
Photos placed in 
horizontal position  
with even amount 

of white space 
 between photos 

and header 

Photos placed in horizontal position  
with even amount of white space 

 between photos and header 

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia 
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of 
Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.  
SAND No. 2011–XXXXP. 
 

Modeling	
  and	
  
Measurement	
  of	
  
Supersonic	
  
Hailstone	
  
Impacts	
  
Chris	
  Hamme8er	
  and	
  
Terry	
  Hinnerichs	
  

ASME	
  2015:	
  
Applied	
  Mechanics	
  and	
  Materials	
  
June	
  30th,	
  2015	
  in	
  Sea8le,	
  WA	
  

SAND2015-5055C



MoFvaFon	
  

§  Hailstone	
  impacts	
  have	
  the	
  potenFal	
  to	
  cause	
  significant	
  
damage	
  to	
  aircraI	
  and	
  wind	
  turbine	
  blades.	
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§  Hailstone	
  impact	
  tests	
  are	
  costly,	
  
Fme-­‐consuming,	
  and	
  difficult.	
  	
  
§  The	
  ability	
  to	
  model	
  hailstone	
  

impacts	
  would	
  provide	
  a	
  be8er	
  way	
  
to	
  explore	
  large	
  parameter	
  spaces	
  
and	
  invesFgate	
  difficult	
  to	
  measure	
  
condiFons;	
  e.g.,	
  high-­‐speeds	
  or	
  
simultaneous	
  hailstone	
  impacts.	
  

N708AA Hail Damage, 
Dave Subelack (Wee in YYC), Flickr. 



Background	
  -­‐	
  McNaughtan	
  and	
  Chisman	
  (1969)	
  	
  

“A Study of Hail Impact at High Speed on Light Alloy Plates” 
McNaughtan, I.I., Chisman, S.W., 1969.  

 

Penetration thresholds for different thickness aluminum 
alloy plates impacted by 1 inch diameter hailstones. 

§  McNaughtan	
  and	
  Chisman	
  (1969)	
  
studied	
  supersonic	
  hailstone	
  
impacts	
  on	
  thin	
  aluminum	
  plates,	
  
but	
  did	
  not	
  measure	
  the	
  impulses	
  
imparted	
  by	
  the	
  hailstones.	
  

§  Others	
  have	
  since	
  measured	
  
impulses	
  from	
  hailstone	
  impacts	
  
but	
  have	
  not	
  studied	
  impacts	
  over	
  
720	
  I/s	
  (220	
  m/s).	
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Background	
  –	
  Tippmann	
  et	
  al.	
  (2013)	
  

“Experimentally validated strain rate dependent material model for spherical ice impact simulation” 
Tippmann, J.D., Kim, H., Rhymer, J.D., 2013.  

Experiments:	
  
	
  
§  Measured	
  impulses	
  of	
  

hailstones	
  by	
  firing	
  
them	
  at	
  a	
  steel	
  bar	
  
instrumented	
  with	
  
strain	
  gauges.	
  

§  Normal	
  impacts	
  up	
  to	
  
194	
  m/s.	
  

§  Captured	
  propagaFon	
  
of	
  cracks	
  with	
  high-­‐
speed	
  photography.	
  

not greater than some of the highest recorded data points, with
a closermatch to the higher peak forces of data set DS1. The average
curve (C1 e Avg) predicts peak forces near the upper portion of the
scatter range in the test data. The lower bound curve (C2 e Lower)
compares well with the average trend of peak force magnitudes. It
is noted that the lower bound curve (C2 e Lower) does not bound
the lower scatter in the experimental peak force data. This is
attributed to the variability in ice quality (including flaw content,
e.g., porosity and very small or non-visible cracks) which might
have produced much low peak forces, as well as variability in the
SHI impact experiments, since ice sphere integrity (i.e., unbroken)
was not always confirmed for each test via high speed video.

5.2. Model correlation with high speed video observations

Several force measurement bar impact tests were conducted to
observe the process of failure propagation of the ice sphere in
relation to the force history generated during the impact event.
High speed videos were recorded using a Phantom v7.3 digital
camera capturing at a frame rate of 90,000 frames/s (one frame
every 11.1 ms). With this high frame rate, several frames can be
recorded leading up to the development of peak force, allowing
direct visual observations that provide key insight into the crack
formation and dynamic failure progression of the ice sphere.

The impact force history of a 50.8 mm ice sphere impacting the
force measurement bar at 60.6 m/s (test DS2-195) is documented in
Fig. 19 with corresponding high speed video still images shown in
Fig. 20. The vertical grid marks in the force time history plotted in
Fig. 19 correspond to the select times during the impact event for
which video frames are shown. This progression of images shows
the ice sphere moving from left to right at times following initial
contact (t ¼ 0 ms) onto the force measurement bar end cap (just

Fig. 18. Peak force versus kinetic energy relationship showing simulation and exper-
imental results for kinetic energy range less than 400 J.

Fig. 19. Experimental force history of test DS2-195; 50.8 mm SHI at 60.6 m/s (114 J).

Fig. 20. High speed video frames of SHI impact on force measurement bar; test DS2-195 with 50.8 mm SHI at 60.6 m/s (114 J).

J.D. Tippmann et al. / International Journal of Impact Engineering 57 (2013) 43e54 51

visible at right edge of images). Five of the frames are captured
before peak force occurs, at a time between 47 and 58 ms after initial
impact, showing the formation and progression of the cracks
within the SHI.

Cracks are observed to grow away from the initial impact loca-
tion and appear in Fig. 20 to be longitudinally oriented with the
direction of travel, terminating just before the rear face of the
projectile (see Fig. 20aee). These cracks grow at a speed of
approximately 2000 m/s (comparing Fig. 20b and c and observing

cracks grow roughly half-way across the sphere). The orientation of
these cracks is driven by the transverse expansion of the sphere
during impact deformation, with the highest hoop-wise strains
developing around the “equator” (increasing driving force from
front of sphere to half-way back). As the cracks reach near the rear
face of the sphere, the cracks self-arrest due to the diminished
hoop-wise expansion driving forces (geometric effect) and also
since there is no additional mass behind the back (traction-free)
face to apply inertial loading to that region. Finally, it should be
noted that since only external observation was possible, the inter-
nal depth at which these longitudinal cracks develop is not fully
known. A saturation of longitudinal crack growth coincides with
the measurement of peak force at 47e58 ms. The longitudinal
orientation of these cracks reflect the high hoop-wise stress
developed as the still-intact ice sphere mass decelerates onto the
target face, which causes lateral deformation and expansion. More
cracks then develop in between these initial longitudinal cracks
(see Fig. 20feh) as the force history begins decreasing after 58 ms
(Fig. 20e). This is physically related to the transverse cracks
developing as the ice sphere is essentially breaking down into
a collection of large ice fragments and powder. Therefore, the time
to peak force marks a critical transition from an intact elastic-
dominated response of the sphere, where new crack formation
and growth throughout the intact sphere is a key process, to

Fig. 21. Simulation force history with simulation view output frame grid lines marked;
test DS2-195 with 50.8 mm diameter SHI at 60.6 m/s (114 J).

Fig. 22. Cylindrically patterned view of quarter-symmetric simulation deformation with elements failed by tensile failure pressure criterion removed from the viewport; test DS2-
195 with 50.8 mm diameter SHI at 60.6 m/s (114 J).

J.D. Tippmann et al. / International Journal of Impact Engineering 57 (2013) 43e5452

SimulaFons:	
  
	
  
§  Similar	
  cracking	
  

pa8erns	
  achieved	
  
through	
  tensile	
  
pressure	
  failure	
  
criterion	
  

§  Strain	
  rate	
  sensiFvity	
  
captures	
  behavior	
  over	
  
a	
  range	
  of	
  velociFes	
  

§  Predict	
  peak	
  impulse	
  
but	
  not	
  long-­‐term	
  
response	
  



Present	
  work	
  

§  Used	
  a	
  different	
  technique	
  (SWAT-­‐TEEM)	
  
to	
  measure:	
  
§  Higher	
  velociFes	
  
§  Oblique	
  impact	
  angles	
  

§  Added	
  mass	
  parFcles	
  and	
  an	
  addiFonal	
  
failure	
  criterion	
  to	
  simulaFon	
  in	
  order	
  to:	
  
§  Model	
  full	
  impulse	
  of	
  impact	
  
§  Capture	
  secondary	
  impacts	
  
§  Model	
  low	
  angle	
  and	
  large	
  deformaFon	
  

impacts	
   A ‘hailstone’  
(4.41g, 20.45mm) 
impacting plate at 
366 m/s. 

Experiment 

Simulation 



Experiments	
  
§  Experimentalists:	
  

§  BallisFcs	
  by	
  Lee	
  Stauffacher	
  and	
  Bob	
  Jones	
  
§  SWAT-­‐TEEM	
  analysis	
  by	
  Tyler	
  Schoenherr	
  

§  8	
  gauge	
  powder	
  gun	
  
§  VelociFes	
  from	
  150	
  to	
  675	
  m/s	
  	
  
§  Used	
  a	
  pusher/sabot	
  to	
  propel	
  hailstone	
  

§  Hailstone	
  
§  Molded,	
  co8on-­‐reinforced	
  ice	
  ball	
  
§  0.81	
  inch	
  diameter	
  

Tyler Schoenherr 1522 August 19, 2014
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Figure 17: Photo of the Terminal Ballistics Facility setup with stripper plate (top) and overall
setup (bottom)

6.1 Test Setup

To measure the acceleration of the plate during the hail impact environment, Endevco 7270A-M6
20k gauges were screwed into taped holes on the back side of the plate. A photo of one of these
gauges can be seen in Figure 18. These gauges were chosen because they had a high dynamic
range, they were mechanically isolated which aided in suppressing the internal resonance and
the gauges were available at the time of testing. A photo of the plate suspended in building
6750 with all of the accelerometers installed can be seen in Figure 19.

Figure 18: Photo of a Endevco 7270A-M6 20k gauge

- 19 -



Sum	
  of	
  Weighted	
  AcceleraFons	
  Technique	
  using	
  
Time-­‐Eliminated	
  ElasFc	
  Modes	
  (SWAT-­‐TEEM)	
  

Aluminum plate (11x12x2 inches) instrumented 
with 21 accelerometers for SWAT-TEEM analysis. 

§  SWAT-­‐TEEM1	
  can	
  predict	
  
forces	
  acFng	
  on	
  a	
  body	
  by	
  
separaFng	
  the	
  rigid	
  body	
  
acceleraFons	
  from	
  those	
  
due	
  to	
  vibraFonal	
  modes.	
  

§  Advantages	
  
§  Measure	
  off-­‐axis	
  forces	
  
§  Increased	
  target	
  size/

complexity	
  
§  Predicts	
  impact	
  locaFon	
  

that	
  can	
  be	
  checked	
  with	
  
high-­‐speed	
  video	
  

Tyler Schoenherr 1522 August 19, 2014

Figure 19: Photo of the suspended instrumented plate in building 6750

6.2 Data Acquisition System

A spectral dynamics system was used to acquire the data and the data was process with IMPAX
and K2. A photo of the spectral dynamics system with relation to the instrumented plate can
be seen in Figure 20.

Figure 20: Photo of the Spectral Dynamics system in the test setup

- 20 -

1Mayes, R. L., 1994, “Measurement of Lateral Launch Loads on Re-
Entry Vehicles Using SWAT,” Proceedings of the 12th International 
Modal Analysis Conference, Honolulu, HI, pp. 1063–1068. 



Experiments	
  –	
  SWAT-­‐TEEM	
  calibraFon	
  
§  An	
  instrumented	
  hammer	
  

applies	
  a	
  known	
  force	
  to	
  
the	
  plate.	
  

§  Limited	
  to	
  9kHz	
  by	
  the	
  
coarseness	
  of	
  our	
  
accelerometer	
  array-­‐	
  
cannot	
  resolve	
  higher-­‐
order	
  mode	
  shapes	
  of	
  the	
  
plate.	
  

§  Filtering	
  data	
  at	
  9kHz,	
  we	
  
obtain	
  an	
  excellent	
  
predicFon	
  of	
  the	
  force	
  
from	
  SWAT-­‐TEEM.	
  



Experiments	
  –	
  Hailstone	
  impacts	
  

Higher velocities for the 90° and 45° degree cases 
excited internal resonances in the gauges and so 
that data was discarded. 



Hailstone	
  material	
  model	
  
§  Tippmann	
  et	
  al.	
  model:	
  

§  ElasFc-­‐perfectly	
  plasFc	
  material	
  
§  Rate	
  sensiFve	
  yield	
  (like	
  Johnson-­‐Cook)	
  
§  Tensile	
  pressure	
  failure	
  criterion	
  

§  On	
  failure,	
  zero-­‐out	
  shear	
  sFffness	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (fluid	
  like	
  behavior)	
  

§  Added:	
  
§  Rigid	
  mass	
  parFcles	
  

§  Helps	
  capture	
  full	
  impulse	
  of	
  the	
  iniFal	
  impact	
  
and	
  any	
  subsequent	
  impacts.	
  

§  Converted	
  to	
  once	
  elements	
  are	
  too	
  
deformed.	
  

§  CriFcal	
  crack	
  opening	
  strain	
  (CCOS)	
  
§  Controls	
  strain	
  over	
  which	
  elements	
  fail	
  
§  A	
  good	
  fit	
  of	
  experimental	
  data	
  was	
  obtained	
  

over	
  all	
  angles	
  and	
  velociFes	
  for	
  a	
  CCOS	
  =	
  0.3	
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Hailstone material model inputs 
Young’s modulus 9.38 GPa 
Poisson’s ratio 0.33 
Density 960 kg/m3 

Tensile failure pressure 0.517 MPa 
Quasi-static (<10-1/s) 
yield stress 5.2 MPa 
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Hailstone	
  model	
  

10° 
Impact 

90° 
Impact 

Initial hailstone velocity 

Deformed meshes shown near time of peak impact force. 
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Modeling	
  vs.	
  Experiment	
  -­‐	
  Impulse	
  comparison	
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Modeling	
  vs.	
  Experiment	
  -­‐	
  Impulse	
  comparison	
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Modeling	
  vs.	
  Experiment	
  -­‐	
  Impulse	
  comparison	
  



Modeling	
  vs.	
  Experiment	
  –	
  Peak	
  force	
  comparison	
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Modeling	
  vs.	
  Experiment	
  –	
  Peak	
  force	
  comparison	
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Modeling	
  vs.	
  Experiment	
  –	
  Peak	
  force	
  comparison	
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AnalyFcal	
  model	
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Modeling	
  vs.	
  Experiment	
  -­‐	
  Impulse	
  comparison	
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Modeling	
  vs.	
  Experiment	
  -­‐	
  Impulse	
  comparison	
  



Modeling	
  vs.	
  Experiment	
  –	
  Peak	
  force	
  comparison	
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Modeling	
  vs.	
  Experiment	
  –	
  Peak	
  force	
  comparison	
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Analytical model compares 
well with FEA model at high 
velocities and impact angles. 



Summary	
  

§  Used	
  a	
  different	
  technique	
  (SWAT-­‐TEEM)	
  to	
  measure	
  
hailstone	
  impacts	
  at	
  higher	
  velociFes	
  and	
  oblique	
  angles.	
  

§  Built	
  upon	
  exisFng	
  hailstone	
  model,	
  adding	
  mass	
  parFcles	
  and	
  
adjusFng	
  failure	
  to	
  capture	
  enFre	
  impulse	
  of	
  normal	
  and	
  
oblique	
  impacts.	
  

§  Agreement	
  between	
  the	
  finite	
  element	
  model	
  and	
  analyFcal	
  
and	
  experimental	
  results	
  gives	
  confidence	
  in	
  using	
  the	
  model	
  
to	
  study	
  hailstone	
  impacts	
  on	
  other	
  structures	
  and/or	
  under	
  
other	
  condiFons.	
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