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Abstract

While previous researchers have conducted their study on the relative impact performance of composite structures from a force or an
energy standpoint only, this proposed Composite Structure Impact Performance Assessment Program (CSIPAP) suggests a multi-param-
eter methodology to gain further insight in the impact behavior of composite structures. These are peak and critical force; critical and
dissipated energy; contact duration and coefficient of restitution (COR), which is direct indication of effective structural stiffness; and
residual stiffness (normalized contact duration) which yields a plot that bears a striking resemblance with the normalized Compression
After Impact (CAI) strength. Using a determinate impactor/target system as baseline configuration, the program is applied toward the
understanding of the role played in an impact event by fundamental impactor and target parameters. The equations previously derived
for the prediction of the force—energy and residual stiffness curves are shown to apply to the configurations tested, thus confirming their
general validity. A modification to the existing effective structural stiffness formulation, which does not account for impactor character-

istics, is proposed, and it comprises the impactor material, size and mass characteristics.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Purpose of the research

An extensive literature review has indicated that many
questions still surround the impact response of composite
plates. Particularly the ongoing debate on whether a force
or energy based criterion should be used to compare
impact test results on different configurations, and whether
force or energy should be employed to uniquely and satis-
factorily assess the state of damage in the composite target.
Interesting phenomena were observed in [1-3] in the
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attempt to address these issues, and a new methodology
is here suggested in order to fully benefit of all the informa-
tion available from an impact test.

The present research has the double purpose of proving
the importance of characterizing the impact performance
of a composite target by means of multiple parameters,
as suggested in this new Composite Structures Impact Per-
formance Assessment Program (CSIPAP), as well as of ver-
ifying its validity by applying it to specific parametric
studies in order to determine the influence of test configu-
rations on the impact response of composite structures.
The proposed CSIPAP is based on the simultaneous anal-
ysis of five plots, namely the Force, Energy, Coefficient of
Restitution (COR), Contact Duration and Residual Stiff-
ness plots, to fully and satisfactorily address the relative
impact performance of composite targets.

In order to build these plots, a specific test matrix has to
be employed. It is constituted of three consecutive impact
tests, which are performed on each specimen and for each
structural configuration. These three tests are, in chrono-
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logical order, subcritical, supercritical and again subcritical
in nature. The importance of the first test is to record the
pristine contact duration and COR of an elastic impact
event, which gives a direct measure of the effective struc-
tural stiffness of the target. The second test, which has to
be performed at different impact energy levels, has the sig-
nificance of introducing a progressively increasing amount
of damage in the specimen. This test allows for the record-
ing of the critical and peak force values, the critical and dis-
sipated energy values, as well as contact duration and
COR. The third and last test, which is again elastic in nat-
ure, has the purpose of recording the postfailure (damaged)
contact duration of the impulse. Altogether the data thus
collected enables the building of the five plots that charac-
terize this proposed CSIPAP, which fully characterizes the
impact behavior of a particular structure, and supply the
means for an effective parametric investigation.

A summary of the nomenclature previously introduced
and used in the present discussion is given:

e Impact energy — impactor’s incident kinetic energy intro-
duced in the plate.

e Peak force — maximum recorded load.

e Critical force — value of the load at which a first change
of stiffness in the material occurs, also denoted as delam-
ination threshold.

o Critical energy — value of the impact energy correspond-
ing to the critical force.

e Dissipated energy — amount of energy dissipated in
damage mechanisms and therefore not restituted to the
rebounding impactor.

o Coeflicient of restitution — ratio of exit to impact veloc-
ities or, equivalently, ratio of the square root of exit to
impact energies.

e Total contact duration — resident time of the impactor
on the target.

e Subcritical (or elastic) impact events — range of impact
energy values below damage threshold.

e Supercritical impact events — range of impact energy val-
ues above threshold.

The great advantage of using a multi-parameter approach
rather than a single metric to characterize the impact dam-
age resistance and tolerance of a composite target is dual.
First, the use of all five plots allows for corroborating
and strengthening the otherwise individual conclusions
deriving by the use of a single parameter, and more impor-
tantly, some conclusions are more readily available for
interpretation in a particular plot rather than in another
one.

1.2. Literature review

Numerous studies on low velocity impact events on
analogous composite systems have been conducted to
investigate the effect of boundary conditions, impactor
weight, laminate thickness, aperture shape and size, among

others. These parametric investigations on different mate-
rial systems or structural configurations have nonetheless
been limited to the use of two criteria only, force and
energy. The energy based criterion is comprised of the so-
called damage maps, which are plots of damage area vs.
impact energy or dissipated energy, and Compression After
Impact (CAI) curves, which are plots of the static residual
strength vs. impact or dissipated energy. The force criterion
relies on the peak force recorded during an impact event to
assess the relative performance of different structural
configurations.

Jackson and Poe [4] investigated the variation in contact
force for two values of laminate thickness, support span
and boundary conditions. They concluded that, keeping
the other parameters constant, the thicker laminate and
smaller aperture gave nearly 50% higher responses, while
the fully clamped support gave only a 20% higher response
than the simple support.

Nettles and Douglas [5] investigated the relative
response of three support span/laminate thickness (s/f)
ratios, both in clamped and simply supported conditions.
They concluded that boundary conditions appear to have
no effect on the peak force (or maximum load) vs. delami-
nation area plot, as well as little effect on stiffness and
impulse duration. On the other hand the different s/¢ ratio
gave rise to different load—displacement and load-time
curves.

Ambur and Kemmerly [6] plotted the effect of impactor
mass on the contact force vs. impact energy curve, showing
highly non-linear and unpredictable trends, but concluded
that higher impactor masses result in decreasing damage
areas. Prasad et al. [7] showed that the contact force
recorded for specimens with partially clamped boundary
conditions is 24% higher than for the purely supported con-
ditions. In addition, varying impactor weight seems to have
small influence on the peak recorded force, yet contact
duration is greatly affected by it. Ambur et al. [8] concluded
that the effect of impactor size and material on airgun pro-
pelled and drop weight impact tests is very different.
Increasing impactor size and mass has the effect of decreas-
ing the contact force and increasing the contact duration.
Furthermore, airgun-propelled impacts are localized in
nature, hence unlike drop weight test independent of sup-
port size. Similar conclusions were reached by Delfosse
et al. [9] and Li et al. [10], who showed that a lower-mass,
higher-velocity impactor leads to a higher stiffness and
peak force, and lower maximum displacement and damage
extent than a higher-mass, lower velocity impactor for the
same value of impact energy.

Sjoblom et al. [11,12] and later Zhou [13] concluded that
the delamination initiation force is strictly related to lami-
nate thickness but is independent of the support span. They
observed that larger plates absorb more energy and carry
higher loads at the same energy level than smaller plates.
Zhou also determined that the normalized Compression
After Impact (CAI) strength curves of laminates with dif-
ferent thicknesses are virtually identical, thus suggesting
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that while laminate thickness plays a fundamental role in
damage resistance, its influence is negligible in damage tol-
erance (residual performance).

Liu et al. [14] employed a multi-parameter methodology
to interpret the results and determine the perforation
threshold of their targets. The peak force plot shows a tran-
sition from a non-linear curve to a straight line (plateau) at
the perforation level of impact energy; the contact duration
plot shows a quadratic increase up to perforation, which is
followed by a sharp drop; the absorbed energy plot shows
an initial quadratic trend which then becomes linear at per-
foration; the compression after impact (CAI) tests revealed
that the normalized maximum load decreases from unity to
about 50% of the pristine value at perforation, then pla-
teaus around it for higher levels of impact energy.

In their investigation on quasi-isotropic beam speci-
mens, Lifschiz et al. [15] introduce the concept of a 3-test
sequence to determine the pristine and damaged values of
transverse stiffness. The first and third subcritical tests are
employed to record total contact duration, which is directly
related to effective structural stiffness, while the second crit-
ical test is used to introduce damage in the structure. To
quantify the residual performance they plot the relative loss
in impact energy, which is linearly related to the relative
reduction in beam rigidity.

Kistler and Waas [16] determined that increasing the
thickness of the composite target and changing the bound-
ary conditions from simply supported to fully clamped has
the effect of increasing the peak recorded force and decreas-
ing the maximum displacement and contact duration.

2. Experimental setup

The laminates used are obtained by hand lay-up of AS4/
NCT301 prepreg tape, then press molded at 300 °F (149 °C)

Table 1

Summary of typical low velocity impact test setup and specimen geometry

for 30 min at 3 bars pressure. The stacking sequence is quasi-
isotropic of the form [0/90/ + 45],,, with n = 2-5; the refer-
ence laminate is a 32 ply (n = 4) with nominal thickness of
0.145 in. (3.68 mm). The unidirectional lamina elastic prop-
erties as well as the quasi-isotropic laminate elastic and
strength properties can be found in [2].

From the cured panel, square plates of nominal length
61in. (152.4 mm) are cut with a diamond coated tip disk
saw. The reference fixture built for impact as well as sta-
tic testing [1], is comprised of two steel plates having a
2.51in. (63.5 mm) diameter circular aperture, which are
clamped together by four screws located at the periphery
of the composite target. The other fixture employed is
identical but has a 5in. square aperture. For the refer-
ence configuration, the composite plate is situated
between the two steel plates and is positioned over the
aperture with the aid of three locating pins; the 4 screws
are then tightened to provide clamped boundary condi-
tions. Testing is also performed by removing the screws
and face-plate to provide purely supported boundary
conditions, and investigate the effectiveness of clamping
mechanisms. The instrumented drop tower is a GRC
Dynatup® model 8250, and the software used for data
recording/analysis is the 930 version. Impactor carriage
weight for the reference configuration is 9.921bs
(4.51 kg), while the other weight tested is 20.4lbs
(9.27 kg). The striker, or tup, is machined from a 6061-
T6 aluminum cylinder with a 1.5in. (38.1 mm) diameter
hemispherical end. Maximum drop height is 34in.
(0.863 m), which yields impact velocities up to 13.9 ft/s
(4 m/s) and impact energy levels up to 56 ft1b (75.92 7).
The experimental setup used in the present investigation
is similar in nature to the one used by many previous
researchers, and a summary is provided in Table 1. Table
2 summarizes the eight configurations tested. Due to the

Materials Stacking sequence No. plies Type  Support span in. Boundary  Impactor diameter Impactor mass
target (mm) conditions  in. (mm) b (kg)
Present AS4/NCT301  [0/90/ = 451, n=25 Circ. 2.5(63.5) cc 1.5 (38.1) 9.92 (4.50)
Sqr. 5(127) SS 20.4 (9.26)
[3] AS4/3501-6 [45/0/—45/901, n=3,6 Sqr. 5(127) SS 0.5 (12.7) 10.18 (4.63)
IM7/8551-7 8 (203.2) CcC
[4] IM7/8552 [45/90/—45/0], n=1-6  Sqr.  2-12(50.8-304.8) SS - -
CcC
[10] AS4/3502 [45/90/—45/0],s n=16 Circ. 14 (254-101.6) - - -
[22] AS4/3501-6 [0/90/ + 45],s n=4,5 Sqr. 10 (254) CcC 0.5 (12.7) 9.46 (4.3)
[5-7] AS4/3502 [45/0/—45/90],s n=3-6 Sqr. 5x5 (127 x127) Ss/cC 0.5 (12.7) 2.5-20 (1.13-9.07)
IM7/5260 Rect. 5% 10 (127 x 254) SS 1(25.4)
[8] 1IM6/937 [45/0/—45/90],s n=3 Rect. 3x5(76.2x127) CcC 1(254) 0.67-13.49 (0.31-6.14)
T800/3900-2 [45/90/—45/0],s SS
[15] AS4/3502 [45/0/—45/901, n=1-3 Rect. 5% 10 (127 x 254) CcC 0.5 (12.7) 2.5(1.13)
SS
[13] Glass/epoxy [0,,/90,]us Many Sqr. 1.5-5 (38.1-127) CcC 0.5 (12.7) 26 (11.8)
9] Glass/epoxy [0,,,/90,,]ns Many Circ.  7.87-19.68 (200-500) SS 0.5(12.7) 5.06 (2.3)
CcC
[14] AS4/3502 [45/90/—45/0], n=56  Beam 2.16-3.93 (55,100) SS 0.5 (12.7) 2.92 (1.33)

[—45/0/45/90]n

CcC
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Table 2

Summary of the 8 structural configurations, and corresponding values of critical force and energy

Configuration  Aperture type Span in. (mm) Boundary  No. plies Imp. mass 1b (kg) Critical force Ib (N) Critical energy ft 1b (J)
1 Circular 2.5[63.5] cc 32 9.92 [4.50] 1805 [8028] 5.63 [7.63]
2 Circular 2.5 [63.5] SS 32 9.92 [4.50] 1832 [8149] 7.18 [9.73]
3 Square 5.0 [127.0] cc 32 9.92 [4.50] 1706 [7588] 11.97 [16.23]
4 Square 5.0 [127.0] SS 32 9.92 [4.50] 1593 [7086] 11.35 [15.39]
5 Circular 2.5 [63.5] cc 32 20.40 [9.26] 2021 [8989] 6.17 [8.36]
6 Circular 2.5 [63.5] cC 16 9.92 [4.50] 585 [2602] 1.94 [2.63]
7 Circular 2.5[63.5] cc 24 9.92 [4.50] 1091 [4853] 3.47 [4.70]
8 Circular 2.5 [63.5] cC 40 9.92 [4.50] 2369 [10537] 6.67 [9.04]
large quantity of experimental data gathered during the a 350
present investigation, the plots and curves presented in tﬂ///f”’&‘;’
the following paragraphs do not contain the individual 3000 4 e
data points. Even though only the trend lines obtained i) / O, L 1e==2
by curve fitting the test data or through mathematical E 291 st | U. S, x;,.'/f ’.J i .
models are shown in the following discussion, the com- . o s vl [ B S
plete results are available in previous publications [1,2]. S LAY et
G 1500 ] ¢ =T —
e et
3. Experimental results: five fundamental plots E — é‘_’i«/"”ﬁ
A
3.1. Force plot f.oo—A[‘
The peak force curve, such as the one in Fig. 1(a), is 0 ‘ ‘ ‘ ‘ ‘ |
.. . .. . . 0 5 10 15 20 25 30 35 40 45
divided in the sub and supercritical regimes by the delami- impact Energy [ftIb]
nation threshold impact energy value, also called critical
energy. The peak force recorded during an impact test b 2
increases according to a power law curve if a simple -
spring-mass model is used and as long as no failure occurs
in the material. Setting: 15
mix + Kox =0, (1) 12
=]

where m indicates impactor mass, x is the plate surface dis-
placement (neglecting indentation), and K, is the pristine
(undamaged) structural stiffness, it is possible to obtain
the known sine function, which in turn yields the well-ac-
cepted equation [17] for peak force, if the assumption of
linear elastic response is made:

Prk — 2K, (2)

where E; is the impact energy, and P’ is the peak theoret-
ical force.

Once the damage threshold is reached, the test data starts
deviating from this theoretical value and tends to reach a pla-
teau in correspondence of the Mean Static Ultimate Load
(MSUL). It has been previously proposed [1] that the intro-
duction of a non-linear viscous damper, which captures the
dynamic damping mechanism associated with the onset of
damage and related to the absorbed energy, in a simple
spring-mass-dashpot model can greatly improve the accu-
racy of the prediction. The instantaneous value of the effec-
tive peak force is then linearly related to the displacement
x through the structural stiffness Ky and in a non-linear fash-
ion (exponent ) to the impact velocity V (first derivative of
the displacement x) through the damping coefficient c.

09 4
06 4

03

Fig. 1. (a) Force plot for 2 support spans and boundary conditions, 4
laminate thicknesses, and 2 impactor masses. (b) The empirically
determined ¢ and n parameters for the spring-mass-dashpot equation for
2 support spans and 4 laminate thicknesses.

P = Kox + cX'. (3)
Setting V = ‘/% and solving for the value of the peak
force, it is possible to obtain [1]:

.o c 6'2 VZn
Pk — —5V"+ \/ 2KoE: + 1

2E\? 2
- _g ( ) n \/ZKOEi +2 2, (4)
m m
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For the reference configuration, 1, the optimum values of
the two parameters were previously found to be n = 3.00
and ¢ = 1.54, however many are the combinations of the
two parameters that yield accurate curves in the ranges
n =[3.00, 4]. The higher the damping coefficient, the lower
the non-linear exponent, and vice versa, as shown in
Fig. 1(b), therefore satisfying combinations of ¢ and n are
the ones which are neither under- nor over-damped. The
plot indicates that a decreasing relative structural stiffness
has the effect of shifting the curves toward the origin, from
configuration 8-3. Furthermore, more compliant, flexural
dominated configurations are better described by values
of n in the range [3.25-4.25], while stiffer, shear dominated
ones are more accurately described by values of n [3.00-
3.75]. The range of n between 3.25 and 3.75 seems therefore
to be the one of more general accuracy.

The importance of employing a force-energy curve,
obtained by means of a spring-mass-dashpot model, is to
visualize immediately in what regime a certain impact event
stands, with respect to the critical energy/force level and
the asymptotic ultimate load. Caution has to be exercised
if comparison of impact events is solely based upon peak
force, because of its non-linear dependence with impact
energy. Secondly, that beyond a certain value of impact
energy peak force does not uniquely define the state of
damage, even if penetration or perforation does not occur.

The value of the critical force was shown in
[1-4,11,18,19] to be independent of impact energy, and
comparisons between structural configurations can be
performed effectively by using this parameter. Use of a
peak force plot such as the one in Fig. 1, in conjunction
with the constant value of the critical force, allows for com-
paring structural configurations in a direct and global man-
ner. It is hence possible to individuate two different stages
in the supercritical regime of the force—energy curve: the
first, characterized by peak force values progressively devi-
ating from the theoretical power law prediction; and the
second, where the peak force has reached an asymptotic
value, corresponding to the MSUL, even in the case where
no penetration/perforation occurs. All configurations tend
to the asymptotic value corresponding to the MSUL.

The plot indicates that curve 3 is located 25% away from
curve 1. This difference is not due to the shape of the aper-
ture, since for a quasi-isotropic lay-up and a hemispherical
impactor the square and circular configuration maintain
the same axial symmetry, but is exclusively related to the
aperture size. It is known that support span plays a major
role in the low velocity, high mass impact testing of com-
posite targets, due to the global nature of the event, but
the advantage of plotting the force—energy curve is to bet-
ter visualize the global behavior rather than concentrating
on a few data-points.

Curve 2 and 4, obtained removing all clamping devices,
such as the screws and cover plate, thus providing purely sim-
ply supported boundary conditions, are situated 6% apart
from the respective curves 1 and 3 in the subcritical regime,
and the difference progressively decreases, as they tend to

converge to the same asymptotic value. The conventionally
adopted practice of firmly clamping composite targets with
peripheral screws for impact testing appears to be of little
beneficial effect. The reason for the discrepancy with other
results [4] can be found in the method employed to provide
the clamping effect, whereby a higher degree of clamping
can be provided. Nonetheless, the peak force values recorded
for clamped specimens is 20-24% greater than for simply
supported specimens, which is much less than predicted by
plate theory or Finite Element codes (see later section),
and has been reported only for a very limited amount of data
[4]. Lastly, doubling impactor mass, in this range of high-
mass, low-velocity impacts does not seem to have substantial
effects on the peak force, as shown by curve 5.

The critical force and critical energy values for the var-
ious configurations are recapitulated in Table 2. It can be
noted once again that the values for the supported and
clamped configurations are extremely close. The small
aperture exhibits the same critical force value as the larger
one, yet the critical energy threshold is nearly 50% lower.
This observation is in agreement with the ones reported
in [4,11] which supported the conclusion that the onset of
damage is better described by a force rather that energy
parameter. On the other hand, the critical force and energy
values for the 20.4 1b (9.26 kg) impactor specimens appear
to be higher than the 9.92 Ib (4.5 kg) impactor, but the dis-
crepancy is due to the inertial oscillations recorded by the
instrumentation, which are signal spikes that have no effect
on the integrity of the structure.

Nettles and Douglas [5] tried to address the fact that
plates having the same span to thickness (s/f) ratio yield
do not necessarily behave in the same fashion. However
it is hard to draw conclusions from their data since their
considerations are based only on the inspection of the
load—deflection curves and the peak force values recorded
during the event. Plots such as the one in Fig. 1(a), with
the aid of design curves such as the one of Fig. 1(b), suggest
that a great deal of difference can be expected in the
response of structures having the same s/t ratio but differ-
ent absolute values. As an example, it can be noticed how
curves 3 and 6, having both a ratio s/t =34.5, are well
apart from each other. Furthermore, even the critical
energy and force values differ greatly for configurations 3
and 6, therefore suggesting that the two dimensions are
non-linearly related.

3.2. Energy plot

The energy plot, such as the one of Fig. 2, is comprised
of the dissipated energy curve, as well as the 1:1 line of
available incident kinetic energy. It has been shown in
[1,12,20,21] that dissipated energy increases quadratically
with impact energy, while the critical energy is independent
of the impact energy level at which the test is performed. It
has also been shown [12] how dissipated energy relates
directly to the amount of damage introduced in the speci-
men as measured by failure investigation methods such as
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Fig. 2. Energy plot for 2 support spans and boundary conditions, 4
laminate thicknesses, and 2 impactor masses.

ultrasonic and X-ray scans, or microscopic analysis. Hence
for the present paper it will be used as a quantitative indi-
cation of the general state of damage within the structure.
It is furthermore possible to extrapolate, if there exists, the
impact energy level at which penetration will occur by fore-
casting the point of intersection between the quadratic dis-
sipated energy curve and the incident energy line. It has
also been shown that dissipated energy curve can be
divided in three regimes [20] up to perforation according
to the different types of permanent deformation/damage
induced in the laminate.

Noting that the dissipated energy is quadratically related
to the impact energy [1,12,20], and substituting for the
impact velocity, it is possible to obtain:

2
Ep = o] =T, 5)
where ¢ is a numerical parameter. Since the non-linear
dashpot can be described (Eq. (4)) by ¢V, it is possible
to obtain:

Ep = / cit d. (6)

The physical meaning of Eq. (6) is that the total work done
by the viscous force, associated with the damper that rep-
resents damage, is equal to the total energy dissipated dur-
ing the impact event. A more detailed treatment of the
modified spring-mass models can be found in [3].

The energy balance [9] that relates impact energy to the
elastic strain energy (Eg) component and the absorbed
energy term (E,), which is a sum of the contributions given
by non-conservative forces (Enc), such as friction and slip-
ping at the boundaries, and the energy dissipated (Ep) in
the damage creation and propagation is therefore still
applicable:

E; = Eg + Ex = Ex + Exc + Ep. (7)

While it is not possible to discern the contributions of the
different failure mechanisms to the total dissipated energy

curve from this kind of investigation, it is nevertheless pos-
sible to conclude that the results obtained by testing with a
higher-mass impactor and simply supported boundary con-
ditions are not necessarily more conservative than the ones
obtained with lighter ones, as suggested by comparisons
based on the force plot, at least in this regime of impact
velocities up to 4 m/s. Aperture size plays however a major
role in the amount of damage, as clearly shown by the 50%
difference between the two curves. Doubling the aperture
size not only doubles the delamination energy threshold,
but it also halves the total dissipated energy. Lastly, the
dissipated energy curves 6-8 follow very similar trends,
but are shifted to the right for increasing laminate thick-
ness, thus confirming that impact damage resistance is
strictly related to this parameter, in a fashion similar to
the one suggested by the force plot. The different critical
energy values are summarized in Table 2. As previously
noted for the force plot, laminates with same s/z ratio do
not behave in the same fashion, as it is clearly indicated
by the dissipated energy curves 3 and 6, and by the very dif-
ferent values of both damage initiation and penetration
thresholds.

3.3. COR plot

The coefficient of restitution (COR) plot, as the one in
Fig. 3, has proved to give an immediate estimate of the
failure modes occurring in the specimen at different energy
levels. The COR of an immovable target can be equiva-
lently defined as the ratio of the exit to the incident veloc-
ity, or the square root of the ratio of the exit to the incident
energy.

Uout Eout Ei - ED
COR = =4/ =4/— 8
Din E; E; ®

In the subcritical regime it oscillates around a constant va-
lue, which is an indicator of the amount of energy dissi-
pated in vibration at the boundaries and permanent

09 4

0.8 -

COR

0.7 4

0.6

0.5

04 . . . . — . ! ! ]
0 5 10 15 20 25 30 35 40 45
Impact Energy [ft Ib]

Fig. 3. COR plot for 2 support spans and boundary conditions, 4
laminate thicknesses, and 2 impactor masses.
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indentation. At the onset of delamination damage, the
curve follows a sharp drop before it becomes constant
again; only at much higher impact energy values the
COR begins to decrease progressively according to a power
law curve. The supercritical regime can therefore be divided
in two regions, the first characterized by matrix damage in
the form of splitting and delamination, and the second
dominated by extensive fiber breakage. In this region the
dissipated energy increases at a much faster rate than the
kinetic energy available, and eventually, at the perforation
threshold, the two quantities will coincide.

The Coeflicient of Restitution plot for configurations 1
and 2 is plotted in Fig. 3. The difference in the elastic
value of the COR for the each configuration can be
attributed to the different amount of energy dissipated
during the event. The first cause can be attributed to
the different amount of elastic and permanent contact
deformation occurring according to the relative stiffness
of the target. Secondly, the large overhang of the lami-
nate (up to 1.75in. per side), clamped underneath the
cover plate, which at impact tends to rotate but is con-
trasted by the steel plate, results in a great energy dissi-
pation mechanism, and again it increases with the
relative stiffness of the target.

The critical energy levels for the two apertures show that
at failure the COR follows a sharp drop, then decreases
with a very gradual slope, being nearly constant over a
wide range of impact energy values. A second threshold
can be identified, and it indicates the transition from matrix
to fiber dominated failure mechanisms [1], beyond which
the COR decreases according to a power law curve. It
appears that such curve reaches an asymptotic value and
then, if there exists, suddenly drops to zero at the penetra-
tion threshold. The relative drop in COR due to the onset
of delamination is much smaller for the larger span or the
thinner laminates, due to the different failure modes that
characterize flexible and stiff targets [5]. As previously
noted, flexible targets yield a higher value of COR in the
subcritical regime, due to either a trampoline effect or a
lower amount of energy dissipated at the boundaries or
in contact deformation [1], and in the limit the COR is
identically equal to unity when these dissipation phenom-
ena are negligible. It can also be noted that, beyond the
damage initiation threshold, the amount of energy dissi-
pated in the fracture process greatly exceeds the amount
dissipated at the boundaries, and the recorded values for
the clamped and supported specimens coincide, further
supporting the observation previously made that boundary
conditions play a negligible role in the impact response of
composite targets.

The delamination damage plateau for the thinner 16 and
24-ply laminates is noticeably shorter than for the thicker
32 and 40-ply laminates. Almost immediately after the
damage threshold, the COR begins to decrease at a fast,
nearly linear rate. By looking at this plot it appears that
increasing laminate thickness, not only increase the critical
impact energy level, hence the impact damage resistance of

the structure, but also improves its damage tolerance.
Thicker plates exhibit a more pronounced delamination
plateau, and delamination damage in a structure is known
to be more forgiving than macroscopic fiber breakage, at
least to an extent [22]. Impactor mass seems to have no
effect on the low velocity impact response of composite
plates, at least in the regime in discussion.

The great advantage of this plot is that it gives an imme-
diate visualization of the delamination and fiber damage
thresholds, which are not obvious from other plots, and
whose determination has conventionally required the time
consuming procedure of post-failure investigations, such
as microscopy and resin burn-off [9]. And from a quantita-
tive standpoint, it allows for an estimate of the relative con-
tribution of the different failure modes to the total
dissipated energy, as shown by Egs. (7) and (8). As an
example, the COR curves for configurations 3 and 6 behave
in a very different fashion, suggesting that targets having an
equal laminate thickness to support span (D) ratio (7/D)
yield very different elastic responses, damage mechanisms
and threshold values.

3.4. Contact duration plot

The contact duration curve of Fig. 4 is comprised of two
regions, delimited by the critical energy level [1]. In the first
region, contact duration is constant because it is inversely
related to effective structural stiffness, which is a property
of the impactor/target system, by means of the well-known
relationship:

te = n\/Kz. 9)

As expected, the curves for configurations 1 and 5 follow
each other 43% apart throughout the entire range of im-
pact energy values, due to the different impactor weights.

In the subcritical regime, specimens with simply sup-
ported boundaries yield a 12% longer duration of impulse,

Total Contact Duration [msec]
£ wm
® \ :

0 +————rr T T
0 5 10 15 20 25 30 35 40 45

Impact Energy [ft Ib]

Fig. 4. Contact duration plot for 2 support spans and boundary
conditions, 4 laminate thicknesses, and 2 impactor masses.
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thus suggesting that such targets behave in a more compli-
ant fashion (3.5%) than the clamped ones. The difference in
contact duration due to the boundary condition indicates a
difference in effective structural stiffness, which is not cap-
tured as clearly by the previous plots. The larger aperture
also yields a more compliant configuration, since doubling
the support span seems to double the duration of contact.

At the onset of damage it begins to increase almost lin-
early, thus confirming that the specimen undergoing frac-
ture is becoming more compliant during the impact
event, hence the residence time of the impactor on the tar-
get is increasing.

In the case of the smaller aperture, contact duration fol-
lows a sharp jump and then it gradually increases for
increasing values of impact energy. In the case of the larger
aperture and thinner laminates, such discontinuity is not
evident, but contact duration increases progressively after
the onset of damage. The presence of the jump can be pos-
sibly used as indicator of the relative stiffness of the target
[5,14]. It should be noticed that laminates with same thick-
ness to span ratio don’t perform in the same way, since
effective structural stiffness is strictly related to both aper-
ture size and plate thickness, as in the case of configura-
tions 1, 3 and 6.

3.5. Residual stiffness plot

Taking advantage of the fact that contact duration is a
property of the impactor/target system and, in the elastic
regime, is independent of the impact energy level at which
the test is performed, and employing the three-test matrix
introduced in [1], it is possible to build a residual perfor-
mance curve. The ratio of pristine to damaged contact
duration has been shown to give a direct indication of
the residual transverse stiffness of the plate and to allow
for the building of a normalized CAl-type curve
[13,16,22-26], as the one of Fig. 5.

Ratio Contact Duration
o

0 5 10 s 20 2 M 3 M 15
Impact Energy [ftIb]
Fig. 5. Residual stiffness (normalized contact duration) plot for 2 support

spans and boundary conditions, 4 laminate thicknesses, and 2 impactor
masses.

The curve previously obtained for the reference configu-
ration suggests that

1
to_ KD 7_ EC ”
o () =) ®

where E; is the impact energy, subscripts 0 and D indicate
pristine and damaged values of a certain material property,
Ec can be found in Table 2 and the empirical parameter o
has a value of 0.5.

A first consideration has to be made with regards to
boundary conditions. The curves obtained for supported
specimens lie in both cases 7% above the ones for the
clamped targets. This is consistent with the observations
made so far, that boundary conditions play a minor role
in the overall impact performance of composite targets,
even at such low impact velocities, and the data shows that
the supported configuration values are only slightly less
conservative than the clamped ones. The other important
conclusion resulting from this plot is that the larger aper-
ture introduces consistently less damage than the smaller
aperture. More flexible specimens follow a curve with an
o exponent of 0.25, and the value of E¢ is about twice as
high. Again this observation is consistent with the ones
for peak force, dissipated energy and COR. Impactor mass
has a negligible influence on the response of a composite
target, for this particular range of impact velocities, since
the two curves for the 9.92 and 20.4 1b (4.50 and 9.26 kg)
impactor weights are nearly identical. Lastly, laminate
thickness has little influence on the normalized curves,
which exhibit very nearly identical values of the exponent
o. Except for the different values of the critical energy
Ec, it appears that while laminate thickness plays a major
role in the damage resistance characteristics of a structure,
it has no beneficial effects on its relative (normalized) dam-
age tolerance, consistently with the conclusions reached by
CALI testing [13,22].

4. Numerical results

An ABAQUS® is developed to expand the range of
investigation on the effect of structural parameters on the
impact response of composite plates. The model employs
solid axis-symmetric quadrilateral elements, shown in
Fig. 6, and the macroscopic laminate elastic properties
are specified as engineering constants (smeared properties)
instead of ply-by-ply lamina properties, taking advantage
of the relative degree of isotropy and homogeneity of the
present configuration.

A quasi-static indentation is obtained by assigning a
crosshead speed of 0.05in/min (1.27 mm/min), while the
dynamic model is obtained by assigning the aluminum
indenter/impactor a velocity of 55 in/s (1397 mm/s), result-
ing in impact energy of 3.21 ft 1b (4.35 J), which is located
in the subcritical regime. To verify that the accuracy of the
model in both ranges, the load-time and load—displace-
ment traces are matched to the experimentally determined
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Fig. 6. Mesh and geometry of the Abaqus axis-symmetric model.

ones, focusing in particular on the values of peak-recorded
force and contact duration. Simply supported boundary
conditions have proved to give the accurate results, consis-
tently with experimental observations, while clamped
boundary conditions greatly over-estimate the results.
The reason for the discrepency can be found by considering
that the radial displacements and tangential rotations are
not effectively constrained in this type of experimental
setup, and that the supports tend to show a flexible behav-
iour, particularly for small test apertures.

For the same level of impact energy 3.21 ft1b (4.357J),
the impactor weight and velocity are varied to verify exper-
imental results and previous observations that suggest a
great deal of difference in the response of composite plates
to mass- or wave-dominated impact events. The weight of
the hemispherical impactor is varied by changing the den-
sity of the material without affecting the diameter. The
iso-energy curve thus obtained, plotted in Fig. 7, shows
how quickly the peak-recorded force drops in the range
of [0-2]1b, (0-0.9 kg) and then decreases only slightly in
the range [3-35]1b (1.4-15.9 kg).

Peak Force [Ib]

y = 1648.2° 0718

0 4 8 12 16 20 24 28 32 36
Impactor Mass [Ib]

Fig. 7. Estimated influence of impactor weight on peak-recorded force for
the same value of impact energy.

On the other hand, the iso-velocity curve of Fig. 8, also
obtained analytically by varying the value of density of the
impactor without affecting its size, closely follows the iso-
mass curve obtained experimentally. However, the slightly
higher values of the peak force predicted are consistent
with previous observations that suggest how the nature
of high-velocity (or wave dominated) events is more local-
ized, and the resulting stiffening mechanism yields higher
contact forces. Depicted in Fig. 9 is the numerical power
law curve that relates contact duration to impactor weight
[1], and confirms the Eq. (9) derived from the spring-mass
model.

Parameters such as support span, laminate thickness
and in-plane (equivalent) laminate modulus have been var-
ied, and the results can be summarized by the existing
equation for effective structural stiffness K, [17]:

ARE.W
3(1 —v)R*’

where R is aperture radius, / is laminate thickness, £, and v
are in-plane average modulus and Poisson’s ratio of the
laminate. While damage initiation and penetration resis-
tance properties of the target are known to greatly depend
on impactor characteristics [20-24], such as size and mate-
rial, Eq. (11) does not describe the influence of impactor
properties on the elastic response of composite plates.
Impactor diameter and elastic modulus are found to influ-
ence the response of a composite plate in this range of im-
pact events. Varying the modulus of the impactor while
maintaining linear elastic material assumption, as shown
in Figs. 10 and 11, causes an increase up to 20% in the va-
lue of peak force and contact duration. Similarly, the plots
depicted in Figs. 12 and 13 suggest a consistent relationship
between impactor diameter and peak force and contact
duration. Observing that: 7. oc E.*% and #. oc % it is
possible to obtain the following:

PIALY LS/
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KO =0 m8/100 ’ (12)
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Fig. 8. Comparison between analytical and experimental data in the
force—energy curve (subcritical regime only).
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Fig. 9. Dependence of contact duration on impactor weight.
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Fig. 10. The value of peak force depends on the impactor’s elastic
modulus.
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Fig. 11. The elastic value of contact duration is a function of the
impactor’s elastic modulus.
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Fig. 12. The peak force depends on impactor’s size.
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Fig. 13. Abaqus plot indicating that the elastic value of contact duration
depends on impactor’s size.

where E,, m and d, are impactor modulus, weight and
diameter, respectively, while ¢ is a numerical constant.
The non-dimensional term introduced here captures the
dynamics of the impact event associated with the character-
istics of the impactor. The effective structural stiffness of
the target from Eq. (11) can be therefore described as:

. E, B\ (- ENTP
oo (E) G EST

where ( is a numerical parameter, and the three terms in
parentheses are the target material, target geometry and
impactor components, respectively. As an example, for
dy=151n. (38.1 mm), E,=10Msi (69 GPa), m=101b
(4.5kg), Eq. (12) is equal to 1.07, for d,=0.51n. (12.7
mm), E,=30Msi (207 GPa), m=0.51b (0.23 kg), Eq.
(12) yields 1.24, while for d,=0.5in. (12.7 mm), E =
10 Msi (69 GPa), m =41b (1.8 kg), Eq. (12) equals 0.96.
The latter term appears to be less influent than the target
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characteristics terms, at least in the velocity regime used in
this type of investigation. However, while Eq. (11) loses
validity in the high-velocity, low-mass regime, Eq. (13) pro-
vides a more general means by which to describe the impact
event, independently from the impact velocity regime.

5. Conclusions

Durability and damage tolerance design methodologies
must address the deleterious effects associated with
changes in material properties and the loss of structural
integrity that may occur during the service lifetime of a
vehicle, and therefore need to rely on extensive and
costly experimental databases. A comparison of impact
events on a composite structure performed exclusively
on the basis of the recorded peak force, damage arca
or residual strength of a composite target can be limit-
ing. The importance of characterizing an event by means
of multiple parameters has been shown, and a novel
Composite Structure Impact Performance Assessment
Program (CSIPAP) has been proposed. It is comprised
of three consecutive impact tests per specimen, two elas-
tic and one to introduce damage. The data obtained can
be processed so that comparisons between structural con-
figurations can be performed on the simultaneous inves-
tigation of the Force, Energy, Coefficient of Restitution
(COR), and Residual Stiffness (normalized contact dura-
tion) plots. Only a combined approach as the one here
suggested allows the designer to immediately visualize
the overall performance of each target and, more impor-
tantly, to benefit from the greater insight that can be
gained by performing a structural comparison based on
over multiple parameters.

The results previously obtained [1] for the prediction
of the force—energy and residual stiffness curves have
proved to apply to the configurations tested, therefore
confirming their general validity. Examples of how such
program can be applied to determine the relative influ-
ence of impactor/target parameters on the impact
response of composite plates have been provided. Results
have shown that conventional clamping devices used in
low-velocity impact testing, as well as aperture shape
have little effect on the impact response of a composite
target, and it is therefore possible to perform compari-
sons among different configurations across the existing
literature. On the other hand, support span and laminate
thickness have a significant effect on the impact event, as
do impactor size and modulus, whose influence has been
previously neglected.
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