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Abstract

An interest in the low velocity impact problems has been revived with the ad-
vent of laminated composite materials and their increasing use in aerospace and other
applications. The reason for this new activity is that despite certain advantages of
these materials over more traditional materials, composites are known to be vulner-
able to impact. Impacts may occur anywhere during manufacture, normal operations,
or maintenance and may induce significant internal damage in the form of matrix
cracking, delamination or fibre breakage. that are undetectable by visual inspection
and cause significant reductions in the strength and stability of the structure.

In the present paper, a three-dimensional finite element and transient dynamic
analysis of fibre-reinforced polymer matrix composite laminates (e.g. graphite/epoxy,
glass/epoxy, etc.) subjected to transverse foreign object impact is performed. Layered
version of eight-noded isoparametric brick element with incompatible modes is used to
model the laminate. Transient dynamic equilibrium equation is integrated step-by-step
with respect to time using Newmark direct time integration method. Non-linear con-
tact law reported in literature is used to model the local contact behavior and the time-
varying contact force is calculated based on the relative displacement between impactor
and laminate using Newton-Raphson method. Based on the finite clement model, a
versatile computer software was developed in C++ programming language using ob-
ject-oriented approach. The software can be used to determine several results such as
contact force history, displacement and velocity histories of impactor and the time-
varying displacements, forces, strains and stresses throughout the laminate. Some
example problems are considered to study the effects of impactor velocity and lami-
nate boundary conditions on impact behavior of graphite/epoxy composite laminates,
and results are presented for time-history of contact force and laminate central deflec-
tion. The transient dynamic strains and stresses inside the laminate were also calcu-
lated for few cases
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Introduction

An interest in the low velocity impact problems has been revived with the ad-
vent of laminated composite materials and their increasing use in aerospace and other
applications. The reason for this new activity is that despite certain advantages of
these materials over more traditional materials, composites are known to be vulner-
able to impact. Impacts may occur anywhere during manufacture, normal operations,
or maintenance and may induce significant internal damage in the form of matrix
cracking, delamination or fibre breakage, that are undetectable by visual inspection
and cause significant reductions in the strength and stability of the structure. In addi-
tion, the impact response and failure modes of composite laminates are greatly influ-
enced by varying fundamental parameters such as fibre and matrix properties. fibre
orientation, stacking sequence and laminate geometry.

It is, therefore essential to understand the impact response and damage mecha-
nisms of composites and develop appropriate models for developing improved materi-
als and design methods accounting for impact. Accordingly, numerous experimental
and analytical investigations have been performed for this purpose and the summary
of the work is reported in References [1,2].

It has generally been recognized since carlier work on impact of isotropic beams
that an accurate account of contact behavior is one of most important steps in analyzing
impact response problems. Sun and Chattopadhyay [3] used Hertzian contact law to
analyze simply-supported laminated composite plate subjected to central impact of a
mass. Yang and Sun [4] proposed a power law for graphite/epoxy composite laminate
based on static indentation tests using steel balls as indentors. This contact law ac-
counts for permanent indentation after unloading cycles. The modified version ob-
tained by Tan and Sun [5] was used by several authors in their finite element ap-
proaches. '

Several of these analyses were based on plate theories and couldn’t provide
information about stress and strain distributions, especially out-of-plane stresses,
through the laminate thickness. This information is one of the initial steps to predict
the impact damage in laminated composites [6.7].

In the present study, a three-dimensional finite element and transient dynamic
analysis of graphite/epoxy composite laminates subjected to transverse impact is per-
formed and implemented by a specially developed computer code. The objective of the
analysis is to evaluate all the time-varying deformations, strains and stresses through-
out the laminate. Effects of different parameters such as impactor velocity and lami-
nate boundary conditions are investigated.
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Contact Analysis

When a composite laminate is impacted by a mass, contact force results. The
evaluation of the contact force depends on a contact law which relates the contact
force F with the indentation depth a (the change in the distance hetween the center of
the impactor’s nose and the mid-surface of the laminate). In the present study, the
modified version of Hertzian contact law proposed by Yang and Sun [4] based on
static indentation tests 1s used as described below.

Loading :
F =ka" ()
Unloading :
23
F=Fm|:a_-a"i] @
e, -a,
Reloading :
1.5
F= Fm[“—"’i} 3)
G =,

where k is the modified constant of the Hertz contact theory defined by Yang and Sun
[4] for a flat laminate as
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where r,, v, ,and £, are the local radius, the Poisson’s ratio, and the Young’s modu-

lus of the impactor respectively. £ ,» 18 the transverse modulus normal to the fibre

direction in the uppermost composite layer. F,, 1s the maximum contact force just

before unloading, @, is the indentation corresponding to /, , and @, is the perma-
nent indentation during this loading-unloading process and can be determined from
the following expressions
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where &, is the critical indentation.

Finite Element Model

Governing Equations

The transient dynamic equilibrium equation neglecting damping is

[} + [Kuy = {F}

where [M] and [K] are structural mass and stiffness matrices, {#}and {ii} are the
nodal displacement and acceleration vectors, and {F} is the applied load vector.

Element Characteristics

In the present analysis, three-dimensional eight-noded isoparametric brick element is
used (Fig.1).

The shape functions defining the geometry and variation of displacements for this
clement is given by

N, =2 (1+ )1+ Y1+ 6] ™
where &,7 and § are natural coordinates, and &,,7,and £, are the values of
natural coordinates for a node i.
To improve the accuracy in simulating flexural response, incompatible modes

proposed by Wilson et al. [8,9] are added to the brick element shape functions. These
modes are represented by the functions of the type

R=(1-&) B=(-7) R=(1-¢) ®

The element mass and stiffness matrices are evaluated for this element as

[re]= [ T INT ANYeelTigana O

()= [ 18] [DYBleet| pginas (O
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where [B] is the strain-displacement matrix and [J] is the jacobian matrix. The mate-

rial densjty p and elasticity matrix [D] depend on the material properties and the
orientations of the plies through the thickness of the element. Therefore, numerical
integration in these equations must be carried out from ply to ply through the element
thickness. By this way, several plies can be grouped into an element, resulting in a
significant reduction in computational time and memory space.

Newmark Direct Integration Method

In order to integrate finite element equation of motion (eqn (6)) step-by-step
with respect to time, Newmark Direct Integration Method is used. The method may be
briefly introduced as follows

It is assumed that [10]

{i,..}={u,} +[0- )i} + i, }|ac (11)

I

(nd=fu) +laJor | [ - i) Alaa} (" a2

where Ay is the time step, n is the step number, and the parameters ¢ and £ can be
determined to obtain integration accuracy and stability.

Eqn (12) is now rearranged and substituted into eqn (6) evaluated at time t_, to form:

[&Nw.} =} (13)

where,

[R]=[K] +a,[Mm] (14)

{ﬁm} = {FM]} + [M](a { } + a,{ } 4@, {um}) (15)
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In egns (14) and (15),

TR )t 2p
Once the displacements {u } at time {tm,}arc obtained by solving eqn (13), the

=i

n+l
velocities {ﬁn +1} and accelerations {iim} are computed using eqns (11) and (12)
respectively.

Results and Discussion

Based on the finite element model described above, a versatile computer pro-
gram is developed in C++ object-oriented programming language under UNIX envi-
ronment. The software can be used to provide solutions for a wide range of problems
of composite laminates of different geometry and ply orientations subjected to trans-
verse impact with or without any preload. Several results, such as contact force his-
tory, displacement and velocity histories of the center-point of impactor, and the time-
varying displacements, forces, strains and stresses throughout the laminate can be
generated.

The problem description for a rectangular laminated plate is shown in Fig.2.
Impactor is assumed to move in the + ve z -direction and the impacted side is the first
layer in the stacking sequence. Depending upon the geometry, loading, material prop-
erties and orientations of the plies, a full model or a quarter model of the laminate is
analyzed. However, the finite element model is always kept in the first quadrant of the
coordinate system. A typical finite element mesh for one quarter of the plate is shown
in Fig.3.

In order to validate the model and the computer code, results from the present
analysis are compared with analytical solutions. An isotropic rectangular steel plate
of length 200 mm, width 200 mm and thickness 8 mm simply supported on its edges is
considered. The plate is subjected to an impact induced by a 20 mm diameter steel ball
with initial velocity 1 m/s. The present FEM solutions for the contact force and
displacements of the impactor and centre of the plate are compared with the analvtical
solutions [11]. As shown from Figs 4(a) and 4(b), an excellent agreement exists be-
tween the two solutions.

Next, the impact response of the rectangular graphite/epoxy plate with a ply
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orientation of [0/ - 45/45/90],_ is investigated. The plate of length 76.2 mm and width
76.2 mm clamped on its edges is impacted by an aluminium sphere of 12.7 mm diam-
eter travelling at three different velocities of 12.7 m/s, 25.4 m/s and 38.1 m/s. The
material properties of fiberite T300/934 graphite/ cpoﬁy composite are listed in Table
1. The results of contact force and displacements of the centre of the plate are pre-
sented in Fig. 5. It is worth noting that during impact, the contact force is reduced to
zero for a certain period of time, indicating that the impactor is not in continuous
contact with the plate. At some time after the first contact the plate centre moves away
from the impactor, and the plate and the impactor separate. The plate and the impactor
come in contact again after the plate reverses its direction of motion and snaps back.
It can also be observed that as the velocity increases, contact force increases for both
contacts while the contact duration remains approximately the same.

The above results for simply-supported boundary conditions are presented in
Fig.6. A comparison of Fig.6 with Fig.5 reveals that the maximum contact force for
both the clamped and simply-supported plate problems is very similar, but the contact
duration is longer for the simply-supported condition than the clamped condition.
Also the second contact occurs much later for the simply-supported condition. The
increase in flexibility due to the simply-supported edges is responsible for these phe-
nomena.

The present computer code is also capable of determining time-varying strains
and stresses throughout the composite laminate. Figs 7 and 8 show all the six compo-
nents of the time-varying strains and stresses at certain locations of the laminate for
clamped boundary condition and impactor velocity of 25.4 m/s. These locations are at
a distance approximately 8 mm from the centre of the laminate along the diagonal line
and at the top of 2nd, 6th, 10th and 14th phes of the laminate. As can be seen from
these figures, the strains and stresses fluctuate about zero and are sometimes tensile
and sometimes compressive.

Once the states of strain and stress inside the laminate are known at any time
point, appropriate failure criteria may be applied to predict the mitiation of impact
damage in the form of matrix cracking and delamination.

Conclusion

Transient dynamic analysis of composite laminates subjected to transverse for-
eign object impact has been performed using three-dimensional finite element method
and based on the model, a special computer code in C++ is developed and success-
fully validated. Some example problems have been considered to study the impact
response of composite laminates. Effects of different impactor velocities and laminate
boundary conditions are investigated. Results are presented for contact force and lami-
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nate central displacement as functions of time. Time-varying strains and stresses in-
side the laminate have also been calculated for few problems. From the results, sev-
eral important points are demonstrated.

Since the present model is capable of determining time-varying strains and

stresses throughout the laminate, it can easily be extended to predict the initiation of
impact damage in the form of matrix cracking and delamination using appropriate
failure criteria.
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Table 1
Material Properties of Fiberite T300/934 Graphite/Epoxy [6]

Ply thickness, t 6.250 x 107 int
Density, p 5.548 x 107 [bm/in®
Critical indentation, a_ 3.160x 107 in
Longitudinal Young’s modulus, E_ 2.109 x 10" psi
Transverse Young's modulus, E_ 1.450 x 10¢ psi

Shear modulus in x-y direction, G 8.251 x 10° psi
Poisson’s ratio in x-v direction, Ve 0.3

Poisson’s ratio in y-z direction, v_ 0.3

t [in=25.4mm
+ Nbmin® = 2.768 x 10 kg/m’
< | psi = 6.895x 1(¥ Pa

s
w

B s B

w3

N g

Fig. 1 - Eight-noded brick element.
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Fig. 2 - Configuration of rectangular laminated plate subjected to transverse
impact of a solid object.
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Fig. 3 - Atypical finite element mesh for one-quarter of the plate.
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Fig. 4 - Comparision of (a) contact force and (b) impactor and plate center
displacements in a 200 mm x 200 mm x 8 mm steel plate with clamped edges
impacted by 20 mm diameter steel sphere at 1 m/s.
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Fig.5 - (a) contact force and (b) plate center displacement in a 76.2 by 76.2 mmT300/
934 graphite/epoxy plate ([0/-45/45/90],) with clamped edges impacted by 12.7
mm diameter aluminium sphere at 12.7, 25.4, and 38.1 m/s.
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Fig. 6 - (a) contact force and (b) plate center displacement ina 76.2 by 76.2 mmT300/

934 graphite/epoxy plate ([0/~45/45/90], ) with simply supported edges impacted by

12.7 mm diameter aluminium sphere at 12.7, 25.4, and 38.1 m/s.
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Fig. 7 - The six components of strains at a point 8 mm away from the centre of the plate along the diagonal
line and at the top of 2nd (—), 6th (= '), 10th (====nx= )and 14th (- -+ ) plies of a 76.2 by 76.2 mm
T300/934 graphite/epoxy plate ([0/—45/45/90],.) with clamped edges impacted by 12.7 mm diameter alu-
minium sphere at 25.4 m/s. (In Figs (e) & (f), shear strains v, and v,, are identical for 2nd & 14th plies and
6th & 10th plies.)
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Fig. 8 - The six components of stresses at a point 8 mm away from the centre of the plate along the

diagonal line and at the top of 2nd (—), 6th (-

), 10th (~-----) and 14th (- ) plies of a 76.2 by

76.2 mm T300/934 graphite/epoxy plate ([0/-45/45/90],,) with clamped edges impacted by 12.7 mm diam-
eter aluminium sphere at25.4 m/s. (In Figs (e) & (f), shear stresses 1 and +,, are identical for 2nd & 14th

plies and 6th & 10th plies.)
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