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ARTICLE INFO ABSTRACT

Article history : This paper deals with numerical analysis of dynamic behavior of a curvilinear graphite /
epoxy composite shell under the effect of different impact loads at low speeds. Damage
is assumed to initiate when one of Hashin’s failure criteria is satisfied, and its evolution
Revised : 23 May 2018 is modeled by Mindlin’s Formulation with geometric non-linearity. This has been
accomplished by developing a user defined subroutine and implementing it in the FE
software ABAQUS. From strains supplied by ABAQUS the material subroutine uses a
micromechanics approach based on the method of cells and values of material
parameters of constituents to calculate average stresses in an FE, and checks for
Keywords: Hashin’s failure criteria. If damage has initiated in the material, the subroutine evaluates
the damage developed, computes resulting stresses, and provides them to ABAQUS.
The computed time histories of the impact loads acting are found to agree well with the
Fiber rupture numerical ones available in the literature, and various damage and failure modes agree
qualitatively with those observed in tests.
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1 Introduction

Rarely, damage caused by low velocity impact are detected with the naked eye. Since they cannot be found, the harm
caused by low velocity impact in composite materials are considered potentially hazardous [1]. In general, the cracking of
the matrix and fiber breakage are the initial damage prior to delamination. The stiffness of the damaged material and
therefore the structure can be significantly reduced by damage [2, 3]. This loss of stiffness may even cause a catastrophic
failure. For these reasons, it is important to develop tools that enable analysis of structures of composite materials under
low velocity impact. However, the most commonly used composite materials suffer from certain important limitations.
Among these, the most important is possibly their response to a localized impact [4].
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Since components made of composite materials are generally very susceptible to transverse impacts, it is essential to
characterize the response of these materials to such a type of loading in order to be able to predict the behavior of the
components in service [5-8]. Thus the peculiarity of the composite materials is that they can damage themselves internally
without leaving a visible trace of the defect, especially during small shocks which can lead to significant losses of material
properties [9-12]. Indeed, materials such as carbon / epoxy, commonly used, have a linear elastic response until rupture
[13]. This fragile behavior makes composite structures vulnerable to impact which is identified as the most critical loading
mode for composite materials for these reasons these materials must then satisfy expensive certification procedures for low-
speed impacts [14]. If internal damage resulting from a shock is not detected and repaired over time, the damage area will
continually grow and ultimately lead to structural collapse. The presence of these defects is therefore taken into account in
the dimensioning of structures [15]. The impact event generally causes cracking of the matrix, breaking of fibers and
delamination within the structure. Therefore, it is necessary to investigate the impact damage and the failure mode as well
as the continuous monitoring of the structure in order to avoid any major incident and catastrophic failure. It is important to
know the impact response strength, the impact energy absorbed by the material before it fails to produce an effective design
for a structure [16]. Moreover, the behavior of composites to shocks remains difficult to predict. This leads manufacturers
to undertake often expensive tests in order to determine the response to crashes and impacts of complex structures and to
understand the phenomena of damage involved. The reduction of the number of tests necessarily involves a fine
understanding of these Physical phenomena as well as the development of finite element models of damage [17].

The numerical analysis of damage caused by low velocity impact has been made mainly by the finite element method
(FEM). Lakshminarayana and murthy, [18, 19] made a dynamic analysis of a structure using a commercial program to
predict damage to the material without regard to the progressive failure analysis aid. Zhao and Cho, [20] analyzed the onset
of damage in a composite material using 8 noded shell elements. Ganapathy and Rao, [21] analyzed the damage in a
laminated curved shell element using a double curvature of 48 degrees of freedom. Li et al. [22-23], presented a numerical
model to simulate the process of low velocity impact based on a Mindlin plate element of 9 nodes. Sahli et al, [24],
Presents a dynamic formulation of the boundary element method for stress and failure criterion analyses of anisotropic thin
plates.

In this paper, a numerical analysis of a curvilinear shell is studied to predict the evolution damage in the various layers

of the structure under different low speeds impact loads and different thicknesses of the folds of the structure

2 Element Development

This analysis is based on the theory of linear elasticity. The fiber and matrix materials in each layer are considered to
be homogeneous. Consequently, the equation of equilibrium of a composite shell and an impact system at an instant t can
be expressed by the general dynamic equation [25]:

[M]{d}+[k]{d} = {F} (1)
Where: [M ]Ts the matrix of mass, [K]the rigidity matrix, [F] the force, [d] the displacement vector, [J J the acceleration

vector.

In our case the only load is the contact force caused by the impactor, it’s a force defined by a scalar acting
perpendicular to the plate at the point of contact and having an amplitude equal to the contact force. The contact force
vector is defined by:

{Fy=r{u} )
Where: U is a unit vector and f the effective force vector.
At time ¢ + At, the equation is written as follows:

..}t+At +[k]{d}t+m _ {F}HN (3)

[m]{d

Where : [k ] is the effective stiffness matrix
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The Newmark method is used to obtain the solution of this equation. Consequently, the speed and acceleration

vectors at time ¢ + At are written by:

{d}’”’ = {d) +a-2ard) +/1At{d'}”m

™ =q pa)las -/ party|d')

- (1//3At{df}—(1/ﬂ(1/2—ﬂ){d}’

The parameters f and A are constants.

Substituting equation (5) in equation (3), we obtain:

[];:I{d}wm _ {F}HN
[k ]=/ pac)[m]+[k]
[F]HAI _ {J}t +{F}t+At

1/ pacy{a)
M e\t
+(a-2p)/2p){d}

With:

Where: {J}t =

At the moment 7+ At equation (1) can be written as:
{F}H-Af :fHAt {U}
During the loading and discharging phases the contact force is

ft+Al :k(at+At)l.5 For loading

t+At 15

o g 14— por discharging
oy —Q

At time t + At the indentation is obtained by (Figure 1):

t+At t+At t+At
(24 =W — W

Where: w; is the displacement of the center of the half surface of the plate in the direction of impact

w; is the position of the center point of the impactor

v m t=0

Fig. 1 —Indentation between the impactor and the shell plate [26].
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3 Damage Criteria

Impact damage, such as Fiber fracture, matrix cracking or delamination, can in fact lead to a reduction in the residual
behavior of composite structures even in the absence of a visible mark on the surface [27]. Among the large families of the
most breaking representatie and used, the Tsai-Wu criteria, which generally leads to an underestimation of the breaking
force, the Hashin criterion which is characterized by a relative simplicity of the expressions following Mode of rupture,
which allows easy use. In addition, it takes into account physical considerations and finally the criterion of stress and
maximum deformation.

To predict Fiber fracture, cracks in the matrix and the delamination of a graphite / epoxy composite material, we were
interested in the Hashin damage criterion, which is a mathematical expression linking the actual stresses in the material to
the ultimate constraints supported by the latter. When this criterion is exceeded, the integrity property of the material no
longer exists and there is local ruin of the medium. Hashin [28] proposes a criterion that takes into account all these
constraints on the resin. Moreover, it distinguishes the state of traction in the matrix from the state of compression. In the
case of traction in the transverse direction of the fold, the criterion is written:

2 2 2 2
(02 +033) L 0340003 O *0i3

(14)
2 2 2
O MmNt Ous OFs
In the case of compression in the transverse direction, the criterion becomes:
Ounc ’ (0p+03) (05 +03)°  03,-0,0y  Oh+oh
-1 + 5 + > + >1 (15)
205 Ounc 4oys Ops Ors
With:
OMNT . Resistance of the matrix in traction
OMNC ; Resistance of the matrix to compression
OMS . Resistance of shear of matrix
OFs . Resistance of the fiber in traction
Thus the criterion of damage to the fibers by traction proposed by Hashin (o}, > 0)
2 +ol 1 Fail
On | Gt _ |~ arlure (16)
X, S5 < 1 No Failure

There are many criteria of quadratic form for detecting the appearance of delamination. Overall, the authors propose
criteria involving transverse constraints, namely o5, 0,3 and o3;. Some do not differentiate the state of compression
stress from that of the traction in the normal direction to the ply. Hashin, for example, proposes a criterion where he does
not take into account the sign of o5 :

( 033 )2+ ohy J;(7123
SN 12

>1 (17

Opy is the resistance of the lamina to a normal force, and S |, is the resistance of the lamina to shear delamination.

In numerical analysis, after a failure of a lamina [29], it results the determination of degradation properties through
their laws, to date, there is no universally accepted approach of the properties and stiffness reduction factors to be used after
the failure of a lamina. If there is a traction failure in the direction 2 of a unidirectional laminate (Figure 2), there are
researchers that make the properties E> and vi» null. The degradation laws may vary depending on the material and the
arrangement of the fibers. The simplest, but not very realistic, degradation hypothesis is the total degradation of the
mechanical properties of a layer upon failure.
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Fig. 2 — Constraints in the axes of a ply

It has been assumed that Poisson coefficient vi, will always be degraded when a failure occurs in the direction 1 or 2 of
the lamina, both with compressive or traction loads.

Degradation of transverse shear modulus in the lamina plane (Gi2) will occur when there is failure with the axial load
traction toward 1 or 2, or the shear load in the plane.

In bidirectional tissue laminas, when the failure occurs by shear stress in the lamina plane, it is reasonable to consider
that will create a superficial failure perpendicular to the direction of their weaker fibers.

Inside the plate, the fibers in both directions are represented by lines perpendicular to each other. When degradation of
an elastic modulus E occurs in one direction, the fibers are separated. When degradation of G, property occurs, the matrix
degrades.

Another reasonable assumption is degrading the modulus of elasticity in the direction 2 when failure occurs for tensile
in the direction 1. This type of degradation is expected in more unidirectional laminates.

Whereas the compression failure modes or traction at direction 1 also degrade the modulus of elasticity in the direction
2, another reasonable assumption is degrading the modulus of elasticity in the direction 2 when failure occurs in the
direction tensile 1. This type of degradation is expected in more unidirectional laminates whereas the compression failure
modes or traction at direction 1 also degrade the modulus of elasticity in the direction 2,

4 Geometric Model

Low velocity impact modeling is carried out using a hemispherical impactor with 12.7 mm diameter spherical head.
The mass of drop weight will be taken as 10 kg for low impact. The composite cylinder consisted of a [30/-30/90/90/30/-
30/90/90] lay-up configuration forwhich the reference direction coincides with the axis of the tube and the last 90° ply is
the outermost layer. The cylinder is 317 mm long with 150 mm internal diameter and 6 mm thickness, as shown in Figure
3. These dimensions and loading conditions are selected to conform with the numerical tests performed by Yen. [30].

The numerical analysis using the ABAQUS commercial code V.6.14 was used to predict and evaluate the evolution of
the damage of the fibers and of the matrix in the various folds under the effect of the impactor speed and the thickness of
the composite plates. The mechanical characteristics of the shell and the impactor are shown in Tables 1-2

Table 1 - Material properties of graphite/Epoxy composite And Material properties of the impactor

Symbol (unit) E (GPa) Ej (GPa) E»(GPa) Gy (GPa) Gas (GPa) via o (Kg/m?)

Shell value 165.5 10.3 5.5 3.24 0.32 1600

impactor value 207 0.3 8290
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Table 2 — stress values of graphite/epoxy

Symbol (unit)y  S' (GPa)  S¢(GPa)  S.(GPa) S, (GPa) S5 (GPa) Sy (GPa)

value 2.55 1.5 0.04 0.12 0.14 0.07

317.5mm

Fig. 3 — Geometry of cylinder and the impactor

In this work, the discretization process is performed by subdividing the cylinder into distinct finite elements as. To get
more accurate results, a fine grid size has been applied in the regions located near the impact center (i.e. high deformation
region) while gradually large grid sizes were used away from impact area as shown.

When choosing the mesh type, the set-up time and the computational expenses were considered. Analyzing different
mesh scales was required to decide what will be the appropriate mesh density until two meshes gave nearly the same
results, then the mesh was considered adequate and used in the analysis.

The present cylinder material is an orthotropic elastic type, therefore, it is recommended that a 4-node quadrilateral
layered shell element. The cylinder section was meshed with 18144 elements and 19708 nodes. These types of elements are
used in explicit dynamic analyses and have bending and membrane capabilities with both in-plane and normal loads
permitted. The solid steel impactor is modeled using 6485 elements. The impactor is modeled as a rigid material.

5 Failure consideration
The implementation procedure for describing the behavior of the composite was inspired by detecting scheme for
impact damaged of the composite figure 4 used by Kim [31].

The initiation and propagation of matrix cracks and delamination are very complicated. In this work, under the
following assumptions, matrix cracking and delamination are considered in the macroscopic sense.

1. The initial mode of impact induced damage is intraply matrix cracks.

2. Delamination initiates from these matrix cracks and propagates along the interfaces of layers with different fiber
orientations.
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Delamination
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Fig. 4 — Detecting scheme for impact-induced damaged. [31]
6 Results and Discussion
6.1 Validation Model

Impact force is a very important parameter in the prediction of structure damage under drop weight impact. Its
variation with time is essential for prediction of damage. As a result, the computed contact force histories were compared to
the numerical contact force results of Yen et al. [30]. Figures 5 and 6 show the impact load vs. time for velocities of 1.195
m/s and 1.548 m/s , respectively

1500 T T T T T T T T

g 1000 -
o
®©
o _
S
®©
Q
E 500 i
Yen's model
+——present mode]
0 T T T T T T T T T
0.000 0.003 0.006 0.009 0.012 0.015

Time (S)

Fig. 5 — FE code validation at Vf=1.195 m/s



230 JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 5 (2018) 223-236

1200 —

1000

©

o

o
1

600

impact load (N)

Yen's FEM model
Present model

EN

o

o
1

200

0 T T T T T T T T T
0.000 0.003 0.006 0.009 0.012 0.015
Time (s)

Fig. 6 — FE code validation at Vf = 1.548 m/s

For both velocities, excellent agreement was found between Yen’s numerical model results and the present FE model
results having similar curve morphology for impact load-time plots with differences within numerical approximation.
Within this time range, the analyses provide approximately the same frequencies and peak-to-peak magnitudes. This
correlation validates the model and supports the use of the chosen contact model. Therefore, the modified FE model will be
applied to the problem at hand which consists on investigating the behavior of a composite cylinder under low velocity

impact. The analysis will include also the quantification of damage to the pipe structure as well as a cylinder wall thickness
effects.

6.2 Prediction of the damage of the folds of the structure under the effect of the speed
In order to evaluate the effect of the speed of the impactor on the prediction and the evolution of the damage, four
different values (3m/s, 6m /s, 12m/s and 15m/ s) were considered with hemispherical impactor of radius of 12.7 mm.

Figure 7 shows the variation of the impact force with respect to the time obtained for an impact velocity of 3 m/s. The
curve shows two peaks during the loading of the impact event. These two peaks, which occurred at t = 0.4 and 1.5 ms, are

the indications of triggering the damage of the matrix and the fibers due to the compressive deformation which absorbs (at
the beginning of the damage) the large.

800

600 — '\
|
\

impact force (N)
g
1
—=2

impact time (m,s)

Fig. 7 — Variation of the impact force for the impact velocity of 3 m /s.
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Fig. 8 — Evolution of damage in the folds for the speed of 3m /s

Proportion of the impact energy. Figure 8 shows the evolution of the damage in the folds as a function of time for the
speed of 3 m / s and indicates that the cracking of the matrix begins approximately (t = 0.0004 sec) in layers 1, 2, 7 and 8
followed by similar damage in layers 3 and 4 while no cracks are detected on layers 5 and 6. This is mainly due to the fact
that the bending stress is closer to the center of the target. The cracking of the matrix in the layers (7 and 8) is caused by
compression, while the tension stress produces cracks in lower layers (1 and 2). Delamination begins at the same time with
matrix cracking

The beginning of fiber rupture occurred on the outer layer (8) at t = 1.5 to 1.9 m.s. This is probably caused by high
compression forces.

From the results of the force-time curve of Figure 9, for the impact velocity of 6 m /s, the first appreciable variation in
the load is at approximately 0.5 m.s. We also note that more the speed of impact increases more the impact load is
maximal. Figure 10 indicates that for this rate cracking of the matrix begins approximately at (t = 0.0006 sec) on layers 1,
7 and 8, followed by similar damage on layers 2, 4 and 6, while no cracking occurs Produced on layers 3 and 5. As the
impact time increases (t = 1.8 ms), the cracking of the matrix propagates on layers 1 and 4. Fiber fracture triggering
occurred Later between t=0.0019 and 0.0023 sec on the inner layer and between t = 0.0019 and 0.0026 sec on the outer
layers.
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Fig. 9 — Variation of the impact force for the impact velocity of 6 m /s
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Fig. 10 — Evolution of the damage in the folds for the speed of 6 m /s

The load-time curve obtained under the impact velocity of 12 m / s is shown in Figures 11 and 12 indicates that for a
higher impact velocity of 12 m / s, cracking of the matrix begins at about (t = 0.0006 sec) on layers 1, 7 and 8, followed by
similar damage on layers 2, 4, 5 and 6 while no cracking occurred on the layer 3.
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Fig. 11 — Variation of the impact force for the impact velocity of 12 m /s
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More the time of impact increases (t = 0.0015 sec), more the matrix crack propagates on the layer 1. The delamination
started at the same time with Matrix cracking. Fiber fracture occurred later between t = 0.0016 and 0.0021 sec on the inner
and outer layers

The curve of Figure 13 shows the variation of the contact force as a function of the impact time for the speed 15 m / s.
According to the curves of Figure 14, the matrix cracking initiated at about t = 0.0006 sec on the layers 1 and 8, followed
by similar damage on the layers 2, 3, 4, 5, 6 and 7. The rupture trigger of fiber occurred later between t = 0.0018 and
0.0023 sec on the inner and outer layers. The severity of the fiber failure gradually increased towards the inner and outer
layers of the laminate. It should be mentioned that the impactor could penetrate the shell.
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B 600—../ -
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0 2 4 6 8 10 12 14 16 18 20

impact time (m,s)

Fig. 13 — Variation of the impact force for the impact velocity of 15 m /s
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Fig. 14 — Evolution of the damage in the folds for the speed of 15 m /s

6.3 Prediction of the damage of the folds of the structure

The load-time curve obtained under the effect of the thickness of the ply of 0.25 mm is shown in figure 15. These
results show that for 0.25mm, the first significant decrease in the charge occurred at 0.0004 sec. Figure 16 shows that for
the thickness 0.25 mm, the cracking of the matrix begins at t = 0.4 ms on layers 1 and 8, followed by similar damage on
layers 2, 3, 4 and 7 while no cracking Is noticed on layers 5 and 6. Fiber fracture occurred later between t = 0.0017 and
0.0038 sec on the outer layers. The fiber break progression gradually increases towards the outer layers of the laminate.

The load-time curve obtained under the effect of the thickness of 0.375 mm is shown in figure 17. These results show
that for this thickness, the first significant decrease in the charge occurred approximately at 0.0006 s.
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Fig. 17 — Variation of the impact force for the thickness 0.375 mm

Figure 18 shows that for the 0.375 m, cracking of the matrix begins at t = 0.0006 sec on layers 1, 2, 7 and 8, followed
by similar damage on layers 3, 4 and 6 while no cracking occur on layer 5. Fiber fracture occurred later between t = 0.0039

and 0.0062 sec on the inner layer and between t = 0.0018 and 0.0042 sec on the outer layer.
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7 Conclusions

In front of the increasing use of composite structures, the development of reliable structural and mechanical
characterization tools has become an important scientific and technological challenge. Indeed, the precise knowledge of the
mechanical properties of the constituents, their morphology and their arrangement as well as the precise measurement of
the effective properties of the composite materials are necessary conditions for solving a major problem linking the overall
behavior to the microstructure. Moreover, the evolution of the effective properties as a function of the conditions of use can
allow the characterization of the damage of these materials, in order to optimize their use and to evaluate their service life.

In this work we have studied an example of an impact problem on a multi-layer curvilinear shell made of carbon/epoxy
composites using a cylindrical impactor. The model of the example studies the structural behavior of the shell under the
effect of low impact velocity. The contact forces and the damage of the matrix and the fibers were obtained for different
impact speeds (3, 6, 12 and 15 m/s) and for different wall thicknesses (0.25 and 0.375 mm) with the code ABAQUS v.14.6.

In the curves of the contact force as a function of the impact time exhibit peaks during the loading event, indicating the
triggering of the mode of matrix and fiber damage. Due to continuous loading and beyond the maximum point of the curve,
there is a continuous progression of fiber damage which increases with increasing impact velocity up to the time where
there is permanent damage caused to the structure and thus to the reduction of the impact force. Damage by the small
0.25mm thickness occurred earlier and was more serious than the thickness of 0,375mm
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