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ABSTRACT 
 
This paper investigates the impact properties of Strategically Tuned Absolutely Resilient Structures (STARS) to 
establish their potential for use in energy transfer and storage applications.  Ballistic tests were conducted on six 
(6), 20.3 cm x 20.3 cm (8 in. x 8 in.) reinforced cementitious composite plates having a constant thickness of 1.27 
cm (0.5 in.).  Each plate was reinforced with four (4) layers of graphite/Kevlar mesh.  The energy absorption and 
mass reduction were recorded for plates impacted with projectiles traveling with velocities ranging from 9.5 m/s 
(31 ft/s) to 511 m/s (1678 ft/s). Although the number of samples was limited, a post-impact analysis was 
conducted to identify the ballistic limit from a limit velocity curve. In cases where the projectile partially penetrated 
or completely perforated the plate, spall consisted of relatively small particulates. No shear-plugging was 
observed in any of the tests. 



PRIOR RELATED RESEARCH 

Strategically Tuned Absolutely Resilient Structures (STARS) represent a new generation of composites fabricated 
by placing a low modulus, lightweight matrix over multiple layers of a relatively stiff reinforcement [1].  These 
remarkable concoctions are designed to morph based on the strength, stiffness, and the position of the 
component materials in the composite section and their ability to store and release energy depends upon a 
complex interaction between the shape, modal response, and the forcing function applied to drive the structure 
[2]. 

The evolution of STARS [3] began with pioneer research that focused on producing a new generation of thin, 
lightweight, and structurally efficient panels capable of resisting stresses produced by reverse loading [4].  The 
study showed that a very efficient composite structure could be fabricated by placing a flexible polymer-enhanced 
cementitious matrix having a relatively low elastic modulus over two layers of a rigid steel wire mesh having a 
relatively high elastic modulus. 

The design relied on the large difference in stiffness between the constituents in the composite section to drive 
the internal stress from the cementitious matrix to the steel reinforcement and materials were placed 
symmetrically to form an '”adaptive” section that reacted similarly when bending couples were reversed.  Since 
the compressive strength of the cementitious material was less than its tensile strength [5], it was the modulus of 
elasticity and tensile strength of the cementitious matrix, as well as the bond strength between the matrix and the 
reinforcement, that impacted STARS design most. 

A modified transform section theory was developed to determine the deflections and stresses in such highly 
compliant cementitious structures [6] and the method was applied to study graphite-reinforced composites.  Multi-
layered composite beams were analyzed by incorporating material properties established from standard tests and 
finite element modeling was used to verify results. 

The work fueled another investigation that quantified the dynamic characteristics of laminated plates [7].  In this 
study, an analytical dynamic finite element model was developed to evaluate the natural frequencies and mode 
shapes for structures subjected to different boundary conditions.  This model was subsequently applied to study 
the dynamic performance of a larger structure [8].  Numerical results compared favorably with experimental 
impact hammer test data.  As a result, it was concluded that the classical laminated plate theory developed for 
composite materials could be applied to quantify the dynamic behavior of highly compliant composite structures 
made from cementitious materials. 

In short, prior work on STARS included static tests that established material properties and quantified structural 
behavior, and dynamic analyses that characterized modal parameters.  In all of these cases, it was assumed that 
all constituents remained intact as the service load was applied.  However, in some severe test environments, 
short-term dynamic impact loads can occur, resulting in service overload.  In many cases, material deficiencies 
caused by impact can be overcome by introducing a stiff weave-like reinforcement [9].  Second generation 
STARS [6-8] fall into this category and this is the first attempt to characterize their impact/ballistic characteristics. 
 
TEST SPECIMENS 
 
A series of ballistic impact tests were conducted at the University of Alabama in Huntsville Aerophysics Facility, 
which is located on Redstone Arsenal.  This paper focuses on six (6), 20.3 cm x 20.3 cm (8 in. x 8 in.) reinforced 
cementitious composite plates having a constant thickness of 1.27 cm (0.5 in.).  Each plate was reinforced with 
four (4) layers of a graphite/Kevlar mesh. Figure 1 is a schematic showing the front view of the target plates while 
Fig. 2 shows how the four (4) layers of mesh were positioned through the thickness. 
 
Table 1 describes the mix proportions of the constituents used to create the cementitious matrix. The elastic 
modulus and Poisson’s ratio of the mix was 793 MPa (115 ksi) and 0.28, respectively. It had a 28-day 
compressive strength of 4.8 MPa (696 psi) and a 7-day tensile strength of 1.77 MPa (256 psi). 
 
As shown in Fig. 3, each layer of reinforcement consisted of a non-impregnated, bi-directional graphite mesh 
woven together with Kevlar fibers.  The graphite mesh had 3,000 fibers per tow, spaced at 3.18 mm (0.125 in.) 
intervals. Each tow is 0.19 mm (0.0075 in.) thick by 1.07 mm (0.042 in.) wide. The manufacturer reports the 
elastic modulus and tensile strength of the graphite fiber to be 231 GPa (33.5 Msi) and 3.65 GPa (530 ksi), 
respectively. 
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     Figure 1.  Target plate geometry (Not to scale).                 Figure 2. Multi-layer configuration. 
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Table 1. Mix design for cementitious matrix. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.  A single layer of reinforcement; dark tendons are graphite fiber 

while whitish/yellow strands are Kevlar. 



The Kevlar had 1000 filaments per tow.  The manufacturer reports the elastic modulus and tensile strength of the 
Kevlar fiber to be 70 GPa (10.2 Msi) and 2.9 GPa (424 ksi), respectively.  The leno weave has a percentage open 
area of 44% (open area/total area x 100). 
 
Plates were fabricated to specification by placing them in a mold, allowing for attachment points where the targets 
could be suspended.  First, a layer of the cementitious mixture was placed; a layer of the weave reinforcement 
added, followed by another layer of the mixture.  This pattern was continued until the desired number of layers 
was integrated into the specimen.  During fabrication, each layer of reinforcement was cut as similarly as possible 
and fibers were oriented parallel to the edges of the plate.  The impact velocities were high enough so that the 
pressure was localized.  So, even though the edges of the reinforcement were somewhat irregular, it was 
assumed that they would not affect the outcome of the test. 
 
Figure 4 shows a photograph taken of the mold used to fabricate the plates.  Since the water required for cement 
hydration was held in the latex-modified system, the plates were simply left to dry.  After a period of two weeks, 
the samples were removed from the mold by disassembling the entire frame.  The samples were subsequently 
sanded to produce a smooth finish to standardize the tests. 
 
Figure 5 shows a photograph taken of the finished plates.  During the tests, targets were suspended from chains.  
The two plastic tubular sections seen in the upper right and left corners of each plate (see Fig. 6) were designed 
to provide additional support during testing, and to eliminate the possibility of block shear from occurring.  Extra 
samples were placed to account for problems encountered during form removal and plate testing. 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
             Figure 4. Mold.               Figure 5.  Finished specimens.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Plastic fittings were included at points where targets were suspended. 



IMPACT TESTING 
 
Each plate was subjected to impact loading using a 9.5 mm (0.375 in.) diameter 440C steel sphere with a bearing 
weight of 3.6 g (0.13 oz) as the striker.  Impact velocities ranged from 9.5 m/s (31 ft/s) to 511 m/s (1678 ft/s). The 
striker velocity was recorded before and after impact to identify any characteristics that were striker velocity 
dependent. 
 
The strikers were fired from a breech loaded launch system (see Fig. 7) with the assistance of a sabot and push 
plate (see Fig. 8).  The sabot was designed so that it would tear apart during flight due to aerodynamic forces and 
manufactured with opposed interlocking threads.  This was done to ensure that gases from propellant combustion 
did not seep into the model.  The sabots were not reusable due to rapid and severe structural distortion during 
impact with the sabot shield.  Each model was hand loaded and the charge was varied to give the striker different 
velocities.  Figure 9 shows the pressure tank in which all the ballistic testing was conducted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                             Figure 7. Launch system.                                          Figure 8. Striker and sabot. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Pressure tank. 
 
 
The gun barrel was mounted on a recoil system to ensure the repeatability of striker accuracy.  A laser was used 
to align the barrel so that the striker would pass through an aperture in the sabot shield.  Figure 10 is a 
photograph taken down the barrel looking toward the target. The striker initially passes through the aperture in the 
sabot shield before it strikes the target. 
 
Lasers were used to determine the speed of the striker immediately before and after impact; high-speed cameras 
were used to verify the post impact velocities and record the event. The high-speed cameras operated on a 
14,000 frames/sec speed with an integration speed of 9 μs.  Figure 11 shows a target plate suspended in 
position. The grid behind the plate was used to calculate the exit velocity of the striker and acted as a backdrop to 
observe any debris that resulted from the impact. 



 
 
 
 
 
 
 
 
 
 
 

               

Figure 10. Experimental setup.    Figure 11. Target plate 
 
 
Six different samples were tested.  Prior to each test, a striker was fired to gage the velocity of the projectile.  If 
the striker was traveling too fast or slow, the amount of propellant was changed accordingly.  Once the correct 
velocity was achieved, the sample was mounted and tested.  Although the same amount of propellant was used, 
there were subtle changes in velocity due to propellant density. 
 
EXPERIMENTAL RESULTS 
 
Table 2 shows the downrange velocity of the striker recorded immediately prior to impact, the exit velocity 
recorded immediately after impact occurred, and their difference.  Target No. 1 was impacted at such a low 
velocity that the plate was not penetrated.  As the velocity increased (see Targets 2 and 3), the plate was partially 
penetrated.  In these cases, no exit velocities were recorded.  For higher velocities (Targets 4 – 6), perforation 
occurred and the exit velocities of the strikers were recorded.  In these cases, the kinetic energies before and 
after impact are included. The percentage difference between these quantities corresponds to the amount of 
energy absorbed by the target during the impact. 
 

Target Downrange Exit velocity Difference 
KE 

downrange KE post impact KE % reduction
Number (ft/s) (ft/s) (ft/s) (ft-lbf) (ft-lbf) (%) 
Target 1 31.2 N/A N/A N/A N/A N/A 
Target 2 133.0 N/A N/A N/A N/A N/A 
Target 3 133.0 N/A N/A N/A N/A N/A 
Target 4 910 633 277 102 49 52 
Target 5 994 766 228 121 72 40 
Target 6 1678 1323 355 351 216 38 

Table 2. Data recorded for six (6) different targets; KE stands for kinetic energy. 
 
In the majority of tests, a square or rectangular exit crater was formed from the wave propagation of the exiting 
projectile.  This phenomenon, know as spall, reflects failure in the material due to tensile loading originating from 
the reflection of a pressure wave [10].  Spalling is commonly seen on the free surface [11]; the volume and 
geometry depend on the material properties. 
 
Traditionally, the spall would be circular if the materials were homogeneous.  However, the STARS samples were 
more complex, comprised of a low modulus concrete reinforced with a high modulus, bi-directional weave.  Figure 
12 shows a photograph taken of the rear surface of a perforated target.  A circular pattern formed in the outermost 
cementitious layer.  But, deeper down, at the interface of the mesh and the upper concrete layer, the crater was 
rectangular (nearly square) in shape.  A similar pattern was observed in all of the tests where spall occurred. 
 
Similar behavior was observed by researchers working on fabric armor subjected to ballistic impact [12].  They 
attributed the pyramidal shaped deformation to the orthogonal properties of their woven fabric. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Rear surface of a perforated target. 
 
 
Shear plugs can be ejected from the exit face of a target during impact and these have been observed while 
testing cementitious materials [13]. In that study, the authors developed semi-analytical formulas for the 
perforation thickness and the perforation ballistic limit based on the dynamic cavity expansion theory and a plug 
formation model. Significantly, it has been noted by others that shear plugs generally occur in cementitious 
materials that exhibit much higher compressive strengths than tensile strengths [14]. But even though the 
compressive-to-tensile strength ratio was 2.7 in the cementitious composite being tested herein, video captured 
by the high-speed camera showed fragmentation during impact; but no evidence of shear plugging was observed.  
Figures 13 and 14 are image stills taken from the video captured for Targets 4 and 6, respectively, where the 
strikers were traveling at exit (post-impact) velocities of  193 m/s (633 ft/s) and 403 m/s (1323 ft/s), respectively. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  
 Figure 13. Target 4; exit velocity of 193 m/s (633) ft/s.    Figure 14. Target 6; exit velocity of 403 m/s (1323 ft/s).   
 
 
The “fine mist” of particles present during post-impact was attributed to the fact that the material composition of 
the ballistic test samples contained no sizeable constituents.  There was no large aggregate present, and unlike 
metals, the cementitious matrix was filled with voids.  This observation may be very important in military and 
ballistic applications where a shear plug may pose a secondary threat.  In cases where sympathetic detonation 
was the issue, for example, a lightweight particulate spray could present less danger. 
 



It is evident from the photographs shown in Figs. 13 and 14 that strikers that perforate test plates generate spall 
and that the size and shape of the debris cloud is velocity dependent.  Slower strikers tended to create more spall 
and therefore greater mass reduction whereas faster strikers created less spall and less mass reduction.  In our 
tests, the spall became more highly dispersed as the velocity increased. 
  
It should be noted that plate trauma is a function of striker velocity and that even more damage may occur at 
lower velocities due to penetration as opposed to perforation.  Strikers with insufficient energy will ricochet off the 
plate, in some cases leaving hemispherical indentations.  But faster strikers embed themselves in the plate or 
again ricochet.  This may cause tensile failure to occur on the surface of the exit face that could lead to significant 
mass reduction.  In tests conducted on fabric armor [12], it was observed that during penetration, projectiles did 
not break all of the fiber tows in the fabric.  Once the striker had formed a small opening by severing several tows, 
it wedged through, causing other tows to be pushed aside slipping down the weave past the remaining tows.  
 
The knowledge of the impact velocity required to perforate the target (i.e., the ballistic limit) may be extremely 
important in many applications because, at this velocity, the most mass is spalled from the plate.  Table 3, for 
example, shows the reduction in the mass of each target as a result of impact. 

 

Target 
mass pre-

impact 
mass post-

impact 
Decrease in 

mass of target 
Number (gm) (gm) (%) 
Target 1 233.2 233.2 0.00 
Target 2 239.3 238 0.54 
Target 3 238.3 237.8 0.21 
Target 4 211.3 205.2 2.9 
Target 5 249.3 243.1 2.5 
Target 6 249.3 244.3 2.0 

 
Table 3. Mass reduction for six (6) different targets. 

 
In all of the tests, the strikers suffered no post-impact deformation or mass reduction.  As mentioned previously, 
Target No. 1 was impacted at such a low velocity that there was no reduction in its mass.  In this case, the force 
transmitted to the target was not high enough to penetrate the sample and the resulting tensile wave did not 
create a debris cloud.  As the velocity increased (see Targets 2 and 3), the plate was partially penetrated.  For 
higher velocities (Targets 4 – 6), perforation occurred. 
 
Figure 15 shows a limit velocity curve.  A linear trend line, shown as the solid line in the figure, has been included 
for points at which perforation occurred.  As discussed below, the red triangle corresponds to data taken from a 
seventh target where a problem occurred.  Although data is very limited, the ballistic limit is estimated to be 61 
m/s (200 ft/s) by extending the trend line (i.e., dotted portion) to the point at which the exit velocity becomes zero. 
  

 
 

Figure 15. Limit velocity curve. 



 
In the test conducted on the seventh target, a fragment of a sabot petal prematurely hit the bottom of the target 
plate. Although the reduction in mass was inclusive and the plate was inclined slightly when the striker 
subsequently hit it, video footage shot during this test revealed that complete perforation occurred.  In this case, 
the laser velocity system triggered prematurely but the striker velocities before and after impact were computed 
based on the video at 118 m/s (388 ft/s) and 67 m/s (221 ft/s), respectively.  These results, shown as the red 
triangle on Fig. 15, fit with the extended trend line. 
 
CONCLUSION 
 
This paper discussed the results obtained from ballistic tests conducted on multilayered, graphite-reinforced, 
cementitious composite plates.  Observations were made regarding penetration and perforation.  Maximum mass 
reduction occurred when the plate was struck at the ballistic limit [approximately 61 m/s (200 ft/s)].  The debris 
cloud observed post-impact consisted of relatively small particulates and no shear-plugging was observed. 

 
ACKNOWLEDGEMENT 
 
Impact tests were conducted at the Redstone Arsenal Aerophysics Laboratory in Huntsville, Alabama.  The 
authors would like to thank Mark Zwiener, Brian Akins, Greg Goldsmith, Anthony Wasmanski, Liam Leonard, 
Derek Chris, Stanley Hendrix, Jon Mattox, and Tony Doll.  This investigation would have been impossible without 
their help and collective knowledge in impact physics, data acquisition, and model fabrication. 
 
REFERENCES 
 
[1] Gilbert, J.A., Ooi, T.K., Biszick, K.R., Marotta, S.A., Vaughan, R.E., Engberg, R.C., “Strategically tuned 
absolutely resilient structures,” Proc. of SEM Annual Conference & Exposition on Experimental and Applied 
Mechanics, Portland, Oregon, June 7-9, 2005, Paper No. 222, 14 pages. 
 
[2] Ooi, T.K., Engberg, R.C., Gilbert, J.A., Vaughan, R.E., Britton, H.L., “Modal analyses of polymer-enhanced, 
graphite reinforced cementitious composites,” Proc. of SEM Annual Conference & Exposition on Experimental 
and Applied Mechanics, Portland, Oregon, June 7-9, 2005, Paper No. 224, 11 pages. 
 
[3] Biszick, K.R., Toutanji, H.A., Gilbert, J.A., Matotta, S.A, Ooi, T.K., “Evolution of strategically tuned absolutely 
resilient structures (STARS),” Proc. of SEM Annual Conference & Exposition on Experimental and Applied 
Mechanics, Saint Louis, Missouri, June 5-7, 2006, Paper No. 32, 7 pages. 
 
[4] Biszick, K.R., Gilbert, J.A., “Designing thin-walled, reinforced concrete panels for reverse bending,” Proc. of 
the 1999 SEM Spring Conference on Theoretical, Experimental and Computational Mechanics, Cincinnati, Ohio, 
June 7-9, 1999, pp. 431- 434. 
 
[5] Brara, A., Klepaczko, J.R., “Experimental characterization of concrete in dynamic tension,” CNERIB, Algeria 
and Laboratory of Physics and Mechanics of Materials, Ile de Saulcy, France, 2005. 
 
[6] Vaughan, R.E., Gilbert, J.A., "Analysis of graphite reinforced cementitious composites," Proc. of the 2001 SEM 
Annual Conference and Exposition, Portland, Oregon, June 4-6, 2001, pp. 532-535. 
 
[7] Ooi, T.K., Gilbert, J.A., Bower, M.V., Vaughan, R.E., Engberg, R.C., “Modal analysis of lightweight graphite 
reinforced silica/polymer matrix composite plates,” Experimental Mechanics, 45(3): 1-5 (2005). 
 
[8] Ooi, T.K., Engberg, R.C., Gilbert, J.A., Vaughan, R.E., Bower, M.V., “Modal testing of a lightweight 
cementitious structure,” Experimental Techniques, November/December: 37-40 (2004). 
 
[9] Badr, A. Ashour, A.F., Platten, A.K., “Statistical variations in impact resistance of polypropylene fibre-
reinforced concrete,” University of Central Lancashire, Preston, UK & University of Bradford, Bradford, UK. 2005. 
 
[10] Tedesco, J.W., McDougal, W.G., Bloomquist, D., Consolazio, G., “Response of concrete armor units to wave-
induced impact,” Department of Civil and Coastal Engineering, University of Florida, Florida, 2003. 



 
[11] Zukas, J. A., High Velocity Impact Dynamics, Wiley & Sons, New York, 1990. 
 
[12] Tan, V.B.C., Ching, T.W., “Computational simulation of fabric armor subjected to ballistic impacts,” National 
University of Singapore, Singapore, 2005. 
 
[13] Li, Q.M., Tong, D.J., “Perforation thickness and ballistic limit of concrete target subjected to rigid projectile 
impact,” J. Engrg. Mech., 129(9): 1083-1091, 2003. 
 
[14] Gomez, J.T., Shukla, A., “Multiple impact penetration of semi-infinite concrete,” Naval Undersea Warfare 
Center, Rhode Island and University of Rhode Island, Wales Hall, 2001. 


