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Abstract

This paper presents a study of low velocity impact on unidirectional composite specimens, a
plate and an aerospace stiffened panel following the building block approach. Simplified
approaches for a quick estimation of impact behavior description are used to define the impact
dynamic response and the existence of delamination at coupon level, while numerical analysis
models using ABAQUS/Explicit software and experimental results are described in detail and
compared at all levels. Significant effort was made in the use of different types of elements and
damage models for matrix cracking, fiber breakage and cohesive elements for delamination
between plies of composite. The results obtained show that simplified approaches give an
effective initial understanding of the impact response helping the interpretation of numerical and
experimental results. In addition, the comparison of different methods of simulation demon-
strated that continuum shell elements with induced cohesive elements present the most accurate
results regarding the impact force, contact duration, energy absorption and damage extension.

Keywords A.Low velocity impact - B. Explicit finite element analysis - C. Interlaminar damage -
D. Intralaminar damage - E. Aerospace CFRP panels - F. Building block approach

1 Introduction

The use of polymer—based composites reinforced by carbon fibers in aerospace industry has
been significantly increased over the last decades. The main reason of this fact is their improved
mechanical properties of unit mass, the capability of flexible design in relevance with their low
cost and their reduced environmental impact. As a result, extensive work has been performed in
order to evaluate the mechanical behavior of various types of composite structures under
different loads. One of the most challenging and complex case of mechanical behavior is
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impact of foreign objects on aerospace structures [1, 2] and especially on composite in relation
with their dynamic response and also the evaluation of possible caused damage [3].

The definition of impact damage in composite materials is related to the definition and
interaction of different failure modes like matrix cracking, fiber breakage, debonding and
delamination. When we need to evaluate the possible type of damage we have primarily to
examine the effect of many parameters that influence the impact event e.g. geometry and
material properties of the structure and the impactor, drop weight mass and velocity. In
addition, the use of only simplified models to describe the impact event on a certain
configuration will help us to develop efficient numerical models and experimental tests.
Although, many researchers have used analytical closed [4, 5] and semi-closed form solutions
for describing an impact event, it has been proved that these methods are only applicable to
very simple cases. As a result, these methods provide a better understanding of the controlling
factors of an impact without being suitable for predicting damages like delamination and
matrix cracking. In recent work of Soutis C. et al. [6—8] cohesive zone elements were used not
only for delamination but also for matrix cracking and splitting that impact upon the triggering
of delamination and hence energy absorbed.

In case that we want to check if damage occurs due to low velocity impact at simple
structures of composite materials, impact force is defined using simplified mechanical models.
The maximum value of this force is then compared with a critical value of the relevant mode of
damage e.g. delamination [9—13].

The scope of this paper is to study, according to the building block approach the behavior of
composite specimens, a composite plate and an aerospace stiffened composite panel due to
impact using advanced simulation techniques. To the authors’ knowledge there is a lack of
published literature with comparison of the behavior of different element types and damage
models under impact loading verified not only with experimental results but also with their
application to all levels of building block approach leading to real aerospace composite
structures. As a result, a detail work has been executed in order to examine the behavior of
various element types and damage numerical models under low velocity impact. In addition,
this study is accompanied with a quick estimation tool in coupon level while the most accurate
simulation method is implemented in larger scale composite structures.

2 Approach for Low Velocity Impact Behavior Description
According to Olsson [4, 14] and Gonzalez and al. [15] when M;ypacio/Mpiae = 2 the behavior of
the composite plate in low velocity impact is called quasi-static which is a size and boundary
controlled response. The following loads are considered in the quasi-static model:
a) The inertial load of the impactor F;
Fi = ~Mw; (1)
where M, w; are the impactor mass and displacement respectively.

b) The contact load F, for the description of local deflections is considered with the use of
the contact law

F.=k,a? (2)
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where k,, is the contact stiffness, « is the indentation of the impactor to the plate with av=
w;-w, the difference between displacements of impactor and plate mid-plane, ¢ is a power
parameter. We consider ¢ = / for linear contact law and k, = 5.2RY [15, 16], where R is
impactor radius and Y is ply transverse strength under compression.

¢) The plate deflection load F, can be approached as [17]

F,, = k},SW,, (3)

where £k, is the bending-shearing stiffness of the plate. Assuming simply supported
boundary conditions we have k;, = D*/(0.0116b%) [18], where b is the small edge length
of the plate [19, 20] and D* the effective bending stiffness of the laminate [9, 14]:

* A+1 Dy + 2Dgs
D= —D11D22)7 A=——rn— 4
( 2 VD11Dy )

Under equilibrium (F; = F,. = F,), we derive the following simplified equation for quasi-static
behavior:

ku d ku * kbs
1 e —a =20 0o — V07 0o — 0 5
( " kbs> A ®)

In accordance with Christoforou and Yigit [18, 21] after solving the equilibrium differential
Eq. (5), impact force versus time is given by the relation

F(t) = Vo /MK, /\j\_ 1sin<\//\j\_ 1wt> (6)

while impactor displacement versus time is given by the following relation

wi(t) = %\/)\;\L lsin<\/)\j\_ lbut) (7

where A= K,/K,, is the relative stiffness of the plate and w = % is called linear contact

i

frequency.

Generally, in low velocity impact matrix cracks act only as areas of delamination initiation
between different oriented composite plies and do not reduce the stiffness of a structure. A
delamination is a severe damage mode because it mainly reduces the compressive strength of a
composite laminate.

A criterion for the growth of ny number of delaminations in a composite plate under static
conditions, or dynamic cases like impact with an acceptable deviation, has been developed by
Olsson et al. [19]. The critical value is given by the equation:

32D"Gy
Fo =™ 52 (8)

where D" is the effective bending stiffness of the plate and Gy is the fracture toughness in pure
mode II.
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3 Damage Models

3.1 Intralaminar Damage Model

3.1.1 Hashin 2D Model

Initiation Many damage models have been developed in order to evaluate the type and extent
of a failure for matrix and fiber inside the ply of a composite subjected to an external loading

condition. One of the most widely known intralaminar damage model for composite materials
which refer to the following four different type of damage is Hashin [22, 23]:

. N
. . ~ 011 T12
Fiber tension(011>0) : F' = (F) + a(S—L) 9)
o\’
Fiber compression(oiy < 0) F} = (F) (10)
50\ 2 200\2
Matrix tension(c%>0) F' = <%> + (#) (11)

52 \° Ye\?
Matrix compression (G2, < 0) F’S — < 22> I [( ) 1

~ ~ 2

022 T12
— — e 12
287 25k ye © (SL> (12)

In the above equations X7 is the longitudinal tensile strength of the ply, XC is the longitudinal
compressive strength, YT is the transverse tensile strength, YC is the transverse compressive
strength, St longitudinal shear strength, ST transverse shear strength, o is a coefficient that
defines the contribution of shear stress to the fiber tension criterion and 611,022,712 are the
elements of the effective stress tensor & which are used for the evaluation of initiation criteria
according to the relation:

&= Mo (13)

where o is the tensor of real stress and M is the damage matrix:

(i-d,) (1’ ‘
M = 0 (lfdm) 0 (14)
1
0 0 (lfds)
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with dg, d, and dg the damage variables that characterize the damages of fiber, matrix and
shear. These variables are defined from the values d}-, ;, dﬁn and d, which are relevant to the
four different mode of failure according to:

. d = d; if 61120 ordy = d5if &1, < 0 (15)
. dy = d',if 63020 0r d,, = d’, if 62, < 0 (16)
. dy = 1= (1dy) (1-a5 ) (1=, ) (1-d5) (17)

Finally, before any initiation and evolution of damage the damage matrix M is equal to the unit
matrix and then 6 = 0.

Evolution Damage evolution refers to the behavior of material after the initiation of damage
and gives the rate of degradation of its stiffness. While initially the response of the material is
linear elastic, after the creation of damage it is given by the equation:

o= Cye (18)

where ¢ is the strain value and C, is the damaged elasticity matrix defined as

| (1-dy)E, (1=dy) (1=dp)va1 Ey 0
Cd = B (I*df)(lfdm)vlez (1*dm)E2 0 (19)
0 (1-d,)GD

where D=1—(1—-dp(1 —d,)viov21, dyreflects the current state of fiber damage, d,, reflects the
current state of matrix damage, d; reflects the current state of shear damage, E; is the Young’s
modulus in the fiber direction, £, is the Young’s modulus in the matrix direction, G is the shear
modulus, and v;, and v,; are Poisson’s ratios.

After damage initiation (66[126;1) the damage variable for a certain mode is defined as

GRS
d= m (20)

where 5;’q is the initial equivalent displacement at which the initiation criterion for that mode is

met and 6{([ is the displacement at which the material is completely damaged in this failure

mode. It is known as linear damage evolution and for each failure mode the energy dissipated
due to failure G® must be specified.
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3.1.2 Hashin 3D - Puck Model [24]

Firstly, the constitutive equation for an elastic orthotropic material is described as:

o1l Chi Cpp Ci3 0 0 0 el
on Cpn Cpn Cyx 0 0 0 €22
o3| _|Cis Cu Gy 0 0 0 €33 1)
012 0 0 0 2G12 0 0 €12
023 0 0 0 0 2G23 0 €23
031 0 0 0 0 0 2G31 €31

In case of damage existence four different variables are introduced:

*  Two variables in relation for fibers in tension and compression: dg, d
* Two variables in relation for matrix in tension and compression d,,, dpe

These different four damage variables are used in order to define the total damage values for
both fiber and matrix of the composite material according to the following relations:

dy = 1-(1=dy) (1-dy) (22)
dy = 1=(1=dyn) (1=dync) (23)

The elastic constants C;; when damage exists are calculated in relevance with the respective
constants when damage has not been appeared yet in the material and also the above damage
variables:

(1 d/) 11
sz (1=dy) (1=d)CY
Cs3 = (1-d;) (1~ dm)C(3)3
Cip = (1-d;)(1-d,,)C}
Ci3 = (1-d;) (1~ alm)c?3 (24)
Cx = (1-d;)(1-d,)C
Gz = (1-dy) (1~ 9,,,,dm, ) (1=Seme) G,
G23 = (1 df)(l Smtdmt) 1 smcdmc)G23

Gy = ( _df)(l ~Smelmt) (1=Sme mc)Ggl

The s Kot spe coefficients control the loss of shear stiffness due to the damage of matrix in
tension and compression respectively.

The elastic constants in the case of composite material without any type of damage are
functions of Young modulus of elasticity and Poisson ratio defined as

COI = Ezl(l V23V32)
2 = Egz(l V13V31)
=F (1 V12V21)
Cys 33 25
C02 7E (V21 —|—V31V23)F ( )
(va2 +vipva) I
C03 = E” (V31 + V21V32)F

!
Cy = Ezz
where I'= 1/(1 = vipva; = va3v3 = v31v13 = 221 V30V13)

@ Springer



Applied Composite Materials (2019) 26:835-856 841

The damage variables which are related to failure of fiber tension, fiber compression, matrix
tension and matrix compression are equal to one when the relevant failure criterion is reached.
Combining Hashin 3D model for fiber damage and Puck [25, 26] model for matrix damage the
following equations are used:

Tensile fiber mode where s;; > 0:

2 2 2
o1l o1 013
If +(=) + (=) =1,ds=1 26
(X1z> (512) (S13> g @6)
Compressive fiber mode where s;; <0:

lo]

If
ch

=l,d; =1 (27)
Tensile and compressive matrix mode:

o\’ o3 o\
ka6
|:(2X1t> |X 26X 5| Si2

022+ 033 > 0,dy =1
02+ 033 < 0,dpe =1

1 1
+opn|—+ =1 and:
22<X2t ch>

(28)

The following material constants have been introduced in the previous equations:

Xj¢=tensile failure stress in fiber direction, X, = compressive failure stress in fiber direc-
tion, X, = tensile failure stress in direction 2 (transverse to fiber direction), X,. = compressive
failure stress in direction 2 (transverse to fiber direction), X3, = tensile failure stress in direction
3 (transverse to fiber direction), X3, =compressive failure stress in direction 3 (transverse to
fiber direction), S;, = failure shear stress in 1-2 plane, S;; = failure shear stress in 1-3 plane,
S,3 = failure shear stress in 2-3 plane.

3.2 Interlaminar Damage Model
3.2.1 Initiation

In order to evaluate the initiation of damage between the plies of a composite layup with the
use of cohesive elements there is a criterion named quadratic nominal stress criterion defined
from traction — separation law.

Damage is assumed to initiate when a quadratic interaction function involving the nominal
stress ratios reaches a value of one. This criterion is called Quads [23] and can be represented

as
(L ) - -

where f;,¢2, and #{ represent the peak values of the nominal stress when the deformation is

either purely normal to the interface or purely in the first or the second shear direction,
respectively.
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3.2.2 Propagation

The damage evolution law [23] describes the rate at which the material stiffness is
degraded once the corresponding initiation criterion is reached. Damage evolution can
be defined based on the energy that is dissipated as a result of the damage process, also
called the fracture energy. The fracture energy is equal to the area under the traction-
separation curve.

Power Law Form The dependence of the fracture energy on the mode mix can be defined
based on a power law fracture criterion. The power law criterion states that failure under
mixed-mode conditions is governed by a power law interaction of the energies required to
cause failure in the individual (normal and two shear) modes. It is given by

G, \* G " G“
— + 9= + 9= =1 30
& et e o
with the mixed-mode fracture energy G¢= G, + G,+ G,when the above condition is
satisfied. In the expression above the quantities G,, G, G, refer to the work done by
the traction and its conjugate relative displacement in the normal, the first, and the
second shear directions, respectively. You specify the quantities G, G, G; which refer

to the critical fracture energies required to cause failure in the normal, the first, and the
second shear directions, respectively.

Benzeggagh-Kenane (B-K) Form The Benzeggagh-Kenane fracture criterion [23] is particu-
larly useful when the critical fracture energies during deformation purely along the first and the
second shear directions are the same; i.e., G; = Gy. It is given by the equation

ot + (660 { g} - o)
Gr

where Gg =G + G, Gr=G,, + Gg and n is a material parameter.

4 Laminated Composite Specimens
4.1 Numerical Impact Modeling

The experimental impact tests presented below were modelled in Abaqus/CAE and analyzed
using Abaqus/Explicit. All presented models have been run in a Sun Blade X6440 server
module (PC cluster) of four Six Core Opteron processors (24 CPUs) with 96 GB RAM totally.
The material properties used for all the numerical simulations for composite layers of
specimens are reported in Table 1 [15, 27].

Laminated composites were made using a symmetric balanced layup of [454/04/—454/904];
(with the fiber oriented in the longer specimen side) with ply material Hexply AS4/8552. The
numerical models were simplified to reduce the analysis execution time and only a part of the
specimen inside the fixture was modelled (125 mm % 75 mm). The used boundary conditions
and external loads are reported in Fig. 1.
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Table 1 Material properties

Ply mechanical properties Hexply AS4/8552

Density 1590*1079 kg/mm3

Ply thickness t=0.18125 mm

Elastic properties E;; =128.0GPa, E,, = 7.6GPa, Gy, =4.4GPa, v|,=0.35, vp3=0.45

Ply strength properties X1 =2300.0 MPa, X.=1531.0 MPa, Y1=26.0 MPa, Y.=199.8 MPa, S| =78.4 MPa,
Sr=78.4 MPa

After a comparison of different methodologies that is described in detail later in the section
of results and discussion, more accurate simulation for laminated composite specimens was
performed with the use of continuum shell elements. They were created with eight
sublaminates of continuum shell elements (SC8R) through the thickness using advanced
techniques currently available in Abaqus for layup definition. The interlayer damage
(delamination) was considered using six layers of cohesive elements (COH3D8) of zero
thickness using shared nodes method using Quads criterion for damage initiation and Power
law (a=1) for damage propagation. Finally, the intralayer damage (matrix cracking and fiber
failure) was simulated using Abaqus built-in Hashin damage model for damage initiation and
linear energy law for damage propagation [23].

The impactor deformations were very small compare to the composite so they were
not considered in the FE model. For these reasons the impactor is modelled with rigid
elements (R3D4) available in Abaqus which help to reduce the total computational
time.

When general contact with hard contact law was used between the surfaces of the
impactor and the specimen, spikes with very high magnitudes appeared in the contact

Ux=Uy= Urx =Ury=Ur=0
Gravity=49N

Uy=U=Urx=Urz=0

Usx=U,=Ury=Ur,=0

Fig. 1 Boundary conditions used in the Finite Element model of specimens
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force. Alternatively, a pressure—overclosure method based on the Hertzian contact
theory was implemented according to the following equation [28]:

_ 3kHy%
" 47R

(32)

where p is the contact pressure, y is the overclosure (penetration) of the slave nodes
(nodes of the impactor), R is impactor radius and ky is the contact stiffness which for a
transversely isotropic material is (Olsson) [16]:

4
Q is the effective out-of-plane stiffness and given by:
1 1 1
—=—4— 34
Q sz in ( )
where
Qz = Ez/(l_vrzvzr) (35)

Subscripts 1 and p refer to the impactor and the plate and subscripts r and z refer to the in-plane
and out-of-plane directions, respectively.

4.2 Experimental Tests

The impact model technique presented above was tested using different experimental tests
from literature. An experimental test case of impact on a composite flat plate made by carbon
fiber/epoxy [15] has been reported here.

Rectangular flat specimens of 150 mm x 100 mm have been impacted with a hemispherical
(=8 mm) impactor of 5 kg following the ASTM standard D7136 [29]. Two impact energies
values were used (Table 2).

5 Laminated Composite Plate

5.1 Numerical Impact Modeling

Consider the flat CFRP plate 300 mm x 300 mm shown in Fig. 2 which is manufactured with
plies of UD composite material IM7-8552 (by Hexcel) (Table 3) [30].

Table 2 Impact tests

Coupon Impact energy (J) Impactor velocity (ms™!)
L04-S01 38.6 3.93
L04-S04 28.6 3.38
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z

E,v

X

Fig. 2 Boundary conditions used in the Finite Element model of plate

In detail, the layup of the plate was consisted of the following 28 plies [45° /90° /—45° /0°
/450 /90° /—45° /0° /0° /—45° /90° /45° /0° /—45° /90° /450, /—45° /0°, /90° /0°, /90° /0°,/ -45°/
45°].

The experimental impact tests presented above were modelled in Abaqus/CAE and ana-
lyzed using Abaqus/Explicit. The model was built with seven sublaminates of four plies using
continuum shell elements (SC8R) (more details in the Abaqus Analysis User’s Manual). The
interlayer damage (delamination) was simulated in the present model with four layers of
cohesive elements (COH3DS8) of zero thickness using shared nodes method using Quads
criterion for damage initiation and Benzeggagh-Kenane criterion (a=1.6) for damage propa-
gation. The intralayer damage (matrix cracking and fiber failure) was modelled using Abaqus
built-in Hashin damage model for damage initiation and linear energy law for damage
propagation.

In addition, higher mesh density has been performed in an area close to the impact point
because the existence of small cohesive elements size lead otherwise in convergence problems.
Finally, the same softened penalty algorithm mentioned above for the specimens (pressure—
overclosure) was applied in order to define the contact force diagram.

5.2 Experimental Test
Low velocity impact test was conducted in a laminated composite plate using an INSTRON
Dynatup 9250 HV drop tower while the mass of the impactor was 16.7 kg using a hemi-

spherical impactor of radius 8 mm. During the experiment the values of contact force, impactor
deflection and impact energy as a function of time were defined. In addition, a fully

Table 3 Material properties

Ply mechanical properties Hexply IM7/8552

Density 1590*107% kg/mm?

Ply thickness 0.125 mm

Elastic properties E;; =155 GPa, E,, =8.4 GPa, G,=3.2 GPa,v|;=0.3

Ply strength properties X1=2200 MPa, X.=1100 MPa, Y1=25 MPa, Y. =140 MPa, S; =76 MPa,
St=56 MPa
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constrained boundary condition in the middle of all edges of the plate with a width of 30 mm
(Fig. 2) was applied during impact.
The plate was tested with energy of 20 J which means that impactor velocity was 1.537 m/s.

6 Laminated Composite Stiffened Panel
6.1 Numerical Impact Modeling

An aerospace laminated composite stiffened panel [31] is depicted in Fig. 3 with skin thickness
of 2 mm which is stiffened with omega stringers with 1.5 mm thickness and also contains three
metallic frames made of aluminum with 3 mm thickness. The panel was manufactured with
plies of UD composite material type IM7-8552 (by Hexcel). The skin laminate is [45°/90°/
—45°/0°/45°/90°/—45°/0°]g and that of the stringers is [45°/—45°/0°,/90°/0°]s.

In order to analyze a low velocity impact event on the laminated composite stiffened panel
presented above, a model was created in Abaqus/CAE and analyzed using ABQUS/Explicit.
The skin was modelled by the use of four sublaminates of continuum shell elements (SC8R)
with four nodes and reduced integration while stringers with only one sublaminate. The same

Stringer

Frame

Skin

z
X
YVJ

Fig. 3 Finite Element model of composite stiffened panel
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criteria with composite plate for both interlayer and intralaminar damage initiation and
propagation were considered in the present model. In addition two layers of cohesive elements
(COH3DS8) of zero thickness using shared nodes method where induced. Moreover, higher
mesh density has been created in an area close to the impact point because the existence of
small cohesive elements size leads in convergence problems during simulation and a finer
mesh is mandatory.

General contact with hard contact law was used between the surfaces of the impactor and
the first composite layer.

6.2 Experimental Test

A low velocity impact test was performed at the area of skin - stringer with the use of an
INSTRON Dynatup 9250 HV drop tower, with impactor velocity Vo=2.51 m/s and mass
of 16.7 kg. As a result, a BVID (Barely Visible Impact Damage) site was created at the
specified location using a hemispherical impactor with a diameter of 16 mm (Fig. 4).
Fully constrained boundary conditions at the large sides of the panel were used during
the impact event.

7 Results and Discussion
7.1 Laminated Composite Specimens
Firstly, it is important to evaluate the behavior of specimens and understand the influence of all

affecting parameter checking if delamination is created under impact loading. As a result
impactor force and displacement of specimens in undamaged state have been calculated using

= = = —t

=it Ll L

¥ Impact damage application on skin side

Fig. 4 Low velocity impact location for laminated composite stiffened panel
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approaches of simplified analytical models with the help of MATLAB software (Fig. 5a and
b).

From the force figures above the resulting maximum value for each impact energy is greater
than 8.34 kN which is the damage critical value for the creation of a delamination according to
Eq. (8) with ng = 1. As a result, the existence of delamination is obvious for all impactor velocities
because maximum load for all cases are higher than the interlaminar damage limit value.

Furthermore, for each case a comparison between numerical simulation and published
experimental test results has been executed for both impact force and energy absorbed versus
time. According to Soutis et al. [6] the kinetic energy of the impactor is transferred to the
specimen during contact. An amount of this energy is absorbed from the composite as elastic
deformation, while a larger part is dissipated due to intralaminar and interlaminar damage and
friction between the contact bodies and among the plies of the layup. This energy transfer
finishes when the value of the impactor velocity becomes zero and the impactor rebounds as a
result of the flow of absorbed elastic energy from the specimen back to it. In conclusion, the
absorbed energy by the specimen becomes a constant value due to damage and friction.

Force
a
25
===S01_Approach
20 e=S504_Approach
= 15
=
s
£ 10
5
0
0 1 2 3 4
Time (msec)
b Displacement
45 -
4 -
e==501_Approach
3,5 -
=== S504_Approach
E 3
E
= 25
c
£
g 2]
&
% 1,5 4
a
1 4
0,5 -
0 T T T 1
0 1 2 3 4
Time (msec)

Fig. 5 Results of approaches for impact behavior
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849

Firstly, the case of highest impactor velocity (Fig. 6) has been modelled using the following

element types and damage models:

1. Continuum shell elements (SC8R) with induced cohesive elements for modelling both
intralaminar (Hashin model for damage initiation and linear damage evolution) and

interlaminar (Abaqus cohesive elements) damage.

2. Only continuum shell elements (SC8R) for intralaminar damage (Hashin model for

damage initiation and linear damage evolution).

3. Conventional shell elements (S4R) simulating only intralaminar damage (Hashin model

for damage initiation and linear damage evolution).

4. Solid elements (C8D8R) with VUMAT user subroutine modelling only intralaminar
damage (Hashin model for fiber damage and Puck model for matrix damage).

Force
as

-==aTest

= Shell elements

Force (KN)

Continuum & cohesive elements
Continuum elements

Solid_elements_with_VUMAT

0 5 10
Time (msec)
Energy

b45 -

40 -

7/ N
35 1 / \
/ N

30 o / -~ .
S5 /
& !
R

154 !

!
104 4
5 | )
/
0 T T T
0 2 4 6
Time (msec)

Fig. 6 a Force — time results for SO1 specimen — Comparison of different methods of simulation b Energy — time

results for SO1 specimen (continuum & cohesive elements)

@ Springer



Fig. 7 a Force — time results for S04 specimen b Energy — time results for S04 specimen
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The comparison of all these different methods for the first case led to the conclusion that impact
force for all the above methodologies, except for the first one, was overestimated probably due to
increased transverse stiffness (conventional shell and solid elements). Only continuum shell
elements with induced cohesive elements results are very close to experimental tests for both force
and energy absorbed versus time. This result can be firstly explained due to the fact that delami-

nation damage needs to be modelled as it is appeared between the plies of different orientation
which has also been verified with the use of previously referred simplified analytical method and
testing. In addition, continuum shell elements have better behavior and give more accurate response
than conventional shells when impact is examined because they take into account contact of both
sides and thickness difference. Finally, continuum shell elements capture more accurately the
through-thickness response for composite laminate structures in comparison with solid elements.

Moreover, the conclusion of better results of continuum shell elements with induced

cohesive elements was checked for the second case. Figure 7 confirms that this
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methodology is more accurate as it is compared with experimental results of different
impact velocity value.

7.2 Laminated Composite Plate

The case of low velocity impact of laminated composite plate (Fig. 8a) showed that simulation
results are very close to performed experimental test. A force versus time graph confirms the
accuracy of simulation results with the use of continuum shell elements with induced cohesive
elements. Prediction of impactor force and total contact duration was enough accurate which
means that there was a good estimation of the plate and contact stiffness.

In addition, the simulation results for matrix damage (Fig. 9a) and delamination between
the sub-laminates (Fig. 9b) are very close to the experimental damage extension (Fig. 10) for
the case of composite plate.
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Fig. 8 a Force — time results of composite plate (V, = 1.537 m/s) b Force — time results of composite stiffened
panel (V,=2.51 m/s)
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Fig. 9 a Matrix damage in compression of composite plate b Delamination (6th — 7th sublaminate) of composite
plate

7.3 Laminated Composite Stiffened Panel

An impact force versus time graph is also presented for the case of impact on skin - stringer
area of the panel (Fig. 8b). The comparison between the simulation results with the use of
continuum shell elements induced with cohesive elements and the performed experimental test
showed a very good correlation for impactor force and contact duration.

Finally, the comparison of simulation results for matrix damage (Fig. 11) and C-scan
experimental result of area 300 mm? (Fig. 12) for skin — stringer region of composite stiffened
panel depict their good correlation.
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Fig. 10 Damage of composite plate due to low velocity impact (testing)

8 Conclusion

The aim of the presented paper is to study low velocity impact according to building
block approach on laminated composite specimens, a plate and an aerospace stiffened
panel. In order to make it feasible, a validation of experimental data with simplified
models for quick estimation and numerical results has been executed. These numerical
methodologies include simulation with conventional shell elements, continuum shell

ODB: plate_impact_S656.0db Abaqus/Explicit 6.14-2 Wed Feb 28 20:32:04 GTB.

gy ¥ Stept impac
j’/ Increment 362978: Step Time = 3.0000€-02
Primary Var: DAMAGEMT
Deformed Var: U_Deformation Scale Factor: +1.000e+00
Status Var: STATUS

Fig. 11 Matrix damage in tension — aerospace composite stiffened panel (skin — stringer area)
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Fig. 12 C-scan (skin — stringer
area)

elements with and without the existence of cohesive elements for delamination, solid
elements with the use of a user subroutine. The comparison of the impact force and the
absorbed energy versus time for all mentioned simulation techniques showed that
continuum shell elements with induced cohesive elements for delamination modelling
give the most accurate simulation results. Finally, the analysis for the mode and
magnitude of damage in the simulation activities of composite plate and aerospace
composite stiffened panel enforce the conclusion of accurate results using continuum
shell elements and cohesive elements for interlaminar damage.
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