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Abstract : This paper demonstrates the impact stresses and wave propagation characteristics of glass/epoxy lami-
nates subjected to the low-velocity impact by a steel ball theoretically and experimentally. A plate finite element
model in conjunction with experimental contact laws is used for the theoretical investigation. The specimens for
statical indentation and impact test are composed of [0/45/0/—45/0],s and [90/45/90/-45/90], stacking sequences and
have clamped-simply supported boundary conditions. Finally, these two results are compared and then the impul-
sive stress and wave propagation characteristics of this laminated composite are studied.
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1. Introduction

Stress waves in composite materials are of interest to
the engineers both for their constructive use and for the
potential damage that can occur when short duration
stress pulses propagate in a structure. The hard object
impact usually gives a short contact time and results in
the initial transmission of impact energy into a local
region of the structure. This initial energy will propa-
gate into the rest of the structure in the form of stress
waves. Far field damage away from the impact agreed
that the cause of the sudden failure must be examined
from the point of transient wave propagation phenom-
ena [1].

The impulsive stresses and wave propagation phe-
nomena induced by impact loads in laminated compos-
ites are more complicated than those in homogeneous
and isotropic plates due to the anisotropic and nonho-
mogeneous properties in the laminate.

A survey of wave propagation and impact in compos-
ite materials has been given by [2] many analytical [3,
4] and experimental [5~7] methods have been employed
to study the wave propagation problems but many
numerical [8, 9] methods have not been used for these
investigations.

In this study, the impulsive stresses and wave propa-
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gation characteristics of glass/epoxy laminates due to
the transverse low-velocity impact by a steel ball are
investigated thoretically and experimentally. For theoret-
ical analysis a dynamic finite element model in con-
junction with static contact laws by experiment is used
and impact experiment using surface strain gages on the
laminated plate is carried and then the impulsive stress
and wave propagation phenomena of this laminated
composite are investigated.

2. Theoretical Analysis

Consider a plate of uniform thickness h composed of
a finite number of anisotropic layers with arbitary ori-
entations. The coordinate system is chosen such that the
middle plane, R, of the plate coincides with the x-y
plane with z-axis normal to the middle plane.

The displacement field in the shear deformable theory
is given by

M(x, y9 Z’ t)=u0(x9 ya t)_z¢x(xa y’ t)
v(x, » 2z, t):VO(X, Y t)‘Z(b(X, Vs t)
w(x, y, z, )=w’(x, y, £) O

Where u, v and w are the displacements along x, y
and z directions respectively, #, and v, are the in-plane,
displacements of the middle plane, ¢, and ¢, are the
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shear rotations, and ¢ is time.
The stress-strain relations of k-th lamina in laminate
reference axes(x, y, t) is
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in which oy are stresses, &; are strains and Q»,- are the
material coefficients in the plate coordinates.

Assuming monoclinic behavior (i.e., existence of one
plane of elastic symmetry) for each layer, the constitu-
tive equations for an arbitrarily laminated plate are

N A4 Bol[e
M =3B DO0Ryx 4
0 00 H|y

The plate stiffness 4, By, D; and Hj are given by

/2 ..
(4, B, D) = K;./z 0,1, z, Zz)dz (i,j=1,2,6)

h

H; = ” Xixjéijdz (i,j=4,5) ®)

-h/2

where y; are the shear correction coefficients.
The equilibrium equations are given by

N, + N, = Pi"+R¢,

Ny.+N,, = Pi’+ R,

M, +M,,-0Q, = Ri’+1§,

M, . +M,, -0, = RV +1¢,

O.c+0,,+q = P’ (6)

where P, R and [ are the normal, coupled nomal-rotary
and rotary inertia coefficients,

h/2

(PRI = | p" (1,2, 2%)dz (7:2)

p™ being the material density of the m-th layer.

In Eq. (6), ¢ is the transversely distributed force, and
N, O; and M, are the stress and moment resultants
defined by

(N N, Ny) = [ (6, 0, 0,,)dz
(M, M, M) = [ (0,0, 0,)zdz

(Qx! Q}’) = Jj;:z (GZX’ G)’Z)dz
(7.b)

Following the standard finite element procedure using
above equations, we obtain the equations of motion the
impactor-plate system

F = —mav, = ~ka" (for loading process)
_ q
= F,,,( o ao) (for unloading process) )]
o, — aO
and
[MI{A}+[KI{4} = {F} ©)

where m; is the mass of impactor, & is the contact coef-
ficient, F,, is the maximum contact force, @, is the
indentation in F,, o is the permanent indentation, [M]
is the mass matix, {K] is the linear elastic stiffness
matrix and {F} is the contact force vector.

The contact force F between the plate and the impac-
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Fig. 1. Central transverse impact of a rigid body.

[ START ]

PREPT
Inputs data defining geometry, material properties, fiber
orientation & boundary condisions, etc. by PREPLOT program

ESTIF
Forms the element stiffness matrix
[
GSTIF
Forms the global stiffness matrix
EMASS
Forms the element mass matrix
[
GMASS
Forms the global mass matrix
|
CONFO

Calculates the contact force in conderation of elastic or
elasto-plastic indentation

MOGMM
Modifies the global mass matrix

Time SOLVE
. Calculates the acceleration by the Gauss elimination
stepping
loop INTPT

Calculates the velocity and the displacement by integration of
time variable and then prints the results for the current time
step

STPRT
Calculates the strain, stress and then prints the resuits for the
current time step

POSPT
Plots the results(i.e., force-displacement-time, strain-time and
stress-time curves) by POSTPLOT program

[ END ]

Fig. 2. Flow diagram for impact analysis of laminated com-
posites.

tor is calculated by Eq. (8) and must be calculated
before the Eq. (9) can be analyzed.
In this Eq. (8), indentation ¢ is given by

a = w(t+ At) — w(xy, o, t + At) (10)

in which w and w; is the plate and impactor deflection
at the impact point (xo, yo), respectively (Fig. 1).

The finite element model used here is a four-node
isoparametric quadrilateral element. Five degrees of
freedom {A4}, = [u) VY, Wiy Quis ¢yi]T are assumed at
each node.

In the numerical integration of the stiffness [K], the
so-called reduced integration method is employed. The
2x2 Gaussian rule is used to compute the stiffness coef-
ficients for the in-plane and bending deformation of the
transverse shear deformation. '

The solution for the equations for motion given by
Egs. (8)~(9) can be solved by time integration algo-
rithm [10]. Flow diagram for impact analysis of lami-
nated composites is shown in Fig. 2.

3. Experiment

3-1. Specimens

Stacking sequences of the specimens for static inden-
tation and impact test were [0/45/0/—45/0],, and [90/45/
90/—45/90],,, and dimensions were 4.5x30"x200/(mm)
and 4.5'x30"x300/(mm).

In all tests, the specimens had clamped-simply sup-
ported boundary conditions. For material properties of
the specimens, the tensile tests using specimens by
ASTM rule were carried out. These results were shown
in Table 1.

3-2. Static Indentation Test

The dial gage was mounted on a “C” bracket fixed
to the loading piston so that only the relative displace-
ment between the indentor and the specimens was
recorded. The load was applied by Universal Test
Machine (UTM25T) in loading and unloading processes
and x-y plotter was used to obtain continuous force-
indentation curves. A spherical indentor of diameter
12.7 mm was used.

These experimental static contact laws for loading and
unloading processes are used for a dynamic finite ele-
ment analysis.

3-3. Impact Test
The strain responses at two points on the plate were
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Table 1. Material properties of the specimen and ball

E, E, G2 Vi r
Unit N/mm2 N/mm?2 N/mm?2 N-sec’/mm®
Specimen 5.585%10% 1.475*10* 0.643*10* 0.31 0.205%10°%
Ball 0.207*10° 0.207*10° 0.796*10° 0.30 0.786*107
MAT. :GLASS/EPOXY
STK.:{0°/45°/0°/-45°/0° ] ¢
DIM. :4. ST*200W* 200L (MM)
B.D.:12.7(MM)
A B 1000 - A
PO L LOADING LAW ( )
(: 4
] F =3.480 x 104 al.5 °
UNLOADING LAW (—): do
] - .5
%o Fo=Fp (o2 )2 0
=4 ™ [
s
Z
L z
g 600 4
8
L : 200(300)mm B
A 2.1mm from impact point for 200mm ‘g‘
3.2mm from impact point for 300mm O 4004
B : 44 2mm from impact point for 200mm
66.3mm from impact point for 300mm
Fig. 3. Measuring points for strain response. 200 4
measured by means of surface strain gages. Two strain
gages were placed at different locations as shown in 0
0 20 40 60 80 100

Fig. 3 to record the dynamic strain histories. Impact
velocity is 4 m/sec. and diameter of impactor is 12.7
mm. Signals from gages were amplified by a dynamic
strain amplifier and recorded at the F.E.T.

4. Results and Discussion

The contact laws for the 12.7 mm steel indentor and
glass/epoxy laminate were determined experimentally by
means of a statical indentation test. The plate specimens
were fitted into power equations by least square method
and their results were shown in Fig. 4.

The statically determined contact laws were incorpo-
rated into an developed four-node isoparametric plate
finite element program to obtain the impact response of
glass/epoxy laminated plate due to impact.

An impact experiment was conducted on a glass/
epoxy laminates plate to verify the validity of the
dynamic finite element analysis. The overall trends of
strain responses predicted using the finite element
method agreed very well with the test results as shown
in Figs. 5-8.

Through these theoretical and experimental strain

Indentation (mm)=0.001

Fig. 4. Loading and unloading curves for [0/45/0/-45/0]z
glass/epoxy laminate.
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Fig. 5. Strain and stress response histories for a [0/45/0/-45/0]5
glass/epoxy laminate at 2.1 mm from the impact point.
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Fig. 6. Strain and stress response histories for a [90/45/90/-45/

90], glass/epoxy laminate at 2.1 mm from the impact
point.
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Fig. 7. Strain and stress response histories for a [0/45/0/-45/0]5
glass/epoxy laminate at 44.2 mm from the impact point.

Table 2. Comparison of maximum strain and maximum stress

300 4
. :GLASS/EPOXY
.:[90°/45°/90°/~45° /90°
.24 . 5T*200W* 200L (MM)
.:4.0(M/8)

N.P. 14
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200 4
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-100 A

-200 4

: STRAIN, €, (NUMER.)
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: STRESS, 0y (NMER. )

-300 Y Y ¥ 1 T
160
Time (usec.)
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Fig. 8. Strain and stress response histories for a [90/45/90/-45/
901, glass/epoxy laminate at 44.2 mm from the impact
point.

(stress) responses, we could predict the impulsive strain
(stress) in glass/epoxy laminated composite as shown in
Table 2 and wave propagation characteristics in Table 3.
That is, we could know appreciable modulus and
strength degradation may be produced due to large
strain (stress) in the neighborhood of the impact point
and in special, large strain in the transverse to the fiber
direction from Table 2. As shown in Table 3, the pre-
dominent wave induced by central impact has found to
be a flexural one propagating at different velocities in
different directions, and also the flexural wave velocity
is higher in the higher modulus direction and the ampli-
tude of the flexural wave is much larger than that of
the in-plane wave.

at 2.1 mmor 3.2 mm

at44.2 mm or 66.3 mm

Stacking sequence Size
& Ox & Oy & O
200 mm 567 325 804 14.8 -155 -8.9
[0/45/0/-45/0]2s
00 mm 402 231 539 10.0 -87 -3.0
200 mm 800 12.1 570 364 —-198 -3.0
[90/45/90/-45/90]2s
300 mm 543 8.2 402 25.6 -112 -1.7
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Table 3. Comparison of wave velocities (unit: m/sec)

Stacking sequence [0/45/0/-45/0]25 [90/45/90/-45/90] 2
Specimen size(mm) 200 300 200 300 200 300 200 300
Wave type c? c? c? cy c c’ c? c?
Wave propagation theory 5,286 1,771 2,716 1,771
Present simulation 5,200 4,736 1,668 1,432 3,844 3,400 1,270 1,367
Impact experiment 4,911 4,420 1,498 1,313 3,536 3,234 1,163 1,251

{Superscripts} 0: top part of [0/45/0/-45/0]2s laminate.
90: top part of [0/45/0/-45/0]2s laminate.
{Subscripts} L: longitudinal(in-plane) wave.
F: flexural(transverse) wave.

5. Conclusions

Through the theoretical and experimental impact
responses, we obtain the following conclusions.

1) In general, theoretical in-plane and leading flexural
wave velocities agreed well with the corresponding val-
ues by experiment.

2) The predominent wave induced by central impact
has found to be a flexural one propagating at different
velocities in different directions.

3) The flexural wave velocity is higher in the higher
modulus direction and the amplitude of the flexural
wave is much larger than that of the in-plane wave.

4) Appreciable modulus and strength degradation may
be produced due to large strain(stress) in the neighbor-
hood of the impact point and in special, large strain in
the transverse to the fiber direction.
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