria models for pre-
dicting tensile strength. It is shown that the modified models are
able to predict tensile strengths of notched samples that display
different strain gradients. Compared to experimental data, the ac-
curacy of the predicted strength is within 17%.
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