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Abstract

The presence of open holes changes the behaviour of composite laminates when subjected
to mechanical loads creating critical zones with a high probability of interlaminar and
intralaminar damage initiation. While open holes in composite laminates are a requirement
in many situations such as assembly needs, wiring, and maintenance access, their influence
on the impact response of composite laminates is still poorly understood. In this paper,
a numerical study was performed on Carbon Fibre Reinforced Polymer (CFRP) compos-
ite laminates with open holes subjected to low velocity impacts. The influence of the dis-
tance between open holes to impact origin, hole diameter, and the number of open holes on
mechanical response and failure was studied using a FE model based on the inter-fibre fail-
ure criterion of Cuntze to account for the progressive intralaminar failure. The interlaminar
failure was considered by using zero thickness cohesive elements based on the cohesive
zone model. The results showed that i) open holes change the shape and size of the dam-
age caused by low velocity impact and ii) that the presence of an open hole close to the
impact origin in-plane spread of damage is stopped resulting in more severe damage and
a smaller projected damage area compared to the control specimen. In addition, the pres-
ence of open holes in most cases did not change the locality of the low velocity impact but
rather changed the severity of the damage in the local impact zone.

Keywords CFRP composite - Open hole specimen - Low velocity impact - Progressive
failure

1 Introduction

Carbon fibre reinforced polymers (CFRP) have found many applications as structural parts
in the aerospace industry due to their superior mechanical properties and wear resistance
compared to traditional metals. CFRPs are used when high structural strength and stiff-
ness are required; however, they show some criticalities. Out-of-plane loading scenarios
such as low velocity impact can result in barely visible impact damage (BVID) which can
cause severe material degradation and are hard to detect during the inspection. Extensive
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research has been performed on the mechanical response of composite structures subjected
to low velocity impacts [1-6]. The damage caused by low velocity impact may lead to pre-
mature buckling of composite structure and has a detrimental effect on its flexural proper-
ties and compressive strength [7].

Meanwhile, the presence of open holes in a composite laminate changes the behaviour
in terms of mechanical response and failure. The complex stress concentration in the vicin-
ity of the open hole edge depends on the material orientation, mechanical constants, and
the stacking sequence of the laminate, which makes it different from isotropic materials.
This stress concentration results in a decrease in the mechanical strength and stiffness, and
the vicinity of the open hole edge is considered as a location with a high probability of
interlaminar and intralaminar damage initiation. Accordingly, the presence of open holes
in composite structures should be avoided. However, a composite structure with open holes
is desired for reasons such as assembly requirements, wiring, and maintenance access [8].

The tensile and compressive behaviour of composite with holes has been studied in
numerous contexts including experimental [9-11], numerical [12-15] and analytical [10,
16] studies; however, the behaviour of composite structures with open holes subjected to
low velocity impact has drawn less attention, despite the severity of the damage that is pro-
moted by low velocity impact. Regarding the influence of the open holes on the damage in
initiation composite laminates with open holes, Green et al. [17] performed an experimen-
tal and numerical study on notched laminates subjected to impact, considering the effect
of the diameter of the hole, the thickness of the laminate, and ply. Matrix damage initia-
tion was directly attributed to the presence of holes that caused the initiation of multiple
matrix cracks at the impact location towards the hole edge in the lower laminae. Luo [18]
observed identical parallel matrix crack paths between the impact point and the hole edge
and the damage in the vicinity of the hole was delamination correlated with the matrix
damage. In a comparison between laminates with or without a hole, an increase in matrix
crack density was observed for the laminate with a hole. Roy et al. [19] investigated the
delamination propagation in composite specimens with two open holes subjected to trans-
verse impact. The results showed that delamination initiates at the inner side of the free
edges of the holes and propagates with time toward one another to form a big delamination
area.

Amaro et al. [20] studied the delamination in composite with one and two open holes.
The presence of holes did not have a meaningful influence on the mechanical response
of the laminates; however, the absorbed energy and delamination were increased in lami-
nates with holes. The presence of holes also changed the shape of the delamination which
was also verified numerically using finite element simulation with a mixed-mode cohesive
damage model. Santos et al. [21] carried out an experimental and numerical study on the
influence of the presence of inclined holes, i.e., non-vertical holes, on low velocity impact
damage in CFRP composite. The results from laminates with vertical and inclined holes
were compared with the results of the control sample. An asymmetric delamination shape
was observed with a higher damage density in the vicinity of the hole, which was more
pronounced for the laminate with an inclined hole. A cohesive zone based finite element
model was developed, which used vertical cohesive elements to account for the matrix
damage. Santos et al. [8] experimentally investigated the effect of an open hole to impact
point distance on the fatigue behaviour of glass fibre/epoxy laminates. The fatigue life was
increased with the increase of the hole distance from the impact point.

It can be concluded from the literature that the presence of open holes has a signifi-
cant influence on the damage accumulation of composite laminates [17-20]. Neverthe-
less, the extent of this influence, especially the accumulation of intralaminar damage,
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remains unclear. Therefore, in the present study, a Continuum Damage Mechanics (CDM)
approach is employed for the numerical simulation of CFRP laminates with open holes
subjected to low velocity impact. The failure mode concept model of Cuntze [22, 23]
is implemented in a user-defined user material model (VUMAT) to account for the pro-
gressive intralaminar damage with five failure modes for fibre failure in compression and
tension, matrix failure in compression and tension, and shear failure. The failure mode
concept model of Cuntze showed high accuracy in reproducing failure under several con-
ditions in the World-Wide Failure Exercises (WWFE) [24, 25] and predicted the matrix
failure without the need to search for the fracture angle which makes it more efficient
compared to similar criteria such as Puck action plane strength model [26]. In addition,
a cohesive zone model is implemented to simulate the damage at the interfaces. A total
of eight FE models are developed with one and two open holes of different diameters
and different distances from the centre of the hole to the impact location. This paper first
presents the validation of the numerical model in ABAQUS/Explicit with different failure
models to account for the progressive failure of composite laminates with an open hole.
Then the influence of the number of holes and the distance between the centre of the
hole to the centre of the plate in the mechanical response and damage accumulation is
discussed. This paper presents a detailed description of the initiation and propagation of
different failure models of the composite laminate with open holes in comparison with the
pristine specimens in order to identify the influencing parameters related to the presence
of the open holes in the structure.

2 Material Model

During recent years, different failure criteria such as Chang Chang, Hashin, Puck,
and Cuntze have been expressively used for the simulation of composites subjected to
impacts. It has been shown that while all these criteria are accurate in the prediction of the
mechanical response of the composite laminate subjected to low velocity impact, i.e., the
force—time, force—displacement, and energy-time curves, there are some dissimilarities in
the damage pattern and the prediction of damage area by different failure criteria [27, 28].
As mentioned in the introduction, Puck and Cuntze have received more attention due to
their accuracy. In this work, the progressive damage model for the composite laminae uses
the failure model of Cuntze for two reasons: i) the accuracy of this model in the prediction
of the matrix damage which predicts the damage similar to the Puck failure criterion [27,
29], and ii) the ease of the computational implementation compared to the failure criterion
of Puck. The Cuntze failure model is easier to implement since, unlike the Puck action
plane strength model, there is no need for the definition of a search algorithm for the frac-
ture angle search which leads to a faster and more robust VUMAT [30].

2.1 Failure Mode Concept Model of Cuntze

The failure mode concept of Cuntze [22, 23] is established on distinguishing between five
different failure topologies or failure modes according to the state of stress that is applied
to the composite material. The failure modes are related to fibre and inter-fibre failure
which are distinguished by FF and IFF abbreviations, see Eq. (1). Equations FFI and FF2
are defined for tensile fibre breakage and compression fibre breakage, respectively. IFF1,
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IFF2, and IFF3 dominate the inter-fibre failure and correspond to the tensile matrix failure,
compressive matrix failure, and matrix shear failure, respectively. The definition of a sepa-
rate equation for shear failure mode is a unique feature of this failure model.

FF1 : Eff' = 67 /Spp = ol7/R|

FF2 @ Eff'" = o} /Spry = ol /R;

IFF1 : Eff*° = [(62 +03) + /(02 — 03) + 423, | /Q2-Syppy) = 017 /R,
IFF2 : Bt = [bu.\/(@ oy 4+ (byy — 1).(0s 4 03)

/Sipr2 = O'equ/Rj

05
2
IFF3 : Effl = { [\/bin'%—s +ARY (5 + 7)) by -123—5] /(2'S;FF3)} =0, /Ry
(1)

In the above equation Spp;, Sgr, are the tensile and compressive material strength in
the fibre direction. S;pr, S;pry and S;pp; stand for matrix tensile failure, matrix compres-
sion failure and in-plane shear failure. In IFF3, I,;_s = 20,75, + 20375, + 47373, 7,;. In
addition, the indices || and L represent the fibre parallel and transverse material directions,
respectively. To perform structural analysis using the failure model of Cuntze, five elastic-
ity parameters, five strength parameters, and two friction parameters should be defined.
Internal friction parameters of b, | and b, are used to characterise the physical phenom-
ena within the material based on the Mohr—Coulomb theory. Interaction of different failure
modes are considered in a probabilistic manner by the following equation by the failure
model of Cuntze:

5
Ef" = Z Bt = (ol /Ry) o+ (ol/R) o+ (oo /RL) 4+ (aki /RS + (MR )
2
In the equation stated above, m is the interaction exponent which is normally 2.5 <m <3,
which is used to estimate the global material effort. Since in this work a progressive failure
model is considered for each failure mode, a mixed-mode damage parameter is defined for
fibre and matrix damage instead of Eq. (2), see Sect. 2.2.

2.2 Constitutive Behaviour

Carbon fibre reinforced polymer composites show a non-linear irreversible behaviour when
subjected to in-plane shear loads, which leads to a completely different elastic material
behaviour compared to the linear material response which resulted from loads in longitu-
dinal and transverse directions. Therefore, a non-linear shear stress—strain relationship was
considered according to Eq. (3) [31].

3 . 2
Tip =C1Ypp + Slg”(}’u)fz}’lz + G372 3
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The non-linear material behaviour is responsible for the permanent indentation at the
location of the impact that occurs during a low velocity impact event. The third-degree
polynomial of Eq. (3) has been proposed in [32] and has been proven to be accurate in the
prediction of the non-linear behaviour of CFRP. Coefficients c,, ¢, and ¢; of Eq. (3) were
acquired by fitting the equation to the experimental shear stress—strain curve. In order to
measure the irreversible portion of the shear strain, the shear strain is split into elastic and
plastic strain.

Y=Y+ 71, 4)
The plastic strain, yfz, is calculated according to Eq. (5).

J/p =712~ b 3)
12— 712 0
G12

It should be mentioned that while Eq. (3) constitutes the shear loading, the shear unload-
ing follows a linear law, for more information on the material model and the shear cyclic
behaviour see [27].

The post damage response of the composite material is governed by the degraded stiff-
ness matrix of Eq. (6). The Continuum Damage Mechanics (CDM) approach is used here
by selectively degrading the stiffness parameters of the material. The damage variables for
fibre, matrix and shear damage are used to degrade the corresponding stiffness parameters
of Eq. (6) [31].

dE (1= d,vyv3) /A dE|(d,ve) = dyv3va3) /A diE\ (v3) —d,vyvsy) /A 0 0 0
d,E,(1- dfvl3v3l)/A d,E,(vs, — dfv12v3l)/A 0 0 0
JC e Ey(1-d,dv,vy)/A 0 0 0
symmetric 4Gy 0 0
d,G; 0

d,Gn3

A=(1- dfdmvl2v21 —dyV3vy — d/"31V13 - 2‘1_fdi21V32V13)
(6)
In Eq. (6), df, d,, and d,, are the damage variables for fibre, matrix, and matrix-shear.
These damage variables are related to the failure modes of the Cuntze failure criterion
according to Eq. (7).

df: (1_dFF1)(1_dFF2)
d, = (1 - d[FFl)(l - smc - d[FFZ) @)
dy, = (1 _leFl)(l — smc - dIFFZ)(l — smc - dIFF3)

In which smc is equal to 0.6 and is used to avoid a numerical instability problem and
element distortion, similar values have been used in [33-35] as loss control factors. The
problem of element distortion was more relevant in compression and shear failure modes
to avoid element distortion and numerical instability. Therefore, the loss control factor was
not considered for the tensile failure mode to better represent composite failure. The failure
mode damage variables dgy, dpp), djppy, dippy and djpps correspond to the failure modes
of Cuntze according to Table 1, and are equal to zero when there is no damage. A larger
than zero damage variable means that the corresponding failure mode is met and a damage
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Table 1 Ultimate strain and current strain formulation for the strain-softening law

Damage variable Failure criteria &, considered €, , formulation

dFFl FFI £ 2Grp,
SI-:FII

dFFZ FF2 <—61> 2Grr
Spral

d IFF1 / 2 2 2Gippy
e Ei—cuntze = <52> + <€3> + YZ32 Sl
g, IFF2 2 2 G2
e Ei—cuntze = \/<€2> + <€3> + 7/122 + YZ32+y132 Sirral
dipps IFF3 26y

2 2
Eicunize = \/(52> +(e3)" + 7 + 13’ Hrs® Sirrsl

value equal to one is the complete failure of the element. The failure mode damage vari-
ables are calculated according to Eq. (8).

d Ei,u (1 gi,an )
= ——(1-= 8
Eiu " Eion &; ( )

In which, the subindex i represents FFI, FF2, IFFI1, IFF2, and IFF3 for different failure
modes; ¢; is the equivalent strain for each failure mode according to Table 1, and ¢; , stands
for the ultimate failure strain which is calculated by the fracture energy for each one of the
failure modes, i.e., G;, and the characteristic length element, i.e., [, to avoid the mesh sensi-
tivity problem. In addition, ¢, ,, is the onset strain for the failure mode which is calculated
as the value of the equivalent strain at the moment that the failure modes are met. The char-
acteristic length element is calculated as the cube root of the element volume.

Table 2 shows the mechanical properties of the CFRP composite. The parameters,
E,E,, vlz,R”’, R, Rl”, ¢y, ¢, and c; were measured by performing tensile tests on com-
posite specimens in different material directions. Figure 1a to ¢ shows the experimental
results of the tensile test in fibre, transverse, and in-plane shear direction, respectively.

Table 2 Material properties of

CERP Ply properties [31, 39, 40]

@ Springer

Density (kg/m?)
Young’s modulus (GPa)

Poisson’s ratio
Non-linear shear properties (MPa)
Strength (MPa)

Fracture energy (N /mm)

Internal friction parameters
Interface properties [41-43]
Elastic modulus (GPa/mm)
Strength properties (MPa)
Fracture energy (N /mm)

p = 1620
E, =1575%E,=E; =99
G, =Gy =495 Gy = 3217
Vip = V3 = 0.24% v,5 = 035
¢, =102% ¢, = =0.5%¢; =0.1"
Ry' =2550"R;" = 1350

R, =57.7%R,° = 199.8"

Ry, =97*

G, =133":G,, = 40"

G, =06"G,. =21

by, =044 b, =126"

Eﬂ = ES = EI = 5**
N=33"8=T=54"
G =06";G" =2.1"

* Data from the test; ** Data from the literature; *** Rule of mixtures
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Fig.1 Experimental stress—strain curves. (a): Tensile fibre direction, (b): Tensile transverse direction, and
(¢): In-plane shear direction

The fibre and transverse properties were measured according to the ASTM D3039 stand-
ard [36], while in-plane shear properties were calculated according to the ASTM D3518
standard [37]. The remaining material properties were taken from the literature for the
same CFRP composites. Since the fracture toughness values were not available for the
CFRP material of this study, the values for similar CFRP material was taken from Ref.
[31]. The effect of strain rate has been neglected in this paper due to the relatively low
levels of the strain rate in composite materials subjected to low velocity impacts [38].

2.3 Damage Model for the Interface

The interface damage was simulated by considering a bilinear traction—separation curve
for the prediction of the interface damage initiation and the mixed-mode fracture energy
law of Benzeggagh and Kenane (B-K) [44] for the damage evolution at the ply interface.
The bilinear traction—separation curve uses a quadratic stress failure criterion according
to Eq. (9).

@)y o 4

In the above equation < >1is the Macaulay bracket which returns zero for negative
input values which result in damage only for the tensile normal traction and not for the
tensile compressive traction. f;, and ¢, are shear tractions and ¢, is the normal traction,
while N and § indicate the interface strength in normal and shear directions, respec-
tively. The (B-K) damage evolution follows the following relationship
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n
GC+(GC—GC){&} =G (10)
n ) n GT

where Grf and GSC are the critical normal fracture energy, critical shear fracture energy,
respectively. Gg = G, + G, and Gy = G, + G, are the dissipated energies and # is the
(B-K) material constant. The properties of the interface damage model are summarised in
Table 2. Here, the cohesive interface elements, which were completely failed, were consid-
ered in the measurement of the delaminated area.

3 Finite Element Simulation

The numerical models of low velocity impact were developed in Abaqus/Explicit. The
numerical models consisted of a control specimen with no holes, four finite element (FE)
models with a single hole with different distances to the impact zone, and a model with
two open holes. A summary of the FE models is presented in Table 3. In the FE models
used in this paper, the composite laminate was impacted by a rigid hemispherical impac-
tor of 1.325 kg mass and 8 mm radius. The 24-layer laminates of 150X 100 mm? size with

Table 3 Summary of FE models

Configuration Code L(mm) d(mm) Number of holes ~ Geometry

Control
CS - - -
specimen
S-D5-L5 5 5 1
S-D5-L10 10 5 1
S-D5-L15 15 5 1
S-D5-L20 20 5 1
S-D3-L10 10 3 1
Holed specimen
S-D7-L10 10 7 1
D-D5-L10 10 5 2
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a stacking sequence of [45/0/-45/90]; , were subjected to a 12 J impact at the centre for
each laminate of Table 3. The impactor was dropped and hit the laminate with the veloc-
ity of 4.25 m/s. The thickness was considered constant for all the models and was equal to
4.8 mm.

The 3D FE models are shown in Fig. 2, in which only the composite laminate is differ-
ent for each case of Table 3. Reduced integration 8-noded linear brick elements (C3D8R)
were used to discretise the solid composite plies. A region of fine mesh with the element
size of 1 mmX1 mm was defined at the impactor/laminate contact zone while a course
mesh area was defined for the region outside this contact area. The 1 mmXx 1 mm mesh
area was chosen based on the mesh sensitivity analysis performed in [29]. The laminates
were plates between two rigid rectangular clamps and a penalty based contact with the fric-
tion coefficient of 0.9 was defined between the laminate and the camps to reproduce the
experimental boundary conditions, to avoid out-of-plane movement, and to reduce the slip
at the boundary [27, 45-47]. The interface of the composite plies was simulated by imple-
menting zero thickness cohesive elements (COH3D8) at the interface of each two plies
which resulted in 23 layers of cohesive interface elements.

In order to study the effect of open holes on the low velocity impact response of the
composite laminate, eight different laminates with the same geometry and a different con-
figuration of open holes were considered. For details on the number of open holes and
their positions in each laminate and their identification code see Table 3. In Table 3, dif-
ferent configurations are coded according to the following notations: the first character is a
representer of the number of holes in the configuration, S for laminates with a single hole
and D for laminates with two holes. The second and third characters show the diameter of
the hole and the distance of the centre of the open hole to the impact origin, respectively.
The first model of Table 3 is the pristine laminate without holes, i.e., the control specimen
(CS). The results of the low velocity impact on CS laminate were used for validation of

/

Cohesive zero thickness elements at interfaces

Constrained nodes at the boundaries, Ux=Uy=Uz=0

I

Top and below rigid fixtures

Specimen with two holes Specimen with one open hole Control specimen

Fig.2 Fully clamped low velocity impact model which shows the stacking sequence of laminates and dif-
ferent laminate geometry according to Table 3
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the FE approach. Four models were developed to investigate the effect of a single open
hole and its distance from the impact origin on the mechanical response and damage in the
composite laminate. The diameter of open holes was studied by developing three models in
which the diameter of the hole was set equal to 3, 5, and 7 mm. Open holes to impact ori-
gin distances of 5, 10, 15, and 20 mm were simulated here. Also, a model with two holes
was developed to study the influence of the different number of holes around the impact
zone on the impact response of the composite laminates subjected to a low velocity impact.

4 Results and Discussion

In this section, the influence of the open holes on the mechanical response and progressive
intralaminar and interlaminar damage is discussed based on the numerical results. First,
the numerical model is validated by comparison with the numerical results with the cor-
responding experimental data on the control specimen. Then the results are divided into
two parts, first, the effect of the distance of the open holes from the plate centre, i.e., the
impact origin, and then the effect of the interaction of multiple open holes on the impact
response is investigated. The global response of the plates and the interlaminar and intrala-
minar damage is the focus of the discussion.

4.1 Validation of the Numerical Model

The initial part of the result section is focused on the validation of the numerical model
by comparing the FE prediction of the mechanical response and the damage of the CFRP
specimen with the experimental low velocity impact test results [5, 6]. A hemispherical
impactor with a diameter of 16 mm and a total mass of 1.325 kg was used for the drop
weight low velocity impact test on CFRP specimens based on ASTM D7136 [48]. A fully
clamped specimen of 150X 100 mm? was subjected to a 12 J low velocity impact in the
centre and the impactor was trapped after the initial impact to prevent subsequent unwanted
impacts. The specimen with a total thickness of 4.8 mm and a stacking sequence of [45°,
0°, -45°, 90°],, was manufactured using unidirectional pre-preg laminae CYCOM® 977-2-
34%-24 K IMS-196-T1.

The validity of the numerical model in predicting the mechanical response of com-
posite laminate subjected to low velocity impact is demonstrated by a comparison of the
force—time, force—displacement, and energy-time curves. Figure 3 shows the numerical
and experimental comparison of the 12 J impact response. The numerical model can
effectively predict the mechanical response of the laminate subjected to low velocity
impact. The absorbed energy of 4.92 J was observed in the experimental test which was
predicted equal to 4.56 J by the numerical one with an error of -7.3%. The comparison
of experimental and numerical force—time curves of Fig. 3a also shows that the model is
capable of giving a good prediction of the peak impact force and the impact time duration.
The force—displacement curve from the numerical model and the experiment is shown in
Fig. 3b. The numerical maximum displacement is in good agreement with the experimen-
tal result and is predicted with an error equal to 3.6%.

The numerically predicted delamination area is shown in Fig. 3¢ which estimates the
experimentally observed delamination area with an error of 3.9%. The solid red line of
Fig. 3c represents the region of the projected delamination area and was recorded by a non-
destructive ultrasonic test. The peanut shape delamination pattern at different interfaces
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Fig.3 Experimental and numerical comparison of the impact response. (a): Force—time and energy-time
curves, (b): force—displacement curve, and (¢): delamination area

propagates at 0°,4+45°, —45° and 90° direction and is controlled by the fibre orientation of
the layer below each interface. Therefore, the peanut shape delamination rotates through
the thickness of the laminate and shapes a rotating fan pattern [4].

In order to investigate the capability of the numerical model in predicting the response of
composite laminates with open holes, the experimental data of [20] were used. In [20] uni-
directional glass/epoxy composite laminates with a stacking sequence of stacking sequence
[45,, 90,,—45,, 0,], was tested. The control specimen, the specimen with one hole, and
specimen with two holes were considered which had the size of 100x 100x2.1 mm®. The
specimens were clamped using rigid fixtures with a circular impact area of 70 mm diame-
ter. The impactor of 10 mm diameter with a total mass of 3.4 kg impacted the plates with an
impact energy of 6 J. The open holes had a diameter of 4 mm and were located at a 10 mm
distance from the impact point. The mechanical properties of unidirectional glass/epoxy
composite for these simulations were taken from [49]. The comparison between experi-
mental and numerical impact responses is shown in Fig. 4 for laminates with and without
the hole. The numerical model is capable of accurately predicting the impact response in
the models with and without holes. The absorbed energy by the laminate is predicted with
a discrepancy of -19.1%, -18.2%, and 14.1% for the pristine laminate, laminate with one
hole, and laminate with two holes, respectively. In addition, the total delamination area was
predicted within the error margin of 10% in different models.

4.2 Effect of the Distance of Open Holes and the Impact Origin
In order to study the effect of a low velocity impact on the mechanical response and dam-
age behaviour of a composite laminate with open holes, different numerical models were

developed with a variety of impact origin to the centre of hole distances. In each model,
the impactor hits the plate at the centre and the open hole was defined in different models
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Fig.4 Comparison of the experimental [20] and numerical results. Force—time and energy-time curves: (a):
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curves: (d): Control specimen, (e): Laminate with one open hole, (f): Laminate with two open holes

according to Table 3. Figures 5 and 6 show the energy-time and force—time curves for
models with a single open hole with varying distances from the impact point. The pres-
ence of open holes resulted in higher energy absorption in the laminates compared to
the control specimen. This effect was more profound in S-D5-L5 which showed energy
absorption equal to 4.87 J which means an 8.2% increase compared to the CS. From Fig. 5
it can be observed that for open hole positions which are far away from the impact origin,
for instance, S-D5-L.20, the presence of the open hole had a less profound effect on the
mechanical response compared to the impacts on the laminates with the open hole in the
vicinity of impact origin. In all laminates with single open holes, the impactor rebounded,
showing that the impact energy was too small to cause perforation. The values of the peak
force, maximum deformation, and absorbed energy of the laminates with single open
holes are presented in Table 4. The increase in the maximum deformation of the laminates

Fig.5 Comparison of energy-
time curves of laminates with a 12
single hole at different positions
with the control specimen
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Fig.6 Comparison of force-time 10
curves of laminates with a single cs
hole at different positions with
the control specimen g L S-D5-L5
——S-D5-L10
—~ 6 ——S-D5-L15
é S-D5-L20
]
2
o 4
—
2
0 |

0 0.5 1 1.5 2 2.5
Time (ms)

while the peak impact force is decreased shows lower stiffness of the laminates with the
open hole when compared to the CS which is consistent with the experimental findings of
[20]. More fluctuations are visible in Figs. 6 and 7 for models with holes compared to the
CS. The fluctuations increased with the decrease of the open hole distance to the impact
point which is in good agreement with the results for patch repaired laminates [50]. In
addition, the zoom region of Fig. 6 shows that the first drop of the force—time curve hap-
pens sooner in models with open holes this faster drop can be attributed to the initiation
of delamination in models with holes at lower impact forces. The changes in the impact
response showed due to the presence of a single hole was observed to be small which can
be attributed to the material type and the highly stacked lay up in the simulated laminate
or the low impact energy of the impactor which did not cause any fibre damage inside the
specimens.

Figure 8a shows the comparison between the total projected delamination area of mod-
els with a single hole and the control specimen. Delamination is one of the main energy
absorption sources of composite laminates when subjected to low velocity impact and this
barely visible impact damage cannot be detected without proper inspections. In most cases,
a bigger delamination area in the composite panel means higher energy absorption from
the impact event. In Fig. 8a, the red cross mark shows the origin of the impact, the white
circle shows the open hole position and the black region is the projected delamination
area. For composite laminates with open holes, it can be observed that the presence of the

Table 4 Peak force, maximum displacement, and absorbed energy of laminates with a single open hole

Specimen Peak Force (kN) Maximum deforma-  Absorbed energy Projected
tion (mm) J) delamination
area (mm?)
CS 8.24 291 4.50 721
S-D5-L5 7.82 3.09 4.87 651
S-D5-L10 8.11 3.01 4.80 762
S-D5-L15 8.18 297 4.76 871
S-D5-L20 8.19 2.95 4.60 744
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Fig. 7 Comparison of force— 10
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hole has a significant influence on the total projected delamination area. For instance, in
S-D5-L15, the total projected delamination area was increased by 20% due to the presence
of the open hole.

In all of the models, the presence of the open hole led to a bigger projected delamination
area, except for the S-D5-L5 in which the open hole is close to the origin of the impact.
This is consistent with the experimental findings of [8] in which a smaller projected delam-
inated area compared to the control sample was reported for laminates with holes close to
the impact origin. It can be said that the presence of an open hole leads to a more in-plane
spread of damage as can be seen for S-D5-L10, S-D5-L15, and S-D5-L20 in Fig. 8a; while
in the case of laminate with an open hole at 5 mm with respect to the impact origin, a
reduction of the in-plane spread of the delamination can be observed which resulted in a
more concentrated and in-depth propagation of the damage. This means that although the
projected delamination area is smaller, more elements are failed in the local damage area
compared to the other single hole models. This is consistent with the lower impact peak
force, higher peak displacement, and lower impact bending stiffness that was observed for
S-D5-L5 compared to the other models.

In thin composite laminates subjected to a low velocity impact, the matrix damage initi-
ates at the back surface due to the dominance of bending stresses [29, 30] while the dam-
age in laminated composites with open holes can also initiate at the edge of the open hole
[8, 17] due to stress concentration caused by the open hole. Figure 9 shows the matrix
damage area for two typical plies with the orientation of -45° and 45° located at the back-
side of the laminate. In this figure, the red area shows the matrix damage, and the white
circles indicate the open hole location. It can be observed that the presence of the hole
leads to damage initiation at two distinct locations near the edge of the hole and the impact
origin. As for delamination, the presence of the hole mitigates the damage spread in the
S-D5-L5 laminate; while for the S-D5-L10 and S-D5-L15, the open hole led to a stretch
in the damaged area which resulted from the unification of the two impact initiation zones.
The initiation and spread of damage at the edge of the open hole depend on the distance to
the impact origin and the impact energy since it can be seen that for the S-D5-L20 model
no damage was detected on the edge of the hole in the -45° and for the 45° the two impact
damage regions were not merged.

@ Springer



Applied Composite Materials (2022) 29:1555-1578 1569

cs S-D5-LS -D5-1.10 . 50 mm "
(a)

S-D5-L15

(&}

S-D5-L5 s
S-DS-L10 s
S-D5-L15 m—
S-D5-1.20) s

50 mm

S-D3-L10

50 mm
Ccs
S-D3-L10) s

S-D5-L10 s

50 mm

S-D5-L10 S-D7-L10 S-D7-L10
(& S-D5- 50 mm
(c) S-Ds-L10 3 .

S0 mm
N
S-DS-L10 s—

D-D5-L 1) s
D-D5-L10

B

Fig.8 Total projected delamination area, (a): For models with different single hole positions, (b): For mod-
els with open holes of different diameters, (¢): For models with different numbers of holes

Figure 10 shows the absorbed comparison of the energy, the sum of damage for the
delamination area of all the laminate interfaces, and the sum of the matrix damaged area
for all the plies of the laminates with a single hole with the corresponding values of the
control specimen. This figure clearly shows that the projected delamination area is not a
reliable indication of the damage inside the specimen since a bigger projected deamina-
tion area was observed for S-D5-L.15, while the aggregation of both delamination area and
matrix damage is in all the layers of the laminate is bigger for the S-D5-L5 which resulted
in higher absorbed energy by internal damage in S-D5-L5, see Fig. 8a.

4.3 Effect of the Size of the Open Hole

In order to investigate the influence of the open hole size, three models with different
open hole diameters of 3, 5, and 7 mm, i.e., S-D3-L10, S-D5-L10, and S-D7-L10 were
compared in this section. Figure 11 shows the comparison between the force—time curves
of the control specimen with laminates with different hole sizes. Similar force—time
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Fig.9 Matrix damage in two typical plies with different hole positions. (a): A ply with -45° fibre orienta-
tion, (b): a ply with 45° fibre orientation

responses in terms of peak force and impact time duration were observed from the open
hole laminates of this section which showed that the size of the open hole has a less sig-
nificant effect on the response compared to the open hole to impact origin distance. In
addition, no clear trend could be observed from the energy-time curves of Fig. 12 for the
energy absorption capacity of laminates with holes of different diameters. As discussed
in the previous section, the presence of the open holes led to more interlaminar and
intralaminar damage compared to the control specimen which was also observed from
the low velocity impact results of this section.

Figure 8b shows the comparison of the projected delamination area in which the
change in the size of the open hole led to a significant change in the projected delami-
nation area. A more stretched delaminated area was observed for the S-D3-L10 model.
The delaminated area becomes smaller with the increase of the hole diameter. That
being so, the aggregated delaminated area and matrix damage area were approximately
the same for the single hole laminates of this section which indicates that changing
the diameter of the open hole does not change the total damage area in the laminated
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composite. These results seem inconsistent with the concept of stress concentration in
infinite plates with open holes subjected to in-plane loads in which smaller holes should
lead to more intense zones of stress [51]. In order to shed light on this inconsistency,
the stress distribution, ¢,,, for two typical plies of the laminate with orientations of 45°
and 0° is shown in Fig. 13 at the impact time of 0.25 ms which is at the beginning of
the impact event before initiation of matrix damage in the mentioned plies. This figure
shows that the existence of the open hole leads to a significant change in the stress dis-
tribution resulting from the impact event. Zones of high stress can be observed at the
vicinity of the edge of the open hole which causes the initiation and propagation of the
damage to occur not only at the impact origin but at the vicinity of the edge hole. Inter-
estingly, the presence of the open hole of different sizes resulted in a changed stress dis-
tribution compared to the control specimen with a higher value of the peak stress, while
the diameter of the hole did not have a meaningful effect on the peak stress. This shows
that the stress concentration of the open hole in a low velocity impact may be independ-
ent of the diameter of the hole similar to the isotropic bending problem that has been
discussed in [51]. The mentioned finding was limited to the results of L =10 mm and to

Fig. 12 Comparison of energy-
time curves of laminates with 12
open holes of different diameters
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Fig. 13 Stress distribution of two typical plies with fibre orientation of 45° and 0° at the impact time of
0.25 ms

open hole diameters investigated in this section and needs a more in-depth experimental
and numerical verification for different hole diameters and locations.

4.4 Effect of the Multiple Open Holes

In this section, the effect of the number of open holes on the impact response of the CFRP
laminate is discussed. Therefore, the low velocity impact response of CS was compared
with the results of a single open hole laminate i.e., S-D5-L10, and a laminate with two
open holes, i.e., D-D5-L10, see Table 3. Figures 14 and 15 show the comparison of the
force—time and force—displacement curves. It can be seen that the models with open holes
show a lower impact stiffness compared to the CS which is intensified with increasing the
number of open holes from one to two. The same intensified trend can be observed for the
peak force, impact peak displacement and impact time duration when the impact response
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of S-D5-L10 is compared to D-D5-L10. In addition, it can be seen Fig. 16 that the laminate
with two open holes absorbed more energy compared to the two other laminates which can
be attributed to the severity of internal damage in this case. For the laminate with a single
hole the absorbed energy was increased by 6.7% compared to the CS, while for the lami-
nate with two open holes the increase was 15.8%. The observation that the delamination
initiation happened at a lower impact force for the D-D5-L10 model compared to the two
other laminates is also of interest. The delamination initiated at an impact force of 2.18 kN
for the CS, 1.73 kN for the S-D5-L.10, and 1.34 kN for the D-D5-L.10 laminate which can
be a sign of stress concentration due to the presence of the open hole which led to damage
initiation at lower impact forces.

The comparison of the projected delamination area for the CS, S-D5-L10, and D-D5-L10
laminates is shown in Fig. 8c, while the interface-by-interface delamination of selected
interfaces through the thickness of the models is compared in Fig. 17. It can be seen that
both S-D5-L10 and D-D5-L10 models predicted a bigger projected delamination area com-
pared to the CS. Although the projected delamination area of S-D5-L10 and D-D5-L10
was approximately identical, the absorption energy of D-D5-L10 was significantly higher
than the S-D5-L10 potentially indicating more severe through-thickness damage within the
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Fig. 17 Interface by interface delamination area for CS, S-D5-L10, and D-D5-L10 at selected interfaces

delaminated area. The phenomenon is a specific characteristic of the laminates with open
holes or patch repaired laminates, since for most composite materials subjected to low
velocity impact a more spread projected damage area means more energy absorption [8].
This is well illustrated in Fig. 17 in which the significant increase in the damaged area for
the S-D5-L10 and D-D5-L10 compared to the CS is limited to the interfaces in which a
small damage area was reported for CS, for instance, see interfaces C1, C12, and C14 of
Fig. 17. It was also noted that the open holes alter the delamination shape and orientation in
almost every interface of the laminate and in most interfaces, regions of intensified delami-
nation around the edge of the holes were observed, interfaces C,, for instance.

In order to make a balance between the delamination and matrix damaged area and the
absorbed energy, the sum of damage in all the interfaces and layers was compared with the
absorbed energy in Fig. 18. It was observed that the more severe damage of D-D5-L.10,
that resulted from the presence of two open holes in the vicinity of impact origin, did not
spread along the in-plane direction, meaning that the projected delamination area was the
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same, while 8.7% more of total delamination area and 21.9% more of total matrix damage
area was observed in D-D5-L.10 compared to S-D5-L.10 laminate. This severity of damage
resulted in a higher peak displacement, lower impact stiffness which is consistent with the
higher energy absorption of the laminate with two open holes. It is worth mentioning that
the results of this paper were presented for the laminates subjected to a low velocity impact
of 12 J. Further analysis and parametric studies are required to describe the effect of open
holes in different energy ranges.

5 Conclusions

In the present work, a numerical study was performed of CFRP laminated composites with
one and two open holes of different diameters in the vicinity of the impact origin to inves-
tigate the influence of the open holes on the impact response of laminated composites. A
total of eight FE models were developed in which the distance of the centre of the open
hole to the impact origin and the number of open holes were different. The models were
validated by comparing the impact response of the control specimen without holes with the
experimental data of force—time, force—displacement, energy-time, and delamination area.
The conclusions of this paper can be useful in practice and real engineering applications,
but it should be mentioned that the conclusions are limited to the to the low velocity impact
of 12 J simulated in this paper and further investigations may be required for more general
conclusions in different energy ranges. With the presence of open holes smaller damaged
areas can be expected which may affect the maintenance of the composite structures. But it
should be considered that due to the presence of the open holes the damage spread mecha-
nism in the composite laminate is changed and has to be taken into account for the design
or maintenance of structures. The main conclusions are the following:

e Laminates with open holes show lower impact peak force, and higher energy absorp-
tion compared to the control specimen. The distance at which a single hole in a struc-
ture is located in relation to the impact origin influences the impact response of the
laminate and for a 12 J impact, open holes at distances of less than 20 mm have a sig-
nificant influence on the impact performance of the laminate.

e The open holes change the shape and size of the damage caused by low velocity impact.
If an open hole is close to the impact origin it can stop the in-plane spread of damage
which results in a smaller projected damage area compared to the control specimen.
In addition, the presence of holes leads to regions of damage initiation in the vicinity
of the edge of the open hole which differs from the damage initiation location at the
impact origin for the control specimen.

e The presence of holes increases the severity of impact damage by increasing the sum
of the delamination area and matrix damage inside the laminate while the projected
delamination area may not change due to the presence of the open holes, therefore the
projected damaged area is not a reliable source for impact analysis. The presence of
open increases the severity of the damage in the local impact zone.

e Increasing the number of holes intensifies the influence of presence of open holes and
results in the initiation of damage at lower impact forces compared to the control specimen.
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