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those cases. Solutions like the experimental cigar- and peanut-like
edge shapes require a three-dimensional formulation.
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Introduction
[MPACT is a key issue in the design of composite structures and

may be the limiting design issue in many cases. It is therefore
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essential that a complete understanding of the response of compos-
ite structures to impact be obtained. This comprises two separate
issues: damage resistance and damage tolerance.1 Damage resis-
tance is a measure of the damage incurred by a material/structure
due to a particular event (in this case impact). Damage tolerance is
the measure of the ability of a material/structure to "perform"
(given particular performance requirements) in the presence of
damage. The first issue, damage resistance, is directly related to
impact. The second issue, damage tolerance, has only a secondary
relationship to the impact event since it is the amount and distribu-
tion of the damage present that directly determines the damage tol-
erance, not the particulars of the impact event.2 The impact event
is related to damage tolerance through the damage resistance. Un-
derstanding and analyzing the damage resistance of composite
structures is therefore important to determine the damage caused
by a particular impact scenario. This damage state can then be used
to assess the damage tolerance and thus the capability of the struc-
ture to continue to meet performance requirements.

A number of authors1'3"9 have presented analysis techniques to
determine the response of composite structures to impact. These
analyses generally determine the force, deflection, and strain (and
stress) time histories of the composite structure during the impact
event. In some cases, the resulting damage is also predicted. Al-
though these analysis techniques vary from the finite element
method to Rayleigh-Ritz and other schemes, they all share one
item in common: they do not account for the fact that the damage
that occurs during the impact event is a progressive phenomenon.

The condition of a composite laminate is not constant through-
out the impact event. As damage occurs during the impact event,
the parameters that govern the response may change. This can in-
fluence the overall response which will alter the force, deflection,
and stress and strain histories. This, in turn, can have an effect on
the total amount of damage incurred during the impact event. It is
therefore essential to understand how impact response parameters
change as damage occurs.

The objective of this work is, therefore, to determine the effect
that damage in the composite structure has on the impact response
of the structure. Although quantitative measurements and assess-
ments are made, the ultimate goal is to determine, on a qualitative
basis, whether it is necessary to account for this change in impact
parameters, due to damage, in models of the event and how this
should be done when necessary. This overall qualitative assess-
ment is made based on the quantitative measurements.

Approach
The impact response of laminated composites is often analyzed

by segmenting the problem into the different response phenomena
that occur.1 This generally involves considering the "global" and
"local" responses of the laminate promoted by the impactor. In
this context, global response refers to the dynamic structural
response of the laminated configuration,10 whereas the local re-
sponse refers to the indentation caused by the impactor.11'12 Al-
though both phenomena occur simultaneously during the impact
event, the complexity of the problem is reduced by analyzing each
phenomenon separately.

The effect of damage on the impact response was considered by
looking at the effect of damage on both the global and local re-
sponses. The global response was assessed by conducting an im-
pact test and measuring the force vs time and plate center deflec-
tion vs time histories. The local response was evaluated by
conducting static indentation tests and measuring the load vs in-
dentation.

All tests were conducted on AS4/3501-6 graphite/epoxy [±45/
0]2l$ plates 89 mm in width with a span of 251 mm. Tests were car-
ried out on virgin (undamaged) and on predamaged specimens.
Damage in the predamaged specimens was introduced by im-
pacting laminates with a 1.53-kg impactor rod with a 12.7-mm-
diam hemispherical tup at a velocity of 4.0 m/s. The amount of
damage was determined from visual and dye-penetrant-enhanced
x-ray techniques. This damage generally consisted of small matrix
cracks on the back surface and internal damage, consisting of ma-
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Fig. 1 X-ray photograph of damage in predamaged specimens.
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Fig. 2 Force vs indentation results for undamaged and predamaged
specimens.

trix cracks and delamination, about the size of the impactor as
shown in Fig. 1.

A complete description of the experimental work can be found
inRefs. 13 and 14.

Results and Discussion
Local Effect—Static Indentation Tests

Load-indentation results are presented in Fig. 2 for the undam-
aged and predamaged specimens. Data are not reported above 900
N since cracking sounds were heard indicating that the originally
undamaged specimens were no longer undamaged at that point. It
is clear that more force is required to obtain the same indentation
level in the case where the [±45/0] 2s laminates have damage
present. This was consistent for all of the cases.

To compare the data on a more quantitative basis, the data for
each specimen were fit to the relation11

= Kan (1)

where R is the contact force, oc is the local indentation, and n is a
constant that has been previously estimated to be 1.5 (Ref. 12).
The value of the contact stiffness K depends on the constitutive
properties of the plate and indentor, as well as the radius of the in-
dentor. The data were fit to this relationship using a linear regres-
sion on logarithms of the data.

For the undamaged specimens, the exponent n was found to
have a value of 1.14, whereas for the predamaged laminates n had
a value of 1.40. The contact stiffnesses are 26.2 kN/mm1-14 for the
undamaged laminates and 78.3 kN/mm1-40 for the predamaged

laminates. Since the value of the contact stiffness is dependent on
the value of the exponent n, a direct comparison is not useful when
the exponent values are different, as in this case. Correlation coef-
ficients were generally in the range of 0.9.

This analysis of the data also clearly shows that the laminates
with damage are stiffer, in contact, than the undamaged laminates.
This dependence of the contact stiffness on the presence of dam-
age is attributed to the ability of the surface of the predamaged
laminate to better conform to the shape of the indentor that pro-
duces a larger area of contact as illustrated in Fig. 3. The lower
part of the figure shows the case of an undamaged laminate where,
as the tup goes into the laminate, the surface cannot perfectly con-
form to the tup. If the laminate is locally more compliant (i.e., bet-
ter able to conform to the tup), there will be more contact area as
illustrated in the upper part of this figure. If the pressure distribu-
tion remains Hertzian, which is the normal assumption for this sit-
uation,12'15'16 then the plate must carry more load in the damaged
condition. This can be conversely stated as the total load applied
by the indentor is spread out over a larger area when damage is
present, thus reducing the stress level at the contact point and thus
reducing the indentation for a given load. This is also consistent
with the data.

If this hypothesis is correct, the difference in the response be-
tween undamaged and predamaged laminates will become more
pronounced at greater indentations since the difference in contact
area will increase. This is consistent with the experimental data
where there is virtually no difference in the responses at lower val-
ues of indentation, but the responses begin to diverge as the inden-
tation increases in value.

Global Effect—Impact Tests
The force and displacement vs time histories of the undamaged

and predamaged [±45/0]2$ laminates are shown in Figs. 4 and 5,
respectively. There is no significant difference in the force signa-
ture for the predamaged and undamaged cases, and this was true
for all of the specimens tested. The lack of any difference is partic-
ularly noticeable for the displacement vs time histories.

To provide better quantitative comparison, peak values and the
duration of the impact event are compared. For the undamaged

Fig. 3 Illustration of ability of upper surface to conform to tup and
resulting contact area for (upper) damaged laminate and (lower)
undamaged laminate.
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Fig; 4 Impact force vs time history for undamaged and predamaged
specimens.
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Fig. 5 Center deflection vs time history for undamaged and predam-
aged specimens.

laminates, the peak force varied from 440 to 496 N, whereas the
peak force in the predamaged cases varied from 418 to 499 N. The
peak displacement of the undamaged laminates varied from 7.9 to
8.6 mm in comparison with 8.0 to 8.5 mm for the predamaged lam-
inates. In both cases, the duration of the impact event ranged be-
tween 18.6 and 19.1 ms.

It can therefore be concluded that the presence of local damage
did not have a detectable effect on the global structural response. It
should be noted that the planar size of the damage present in these
cases is considerably smaller than the dimension of importance in
the structural response—the span of the specimen in the test jig.
The linear size of the damage was approximately the size of the
tup used to create the damage: 12.7 mm in diameter. The span of
the specimen was 251 mm, a factor of 20 times the damage size.
Therefore, this conclusion is probably not valid as the size of the
damage approaches the length critical to the structural response.

Implications
The results clearly indicate that the presence of damage, and

thus the occurrence of damage during the impact event, affect the
local response. The presence of damage will therefore have an ef-
fect on the stress and strain state in the laminate immediately under
the impactor. This, in turn, affects the progression of damage.

It is surprising, however, that there is no notable effect on the
global response as measured by either the force or displacement vs
time histories. It would be expected that the displacement vs time
history would be unaffected since this is a measure of the inte-
grated structural response. Since the damage size is over an order
of magnitude smaller than the important structural dimension, its
effect on the important structural parameters would be minimal
and would not be felt in the displacement. However, the force vs
time history is both a structural global response as well as a local
response. The source of the force on the plate is the indentor con-
tact relation which is a "local" phenomenon. Since this contact re-
lation has been affected by the presence of damage, it would be ex-
pected that the force vs time history would be affected.

Closer examination of the data reveals that the key is the peak
force experienced during the impact event. As can be seen in Fig.
4, the peak force is about 400-500 N. If the force vs indentation re-
sults of Fig. 2 are considered, the behavior of the undamaged and
damaged specimens has barely begun to diverge at loads of 400-
500 N. Thus, the reason that no difference is seen in the global
event is because the forces encountered are low. If the impact
forces were high enough such that there was a difference in the
static indentation response, it would be expected that a difference
would also be seen in the force vs time history. Further work
should therefore be conducted at higher velocities. In addition,
these plates were relatively thin and deflections were large, indi-
cating that membrane stresses may be important. Work should be
conducted on thicker laminates where bending resistance is more

dominant and may be more affected by the presence of damage
such as delamination.

Nevertheless, the current results indicate that it may be possible
to ignore the presence of damage in analyzing the impact event in
a number of instances, especially if the analysis is for preliminary
design purposes. Unfortunately, the loads where this may be valid
cannot be determined without prior analysis or experimentation.
The static indentation results, however, make it clear that the local
stress and strain fields will begin to deviate from the actual case if
no damage is assumed in the analysis. The next logical step in this
work is thus to measure the damage present after impact of pre-
damaged specimens and virgin specimens. This will require care-
ful nondestructive, and possibly destructive, investigation to prop-
erly characterize the damage on a three-dimensional basis. This
will allow a better assessment of the effect that the presence of
damage has on the further progression of damage and the overall
damage resistance of a composite structure.
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