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Recent research programs conducted on low-velocity impact events on composite structures have used force as
the sole governing parameter and based their damage resistance and tolerance considerations on the peak recorded
value. Understanding of other available parameters, such as contact duration and coefficient of restitution, which
are related to the effective structural stiffness of the target, is fundamental in the design of a methodology for
assessing impact performance and can offer greater insight in the interpretation of future research programs.
An experimental database is gathered through drop tower impact testing by means of a rigid striker on clamped
circular plates, for a particular polymer composite system. Several researchers have presented data showing that
a critical value of the impact force for the onset of damage exists. Structural properties are hereby studied in
both the sub- and supercritical regimes, which means for impact energy values below and above the damage
threshold. A modified approach to the classic spring–mass model, which employs the notions of damaged stiffness
and dissipated energy, leads to the derivation of approximate formulas that describe the peak force-energy curve.
In particular, the introduction of a dashpot to simulate the effect of damage greatly improves the accuracy of the
model in the regime beyond the structural integrity threshold. A novel method to assess the residual performance
of the damaged plate is developed, and it consists in low-energy, nondestructive impact testing, the results from
which bear a striking resemblance with the curves obtained by compression after impact.

I. Introduction

IMPACT tests can prove inherently difficult to understand because
of the large number of parameters that play a key role in such

events, particularly in the case of laminated composite structures
due to their heterogeneous anisotropic nature and the complex fail-
ure modes that can occur. The current experimental investigation
is conducted on square plates, supported over circular openings,
having a quasi-isotropic [0/90/±45]4s stacking sequence. Such a
configuration benefits from the axial symmetry of the circular ge-
ometry and the low degree of anisotropy of the laminate and thus
facilitates the concentration on the mechanics of the impact event
and the complex failure mechanisms.

An extensive literature review has indicated that many questions
still surround the impact response of composite plates. In partic-
ular, an ongoing debate exists on whether force or energy should
be used to compare impact test results on different configurations,
as well as whether a force- or energy-based criterion should be
employed to predict the structural integrity threshold or uniquely
and satisfactorily assess the state of damage in the plate. The aim
of this paper is to show how governing parameters, such as force,
energy, and structural stiffness vary between the subcritical and su-
percritical regimes and that peak force, although extremely valu-
able for predicting the damage threshold, cannot be used inde-
pendently for investigating the impact performance of a composite
structure.

The use of an instrumented drop tower such as the General Re-
search Corp. (GRC) Dynatup c© enables the recording of force and
time, which are directly measured, as well as energy, deflection,
and velocity, which are calculated. Using a conventional experimen-
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tal setup derived from the suggested ASTM International Standard
D62641 and shown in Fig. 1, it is possible to characterize the elastic
behavior, failure initiation, and failure propagation in terms of ap-
plied dynamic force and energy. To understand the transition from
quasi-static to low-velocity impact, the same test fixture and geom-
etry used for impact testing is used to assess the static behavior of
the plate.

Although load vs deflection data for a static test are sufficient to
characterize fully the response of a structure or a material, an impact
test requires not only additional information to indicate the severity
of the event, but also a deep understanding of how certain parameters
interact to influence the results. The load-deflection curve typically
used to describe a static test, such as that shown in Fig. 2, can be
characterized by the value of incipient failure [1656 lb (7366 N)],
which corresponds to the first significant drop in the loading curve,
and by the value of ultimate load [2541 lb (11,303 N)], beyond which
the structure’s ability to carry additional load is compromised. These
values depend strictly on material properties and test geometry and,
for modern epoxy systems, are independent of the speed at which
the test is performed, in the range of static testing (0.01–0.1 in./min;
0.25–2.54 mm/min).

A force–time trace, such as Fig. 3a, or, equivalently, the load-
deflection curve of Fig. 2, can exhibit separate values for critical and
peak force values at sufficiently high-impact energy levels (super-
critical test). At lower impact energy values, near the delamination
threshold, the values of critical and peak force coincide (critical
test), whereas at even lower values they lose significance, in the
sense that failure does not occur and peak force is just an indication
of the response to an elastic impulse (subcritical). To facilitate the
understanding of these concepts, a brief summary of the terminology
used is reported:

1) Impact energy is the impactor’s incident kinetic energy.
2) Peak force is the maximum recorded force.
3) Critical force is the value of the force at which a first change

in out-of-plane stiffness of the material occurs; it is also denoted as
delamination threshold.

4) Critical energy is the value of the impact energy corresponding
to the critical force.

5) Dissipated energy is the amount of energy absorbed mainly in
damage mechanisms but also in other nonconservative phenomena,
that is, vibrations, friction, specimen/fixture slipping, and, therefore,
not restituted to the rebounding impactor.
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6) Coefficient of restitution is the ratio of exit to impact velocity
or, equivalently, the ratio of the square root of exit to impact energy.

7) Total contact duration is the resident time of the impactor on
the target.

8) Subcritical (or elastic) impact events are the range of impact
energy values below damage threshold.

9) Supercritical impact events are the range of impact energy
values above threshold.

10) Mean static failure load (MSFL) is the load corresponding to
the onset of delamination during quasi-static testing.

11) Mean static ultimate load (MSUL) is the maximum recorded
load during quasi-static testing.

Failure is here defined as a sharp drop in the load-time curve,
corresponding to damage initiation, either in the ply plane or at
the interface of two adjacent plies. The nature of in-plane failure
is either matrix splitting or fiber breakage, whereas the nature of
interply failure is delamination induced by interlaminar shear. It is
known that structural failure in composite materials can occur by
internal delaminations without evident external fracture surfaces.

II. Literature Review
Numerous studies on low-velocity impacts performed by means

of drop tower testing have been conducted on analogous car-
bon/epoxy composite systems with quasi-isotropic stacking se-
quences and either circular or square plates. Jackson and Poe’s2 and
Sjöblom’s3 early work suggested that impact force and not energy
should be used as the key parameter to describe the damage response
of composite targets. They also conclude that impact energy is not
the controlling parameter for failure threshold; rather it is the impact
force, indicating the existence of a critical force, which is a constant
of the structure, independent of plate size and boundary conditions.

Fig. 1 Impact and static loading fixture, from Ref. 25: D = 2.5 in.
(63.5 mm), B = 5 in. (127 mm), and t = 0.145 in. (3.68 mm).

Fig. 2 Comparison of static and impact load vs displacement curves.

Earlier work by Aleszka4 showed that a threshold impact energy
value exists, that it corresponds to a precise value of the contact
force, and that both are independent of impact energy beyond fail-
ure initiation. He also realized that peak force does not increase
monotonically with impact energy after initiation of damage, but it
rapidly reaches an asymptotic value. More recently, Belingardi and
Vadori5 recognized the difference between critical and peak force
and plotted the two values to show their independence from impact
energy after the onset of damage, but they failed to investigate the
behavior below such threshold. Delfosse and Poursartip6 pointed
out that, although force should be used as controlling parameter up
to the onset of damage, its use in the creation of damage maps to
quantify the extent of damage is not recommended.

Nettles and Douglas7 based their parametric investigation on the
peak force obtained from testing different targets at different values
of impact energy. Comparisons were performed on the total delami-
nation area and plotted vs contact force for various values of incident
kinetic energy.

Hahn et al.8 and Cartie and Irving9 reported that residual strength
depends on the state of damage within the plate and plotted the
damage area and the normalized compression after impact (CAI)
strength against the impact energy. Schoeppner and Abrate10 ob-
served the distinction between critical and peak force and introduced
the concept of normalized peak force, obtained dividing the peak
force by the critical force, to eliminate the peak force variability
with impact energy.

Ambur and Kemmerly11 plotted peak force and damage area vs
impact energy and reported unpredictable trends in the results, such
as the plots for the 10-lb (4.54-kg) impactor. Ambur and Starnes12

plotted the peak contact force against shell curvature, having indi-
cated plates as shells with a 200-in. (5080-mm) radius of curvature.
They used a constant value of impact energy, required for the on-
set of barely visible impact damage (BVID) and reported nonlinear
behaviors. In other publications,13−17 however, the parametric in-
vestigations were based on peak force recorded at the same impact
energy level; therefore, more consistent results were obtained.

Zhou18,19 for glass/polyester and glass/phenolic composites,
Found and Howard20 for woven carbon/epoxy laminates, and Scar-
poni et al.21 for tape and woven carbon/epoxy face-sheets sandwich
plates reported peak force–impact energy curves that asymptoti-
cally tend to the laminate’s ultimate load bearing capability. Liu and
Raju22 performed a series of tests on cross-ply glass–epoxy lami-
nates and used a multiparameter methodology to interpret the results
and determine the perforation threshold of their targets. The contact
duration plot showed a quadratic increase up to perforation, followed
by a sharp drop. The CAI tests revealed that the normalized maxi-
mum load decreases from unity (undamaged value) to about 50% at
perforation, where it plateaus even at higher impact energy levels.
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a)

b)

Fig. 3 Force and energy vs time for subcritical, critical, and supercritical impact events.

In their investigation on quasi-isotropic beam specimens, Lifschiz
et al.23 introduced the concept of a three-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, whereas
the second critical test is used to introduce damage in the structure.
They quantified the residual performance of their beam targets by
means of relative loss in impact energy, which is linearly related to
the relative reduction in beam rigidity.

III. Specimen Fabrication and Test Setup
The laminates used are obtained by hand layup of carbon/epoxy

AS4/NCT301 prepreg tape, then are press molded at 300◦F (149◦C)
for 30 min at a pressure of 3 bar (43.5 psi). The stacking sequence
is quasi isotropic of the form [0/90 deg/±45]4s , with a nominal ply
thickness of 0.0045 in. (0.11 mm), giving nominal laminate thick-
ness of 0.145 in. (3.68 mm). The unidirectional lamina and quasi-
isotropic laminate properties are summarized in Ref. 24. From the
cured 12 × 12 in. (304.8 × 304.8 mm) panel, four square plates of
nominal length of 5 in. (127 mm) are cut with a diamond-coated
tip disk saw. The fixture (Fig. 1, from Ref. 25) comprises two steel
plates 0.5 in (12.7 mm) thick, having a 2.5-in. (63.5-mm)-diam cir-
cular opening, clamped by means of four peripheral screws. The
composite plate is situated between the two steel plates and is po-
sitioned over the aperture with the aid of three locating pins. The

instrumented drop tower is a GRC Dynatup Model 8250, and data ac-
quisition is performed on a personal computer with the 930 software
package. For the present study, the impactor carriage weight is kept
constant at 9.92 lb (4.5 kg) and the striker or tup is machined from
a 6061-T6 aluminum cylinder with a 1.5-in. (38.1-mm)-diam hemi-
spherical end. Maximum impact energy is 56 ft · lb (75.92 J); such
a range covers the entire range of low- and medium-threat impact
events as well as the majority of the high-threat events, as indicated
by Kan et al.26 and Kan.27 This particular structural configuration
(recapitulated in Table 1) is chosen because of the large experimen-
tal database available, but the same observations have been reported
for other configurations.28 To show the applicability of the results
derived in the following sections to other configurations, the results
obtained for three other values of laminate thickness (16, 24, and
40 plies) and one value of support span (5-in. diam) are also summa-
rized. More extensive considerations may be found in Ref. 28, where
laminate thickness, aperture diameter, impactor weight and diame-
ter, impact velocity and energy, average in-plane laminate modulus,
and boundary conditions are varied experimentally and analytically
between a wide range of configurations.

Static testing is performed on an Instron 1123 electromechani-
cal, double-screw test frame under displacement control using the
same fixture employed in the impact testing. Damage evaluation is
performed with a Krautkramer–Branson CL304 ultrasonic A-scan,
with has a single probe that functions in a pulse-echo mode, and via
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a Nikon EPIPHOT 200 for optical-microscopy image analysis after
cross sectioning and polishing of the specimens.

IV. Results and Discussion
A. Force and Energy Curves

The peak force recorded by testing at different values of impact
energy is shown in Fig. 4a. The Fig. 4a plot is divided in two regions
by the critical force and corresponding impact energy level, namely,
the subcritical and supercritical regimes, according to whether de-

Table 1 Summary of experimental setup

Parameter Value

Material AS4/NCT 301
Stacking sequence [0/90/±45]4s
Number of plies 32
Nominal thickness, mm (in.) 3.68 (0.145)
Shape Pseudocircular
Arperture diameter, mm (in.) 63.50 (2.5)
Boundary condition Pseudoclamped
Impactor diameter, mm (in.) 38.10 (1.5)
Impactor mass, kg (lb) 4.50 (9.92)

a)

b)

Fig. 4 Peak and critical force dependence on impact energy: a) experiments and b) models.

tectable damage is introduced. The average load value of 1750 lb
(7784 N) recorded at the threshold, defined as critical force, appears
to be slightly higher than the quasi-static MSFL of 1656 lb (7366 N),
but the discrepancy can be attributed to the inertial oscillations as-
sociated with the dynamics of the event. The critical force value
has been previously shown to be constant with increasing impact
energy.2−5,9,10,25

When a spring–mass model29,30 is used,

mẍ + K0x = 0 (1)

P = −mẍ (2)

it is possible to obtain the known sine function

x = V ·
√

K0m · sin
(√

K0/m t
)

(3)

If the assumption of linear elastic response is made,

U = 1
2 Ppeak · xpeak (4)

the data for the peak force can then be accurately fitted by the well-
accepted power law curve29:

Ppeak
th =

√
2 · K0 · Ei (5)
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where m is impactor mass, U is the strain energy, equivalent to
the impact energy Ei , P and Ppeak are the instantaneous and peak
force, K0 is the undamaged structural stiffness, V is the impact
velocity, and x is the transverse displacement of the carriage, which
is assumed to coincide with the target, hence, assuming that there is
no significant permanent indentation.

Although the power law of Eq. (5) predicts an unbounded in-
crease of the peak force, because it is based on the assumption of
a purely elastic system, the experimental data show that it deviates
from this theoretical value as damage accumulates and asymptot-
ically but quickly reaches a plateau. Notice that this asymptotic
value coincides with the laminate’s quasi-static MSUL of 2541 lb
(11,303 N) (Refs. 4 and 19).

A rigorous approach in describing the peak force curve after
the introduction of damage imposes an account of the progressive
change in transverse stiffness throughout the duration of the impact
event, associated with the instantaneous state of damage. Because
the instantaneous value of the structural stiffness K D

j is a function
of both time and available kinetic energy, a more general equation
could have the form

Ppeak
real =

{
2 ·

[
K0

(
t f 1

tM

)
+ K D

1

(
t f 2 − t f 1

tM

)

+ · · · + K D
j

(
tM − tM − 1

tM

)]
· Ei

} 1
2

(6)

where t f 1, t f 2, . . . , t f i are times to first, second, . . . , i th failure and
tM is the time to peak force.

Because peak force is reached at the peak of the load–time curve,
it is fair to assume that only the loading part of the curve up to tM

contributes to reaching that value. For an elastic event then, where
failure does not occur, time to failure equals time to peak force;
hence, Eq. (6) reduces to Eq. (5). In the case of a supercritical event,
as the one described by curve 3 in Fig. 3a, where one drop in the
load–time curve is clearly distinguishable, Eq. (6) becomes

Ppeak
real =

√
2 · {K0(t f 1/tM ) + K D

1 [(tM − t f 1)/tM ]
} · Ei

=
√

2 · [K0(0.41) + K D
1 (0.59)

] · Ei (7)

because t f 1 = 0.7 ms and tM = 1.7 ms. The dimensionless time terms
give a quantification (percentage) of the individual contributions that
the instantaneous stiffness values have on reaching the peak force.

To compensate for the extensive experimental correlation as well
as the computational accuracy that this new equation requires, a
simplified model can be employed, which assumes that, from the
onset of damage on, the energy dissipated in the fracture process
does not contribute to increasing the peak recorded force. When the
energy dissipated during the fracture process ED is introduced, it is
possible to obtain

Ppeak
1 =

√
2 · K0 · (Ei − ED) (8)

This simple, novel equation assumes that initiation and propagation
of damage has the effect of reducing the amount of energy available
for structural response, hence for the ability to reach the theoretical
peak force. The onset of damage effectively reduces the amount of
available kinetic energy by absorbing part of it during the fracture
process. This equation tends to underestimate the actual value of
the peak force, as can be seen in Fig. 4b, because only part of the
damage process occurs during the loading part of the curve, whereas
the other part of it occurs at and after reaching peak force. Therefore,
subtracting the whole amount of dissipated energy before reaching
peak force tends to be a nonconservative assumption.

A different approach accounts for the fact that, at higher impact
energy values, failure occurs at an earlier stage in the load vs time
curve, and the pristine structural stiffness K0 is assumed to be related
to the impact energy Ei up to time to failure t f , whereas for the
remaining part of the impact event (tM − t f ) up to peak force to the
difference between impact energy and dissipated energy ED :

Ppeak
2 =

√
2 · K0 · {Ei (t f /tM ) + [(tM − t f )/tM ] · (Ei − ED)}

=
√

2 · K0 · {Ei − [(tM − t f )/tM ] · ED} (9)

where the assumption that the energy absorbed in the damage pro-
cess does not contribute to the elastic response of the structure still
holds. Whereas Eq. (9) manages to captures the asymptotic behavior
of the experimental data, it tends to overestimate the actual value
of the peak force because the amount of energy being dissipated is
not zero in the time range up to failure (t f /tM ), as shown in Fig. 4b.
The best fit to the experimental data can be obtained by means of a
logarithmic function,24 which captures the tendency of the curve to
deviate from the power law curve toward an asymptotic value18−21

and provides an acceptable approximation in the elastic regime, as
shown in Fig. 4a. If damage is interpreted as a nonlinear viscous
damper, proportional to a power of the impact velocity, it becomes
possible to rewrite

mẍ + cẋn + kx = 0 (10)

which has the great advantage of capturing the damping mechanism
associated with the onset of damage. When the following equation
is substituted in Eq. (4):

P = K0x − cV n (11)

it is possible to solve for P and obtain

Ppeak
3 = 1

2

(−cV n +
√

c2V 2n + 8K0 Ei

)

= −(c/2)V n +
√

2K0 Ei + (c2V 2n)4 (12)

which describes the peak force curve in both sub- and supercritical
regimes.

The curve thus obtained is shown in Fig. 4b with optimal values
of c = 0.9 and n = 3.21 obtained empirically. The optimization is
obtained minimizing the error between the experimental data and the
curve obtained with Eq. (12). Whereas there are many combinations
of the two parameters that yield similar curves (c = 1.54–0.32 and
n = 3.00–3.60), the higher the value of the damping coefficient,
associated with values of the exponent near unity, the greater the
discrepancy with experimental data in the subcritical regime. On
the other hand, if the exponent has an excessively high value, it
forces the curve to continue decreasing at higher values of impact
energy, instead of reaching the constant mean value typical of the
supercritical regime.

The deviation from Eq. (5) into Eq. (12) is also evident in Fig. 5a
for 16- and 24-ply laminates and in Fig. 5b for a 5-in.-diam open-
ing. Even though these configurations are more flexible and tend to
fail by fiber breakage on the backface rather than delamination or
compression under the impactor, the observations made for the ref-
erence configuration can still be reported. It appears, therefore, that
the general mechanism by which the energy absorbed in the fracture
process does not contribute to the structural response is independent
of the type of damage experienced by the structure.

The ability to construct the force-energy curve by means of
Eq. (12) gives the designer a powerful tool to predict the regime
in which a particular impact threat stands with respect to a certain
structural configuration. There are two conclusions that can be de-
duced by reviewing Figs. 4 and 5. First is that the peak force is
strictly dependent on the value of impact energy throughout the en-
tire range tested, up to the MSUL plateau, and therefore, caution
should be used if such parameter is used to define and compare im-
pact events. Second is that, because of its asymptotic behavior after
failure, peak force cannot be used to define the state of damage in
the structure.

Many research programs7,10−12,15,16 have investigated the effect
of target and impactor properties on the impact response of compos-
ite plates, but they often used peak force as the reference parameter.
Plots of peak force against any other test parameter cannot be used
reliably unless the peak force value is recorded at the exact same
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a)

b)

Fig. 5 Similar force–energy curves observed for a) more flexible plates (16 and 24 plies thick) and b) larger support spans (5-in. diam) highlight
discrepancy between Eq. (5) and experiments after introduction of damage.

value of impact energy for each test. Such a task is rather challeng-
ing; hence, comparisons between impacts on different structures
should be based on other parameters that are independent of impact
energy.

The dissipated energy vs impact energy is shown in Fig. 6. Again
the sub and supercritical regions are highlighted, as well as the
threshold impact energy value. The critical energy value is constant
with respect to impact energy, just like the critical force, which,
therefore, supports the equivalency of force- and energy-based cri-
teria. On the other hand, whereas the plot of peak force increases
logarithmically, the amount of energy absorbed in the fracture pro-
cess increases quadratically with impact energy; hence, impact or
dissipated energy should be employed rather than peak force by a
designer assigned to the task of predicting the extent of damage
within a structure and assessing its residual performance.6

B. Contact Duration and Coefficient of Restitution Curves
An elastic impact test23,24 can be used to obtain information on the

properties of the material/structure combination, such as coefficient

of restitution (COR) and contact duration, which, unlike peak force,
are independent of impact energy, as long as no failure occurs in the
laminate. The contact duration shown in Fig. 7 and the COR in Fig. 8
are divided in three regions. In the first or subcritical region, contact
duration is constant at around 3.5 ms for the configuration tested
because it is inversely related to the effective structural stiffness
K0, which is a function of geometric and material properties of the
impactor/target system. From the spring–mass model of Eq. (3), the
contact duration is given by

t0 = π
√

m/K0 (13)

At the onset of the first delamination, contact duration exhibits a
clear jump and then settles around an almost constant value of 4.5 ms
for the entire second region. In the last region, it starts to increase
monotonically due to the lower stiffness of the target, which is pro-
gressively experiencing damage. It is then possible to deduce that
impulse duration relates very well with the instantaneous stiffness
of the plate undergoing fracture and, hence, can be used to describe
accurately the damage state in the structure.
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Fig. 6 Critical and dissipated energy as a function of impact energy.

Fig. 7 Total contact duration variation with impact energy; evident are the three stages of damage: 1) none, 2) matrix delamination and splitting,
and 3) fiber breakage.

Similarly, the COR oscillates in the subcritical regime around a
constant value of 0.95 for the present configuration and is an indi-
cator of the energy dissipated in frictional and vibrational damping
at the supports and within the laminate (Fig. 8). The COR of an
immovable target can be equivalently defined as the ratio of the exit
to the incident velocity, or the square root of the ratio of the exit to
the incident energy:

COR = vout/vin =
√

Eout/Ei (14)

At the onset of delamination damage, it follows a sharp drop, and
it becomes constant again at a value around 0.75. In the third re-
gion, at the onset of fiber breakage, the COR decreases further, but
now it does not plateau around a certain value, and yet it follows a
progressively decreasing power law curve.

From Figs. 7 and 8, it is then possible to conclude that the su-
percritical regime can be divided in two regions, the first char-
acterized by matrix damage in the form of splitting and delami-
nation and the second dominated by extensive fiber breakage, as
determined experimentally.6,24,31 In this latter region, the dissipated
energy increases at a much faster rate than the kinetic energy avail-
able, and eventually, at the perforation threshold, the two quantities
will coincide.

The discontinuous behavior of the COR plot suggests that the
dissipated energy curve can also be divided in three regimes, namely,
elastic response, delamination damage, and fiber breakage. Because
Eout = Ei − ED , it is possible to write

ED = Ei (1 − COR2) (15)

In the subcritical regime (0–5.6 ft · lb), where the COR is constant,
it is possible to obtain

ED = Ei (1 − η2) (16)

and because η = 0.94, ED = 0.12Ei . In the first stage of the super-
critical regime (up to 20 ft · lb), where the COR decreases linearly:

ED = Ei

⌊
1 − (λEi + a)2

⌋ ∼= Ei (1 − a2) (17)

where λ = − 0.0028, a = 0.80, and, therefore, ED = 0.64Ei . In
the second supercritical regime (beyond 20 ft · lb), where the COR
decreases according to a power law equation, it is possible to obtain

ED = Ei

⌊
1 − (

γ E
1
2

i + b
)2

⌋
(18)
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Fig. 8 Coefficient of restitution variation with impact energy; evident are the three stages of damage: 1) none, 2) matrix delamination and splitting,
and 3) fiber breakage.

Fig. 9 Normalized contact duration, obtained by elastic testing a specimen before and after introducing damage, yields a CAI-type curve if plotted
against the impact energy value that introduced damage in the preceding test.

where γ = −0.22 and b = 1.85. These equations, consistent with the
observations made by Liu and Raju,31 support the conclusions that
the dissipated energy curve, even though quadratic in appearance,
can be divided in three regimes, having different rates of dissipation
of kinetic energy. Also, because dissipated energy is a direct indica-
tion of the damage state accumulated in the structure, it is possible to
conclude that there exist specific thresholds for the different failure
mechanisms.

C. Residual Stiffness Curve
Because of the great deal of information on structural response

that can be obtained from an elastic impact test, it is useful to perform
this type of test on specimens that have been previously impact dam-
aged, to assess the state of damage below the surface and, possibly,
estimate the residual performance. For a postdamage elastic impact
test, a lower peak force, longer impulse duration, and higher COR
are observed, which are direct consequences of the lower laminate
stiffness.

The adoption of a test matrix that comprises three consecutive
impact tests for each specimen allows for great insight in the struc-
tural behavior of a composite target. The importance of the first and
last tests, which are nondestructive (elastic) in nature, is to record
the pristine and damaged values of contact duration and COR. The
second test, performed at different impact energy levels, has the pur-
pose of introducing a progressively increasing amount of damage
in the specimen.

An intriguing phenomenon is reported to occur for the COR,
that is, the value of the damaged specimen is higher than that
of the pristine specimens. It is strongly believed that such an in-
crease is due to two concurrent factors, namely, a trampoline ef-
fect and a lower impact energy dissipation in global deformation
that the damaged, hence, more compliant, structures exhibit. On
the other hand, the ratio of COR yields limited insight in damage
assessment because of the limited range of values that it can as-
sume between the pristine (0.95) and the damaged values (at most,
unity).
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The ratio of pristine, t0, to damaged tD , impulse duration proves
to be a very reliable indicator of residual laminate performance. The
curve shown in Fig. 9 has the same significance as the curves ob-
tained by CAI-type tests,12,19,26 and it has the advantage of saving the
burden of performing these time-consuming tests. The normalized
contact duration curve shows that

t0/tD = (K D/K0)
1
2 = (EC/Ei )

α (19)

where EC is the threshold impact energy of 5.25 ft · lb (7.12 J), Ei

is impact energy, K0 and K D are the pristine and damaged values of
the transverse stiffness, respectively, and α is an experimental pa-
rameter. The value of the damaged stiffness can be used a posteriori
in Eq. (6) to extrapolate the force–energy curve. Similar curves can
be constructed for 24- and 40-ply laminates, as well as for larger
support spans (Figs. 10a and 10b). Although laminate thickness ap-
pears to shift the curve (depending on the relative value of EC ),
without affecting its rate of decay (exponent α), the support span
seems to influence directly the degradation mechanism of the plate
and its residual performance (EC and α). These findings are in good

a)

b)

Fig. 10 Residual stiffness ratio plots for a) thinner laminate and b) larger aperture size yield similar trends.

agreement with existing observations resulting from CAI tests19,26

where laminate thickness has little effect on the normalized residual
strength of a plate, whereas the unsupported area directly influences
the size of damage and the structure’s ability to carry compres-
sive loads. Furthermore, Caprino and Lopresto32 obtained a similar
expression for the residual tensile tension after impact (TAI) perfor-
mance of impacted panels:

σD/σ0 = (EC/Ei )
α (20)

where σD and σ0 are the damaged and pristine strength, respectively.
Even though TAI strength is mostly dependent on fiber damage, and
CAI strength is directly related to the transverse stiffness of the dam-
aged plate26 because of the characteristic failure mechanism con-
sisting of sublaminate buckling of delaminated areas, Eq. (19) for
normalized contact duration bears a striking resemblance to Eq. (20)
for normalized strength. The present result gives the ability to infer
the residual properties that a damaged specimen will sustain at any
impact energy level by simply knowing the value of the threshold
impact energy necessary for the onset of delamination. The ratio of
contact duration appears, therefore, to be a direct and viable tool
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to assess the damage tolerance of the structure, without having to
perform expensive and time-consuming tensile or CAI tests.

V. Conclusions
The prediction of the peak force–energy curve based on the well-

accepted spring–mass model ceases to be accurate beyond the dam-
age initiation threshold; hence, peak force should be used very care-
fully in parametric investigations and can result in limited use for
assessing the state of damage in the so-called damage maps. To
account for the instantaneous state of damage within the structure,
the existing model is modified with the introduction of absorbed
energy and progressive stiffness degradation. In particular, the in-
troduction of a nonlinear viscous damper to simulate the effect of
damage greatly improves the accuracy of the model in the regime
beyond the structural integrity threshold.

The adoption of a test matrix comprising three consecutive im-
pact tests for each specimen allows for greater insight in the struc-
tural behavior of composite targets than conventionally obtained.
The importance of the first and last tests, which are nondestructive
in nature, is to record the pristine and damaged values of contact
duration and COR. The second test, performed at different impact
energy levels, is to introduce a progressively increasing amount of
damage in the specimen. Both contact duration and COR are shown
to be viable tools for interpreting the impact response of composite
plates, being constant over a wide range of impact energies and de-
creasing in finite increments with impact energy in the supercritical
regimes, according to the progressive types of failure mechanisms.
The normalized contact duration (ratio of pristine to damaged) ob-
tained by elastic impact testing can be used to assess the residual
performance and damage tolerance of a composite laminate because
it promises to be a viable alternative to the costly and tedious CAI
strength testing.
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