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Abstract both while in-flight and on the ground. Much work
previously has focused on the impact of thick
Many composite aircraft structures such ascomposite plates by low velocity metallic impactdrs
fuselage and wing skins, engine nacelles, and fan bladesich behave elastically during the impact event. Ice
are situated such that hail ice impacts are a realistias a high velocity projectile on the other hand exhibits
threat. To investigate this threat, high velocity impactsignificant permanent deformation and crushiaid is
experiments and subsequent numerical analyses weee material for which mechanical properties are still
performed to study hail ice impacts on compositecurrently under investigation®
structures. As hail ice is not a well characterized Since the existence of barely visible impact
impact material, cast ice spheres made to simulate haillamage (BVID) can be a significant safety threat, the
ice were projected onto a force measurement transducability to predict such damage is of great interest. The
system with the motivation of studying and gainingobjective of this paper therefore is to predict the
insight into ice as a projectile. Simulated hail ice wasesponse of a composite panel target to impact by high
then projected onto thin carbon/epoxy composite fabriwelocity ice, and to correlate these predictions with
panels to study their impact damage resistance. Sevemaperiments. While this paper is limited to predicting
of the tests involved impacts onto instrumented panelenly the elastic response of a panel with no damage
in which no damage occurred. For these test panelsccurring, such a prediction is a necessary step before
their dynamic response was measured with the intent gdfroceeding on to predicting the experimentally
future analytical correlation. This paper presents abserved impact damage modes. In prelude to
numerical simulation of impacts onto a force simulating ice impacts on composite targets, the
measurement transducer and an instrumented panethavior of ice as an impactor needs to be understood
impact test in which no damage occurred. The analyseand carefully modeled. Therefore the modeling of ice
were correlated with the experimental data and havémpacts onto an instrumented target has also been
been found to adequately model the impact behavior aindertaken and is reported herein.
ice and the elastic response of a thin composite panel.
Experiments
Introduction
To investigate the hail ice impact threat,
Laminated polymer composites have foundsimulated hail ice (SHI) was projected using a nitrogen
widespread use in the design of aerospace structuregas cannon, shown in Figure 1, located at Pratt &
While these materials offer excellent in-planeWhitney’'s East Hartford Applied Mechanics
performance, they are susceptible to damage whelaboratory’. Figure 2 shows the construction of the
severely loaded out-of-plane, such as in the case &HI. The monolithic ice spheres were cast in one
impacts. Often the damage resulting from impacts illing session, and the flat-wise layered spheres were
barely visible and exists in the form of subsurfaceconstructed by casting the ice spheres over ten to eleven
matrix cracks, backside fiber failure, and delaminationsfilling sessions. The motivation for the layered ice
The latter two damage forms can significantly degradesphere was to produce a projectile which was tougher
a structure’s performance. This paper focuses on thinan a monolithic sphere. Actual hail ice has more of a
transverse impact of flexible composite structures byspherically layered construction composed of many thin
high velocity hail ice; a realistic threat which exists layers. The sizes of SHI tested were 1.0, 1.68 (golf ball
size), and 2.0 in. diameter.
The cannon projected SHI onto two target
types: (1) a force measurement transducer (FMT)
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Figure 1. Nitrogen Gas Cannon Experimental Setup at Pratt & Whitney East Hartford

locally crushes immediately upon contact with the FMT

Firing Direction face, and proceeds to fail locally throughout the impact
Diameters event. Note how the blue dyed sphere whitens as the
I%St?_d(;S event proceeds. This is evidence of micro-cracking
and 2.0in. throughout the sphere. The same local crushing
behavior of ice spheres impacting at high velocity was

- also observed by Singh, DeWitt and Briton
Monolithic Flat-wise
Layered

Figure 2. Simulated Hail Ice (SHI) Construction;
Monolithic or Layered
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Figure 3. Force Measurement Transducer (FMT)
Target

frame 1, t = 94usec. after impac

system, and (2) composite panel targets. The FMT,
shown in Figure 3, consists of a piezo-electric force
ring mounted between a titanium platen and a thick
steel plate. The FMT measured the dynamic force
history of an ice sphere impacting this instrumented
target to assist in understand the behavior of ice during
high velocity impacts. High speed film photography

was used to observe the kinematic behavior of the ice
during the impact event. Figure 4 shows two still

images from high speed filming of ice impacting the Figure 4. Still Images from High Speed Film of Test
FMT at 241 ft/sec. As seen in the photos, the ice sphere 59; 1.68 in. Diameter Layered SHI at 241 ft/sec.

frame 2, t = 182usec. after impac
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As shown in Figure 5, the composite panel A series of experiments involving normal
targets were held firmly by an aluminum picture frameimpacts of instrumented composite panels were
fixture. All composite panels were AS4/8552 andconducted to carefully measure the panel's elastic
AS4/977 fabric plates, in eight and five harness-satimesponse in order to understand the behavior of such a
weave styles, respectively, and i quasi-isotropic target when impacted by SHI. Impact experiments
type layups. SHI projectiles were directed at the centewere also conducted to determine the multiple damage
of the panels, at normal and various impingemenmodes exhibited by the composite panels under ice
angles. impact loading. Shown in Figure 6, a progression of
failure modes was observed for the composite panels as
the impact threat increased. It is important to observe
in Figure 6 that the severity of damage does not always
increase with threat. A more threatening (i.e. higher
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velocity) impact could result in a damage mode, Type I
for example, which is potentially less detrimental to
structural performance than a failure mode caused by an
impact of lower threat (i.e. lower velocity), Type | for
example. Such a study of failure mode progression
over a range of impact velocities is important since
structural validation tests are often performed using
only a single velocity based on the maximum perceived
threat. This approach, often used in industry, can
potentially miss some failure modes that are excited by
slightly lower velocity impacts which can result in a
damage mode more severe than that produced by tests
of higher velocity. It should furthermore be pointed out
that glancing impacts have been found to act as normal
impacts with an effective velocity equal to the normal
component of the projectile’s true velodity>. This
reinforces the need to perform impact tests over a range
of velocities to capture all failure modes, particularly
since most in-flight impacts shall be of a glancing
nature.

Finite Element Models

The elastic response of a composite panel
impacted by a spherical ice projectile at high velocity

Figure 5. Composite Panel Target and Fixture Cross
Sectional Detail
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Figure 6. Failure Modes Observed Experimentally for High Velocity Ice Impacts
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was simulated using the explicit finite element codevalue was used in the numerical simulations. The
DYNA3D?, In preparation for this numerical behavior of this material model is such that when the
simulation, significant effort was first put into plastic failure strain is reached, all shear stress
developing a suitable model for the ice projectile itself.components are relaxed to zero. Furthermore, when the
To accomplish this, the FMT was carefully modeledfailure pressure is reached, the material is only allowed
using the quarter-symmetric mesh shown in Figure 7. to carry hydrostatic compressive stress, thus behaving
like a fluid. It should be noted that this is a simplified
material model representation of such a complex
material as ice. Researchers show ice to be quite
complicated as it exhibits a nonlinear pressure-
volumé®!’ relationship as well as failure strength
dependency on strain-rat& and confining pressure

In the numerical analyses, the use of B(RNENA3D Type

13 Elastic-Plastic with Failurematerial model results

in material behavior which has a linear pressure-volume
relationship and does not exhibit any dependency of ice
failure strength on strain rate and pressure.

Ti Platen with
Cover Plate

y ‘.:?!,“:1‘ Property Value
Wi PCB Piezo Density 0.0305 Ib/in
T Foroe Ring Elastic Shear Modulus 0.502 x1esi
Yield Strength 1.5 x 10psi
Nylon | Hardening Modulus 1.0 x fpsi
Stud Bulk Modulus 1.305 x 19psi
Plastic Failure Strain 0.35 %
Tensile Failure Pressure - 580 psi

Table 1. Ice Material Input fdYNA3DMaterial Type
13 Elastic-Plastic with Failurélodel

Figure 8 shows images from a sequence of

Figure 7. DYNA3DQuarter Model Mesh of Ice Sphere DYNA3D model results simulating the impact of 1.68
Impacting FMT in. diameter SHI onto the FMT at 241 ft/sec.

Comparing Figure 8 with 4, one can observe that the

t =91usec.

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 Figure 3). At the piezo-
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P i - i JILRANRR %Gy
electric ring to_ steel plate mterfac_e-_, non reflectlng_ gnd \\\\\\\\§\\‘X§1§‘" o0
appropriately fixed boundary conditions were specified. ,,;5;3\}\}‘&&\\%@;' .
: " : - G
The non-reflecting boundary condition did not permit T ‘\\'\\tww
. : S AT
the reflection of stress waves when they reached this TSRO
boundary. Of primary interest is the material properties ““-‘\‘-‘\'\‘:‘_‘_‘E‘E\‘E‘“‘:ﬁé’:‘i‘
. . . . 3
used in modeling the ice sphere. Table 1 summarizes -
the basic material inputs used in ¥NA3DMaterial - =182
Type 13 Elastic-Plastic with Failunmaterial model. \(((?‘7(/({((\7(\\““:13 B = ZOcHsec
. SO ITTTTTR,
Properties such as shear modulus and bulk \}‘&{{%&g’\’\\“}lﬂlli[%
modulus were taken from the literattif€. Values for \‘\‘\‘\\&\\\\Q{%\"’”/ ///,’;,L -
hardening modulus, plastic failure strain, and failure “*)‘t“““\\\' ‘\“\(ﬁfy&é‘

. . . \II“‘“ \\\\\‘\\Q§ N
pressure (negative value denotes tensile hydrostatic -\\\\\\\‘\‘\‘\‘\“:“‘:\\““:\"‘

- . ! _ _&\\\\\\‘\'}\‘\\‘}\\\\0#
stress) were parametrically determined by comparing -‘=====‘ee:=\:-:=s‘s\§§=“3\‘?\‘:‘:\‘\"‘=‘=“:‘§‘§§§%
. . . . . I
the numerical simulation results with the experimental S

data. Finally, the density was a direct measurement of
the tested SHI weight divided by the spherical volume. Figure 8. DYNA3DSimulation of Test 59; 1.68 in.
Density was recorded for each experiment and a mean Diameter Layered SHI at 241 ft/sec.
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simulation captures the kinematic behavior of the icepredictions follow the trend experimentally measured
impact experiments. Failed material flowing outwardsfor monolithic SHI. This is an expected result as the
from the impact face can be observed in ERNA3D  DYNA3D model does not account for layered ice
simulation. Figure 9 shows the numerically predictedconstruction and is therefore a model of the monolithic
force history compared with data from four different SHI. Note however that the behavior of the two types
SHI impact on FMT tests. As seen in Figure 9, theof SHI lie within the experimental scatter of each other
peak forces and general force pulse shapes werg to an impact energy of 300 ft-Ibf. Thus the
predicted byDYNAS3D reasonably well in each case. numerical model is a adequate representation for both
The major discrepancy lies in the numerically predictedSHI types within this range.

time to peak force occurring before the experimentally Once a reliable model for ice had been
measured time to peak. A total of five different developed, the task of predicting the dynamic response
velocity impact simulations were run witBYNA3D  of a composite panel impacted by high velocity SHI
These are summarized in Figure 10 in the form ofwas undertaken. A test previously conduttedas
numerically predicted peak force versus projectilechosen to be correlated with a numerical simulation
kinetic energy. Also in the figure are plotted data forusing DYNA3D This experiment, Test 137, involved
all tests involving SHI (both monolithic and layered, all the normal impact of 1.68 in. diameter layered SHI at a
three diameters) impacting the FMT. The relationshipselocity of 240 ft/sec. onto a 0.096 in. thick composite
between measured peak force and projectile kinetipanel. The panel was constructed from AS4/8552 eight
energy was found to be linear regardless of ice size fdnarness satin fabric, having [0/45/90/-4%8y-up. In
impacts of a high velocity nature (i.e. similar ice failurethis test, the SHI velocity was purposely selected such
attributes). In the figure, it is clear that tB&NA3D that no damage was incurred by the composite panel.
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Figure 9. DYNA3DForce History Predictions of SHI Impacting FMT
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Figure 10. Summary of Peak Forces for all SHI on FMT Tests Along DMthA3DResults

The plate was instrumented with four strain gauges, thply grouping, was used to model the panel. Each layer
locations for which are shown in Figure 11. In additionwas given the orthotropic elastic properties listed in
to the strain gauge instrumentation, high speed filnTable 2, with the ply angle specified on a layer-to-layer
photography was taken of the impact event from whiclbasis. Solid elements were chosen over more
the panel center deflection time history was measured. computationally efficient shell elements due to the

inherent limitations of shell elements when predicting

out-of-plane stress components. The importance for
predicting out-of-plane stress components is a
consideration for future plans of predicting impact

damage, particularly delamination and out-of-plane
stress dominated failure modes.

12x12 Inch
Composite Plate

Aluminum Fixture —\

Strain Gauges: —<

SG1 at Center - - -
SG2 at 1.0 in. _ E;;=10.4 Msi | B,=10.09 Msi|] Bz=1.0 Msi
St 50 Gio= 0.75 Msi | Ga= 0.75 Msi | Gs= 0.75 Msi
on Non-impact v, = 0.038 V3 = 0.029 V3, = 0.030

Table 2. AS4/8552 Eight Harness Satin Fabric

Properties Used iDYNA3DModeling
10.5x10.5 in. —]
Window

The ice sphere shown in Figure 12 was
imported from the same models previously developed
Figure 11. Composite Panel Strain Gauge Locations for SHI impacting the FMT. A frictional sliding

interface was specified between the panel and the
Figure 12 shows th®YNA3D quarter model sphere, which was given a velocity initial condition of
mesh for this problem. Note that to accurately240 ft/sec. Figure 13 shows the predicted panel center
represent the experimental test conditions, the exacteflection along with the experimentally measured
panel boundary conditions, including the glass/epoxygenter deflection history for Test 137. Also shown in
and silicone rubber blocks, needed to be modeled. The figure is the contact force history at the sphere to
entire model was created from 8-noded solid elementfanel interface. The time axes of these two plots are
A total of seven layers of solid elements, one for eaclaligned to assist in understanding the kinematics of the
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Figure 12. DYNA3DMesh of 1.68 in. Diameter SHI Impacting Composite Panel
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event. The SHI loads up the panel which quicklyaway at a time of 1.5 msec. At this time the analysis is
reaches a displacement of 0.32 in. At this time a slighttopped with a restart file written, the elements
rebound of the panel causes a momentary loss of sphampresenting the ice are removed, and the revised model
to panel contact between the times 0.7 to 0.9 msec. Thm®ntaining only the elements associated with the target
panel then reaches its maximum displacement of 0.38 then restarted and allowed to run until completion.

in., and in fully rebounding towards zero displacement, Figure 14 shows the predicted panel strain
pushes the SHI mass backwards with a nontriviahistories at locations SG1 (backside, center) and SG2
amount of force, as seen by the second force puls¢backside, 1.0 in. from center). As seen in the figure,
Finally, well before the panel nears its secondthe finite element model predicts the center strain gauge
displacement peak, the ice mass is completely ejected SG1 history quite well. The peak strain, time to peak,
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and general overall trend matches the experimentalliest data well, particularly during the first peak of the
measured strain history closely. At location SG2, theoscillation. Since the panel and the ice sphere are no
DYNA3D prediction does not match the experimentallonger in contact during the second oscillation peak,
strain as closely when the finite element model resultene can argue that any damage formation for this class
are taken at 0.99 in. from the panel center. Howevenf impacts shall occur at some time during the first
when finite element model results are taken at geak. Furthermore, the strain gauge test data at the
distance of 0.64 in. from the panel center, the resultsenter of the panel and at 1.0 in. distance away both go
agree with the experimental measurement very wellto zero after a time of 1.5 ms. This coincides with the
One simple explanation for this is that in thetime when the contact force between the ice and the
experiments, the ice sphere missed the intended impapanel was predicted to go to zero due to the ice being
location by 0.36 in. (1.0 minus 0.64 in.). However, ifejected away from the panel. At this time, the panel
this were the case, then finite element results taken aenter also begins its second oscillation peak. Another
0.36 in. from the panel center should match up with th@bservation to note is that the peak force during contact
experimental measurements of SG1. This unfortunatelgf the ice with the panel occurs almost immediately, as
was not so. well as peak strains. This fact together with the contact
Figures 15 to 18 show contour plots of sheamatch being initially small means that very high
stressty, through the cross-section of the panel at timegpressures are being applied to the panel face. Finally
oft =6, 12, 18, and 2fsec. A dark triangle marks the observe that the panel peak displacement does not
location of maximum positive shear stress. This stressoincide with the time of peak contact force. In fact the
develops at the boundary of the contact patch which thpanel center reaches maximum displacement at a time
SHI makes as it crushes onto the panel. The sheahen the contact force is momentarily zero. This
stress is a maximum soon after the impact event occumbservation highlights the fact that these impacts are
(at 12psec.), and decreases as the contact patch growsigh velocity and quite dynamic in nature, and simple
Another observation to note is the through-thicknesgjuasi-static based analyses, common and valid when
location of the maximum shear stress. It starts near thdealing with low velocity impacts, can not be applied to
center, and as time goes on moves closer to theroblems of this nature. The predicted strain at the

backside of the panel, away from the impact face. center of the panel matches the test data quite well in
both peak magnitudes and general shape. Conversely,
Conclusions the strain prediction by the finite element model at 1.0

in. distance from the center does not match the test data

The impact of a high velocity ice sphere onto aof a strain gauge at that location. The strain prediction
carbon/epoxy composite panel was successfullat a distance of 0.64 in. from the center however does
simulated using the explicit finite element codematch the test data quite well. An immediate simple
DYNA3D In support of this panel impact simulation, aexplanation is that in the experiments, the ice sphere
suitable ice projectilie material model was firstimpact point was off target and a data collection
developed by conducting simulations of simulated hailocation correction needs be made to account for this.
ice  (SHI) impacting the instrumented force Unfortunately, applying such a simple correction does
measurement transducer (FMT) system. From theseot accomplish as good a fit to the strain data for the
initial FMT models, the following conclusions can be panel center as when model results were taken at the
drawn. The kinematic behavior of these numericaluncorrected panel center. Another explanation is in the
models matches the experimentally observed behavioice sphere material model itself being stiffer than
The peak forces predicted by th&yNA3Dsimulations  actuality. Observing the predicted force measurements
match the experimental data for SHI of monolithicon the FMT, Figure 9, and the panel center deflection
construction. Over the studied range of velocity, 100 tdistory, Figure 13, the predicted initial response of
500 ft/sec., the ice material can successfully be modeletiese systems occurs at a faster time scale than the test
using the simpleDYNA3D Material Type 13Elastic- data. In choosing to model the ice sphere using the
Plastic with Failurematerial model, without accounting simple DYNA3D Elastic-Plastic with Failure material
for complex pressure-volumetric behavior and failuremodel, it is conceivable that ignoring the actual
strength sensitivity to strain rate and pressure. Thisomplex behavior of the ice material itself is resulting
model, once developed, can readily be applied inn an overly stiff ice material response. Despite this
DYNA3Dto impact onto any structure. concern, the simple material model does capture the

The results of the panel elastic responseprimary features of ice impact behavior as evidenced by
prediction matched with the experimentally measuredhe results reported herein.
response. The center deflection history matched the
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