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Transient Response of Graphite/Epoxy and Kevlar/Epoxy
Laminates Subjected to Impact

Douglas S. Cairns* and Paul A. Lagace?
Massachusetts Institute of Technology, Cambridge, Massachusetts

The influence of different parameters on the impact behavior of laminated composite plates is considered
analytically. A Rayleigh-Ritz energy method was used to spatially discretize the time-varying boundary value
problem and a set of coupled, ordinary differential equations in time were obtained based on the discretized
system Lagrangian. The effects of shearing deformation, bending-twisting coupling, and nonlinear contact
behavior were included in the model. The resulting equations were integrated using the implicit Newmark beta
method without the effects of rotary inertia. The results indicate that the effective mass of the plate is often an
important effect in the response to impact events. In general, the influence of the constitutive behavior
dominates for very low velocity impact, whereas the target mass properties become more important as the
impactor velocity increases. This importance of mass clearly shows that impactor kinetic energy is not sufficient
to characterize the impactor as the impactor mass is shown to have a large influence on the resulting dynamic
behavior. In addition to these parameters, the effects of preload and material properties are considered and

discussed.

Nomenclature
=in-plane plate dimensions
=in-plane stiffness
=bending stiffness
= extensional modulus of elasticity
=shear modulus of elasticity
=rotary inertia
=plate thickness
=shearing correction factor
=discretized stiffness matrix
=Hertzian spring constant
=Lagrangian
=discretized mass matrix
= applied moments
=applied in-plane loads
=lateral loading
=lateral inertia
=impactor force
=time
=Xinetic energy
=displacement of impactor
=strain energy
= potential energy
=lateral displacement
=external energy
=in-plane coordinates
=through-the-thickness coordinate
=local indentation
€ =extensional strain
¥ij =shearing strain
K =curvature
vij =Poisson’s ratio
¥ =planar rotation
P =mass density
£L & =in-plane location of impact
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1. Introduction

S composite materials continue to be used in aerospace

primary structural components, the understanding of the
dynamic response of composite structures subjected to impact
is necessary for the design and assessment of damage resis-
tance. Impact events may occur in both the manufacturing
phase and field use. Typical examples are tool drop and run-
way kickup. These impact events produce time-varying loads
on a structure that can result in compromised properties as a
result of damage.

As a first step to understanding the damage resistance issue
in composite laminates, an accurate prediction of the transient
response during an impact event is necessary. Ideally, simple
analytic solutions are desired for understanding this behavior.
This would allow the structural analyst to perform parametric
studies and establish proper scaling laws. Unfortunately,
many features of laminated composite materials preclude sim-
ple solutions. Some of these difficulties are outlined here.

Whitney and Pagano! showed that the influence of shearing
deformation in composite laminates can be significant because
of high through-the-thickness shearing compliances. Their re-
sults showed that Reissner-Mindlin plate theory, in which
planar rotations are introduced as independent variables, can
accurately represent the displacement of composite plates
compared to exact elasticity solutions. Laterally loaded mod-
els that do not account for shearing deformation (i.e., Kirch-
hoff-Love) can be unrealistically stiff. In impact analyses
where contact load introduction is essentially a point load,
these errors are severe,

Another complication of laminated composites is the influ-
ence of bending-twisting coupling in the constitutive behav-
ior.23 These terms serve to couple modes of vibration such
that a simple orthogonal modal superposition method is not
valid.

A third, although not severe, complication is the nonlinear
constitutive behavior between projectile and target. This be-
havior is nonlinear* and may have hysteresis.® This precludes
closed-form time convolution of the impact behavior.

The complications introduced by the foregoing factors, as
well as other issues, prevent the use of closed-form analyses in
determining the time response of composite laminates sub-
jected to impact. Nevertheless, there is a distinct need for a
model that is computationally efficient and includes the phe-
nomena just mentioned. Such a model would provide the
structural designer with the ability to study the effects of
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various parameters on impact and help the designer in deter-
mining the most efficient structural configuration. Current
models’~ generally rely on the finite-element method and may
take several hours of CPU time on large computers to analyze
one impact scenario.

The objective of the current work is twofold. One is the
formulation and implementation of an analytically efficient
model that includes the complicating effects which composite
laminates possess. This model is meant to allow the structural
analyst to make decisions concerning the severity of a given
impact event and, furthermore, to provide a framework for
the analysis of more complicated structures. The second ob-
jective is to use the model to analyze a number of impact
events on composite laminates to begin to develop an under-
standing of the effect of various parameters on the transient
response of such plates subjected to impact.

II. Dynamic Model Description

The global model developed for the problem of plates sub-
jected to impact is independent of the details of the local
region just beneath the impactor. Only the nature of the local
contact behavior is used, and this is determined via an avail-
able solution.* Thus, the global behavior of the structure is
assumed to not be influenced by the local nonlinear behavior
except through the nature of the local contact.

An assumed-modes Rayleigh-Ritz energy method to dis-
cretize spatial functions is used to solve the time-varying initial
problem. This is done since the normal modes of vibration are
coupled for anisotropic plates and the forcing function is
nonlinear. These difficulties preclude a simple solution of the
equations of motion as a simple superposition of modal equa-
tions. The spatial functions are discretized to obtain a set of
ordinary differential equations in time to be solved. The local
contact behavior is assumed to be Hertzian, developing non-
linearities in the forcing function.

The basic problem of a plate subjected to impact from a
projectile is shown in Fig. 1. The contact spring is assumed to
be Hertzian in nature*

R = K(a)S/Z (1)

where R is the force on the plate, « the local indentation, and
K a function of the constitutive properties of the indentor and
plate. This latter value is obtained from the analysis of Ref. 4.

The bending behavior of the plate is assumed to be an-
isotropic in that bending-twisting coupling is included. Also,
shearing deformation is allowed via the Reissner-Mindlin the-
ory in which planar rotations are introduced as independent
variables.®? Under these assumptions, the kinematic relations

are
KX ¢x,x 1
Ky L= ¥y ¥))
Kxy ‘l’x,y + ‘l/y,x
p,
and

ow)

Vxz \l/x - ox
=k ow 3)
Yyz ¥y — 3_y

4

where {«} are the plate curvatures, {1/} are the planar rotations
in Reissner-Mindlin plate theory, v are the engineering trans-
verse shear strains, k is the shearing correction factor, and w
is the lateral displacement. The value of the shearing correc-
tion term k used here is the isotropic correction factor of 5/6
shown to be adquate for laminates made from thin plies.! The
constitutive bending behavior of the plate may be written as
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Fig. 1 Sketch of basic problem of plate subjected to impact.
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where the constitutive properties of interest are defined in the
usual manner.?
The governing equations of equilibrium will be borne out of
the minimization of potential and kinetic energy. For the

linear plate assumed, the corresponding bending and shearing
strain energies are constructed as surface integrals of the form

Uy =3 uj (7 D] () dy dx ©
and
114 b
Us=5 LL kiy]" [A] {y} dy dx @)

In addition to the strain energy of the laminate, the work
associated with the applied loads must be determined. The
external work on the plates is the sum of the lateral loading
work on the plate and the effect of the midplane loads (in an
average sense). These are expressed as W, for the lateral work

al b
W= — &JO px, ¥) wx, y) dy dx ®

and as W, for the in-plane loads

119 b T o 0
Wn T2 S E\ {W’X} I:Nx ny] {w’x} dy dx (9)
2 JoJo {w, Ny N Wy
In these, p(x, y) is the lateral loading on the plate, w(x, y) the
lateral displacement, and N2, NP, and NJ, the average in-
plane loadings. The corresponding plate kinetic energies are

expressed as the surface integrals of the associated mass and
velocities

T .

| fale Uy I 0 0| |¥
Tfiuo ¥y 0 1 0| <¢ppdydx  (10)

w 00 Pl |w
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where (0) denotes a derivative with respect to time, and the
plate lateral inertia matrix P and plate rotary inertia matrix I
are defined via

+h/2

[P, I]=Pj [1, 24 dz an
—h2

In this latter equation, % is the plate thickness and p the mass
density of the plate.

In the Rayleigh-Ritz technique, assumed displacement mode
shapes are used to transform the spatially continuous system
to a discrete system of modal amplitudes.!® Minimization of
the plate potential and kinetic energies results in the governing
equation of motion in terms of the transformed system of
modal amplitudes. For the spatial discretization of the x and y
functions, the displacements are assumed to be separable in x
and y. This leads to the following assumed forms for the
planar rotations and lateral displacements:

Vo= 1 A0 £i(x) &) (12)
¥y = 2 Bi®) hi(x) ) a3
w= Y Ci(t) mi(x) m(y) (14

where A;(¢), B;(t), and C;(¢) are the time-varying modal am-
plitudes and i represents and the mnth mode. The mode
shapes utilized are expanded as vectors to clearly show the
influence of bending-twisting coupling that is an important
consideration in dynamic problems.!! The validity of this ap-
proach, with respect to the separability of the functions, has
been demonstrated by Wang.? Beam functions satisfying the
associated displacement boundary conditions are employed to
satisfy these conditions.'>!? In addition, the functions for the
planar rotations are derivatives of the lateral displacements in
accordance with

Jix)=m;(x) (15a)
hi(x) = mi(x) (15b)
&) =nm(Q) (15¢)
LO)=ni(Q) (15d)

where ( )’ denotes a spatial derivative. This choice of func-
tions is particularly appropriate since in the limit as the plate
thickness approaches zero, the slope of the lateral displace-
ment can approach the planar rotations, which results in the
recovery of Kirchhoff plate theory. This precludes the shear
locking problems associated with other types of discretization
such as the finite-element method.

Taking V as the potential energy of the plate and T as the
kinetic energy of the system, the Lagrangian or action integral
is defined as T'minus V.1° Consequently, using the principle of
virtual work and then integrate the parts, the governing equa-
tions of motion of the plate in terms of modal amplitudes are

d | adL oL
Y I:-a;’] ~ =R; (16)

where x; is the generalized modal amplitude and R; the modal
forcing amplitude, The Lagrangian equations of motion are
developed by placing Eqs. (6-~10) into Eq. (16)

Ix 0 0 Ax Kaa Kab Kac Ai Rai

0 Iy 0 B, Kab Kbb Kbc Bi Rbi

0 0 M Cl Kac Kbc ch Ci Rci
an
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Fig. 2 Local schematic of impacting mass.

The components of the foregoing stiffness matrices are deter-
mined by integrating the assumed spatial dependence of
modes over the surface. The integrals involving trigonometric
functions are evaluated numerically using a ten-point Simp-
son’s rule.!* This method was chosen since it is more reason-
able than other techniques such as Gaussian quadrature,!4
which was developed specifically for functions involving sim-
ple polynomials.

It is important to note the presence of the Dy and Dy
coupling terms in the stiffness matrices. These terms provide
coupling between the beam functions. If the plate is or-
thotropic with these terms equal to zero, the orthogonality of
the beam functions decouples the modes, resulting in diagonal
matrices. This coupling converts a problem that is nearly
analytic into one that is far more computationally intensive. If
the modes are decoupled, a series of decoupled one-dimen-
sional superposition integrals in time may be performed in-
stead of the matrix equations developed from this coupling.

The schematic of the impacting mass at the local level is
shown in Fig. 2. The approach between the two bodies (local
indentation) is defined as

at)y=u()—wlt, &, &) (18)

where u is the displacement of the impactor and w the plate
displacement due to the global deflection. Utilizing Eq. (1),
the particle equation of equilibrium for the ball, equal to the
force on the plate, is

mit=K(a)*?=R 19)

where m is the impactor mass and R the reaction of the ball.

The external work due to lateral loading was previously
defined in Eq. (8). In the present analysis, the plate is assumed
to be laterally loaded at the point of contact. This point
loading may be considered a Dirac delta function of amplitude
R. Therefore, upon integration, the terms are picked-out, as
in .

R =Rm;(§;) ni(§2) (20)

since these attain values only at the point of impact, £; and &,.
The task of solving Eq. (17) remains.

III. Solution of Equations
Before proceeding with the solution, the system of equa-
tions is simplified by statically condensing out the rotary iner-
tia terms. The rotary inertia is the inertia associated with the
planar rotations and contributes to the formation of shearing
waves in the laminate, whereas the lateral inertia governs the
formation of bending waves in the laminate. Several au-

“thors>%? have argued that for the geometries of interest, the

rotary inertia terms are small and may be neglected. Indeed,
an examination of the relative amplitudes of the mass matrix
as defined in Eq. (11) shows that the relative amplitude of the
mass matrices (rotary/lateral) is #2/12. For a practical lami-
nate thickness on the order of 1 to 10 mm, this ratio is on the
order of 107 to 10, Since the terms populating the matrices
are greater in the shearing stiffness matrices than the bending
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stiffness matrices, this huge difference in mass illustrates that
the frequency arising from the rotary inertia is much higher
than that of the lateral displacement. Consequently, static
condensation of the system of equations, neglecting the rotary
inertia terms, while retaining the influence of shearing defor-
mation, results in

M] (G} + (K& (C) = (R} @n

where

[K*] — I:K _ {Kac}T [Kaa Kab] -t {Kac}] (22)
“ “ (Kee Kpa Kb K

is the condensed stiffness matrix neglecting rotary inertia.
With this manipulation, the equations are in their final form.

Many solution techniques are available for systems of the
form of Egs. (16) and (17). In the present analysis, the New-
mark implicit integration scheme (also known as the Newmark
beta method) is used.'* This method is chosen since it is easily
implemented and unconditionally stable. However, it can also
yield inaccurate results if improper time steps are used. Conse-
quently, caution must be exercised in choosing the time step.
Using a time step of 0.1 divided by the highest natural fre-
quency of the reduced problem gives good results. Implement-
ing the general scheme as a constant average-acceleration
method (trapezoidal rule with 38 equal to 1/4), the stepwise
equations of motion are
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Fig. 3 Contact force vs time for impact of simply supported [0/90/
0/90/0]; T300/934 graphite/epoxy plate.

implemented to determine the highest natural frequency of the
plate to determine the time step to be used. This may be
overridden to specify any time step desired. The code runs in
approximately 4 min of CPU time on a DEC p-VAX II and
approximately 1.5 h of CPU time on an IBM-PC personal
computer for 900 time steps. Storage requirements of 250
kbytes are required for storage of the output data.

ool (]2 [e] ) e,
4 it ) j 4 it Jj-1 i1 ulj-1

with the associated time derivative vectors at the jth time step

") e
-2 e

In these equations, A7 is the incremental time step.

Since the forcing function R is nonlinear, each of the fore-
going equations is solved twice at each time increment using
the previous forcing term R;_; in a form of predictor-correc-
tor scheme in order to increase accuracy. Also, if the ap-
proach, as defined in Eq. (18), is negative, the forcing func-
tion R is set to zero and the equations of the impactor and
plate decouple (i.e., free vibration). That is, the plate and ball
are no longer in contact.

and

IV. Implementation

The analysis was implemented in FORTRAN 77. Depending
on the number of modes required, the analysis may be run on
a personal computer. Up to 9 modes in each of the x and y
directions fit into 500 kbytes of available computer storage.
More modes require a larger computer, but the 9 by 9 mode
case was found to be adequate for all applications for the
geometries studied. However, the question of the influence of
the number of modes utilized should be further investigated,
especially for very high-frequency responses. All of the matrix
inversion required static condensation of the rotary inertia,
and the Newmark implicit integration scheme is self-contained
using Gaussian elimination.

The inputs to the problem are the plate constitutive proper-
ties, Hertzian spring constant, mass density of the plate,
boundary conditions of the plate, initial velocity of the im-
pactor, and mass of the impactor. An eigenvalue subroutine is

It is noted that the present analysis requires only a few
minutes of CPU time to solve the problem on a DEC VAX 780
computer compared to the several hours of CPU time that
may be required for finite-element models on the same com-
puter.® This makes the present analysis useful for parametric
studies of impact kinetics.

V. Numerical Example
The case of a 200 mm by 200 mm T300/934 graphite/epoxy
plate in a [90/0/90/0/90], configuration is analyzed. Results
for this particular configuration are available in the litera-
ture®’ and the present results are compared to these. The
constitutive properties utilized for the basic T300/934 ply are

Ell = 141.2 GPa, E22 =9.72 GPa
Vi = 030, Va3 = 0.30

G =5.53 GPa, Gy = 3.74 GPa
E Plate: 200mm x 200mm, simply - supported
E o5k [o79070/90/0) grophitesepoxy  _ pppcent
E Impactor: 12.7mm diameter steel ball ceee WU
W aal 3.0m/s <7\
= 7 7 \ —--= SUN & CHEN
w - \
QO Ry A \\
< 03f K -
_ K > N\
& \
S AN LT AN
14 A KN 3
w A &
et Oitr f
Z %
L 3
O 0 =
W
& -oif “
- 1 1 1 I 1 | 1
o 200 400 600 800 1000 (200 1400

TIME, microseconds

Fig. 4 Center displacement vs time for impact of simply supported
[0/90/0/90/0]; T300/934 graphite/epoxy plate.
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with a mass density of 1536 kg/m?> and a per ply thickness of
0.269 mm. The impactor considered is a 12.7 mm diameter
steel sphere at a velocity of 3 m/s. This corresponds to 0.0378
J of initial impactor kinetic energy.

The results of impact force vs time are shown in Fig. 3 along
with the results of Wu® and Sun and Chen.” These authors
used finite-element models to obtain solutions. The plate cen-
ter displacement vs time results are found in Fig. 4. These
results have been verified experimentally by Sun and Chen
with good correlation. All three analyses yield similar results
with the first impact in good agreement with the results of Wu.
However, the analyses of Wu, and Sun and Chen also incor-
porate a modified Hertzian contact spring that accounts for
some permanent deformation. This may explain the slightly
higher impact loads predicted for the second impactor con-
tact. In general, the results predicted here are close to those
obtained by Sun and Chen. This is not surprising since both
methods use the same kinematic assumptions. Only the man-
ner in which the problem is discretized is different.

It should be noted that these results are for relatively low-
energy (0.03784 J) and velocity (3 m/s) impactor events.

V1. Parametric Analyses ,

With the viability of the current model established and its
relative efficiency, a number of configurations were analyzed
to discern the relative influence of various parameters on the
transient response of composite plates subjected to impact.
For this section, the baseline laminate is “‘constructed’’ from
Hercules AS4/3501-6 graphite/epoxy with the following con-
stitutive properties:

E, = 142.0 GPa, E5 =9.81 GPa
Pip = 0.30, Va3 = 0.34
G2=6.0 GPa, Gy =3.77 GPa

The mass density of this material is 1540 kg/m? and the per ply
thickness is 0.134 mm. The basic configuration considered is a
190 mm by 70 mm plate with a [ + 45/0),, layup. The baseline
impact event is caused by a steel ball of 12.7 mm diameter,
with the base case being at a velocity of 44 m/s corresponding
to an energy level of 8 J.

The force vs time history for a clamped-free plate (indicat-
ing the conditions along the x axis/y axis) for this baseline case
is shown in Fig. 5. This is the case of a wide beam. An
important factor in examining this and other results is the
peak impact loads. It has been proposed that these peak
impact loads are the controlling influence in the creation of
damage in the impact event.%!> These peak impact loads are
thus a main basis for comparison in addition to the entire
impact signature.

Boundary Conditions
A number of cases were run with different boundary condi-

Plate: 190mm x 70mm, clamped - free
6 [t45/0] graphite/epoxy
2s
Impactor: 12.7mm diameter steel ball
5 44 m/s (8joules)
4
x 4
Y s
ac
(o]
u 2
| NA\N\/\
i A 1

100 200 300 400 500 600
TIME, microseconds

Fig.5 Contact force vs time for 44 m/s steel ball impact of clamped-
free [ +:45/0]2s AS4/3501-6 graphite/epoxy plate.
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Plate: 190mm x45mm, clamped-clamped
6l [145/0]2 grophite/epoxy
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Fig. 6 Contact force vs time for 44 m/s steel ball impact of clamped-
clamped [ +45/0]2; AS4/3501-6 graphite/epoxy plate.
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Fig. 7 Contact force vs time for impact of clamped [0/90/0/90/0],
T300/934 graphite/epoxy plate.

tions. The greatest difference from the baseline case is a
clamped-clamped plate. The results for contact force vs time
are shown in Fig. 6. In comparing this to the baseline clamped-
free case of Fig. 5, the impact signatures are clearly different.
However, the peak impact loads are not significantly different
(approximately 4.1 kN in the baseline case to 3.7 kN in the
current case).

These peak loads are nearly the same for these higher veloc-
ity impacts since the response is mass-dominated rather than
stiffness-dominated. This explains why the first peak in the
clamped-clamped condition is, in fact, slightly lower than in
the clamped-free condition as the wide beam has greater lat-
eral inertia. However, the stiffness is important in the remain-
der of the response as can clearly be seen. This is due to the
fact that the different modes of vibration of the plate become
important as time progresses.

The effect of boundary conditions was further discerned by
analyzing the [0/90/0/90/0], graphite/epoxy case, of the pre-
vious section, with clamped-clamped conditions, and the force
vs time results are presented in Fig. 7. This is compared with
the simply-supported case with the results previously pre-
sented in Fig. 3. The loads for the clamped case are slightly
higher than in the simply-supported case, showing the influ-
ence of static stiffness. Here, the stiffer plate has higher im-
pact loads at this very low-velocity impact. However, the peak
impact loads are not significantly different (on the order of
10%). This again indicates the importance of the effective
mass properties and the result that boundary conditions can
have little influence on the peak impact loads in this regime. It
is important to note that the impactor mass is also low in all
these cases.

Impactor Mass
The importance of the mass and relative inertias is further
illustrated when considering the effect of the impactor mass.
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The impact force vs time history for an acrylic impactor with
an initial velocity of 82 m/s (giving an impact energy of 4 J) on
the baseline [+45/0], graphite/epoxy laminate is shown in
Fig. 8. The acrylic impactor has a mass 0.14 times that of the
steel impactor.

For the case of the acrylic impactor, the impact is more
severe in terms of the peak impactor force in comparison to
the force vs time history of the steel impactor at twice the
energy level (see Fig. 5). The acrylic impactor creates a peak
impact force of 4.8 kN, as opposed to 4.1 kN in the steel case
at twice the impactor energy level. Analysis of a steel impactor
at 4 J of impactor energy yields a peak impact load of 2.8 kN.
Furthermore, the duration of the impact event in the case of
the acrylic impactor is much shorter as the ball is reflected in
a shorter time because of its lower inertia.

The increase in peak impact force may be explained by the
fact that the plate, having inertia, cannot respond quickly in a
global manner to the incoming projectile. This allows the
impactor traveling at a higher velocity to indent into the
laminate to a greater extent at the local level, thus producing
higher-impact loads prior to the lateral deflection of the plate.

These results clearly show that the practice of describing an
impact event by the impactor energy is insufficient. Since the
relative inertias (as well as stiffnesses) of the impactor and
target are so important in the dynamic response, both the mass
and velocity, and thus the energy, of the impactor must be
specified. A local contact event is governed by the frequency
of the ball oscillating on the plate, via the contact stiffness,
whereas a structural impact event is governed by the funda-
mental frequency of the structure. In most actual cases, these
two base responses interact and all the parameters must there-
fore be specified.

Preload

The effect of a tensile preload on the response of the plate
was also considered. The impact load vs time history for a
[ +45/0],, graphite/epoxy laminate under a tensile preload of
700 MPa (corresponding to 80% of the virgin ultimate stress
of 876 MPa) using a steel impactor at 44 m/s (8 J of impactor
energy) is shown in Fig. 9. Again, comparing the first peak
load in this figure to that for the baseline case, of Fig. 5, with
no preload, shows that the tensile preload has virtually no
influence on the resulting peak impact load for these velocity
impacts. This is similar to the findings of Sun and Chen.”
However, the impact signature has changed and the influence
of higher modes is clearly seen.

The fact that there is little effect on the peak impact load
can again be attributed to the fact that the event is mass-dom-
inated, whereas the in-plane preload serves to increase the in
situ stiffness of the plate. This latter effect is the reason for the
difference in the overall impact signature. This effect was
further illustrated in the results for center deflection (not
shown here), where the in-plane preload limits the center
deflection to one-third of the value seen in the baseline case.

Material Type

One other composite material was considered in this investi-
gation. This material is Kevlar/epoxy (SP328) with the follow-
ing basic ply properties:

E11=63.7 GPa, E22=5.03 GPa
V12=0.28, 1/23=0.34
G;=4.03 GPa, Gy3=1.67 GPa

with a mass density of 1347 kg/m? and a per ply thickness of
0.207 mm. Since there is a ply thickness difference between
this material and the baseline graphite/epoxy, a similar, but
not the same, laminate was considered for the Kevlar/epoxy
case: [ +£45/0),. This has the same ply orientations, but only 6
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Plate: 190mm x 70mm, clamped - frae
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Fig. 8 Contact force vs time for 82 m/s acrylic ball impact of
clamped-free [ +45/0]25; AS4/3501-6 graphite/epoxy plate.

Plate :190mm x 70mm, clamped - free
6F [3:45/0]2s graphite /epoxy
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Fig. 9 Contact force vs time for 44 m/s steel ball impact of clamped-
free [+45/0)2; AS4/3501-6 graphite/epoxy plate with preload.
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Fig. 10 Contact force vs time for 44 m/s steel ball impact of
clamped-free [ +45/0]»s Kevlar/epoxy plate.

plies as compared to 12 in the graphite/epoxy case. Its thick-
ness is approximately 20% less than the baseline [+£45/0]
graphite/epoxy configuration.

Nevertheless, important conclusions can be drawn by com-
paring the results for contact force vs time, shown in Fig. 10,
with those of the baseline case (Fig. 5). It is clear that not only
is the impact signature quite different with many ‘‘restrikes’’
in the Kevlar/epoxy case, but the peak impact load is signifi-
cantly lower (3.2 kN compared to 4.1 kN). The reasons for
this are threefold. One, the bending stiffnesses of the [ £45/0};
plate are much lower than the baseline graphite/epoxy case
due to the lower stiffness of the material. A lower bending
stiffness tends to result in lower impact loads since the plate
can absorb more of the energy of the impact by global bending
and shearing. Two and more important, the Kevlar/epoxy
plate has a lower mass than the baseline graphite/epoxy case.
This lower lateral inertia results in the acceleration of the plate
away from, and releasing contact with, the impactor several
times in a more dramatic manner than in the graphite/epoxy
laminates. Three, the Kevlar/epoxy has a lower contact stiff-
ness than the graphite (1.259 GN/m!’ compared to 1.729
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GN/m!? for the configurations considered) due to the lower
transverse stiffness of the Kevlar/epoxy. This serves to lower
the transient loads, especially in the first impact peak where
the transverse deflection of the plate is low due to inertia.

VII. Summary

An efficient model has been developed to study the dynamic
behavior of composite laminates subjected to impact. The
model is able to handle analyses in a fraction of the time
necessary for similar analyses utilizing finite elements. With
this model, parametric analyses of the transient response were
conducted. From the results, a number of important points
were demonstrated.

The loads created during impact consist of both contact
loads and inertial loads as a result of acceleration of the
structure from the impact event. Since the deflections of the
plate are quite low during the impact event, the global stiffness
and, hence, boundary conditions are found to have little influ-
ence on the relatively low impactor masses and relatively high
velocities used in this study. In fact, contrary to intuition, the
more compliant plates (with respect to the boundary condi-
tions) had greater predicted impact loads in one case because
the overall structure is more massive with respect to global
deformation. If the impact event (at a given kinetic energy)
results from a very high mass and correspondingly low veloc-
ity, the influence of the boundary conditions is quite different
since the event is dominated by the global behavior of the
structure. The dominance of inertia is again evident in lami-
nates under a tensile preload. Even though the global stiffness
of the laminate is higher because of the stiffening effects of the
preload, the mass properties that dominate the problem for
the velocities considered in this study remain unchanged.
However, the global behavior and influence of higher modes
are more evident.

Since the problem studied here is so dependent on the dy-
namics of the system, it is strongly dependent on the mass of
the constituents. Therefore, the mass of the impactor at a
fixed-impact kinetic energy has a strong influence on the im-
pact event as a result of the relative inertia of the projectile
and target. Even though the contact stiffness of the lower-
mass acrylic impactor vs the steel impactor is lower, the result-
ing impact forces are higher. Thus, the impact event for a
lower-mass, higher-velocity projectile is found to produce
greater loads. Again, the argument of the influence of local
and global behavior applies. For impact events in which the
dynamics of the problem are not a consideration, these argu-
ments may be moot and a completely static model may be
applicable.

The dominance of the mass of the constituents was again
demonstrated in considering the material of the target plate.
The Kevlar/epoxy laminate exhibited lower contact forces due
to its lower mass and thus lower inertia. In addition, the lower
bending stiffness allows greater acceleration away from the
incoming impactor, which also helps to reduce the contact
forces. The lower transverse stiffness of the Kevlar/epoxy is
also a factor in reducing these contact forces.

These specific conclusions about the effect of various
parameters lead to two generic conclusions as to the treatment
of the impact event and associated dynamic response. First,
using either a local contact model, where the influence of the
structural behavior is neglected, or solely a global model,
where the local contact behavior is neglected, would be mean-
ingless for impact events that have an equal contribution from
the local and global structural level. This is an important
conclusion since it means that the use of models that do not
consider the effects of each influence is inapplicable in this
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region. Thus, it is necessary to treat the problem at both the
local and global level. Second, both the mass and velocity of
the impactor are important. It is therefore insufficient to
define the impact solely by the initial impactor energy.

The development of this model allows for the necessary
parametric studies of the dynamic behavior, which is not
simply a function of one parameter such as impactor energy,
global bending, or local contact stiffness. The method em-
ployed here is computationally efficient and may be applied to
more complex structures, and thus helps in determining scale-
up factors, if the vibrational mode shapes are known a priori .
This method of separation of the local and contact behavior
and structural modal behavior holds promise for the practical
treatment of determining the damage produced in laminated
composite materials subjected to impact when used in con-
junction with models to determine local strain fields once the
contact loads have been determined.!’
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