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Modeling Hail Ice Impacts and Predicting Impact Damage
Initiation in Composite Structures
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Hail ice impacts are a realistic threat to exposed composite structures such as aircraft fuselage and wing skins,
leading-edgeand control surfaces, engine nacelles, and fan blades. To shed some lightonto this little-understood (and
unavoidable) threat, experimental, numerical, and analytical investigations have been conducted. Experiments in
which carbon/epoxy composite panels were impacted by ice spheres at high velocity (30-200 m/s) were conducted to
measure 1) the impact energy at which damage initiates, 2) the multiple failure modes exhibited by thin composite
panels over a range of impact velocity, and 3) the elastic response of a composite panel resulting from impact.
Subsequent numerical analyses of the last case were performed and were validated through correlation with
experimental data. Insights gained from the numerical analyses were used to compose a mechanics-based formula
that predicts the initiation of damage formation. This formula, derived using a global energy balance, provides
a cost-effective (i.e., lower number of tests needed) means by which the impact damage resistance of composite

structures and material types can be established.

Introduction

AMINATED polymer composites have found widespread use

in the design of aerospace structures. Although these materials
offerexcellentin-plane performance,they are susceptibleto damage
when severely loaded out-of-plane, such as in the case of localized
impacts. Often the damage resulting from impacts is barely visible
and exists in the form of subsurface matrix cracks, backside fiber
failure, and delaminations. The latter two damage forms can signifi-
cantly degrade a structure’s performance. This paper focuses on the
transverse impact of flexible composite structures by high-velocity
(30-200 m/s) hail ice, a realistic threat that exists both while in-
flight and on the ground. Much of the previous work has focused
on the impact of thick composite plates by low-velocity metallic
impactors! 7 that behave elastically during the impact event. As
a high-velocity projectile, however, ice exhibits significant perma-
nent deformation and microcracking induced by crushing® and is a
material for which mechanical properties are still currently under
investigation?-1?

Because the existence of barely visible impact damage can be a
significant safety threat, the capability to predict such damage is of
greatutility. The objectiveof this paper, therefore,is to demonstratea
method that predicts the initial formation of damage in thin-walled
composite structures due to high-velocity hail ice impacts. This
methodis formulatedanalytically,usinga globalenergybalance and
is founded on assumptionsdrawn frominsights provided by detailed
numerical simulations of ice impacting composite panels. These
simulationsare validated through correlation with experimentaldata
and observations.

Presented within this paper is the description of experimental
investigations (previously conducted by Kim'!), numerical simula-
tions, and the formulation of a method for predictingimpact damage
initiation. In the simulations, a model representing the material be-
havior of ice as an impact projectile is first needed to confidently
predict ice impacts on structures. Therefore, the modeling of ice
impacts onto an instrumented metal target has also been undertaken
and is reported herein.
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Experiments

To investigate the hail ice impact threat, a nitrogen gas cannon,
shown schematically in Fig. 1, was used to project simulated hail
ice (SHI) spheres of construction shown in Fig. 2. The monolithic
ice spheres were cast in a split spherical mold over 1 filling session,
and the flatwise layered spheres were constructed by casting over
10-11 filling sessions. The motivation for using a layered ice sphere
was to produce a projectile that was more representative of hail ice.
Actual hail ice has a spherically layered construction composed of
many thin layers and is significantly tougher than monolithic ice.
The sizes of SHI tested were 25.4,42.7, and 50.8 mm in diameter.

The experimental investigation can be categorized by the two
targettypestested: 1) a force measurementtransducer(FMT) system
and 2) composite panels.

Ice Impact Force Measurements

The FMT, shown in Fig. 3, consists of a commercially available
dynamic force transducer (piezoelectric ring) mounted between a
titanium platen and a thick steel plate. The FMT measures the dy-
namic force history of an ice sphere during its impact contact with
a rigid target to assist in understanding the impact behavior of ice
and the effect of parameters such as construction, size, and veloc-
ity. High-speed film photography (11,000 frames per second) was
used to observe the kinematic behavior of the ice during the impact
event.

A typical impact force history, measured by the FMT, is shown
in Fig. 4a. This particular test is for a 42.7-mm layered SHI sphere
impacting the FMT at 73.5 m/s. The total window of time shown
is 1 ms, during which a peak contact force of 15.9 kN (3570 1bf)
was recorded. Also in Fig. 4 are two still images from high-speed
film taken of this same test (note that the time associated with each
photograph is indicated on the horizontal axis of Fig. 4a). As seen
in the photographs, the ice sphere locally crushes immediately on
contact with the FMT face and proceeds to fail locally during the
impact event. Matching the time of the photographin Fig. 4b (91 us
after impact) with the time of peak force (98 us), it is evident that
only a small portion of the sphere’s volume has disintegrated by
the time of peak force. Note also how the portion of the sphere that
has been dyed blue (central band) whitens as the event proceeds.
This is evidence of microcracking throughout the sphere. The same
localized crushing behavior of ice spheres impacting a rigid target
at high velocities was also reported by Singh et al.?

A total of 31 force measurement experiments involving normal
impacts of SHI onto the FMT were conducted over a range of test
parameters. The results of these tests are summarizedin a following
section, together with the results of the numerical simulations, in the
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Table1 FTE level for AS4/8552 and AS4/977 panels

Panel Failure threshold energy, J, for ice diameter
thickness,

mm Weave?/resin Layup 25.4 mm 42.7 mm 50.8 mm
1.22 8HS/8552 [0/45]; 56 115,129,119 111,114
1.83 8HS/8552 [0/45/90]; N/Ab 190, 195, 202 N/Ab
2.44 8HS/8552 [0/45/90/ —45] 95 250, 254 318
1.42 5HS/977 [0/45/90], N/AP 122 N/AP
1.91 SHS/977 [0/45/90/ —45] 84 199,210 N/AP
2.62 SHS/977 [0/45/90/—45/0/45], N/AP 277 380

4Fabric weave styles: 8 HS = eight-harness satin, 5 HS = five-harness satin.

bData not available due to experimental condition not tested.
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Fig.1 Nitrogen gas cannon experimental setup.

Diameters
Tested:
25.4,42.7,

Monolithic

Flat-wise Layered

Firing Direction
and 50.8 mm

Spherically Layered
- Not Tested

Fig.2 SHI construction; monolithic or layered.

Nylon Stud

50.8 mm Steel Plate

Ground Mounting

m.—- PCB Mod. 205A
Dynamic Force

Surface =3 > Transducer
76.2 mm Dia. — le— Ti Cover
Ti Platen Plate/impact
Surface

ﬁ Impact Loading
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form of an observed linear trend in peak force vs projectile kinetic
energy.

Composite Panel Impacts

A series of experimentsinvolvingnormal impacts onto composite
panels were performed to measure 1) the impact energy at which
damage initiates, 2) the failure modes exhibited by composite panels
impacted by ice, and 3) the elastic response of thin-gauge compos-
ite panels when impacted by ice. As shown in Fig. 5, the compos-

ite panel targets were held firmly by an aluminum fixture. Note
the details of the panel boundary conditions. The aluminum picture
frame fixture employs silicone rubber gaskets at the panel boundary
to provide a uniform clamping pressure that was not so high that
it restricted in-plane movement of the panel when it responded to
the impact. The compliance of this gasket, however, resulted in a
boundary that was not perfectly clamped, particularly with respect
to the slight rotation permitted at the panel boundary.

All panels were AS4/8552 and AS4/977 carbon/epoxy fabric
plates, in eight- and five-harness-satin weave styles, respectively.
The layup and thickness of the panels is given in Table 1. The ex-
perimentallymeasured failure thresholdenergy (FTE) for each panel
and ice diameter combinationis also summarizedin Table 1. FTE is
defined as the lowest kinetic energy of the incoming projectile coin-
ciding with the incidence of damage to a laminated composite panel.
Below this kinetic energy level, impacts onto a panel target produce
no apparent damage. The delamination failure mode was observed
for impacts at energy levels slightly above the FTE. This was also
identified as the initial failure mode in the work by Elber.!> The FTE
is dependent on both panel thickness and ice diameter. For several
thickness/diameter combinations, duplicate tests were performed,
producing multiple data points for the same test condition by which
to ascertain the repeatability of the measured FTE data. Note that
the carbon/epoxy fabric panels tested all had quasi-isotropic-type
layups, effectively resulting in bending stiffness (as calculated by
laminated plate theory) that is dependent only on thickness, much
like isotropic plates.

Impact experiments were conducted to determine the multiple
damage modes exhibited by the composite panels under ice impact
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Fig.4 Experimental record of test 59; 42.7-mm-diamlayered SHI im-
pacting FMT at 73.5 m/s.

loading. Shown in Fig. 6, a progression of failure modes was ob-
served over a range of impact threat levels. Figure 6 highlights an
important experimental observation: The severity of damage does
not always increase with threat, especially with regard to a struc-
ture’s damage tolerance. A more threatening impact (i.e., higher
velocity for given mass) could result in a damage mode, type II,
for example, that is potentially less detrimental to structural perfor-
mance than a failure mode caused by an impact of lower threat (i.e.,

lower velocity), type I, for example. To illustrate this point, compare
the post-impactintegrity of a structurehavingdamage producedby a
higher threat impact (types II or II) for which backside fiber failure
or through-thicknesscracks result, with a lower threat impact (type
I) for which extensive delaminations occur. The through-thickness
cracks can be less susceptible to propagation under tension loading
than the corresponding delamination under compression loading.

A thorough study of failure mode progression over a range of
impact velocitiesis important because structural validation tests are
often performed using only a single velocity based on the maximum
perceived threat. This approach potentially overlooks some failure
modes that are excited by lower velocity impacts, the danger being
that such failure modes can be more severe than those produced by
tests of higher velocity, as illustrated in Fig. 6. Note that glancing
impacts have been found to act as normal impacts with an effective
energy equal to a quantity calculated from the total kinetic energy
scaled by the target surface normal vector component.!!*!* Note that
fromice force measurementtests it has been determined that energy
is directly proportionalto force and, thus, total kinetic energy can be
treated as a vectorlike quantity. This reinforces the need to perform
impact tests over a range of velocities to capture all failure modes,
particularly because most in-flight impacts would be of a glancing
nature.

A series of experiments involving impacts of strain gauge instru-
mented composite panels were also conducted to carefully measure
the panel’s undamaged elastic response. These experiments are dis-
cussed in detail in the following section, together with the results of
the numerical simulations.

Finite Element Simulations
Ice Material Model Validation

The impact of high-velocity spherical ice projectiles onto com-
posite panels was simulated using the explicit finite element (FE)
code DYNA3D (Ref. 14). In preparation for this numerical simula-
tion, significant effort was first put into developinga suitable model
for the ice projectile itself. To accomplish this, the FMT geometry
was carefully modeled, using the quarter-symmetric mesh shown in
Fig. 7. The intent of the model was to predict the experimentally
measured force time history, and thus demonstrate that a suitable
ice model has been developed. The model includes all components
of the system except for the thick steel plate and the nut at the end of
the nylon stud (see Fig. 3). At the piezoelectricring to steel plate in-
terface, nonreflecting and appropriately fixed boundary conditions
were specified. The nonreflecting boundary conditiondid not permit
the reflection of stress waves when they reached this boundary.

Of primary interest are the material properties used in model-
ing the ice sphere. An existing material model was employed, that
being the DYNA3D material type 13 elastic-plastic with failure.
This model allowed for hardening plastic behavior that is shown
(by results to be presented) to adequately account for the ice mi-
crocrack evolution'® just prior to achieving a crushed powder, flu-
idlike state. Table 2 summarizes the basic material inputs used in
this model. Properties such as shear modulus and bulk modulus
were taken from the literature.!* "7 Values for hardening modulus,
plastic failure strain, and failure pressure (negative value denotes
tensile hydrostatic stress) were parametrically determined by com-
paring the numerical simulation results with the experimental data.
Finally, the density was a direct measurement of the tested SHI
weight divided by the spherical volume; a mean value of recorded
density was used in the numerical simulations. The behavior of this

Table 2 Ice material input for DYNA3D
material type 13 elastic-plastic with failure model

Property Value
Density, kg/m? 846
Elastic shear modulus, GPa 3.46
Yield strength, MPa 10.3
Hardening modulus, GPa 6.89
Bulk modulus, GPa 8.99
Plastic failure strain, % 0.35
Tensile failure pressure,* MPa —4.00

aNegative value denotes hydrostatic tension stress.
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material model is such that when the plastic failure strain is reached,
all shear stress components are relaxed to zero. Furthermore, when
the tensile failure pressure is reached, the material is only allowed
to carry hydrostatic compressive stress, thus behaving like a fluid.
Note that this is a simplified material model representation of such
a complex material as ice. Researchers show ice to be quite compli-
cated, as it exhibits a nonlinear pressure-volume!”- '8 relationshipas
well as failure strength dependency on strain rate’-'° and confining
pressure 2’ In the numerical analyses, the use of the DYNA3D type
13 elastic-plastic with failure material model results in material be-
havior that has a linear pressure-volume relationship and does not
exhibit any dependency of ice failure strength on strain rate and
pressure.

Figure 8 shows the deformed mesh of a DYNA3D model simu-
lating the impact of 42.7-mm-diam SHI onto the FMT at 73.5 m/s.
Comparing Figs. 8 and 4, one can observe that the simulation cap-
tures the kinematic behavior of the ice impact experiments. Failed
material flowing outwards from the impact site is predicted by the
DYNA3D simulation, with the shape of the projectile remaining
largely spherical except for the volume local to the contact region.

Figure 9 shows the numerically predicted force history compared
with data from four different tests of SHI impacting the FMT. As
seen in Fig. 9, the peak forces and general force pulse shapes were
predicted by DYNA3D moderately well in each case. The major
discrepancy lies in the numerically predicted time to peak force oc-
curring before the experimentally measured time to peak. This error
in predictionis partially due to the chosen location at which contact
force information was gathered from the DYNA3D simulations.
Contact force was gathered at the ice sphere-to-platen interface,
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whereas the experimental data were the volume averaged strain
measurement taken by the piezoelectric force ring. Thus, the nu-
merically predicted force history shows an immediate rise after first
contact,unlike the experimentaldata that have a more gradualinitial
rise due to the finite time needed for stress waves to pass through
the platen and compress the force ring.

A total of five different velocity impact simulations were run
with DYNA3D. These are summarized in Fig. 10 in the form of

numerically predicted peak force vs projectile kinetic energy. Also
in Fig. 10 are plotted data for all tests involving SHI (both mono-
lithic and layered, all three diameters) impacting the FMT. The
relationshipbetween measured peak force and projectilekinetic en-
ergy was found to be linear regardless of ice size for impacts of
a high-velocity nature, that is, having similar localized ice failure
attributes. In Fig. 10, itis clear that the DYNA3D predictions follow
the trend experimentally measured for monolithic SHI. This is an
expectedresultas the DYNA3D model does not accountfor layered
ice construction and is, therefore, a model of the monolithic SHI.
Note, however, that the behavior of the two types of SHI lie within
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Table 3 Experimental test cases simulated by DYNA3D

Test Panel Ice diameter, Velocity, Kinetic Test Peak strain Time to DYNA3D model
Number thickness, mm mm m/s energy, J result SG1, ne peak, us Identification
137 2.44 42.7 73.2 95 No damage 10,350 77 panl5b

138 2.44 254 154 84 No damage 11,870 74 panl8c

the experimental scatter of each other up to an impact energy of
400 J. Thus, the numerical model is an adequate representation for
both SHI types within this range.

A final point of discussion is needed regarding the SHI impacts
on FMT tests and simulation results. The measured forces for the
case of ice impacting a rigid titanium platen target can in no way be
directly used to state what the load magnitude would be for the case
of ice impacting a real structure (significantly more compliant than
the platen). The tests involving the FMT as a target are primarily a
calibration used for quantitatively describing the ice’s behavior and
also serve as a benchmark for analytical correlation (validation).
With little exception, when ice (or any low-mass, small projectile)
impacts a real structure, the contact force cannot be directly mea-
sured experimentally without significantly disturbing the target or
altering the projectile. Validated simulation currently remains as the
only means by which contact force information can be predicted.
Such contact force information is useful in the design of structures
and as a parameter for predicting a structure’s damage resistance.!

Ice Model Application: Panel Impact Simulation

A reliable model for ice has been developed and is now applied
to predicting the dynamic response of a composite panel impacted
by high-velocity SHI. The motivation for such an undertaking is to
support the development of an analytical model (i.e., closed form)
that predictsimpactdamage formation. Althoughnumerical simula-
tions predicting panel failure and even the extent of failure have not
been accomplishedto date by the authors, DYNA3D simulations of
ice impacting composite panels can be used to determine the stress
state that is built up just prior to damage initiation. The DYNA3D
simulations presented here, therefore, involve a highly deformable
ice projectile impacting a panel target that deforms only within the
elastic range.

The DYNA3D mesh shown in Fig. 11 is of a 42.7-mm ice sphere
impacting a 2.44-mm-thick, 8-ply panel. This quarter-symmetric
model, having 10,284 8-node solid elements, employs 7 layers of
elements, one for each ply (or grouping), to model the panel. Each
layer was given the following orthotropicelastic properties, with the
ply anglespecified on alayer-to-layerbasis: Ey; =71.7, Ey =69.5,
and E33 =6.89 GPa, G12 =517, G23 =517, and G13 =5.17 GPa,
and v5; =0.038, v5; =0.029, and v3, =0.030. Solid elements were
used instead of shell elements due to the shell element’s inability
to exactly calculate through-the-thickness stress components. These
through-the-thickness, or interlaminarin the case of laminated com-
posites, stress components are essential for the prediction of the
delamination failure mode. The model incorporates the impact ice
material modeldiscussedearlier. The ice sphere was givenonly a ve-
locity initial condition, thus relying on the defined contact surfaces
to account for the sphere-to-panelinteraction. Note in Fig. 11 that
the details of the panel boundary (i.e., the silicone rubber gasket and
glass/epoxy blocks with frictional sliding interfaces) needed to be

modeled to correctly predict the long-term panel center deflection
history response.

Two experimental test cases simulated using DYNA3D are sum-
marized in Table 3. Listed for each case are the test identification
number, panel thickness, ice diameter, kinetic energy, measured
peak strain, and the time to reach peak strain. The strain gauges
are located at the panel center (labeled SG1), exactly opposite of
the impact location, and 25.4 mm from the center (labeled SG2) as
shown in Fig. 5. The DYNA3D models used for simulating these
tests are also listed in Table 3. In the tests, the SHI velocity was pur-
posely selected such that no damage was incurred by the composite
panel, and, therefore, the same panel was used for both tests. This
2.44-mm-thick panel has an 8-ply quasi-isotropiclayup, [0/45/90/
—45],. In addition to the strain gauge instrumentation, high-speed
film photography was taken of the impact event from which the
panel center deflection time history was measured.

Figure 12 shows the predicted panel center deflection along with
the experimentally measured center deflection history for test 137.
Also shown in Fig. 12 are the predicted contact force history at the
sphere-to-panel interface and an enlarged time-scale plot showing
the times at which predicted bending strain (SG1) and interlaminar
shear (ILS) stress are maximum. The time axes of the force and dis-
placementplots are aligned to assistin understandingthe kinematics
of the event. The SHI loads up the panel center, which quickly de-
forms and eventually accelerates away from the impacting ice mass,
as exhibited by the momentary loss of contact from times 0.7 to
0.9 ms. The panel center then reaches its maximum displacement
of 9.7 mm and, in rebounding, pushes the ice mass backwards with
a nontrivial amount of force, as indicated by the second force pulse.
Finally, the ice mass is completely ejected away from the panel at
1.5 ms, before the second displacement peak is reached.

Figure 13 shows the predicted panel strain histories at locations
SG1 (backside, center) and SG2 (backside,25.4 mm from center) for
simulationoftest 137 (42.7-mm SHI at 73.2 m/s). As seeninFig. 13,
the FE model closely predicts the center strain gauge SG1 history.
The peak strain, time to peak, and general overall trend matches with
the experimentally measured strain. At location SG2, the DYNA3D
prediction does not match the experimental strain as closely when
results are taken at 25.2 mm (location of element center closest to
25.4 mm) from the panel center. However, when model results are
taken at a distance of 16.3 mm from the panel center, the test data
are predicted quite well.

A simple explanation for this mismatch is that the ice sphere
impacted the panel 9.1 mm (25.4 — 16.3 mm) from the center. This
reasonisruled outbecausethe dataof strain gauge SG1 are predicted
so closely when FE model results are taken at the panel center, and
notat 9.1 mm from center. Another explanationis that the ice sphere
material model behavioris overly stiff. Note that the predicted panel
center deflection response (see Fig. 12) occurs at a faster time scale
than the data. It is conceivable that the stiffer ice behavior forces
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Fig.15a DYNA3D model pan15b contour plot of 7, at time # =12 6's, maximum 7, = 83.9 MPa (12,170 psi).

a more localized panel deformation response, and, thus, the strain
predictions for the gauge SG2 correlate better when model results
are taken closerto the impact site. Finally, the aspectratio of the solid
elements used to model the plate is nonideal and is likely a source
of error when predicting stress components (or surface strain) near
the impact location where high gradients in the in-plane direction
exist. Ultimately, the panel’s global response can be affected for this
reason, which is also a possible explanation for why the predicted
paneldeformationhistorydivergesfromthe measuredresponseafter
a time of 1.5 ms (see Fig. 12).

Figure 14 shows similar predictions of strain gauge data for sim-
ulation of test 138 (25.4-mm SHI at 154 m/s). In this case, higher
peak strains were predicted and measured for both gauge locations,
with first peak values occurring earlier than in test 137.

Close correlation between model predictions and measurable ex-
perimental data (i.e., deflection and surface strain at panel center)
has been demonstrated. Further information that cannot feasibly be
experimentally measured can now be taken from the model with
confidence. The sphere-to-panel contact force discussed earlier is
one such measure. A metric-to-gauge panel failure, such as ILS
stress, can also be obtained from the FE model.

Figure 15a showsa close-up view of the sphereimpacting onto the
composite panel for model pan15b simulating test 137. Figure 15a
displays contours of ILS stress 7, ata time of 12 us, which is when
peak 7., is predicted to occur. A dark triangle points out the location
of the peak 7, stress. Contour plots of 7,; at 6 and 18 us (notshown)
allow the observation that the peak 7, stress moves outward, away
from the center of the plate as time progresses. This stress is always
a maximum at the boundary of the contact patch that the ice makes
as it crushes onto the panel. Additionally, during the timescale in
which peak 7., is developed, the through-the-thickness profile of 7, ,
of is close to parabolic, with the maximum stress located halfway
through the panel thickness.

Figure 15b shows a plot of 7., through-the-panelthickness at the
time of peak 7,, as predicted by the DYNA3D model pan15b. This
profile is at a location 5 mm from the plate center, corresponding
with the location pointed outin Fig. 15a. A paraboliccurve fit, based
on matching the peak stress, plotted in Fig. 15b, demonstrates that
the parabolic transverse shear stress profile, often assumed in shear
deformation beam and plate theory, is justified as a good approx-
imation, even for this complex impact problem. Figure 15¢ shows
the profile of 7., through the thickness of the panel for the model
panl8c. Similar to Fig. 15b of model pan15b, the contentof Fig. 15¢
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reaffirms that the ILS stress profile can be well approximated by an
assumed parabolic function.

ILS stress is considered here to be the primary driving force for
the formation of impact-induceddelamination? Figure 16 shows the
predicted peak ILS stress component 7., as a function of time for
both DYNA3D models. This is the maximum value of shear stress
in any one of the elements used to model the composite panel during
the simulation. Thus, the profiles in Fig. 16 are not the 7, histories
of a single element, but of the particularelementhaving the peak 7.,
ata given time. Note the order of magnitude differencein timescale
between the time at which 7,, peaks, the time to achieve peak surface
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Fig. 16 Peak ILS stress 7, history for two simulations.
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Table4 DYNA3D models results summary

DYNA3D model Peak Time to Peak SG1 Time to
identification Tz, MPa peak, us strain, g peak, us
panl5b? 83.9 12 10,430 54
panl8c 97.5 6 12,700 65

aSee times for model pan15b illustrated in Fig. 12.

strain, and the time to achieve peak panel center deflection (see
Figs. 12-14 and 16).

Figure 17 shows the profile of 7., as a function of position away
from the panel center, at the time of peak 7., stress. The stress is
taken from elements at the middepth location along the symmetry
plane defined by the x and z axes (see Fig. 5 for axis definitions). In
Fig. 17, the results of both DYNA3D models show 7., to be quite
localized near the location of impact during the time in which peak
7,, occurs. Beyond a 25-mm distance from the impact location, z,,
is zero. Note that the panel boundaries are at a 133.4-mm distance
away from the impact location, and, thus, at the time of peak 7, the
panel boundaries are not yet aware of the presence of the impacting
ice sphere.

Table 4 is a summary of the results for DYNA3D models pan15b
and panl8c. Listed are the numerically predicted peak 7,, and peak
surface strain at the location SG1 (panel backside center) along
with the times to peak 7,, and peak surface strain. Comparison of
these times emphasizes that the ILS stress 7, peaks well before the
primarily bending-inducedsurface strain. In other words, the panel
will alwaysexperiencean interlaminarfailure, such as delamination,
before fiber failure. This sequence of material failure progression
during impacts (i.e., matrix failure before bending induced fiber
failure) was also reported by Elber.!? Finally, Table 4 shows that
smaller-diameter,higher-velocityice projectilesproduce higherILS
stress and bending strain in less time. Therefore, an impact by a
smaller-diameterice sphereis more severe than an equivalentenergy
impactinvolving a larger-diametersphere (fired at lower velocity to
achieve same kinetic energy due to higher mass).

Failure Threshold Energy Level Prediction
The numerical models have shown that the ILS stress peaks at a
time well in advance of the time needed to develop maximum bend-
ing strain on the surface of the plate, thus indicating delaminationto

State 1: v

L]

V<V,
Ice ‘
Crushing —\O m

—

Z.S;ar + Bending

+ Membrane
Deformation

State 2:

Fig. 18 Energy balance for plate impact problem.

be the initial failure mode once the FTE level is exceeded. A global
energy balance was performed on the system to establisha relation-
ship between the FTE and the experimental parameters. Figure 18
depicts the plate impact problem at a state just before impact and
at a state early on during the impact event, specifically, at the time
during which peak ILS stress occurs. Just before impact, state 1, the
only energy in the system is the kinetic energy 7 of the ice sphere
of mass m that travels at an initial velocity vy:

El =T1 =%mv§ (1)

During the impact event, state 2, the ice (still having mass m) is at
a reduced velocity v that is expressed as a proportion of the initial
velocity, thatis, v =av, (0 < a < 1). At state 2, the total energy in
the systemis a combinationof the sphere’s remainingkinetic energy
plus the energy stored by elastic deformations in the plate and ice
sphere:

E2 = T2 + V2 = %mVZ + Vshcar + Volhcr (2)

Vinear 18 the energy due to shear deformation of the plate. Ve,
accounts for the other sources of elastic energy storage such as
the bending and membrane deformation in the plate and the elastic
energy stored in the ice sphere.

An energy balance can now be written using Egs. (1) and (2):

E, —E, =W, 3

where W, is the nonconservativework that occurs in passing from
states 1 to 2. This term is primarily the work performed due to the
local crushing of the ice sphere near the location of sphere-to-panel
contact. It also accounts for energy loss due to friction and sound.
The strain energy due to shear deformation can be expressed us-
ing a volume integral over the portion of the plate in which shear
deformation occurs. From the DYNA3D models, it has been shown
that during the time frame in which peak ILS stress develops, the
panel deformations are small (see Fig. 12) and quite localized near
the point of impact (see Fig. 17). Calculation of the shear defor-
mation energy is difficult due to the complex distribution 7,, has
through the panel thickness and the in-plane coordinates, the lat-
ter distribution being shown schematically in Fig. 19 at the panel
center-depthlocation. A simplifying approximationcan be made by
assuming an average value of shear stress 7,, throughoutthe portion
of panel volume that is affected by the sphere impact. This allows
for a simple relationship for the shear strain energy to be composed:

1 72 72 BD :
Vihear = = = dVol = —2-rH|— 4
2 Vol ze 2ze 2

where 7, is the averagestress, G, is the interlaminar shear modulus
of the composite panel, BD is the diameter of volume over which
the average shear stress acts (8 is a proportionality constant, and
D is the sphere diameter), and H is the thickness of the panel; the
volume is assumed to be a simple plug.

Substituting Eqgs. (1), (2), and (4) into Eq. (3), making the sub-
stitution of v =aw, stated earlier, and recognizing that the initial
kinetic energy, KE =%mv§, we can rewrite the energy balance as

KE ! , B2D*H +V, W, (5)
0 =T"—"——=|c~=—T other — nc
1-a2| 8G,,
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Fig. 20 Summary of panel failure threshold energy for all tests.

Within the timescale to which the ILS stress peaks, it shall be as-
sumed that the terms Vopner and W,,. are small compared to the mag-
nitudes of the shear deformation energy and kinetic energy terms.
These terms can be considered as constants due to their minor con-
tributions, despite there being some functional dependence of these
variables on the geometric parameters H and D. Observing Eq. (5),
a and B are both proportionality constants, indicators of the amount
of velocity reductionand sphere deformation,respectively. The only
controllable experimental parameters remaining that would relate
the kinetic energy to the average shear stress are panel thickness
H and sphere diameter D. Finally, consider the case in which the
projectile has just enough initial kinetic energy to initiate a delam-
ination failure. The average shear stress would be at some critical
value, £, and the kinetic energy KE, would be the FTE discussed

av

earlier. Making these substitutionsinto Eq. (5),

1 (Tcm)z

1—0o2| 8G

FTE = aB2D*H + Vyper — Wy | =C; + C,D*H
Xy

(6)

The parameters C; and C, can be empirically determined. Equa-
tion (6) establishes the functional form in which FTE is related to
the geometric parameters H and D. The data in Table 1 are plotted
in Fig. 20 in accordance to Eq. (6), thatis, FTE vs D?H. All of the
experimental data collapses under this single relationship for the
entire range of test conditions. The linear fit to the data, following
the form of Eq. (6), indicates that C; and C, are independent of
D and H and are empirically determined constants over the range
of ice impact velocities tested. Having established this functional
relationship, the FTE can be predicted for any combination of ice
diameterand panel thickness, within the requirementthat the impact
occurs at high velocity and that the ice sphere fails in a similar
manner as tested.

Discussion

Panel impact experiments have shown that a sequence of failure
modes can existoverarange of test velocitiesand that the severity of
damage does not always increase with increasing severity of impact,
that is, higher velocity for a given sphere diameter.

In support of the panel impact simulations, an ice projectile mate-
rial model was first developedby modeling the case of ice impacting
the instrumented FMT system. From these initial FMT models, the
following conclusions can be drawn: 1) The kinematic behavior of
the FE models matches the experimentally observed ice failure be-
havior. 2) The linear trend of peak force vs projectilekinetic energy,
aspredictedby the DYNA3D simulations, matches the experimental
data for SHI of monolithic construction (slopes within 1% of each
other). 3) Over the studied range of velocity, 30-200 m/s, impact
ice material can successfully be modeled using the DYNA3D ma-
terial type 13 elastic-plastic with failure model without accounting
for complex pressure-volumetricbehavior and failure strength sen-
sitivity to strain rate and pressure. This model, once developed, can
be readily applied to simulate ice impacts onto any target.

Predictions of the panel center deflection history matched to
within 0.7% of experimental measurement for the first peak of the
oscillatory response, but were off by 14% for the second peak. This
discrepancy is of little consequence when predicting damage be-
cause significant levels of surface strain were measured to exist
only during the period of 1.5 ms after first contact. Beyond this
time, the sphere and panel have lost contact and the panel is freely
vibrating. Thus, it is hypothesized that any damage formationin the
panel would occur only during the time in which sphere-to-panel
contactexists. Furthermore, the models have shown that the time to
reach peak ILS stress (potentially causes delamination) occurs sev-
eral times earlier than the time to reach peak bending strain (causes
fiber failure), whichitselfoccurs at a time scale two orders of magni-
tude lower than the time to reach the first peak in panel deformation.
Thus, the models reinforce the experimental observations that the
delamination failure is the initial failure mode and that it occurs
before bending-inducedfiber failure.

The peak force during contact of the ice with the panel occurs
almost immediately, as well as peak ILS stress and surface strain.
Additionally,the contact patch is initially small, indicating that very
high contact pressure, and ILS stress develops locally at the im-
pact location, before significant deformations occur throughout the
plate. Thus, the failures observed experimentally had developed,
or at least initiated, locally to the region of impact, and their ini-
tial formations were not strongly influenced by the panel boundary
conditions. Observe also that the time of peak contact force does
not coincide with the time of peak panel displacement. The panel
center reaches maximum displacement at a time when the contact
force is momentarily zero. This observation emphasizes that these
impacts are high-velocityand must be considered as dynamic prob-
lems. If dynamic phenomena were not an important factor in the
panel response, then peak contact force and maximum panel center
displacement would be coincident in time, as is often the case in
low-velocity, that is, drop tower, impacts. Therefore, simple quasi-
static-based global analyses, common and valid when dealing with
low-velocity impacts, cannot be applied to this class of problems.

An apparent contradiction exists between this last statement and
those made regarding the static punch-type parabolic ILS stress
profile developedas the sphereimpinges onto the panel. This conflict
is addressed by considering the importance of timescales governing
each mode of panel response; consider global deflection vs local
stress buildup. A simple wave speed calculation shows the transit
time for a shear wave to pass through the panel thickness to be
on the order of 1.3 us. The time to develop peak ILS stress is
12 us, an order of magnitude larger timescale, giving the through-
thickness ILS stress time to develop into a quasi-static-like profile.
Therefore, treating the ILS stress distribution local to the sphere-
to-panel contact boundary in a quasi-static manner is justified, as
well as confirmed by the numerical results.

The numerical modeling results assisted in making assumptions
and simplificationsin the formulationof an energy balance relation-
ship that predicts the FTE as a function of geometric experimental
parameters. The experimentally measured FTE data, when plotted
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in accordance to the functional form of this relationship, indicated
a single linear relationship between the FTE and the grouping of
geometric parameters D> H, with only two empirically determined
constants to be found. Once established, the form of this relation-
ship can then be applied to facilitate prediction of the ice impact
damage resistance for any material system using a relatively low
number of tests. Furthermore, due to the timescale within which the
ILS stress peaks, panel deflections remain quite localized, and the
relationshipis, therefore, independentof panel boundary conditions
and can be directly applied to predicting damage initiation in com-
posite structures of similar gauge thickness when impacted by ice
at high velocities. Finally, it is proposed that this damage resistance
prediction method presented can be applicableto other forms of im-
pact as well as ice, such as impacts by elastomeric or even metallic
projectiles. Further verification is needed, however, to validate this
hypothesis.

Conclusions

Experiments of ice impacting the FMT show thata linearrelation-
ship exists between a high-velocity ice projectile’s kinetic energy
and the measured peak force. It is expected that this type of relation-
ship would exist for high-velocity ice projectile impacts onto any
target,i.e., real structures,under the conditionthat similarice failure
modes resultin all of the tests (i.e., localized crushing). For impacts
of ice onto composite panel targets, experiments have shown that
a progressionof failure modes exists, starting with delamination as
the initial failure mode after the impact damage resistancethreshold
is surpassed.

The numerical simulationshave shown thatice impact models can
successfullyrepresenthigh-velocityice while impactinga structure.
The insights afforded by validated simulation allow the conclusions
thatsignificantlevels of ILS occur well before bending-inducedsur-
face strain, thus challengingthe interlaminarstrength of a composite
panel target before challengingthe fiber in-plane breaking strength.
This supports the observation of delamination as the initial mode
of failure. Additionally, the experiments and modeling show that a
smaller-diameter projectile is more severe than one of larger diam-
eter when impacting an identical panel target at the same level of
projectile kinetic energy.

A combination of the insights gained from the numerical simula-
tions and the experimental measurements allowed the formulation
of an analytical prediction of the projectile kinetic energy at which
failure initiates, i.e., the FTE. Because these high-velocity impacts
resultin a localized target response during the time frame in which
failure of the panel can occur, the boundary conditionsof a panel im-
pact test do not influence damage initiation, and thus this predictive
formulacan be appliedto establishthe ice impactdamageresistance
of any actual composite structure of similar panel thickness.
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