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EXECUTIVE SUMMARY

Fuselage fragment barrier systems are being examined and developed for commercial airplanes
to provide protection from an engine rotor burst failure. Part of this development was to
understand how the existing aircraft materials behave under ballistic impact, and then to model
those results to aid the aircraft industry in designing these barriers, and the evaluation of existing
aircraft structures for fragments from rotor burst events. In September 2002, the Federal
Aviation Administration (FAA) issued a grant under the Airworthiness Assurance Center of
Excellence to the University of California at Berkeley (UCB), who teamed with The Boeing
Company and Lawrence Livermore National Laboratory (LLNL) to acquire additional data on
aluminum and titanium and preliminary data on composites and polycarbonate. This data was
then used to improve material models in the LSDYNA computer codes. This work yielded
excellent test data on aluminum but more data is needed on titanium, composites, and
polycarbonate.

This report contains Sean Kelley’s UCB master’s thesis that entails detailed results and analysis
of metal’s testing conducted at UCB under the supervision of Professor T. I. Zohdi and
Professor G. Johnson.

This report details how several existing aircraft materials behave under ballistic impact. The
material response of 0.063- and 0.125-inch-thick aluminum 2024-T3 sheets, 0.25-inch-thick
aluminum 2024-T351 plates, 0.25-inch Makrolon® polycarbonate, and 0.25-inch sandwich
composite panels were investigated under ballistic impact, evaluating failure modes and
obtaining the ballistic limits for each set of targets. The testing was done in the UCB Ballistics
Laboratory using a gas gun and a powder gun setup with a 1/2-inch-diameter chrome steel
spherical projectile. The ballistic tests showed that the aluminum plates failed by dishing and
petaling, with slight plugging for the thinnest targets. As the aluminum target thickness
increased, the amount of dishing and petaling decreased, and the failure mode tended towards
pure plugging. The 0.25-inch-thick polycarbonate targets failed by denting and viscoelastic
petaling. The main type of failure for the composite panels was petaling and delamination, with
petal fracture occurring in the £45° directions from the point of impact, forming four petals in a
pyramid shape. The ballistic tests also showed that the amount of energy absorbed by a target
beyond the ballistic limit is nearly constant. Additional work is required to develop a detailed
model for the residual velocity and ballistic limit of a target based on the assumption of a
constant absorbed kinetic energy.

Xi/Xii



1. INTRODUCTION.

There have been several instances in the past where a rotor disk of a main propulsion engine on a
commercial aircraft experienced fatigue failure, ruptured the engine containment structure, and
showered the fuselage section of the aircraft with engine fragments. Although the loss of one
engine on a multiengine aircraft is not necessarily enough to cause a disastrous failure, the
engine fragments resulting from this type of failure can wreak havoc on the fuselage. The
fragments may penetrate the fuselage and damage critical control systems, such as hydraulic and
fuel lines, compromising the ability of the pilot to control the aircraft.

One such accident occurred in 1989 to a McDonnell Douglas DC-10 commercial aircraft. While
cruising at 37,000 feet, the aircraft suffered a catastrophic engine failure. As described above,
one of the engine’s fan rotor disks failed and resulted in the loss of all three of the aircraft’s
redundant hydraulic flight control systems, making the aircraft nearly uncontrollable. This loss
of control resulted in a crash landing and the fatality of nearly half of the 285 passengers and 11
crew members [1].

As a result of these types of accidents, material property data and analytical modeling
capabilities are being developed to improve the design capability of lightweight fragment barrier
shielding to protect critical aircraft systems. Part of the development of these fragment barrier
systems is to understand the ballistic performance of the existing materials in the fuselage and to
be able to model this behavior using finite element modeling (FEM)-based computations.

The work presented in this report examined the ballistic performance of materials used by the
aircraft industry through experiments that were run to provide ballistic threshold data for each
material. An error analysis and statistical analysis were also performed on the results to present
the level of accuracy that could be expected. This data provided insight into failure
characteristics of the materials, as well as providing information that is essential to improving
computer-based models.

Experiments were performed on targets of 0.063-and 0.125-inch 2024-T3 aluminum, 0.25-inch-
thick 2024-T351 aluminum, 0.25-inch-thick polycarbonate, and 0.25-inch-thick sandwich
composites. The objective was to provide a ballistic curve for each material and thickness as
well as an approximate ballistic limit (vso), using controlled geometries, impact conditions, and
materials. The postimpact targets were also examined to assess observed failure characteristics
of each material and thickness. The goal was to provide experimental results useful for the
design of a suitable fragment barrier system to prevent further accidents caused by rotor burst
failure.

1.1 BACKGROUND.

In 1997, the Federal Aviation Administration (FAA) signed an Interagency Agreement (IA) with
Lawrence Livermore National Laboratory (LLNL) to have them use their DYNA-3D model to
improve the material codes for aircraft and engine metallic materials experiencing impact from
uncontained engine fragments. This work was in support of the Aviation Rulemaking
Advisory Committee Powerplant Installation and Harmonization Working Group efforts to
update FAA Advisory Circular (AC) 20-128. Since inception, LLNL has produced several FAA



reports documenting their progress [2, 3, and 4]. The main goal of this effort was to update the
aluminum and titanium material constants so the industry could use them in an updated AC 20-
128 that accounted for multiple small fragments.

The work done at LLNL showed that the then current Johnson-Cook material constants available
for DYNA3D simulations were not accurate for uncontained engine fragments. In addition,
thick plates (thicker than 0.25 inch) may require different material constants than thinner plates.
In April 2002, the FAA (with The Boeing company) had a review at LLNL to discuss the final
deliverables of the IA. Though the test data looked very promising, funding for this program
was insufficient to validate new material models. A final report was issued recommending
additional work in this area [2].

In September 2002, an Airworthiness Assurance Center of Excellence (AACE) grant was issued
to University of California at Berkeley (UCB) who teamed with Boeing and LLNL to continue
the work on metals and acquire preliminary data on composites and polycarbonate. This report
presents UCB’s portion of the testing and analysis done from January 2003 to June 2004.

1.2 EXPERIMENTAL OBJECTIVES.

The main objective of the experiments presented in this report was to provide information on the
ballistic characteristics of several different materials and several different thicknesses of
material. The materials tested were the following: 2024-T3 aluminum sheet at 0.063 and 0.125
inch thick, 2024-T351 aluminum plate at 0.25 inch thick; 0.25-inch-thick Polycarbonate
(Makrolon®), and 0.25-inch-thick sandwich graphite composite sheets with a Nomex®
honeycomb core. For each of the materials tested, a ballistic curve presenting initial velocity of
the projectile against the residual or postimpact velocity of the projectile was developed. From
this curve, an approximate ballistic limit, or the speed at which the projectile first penetrated the
material, was obtained for each material. The material absorbed energy, or more accurately,
projectile kinetic energy loss was also plotted against the initial kinetic energy of the projectile.
These curves gave information on the energy-absorbing capabilities of the different materials.

2. EXPERIMENTAL SYSTEM AND PROCEDURE.

The experiments were performed using two separate setups, a low-velocity setup consisting of a
nitrogen gas gun and a high-velocity set up consisting of a powder gun. Each setup also made
use of a blast shield, initial velocity measurement system, target holder, target mount, residual
velocity measurement system, catcher box, and a high-speed camera setup. The test apparatus
are described in detail in the following sections.

2.1 PNEUMATIC GUN SETUP.

2.1.1 Nitrogen Gas Gun.

The high-pressure pneumatic ballistic gun and associated controls were used for all tests in
which the speed required was less than the maximum speed the gun could produce. The gun
employed industrial-grade compressed nitrogen gas to a maximum pressure of 1500 psi. This
pressure gives a maximum velocity of about 900 ft/s for the 1/2-inch-diameter steel spheres used.



For tests requiring a higher velocity, a powder gun was used. The pneumatic gun setup is shown
in figures 1 and 2, and is shown schematically in figure 3.

FIGURE 1. ANGLED VIEW OF THE GAS GUN SETUP USED FOR
MOST OF THE TESTS

FIGURE 2. STRAIGHT ON VIEW OF THE GAS GUN SETUP
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FIGURE 3. SCHEMATIC OF EXPERIMENTAL ARRANGEMENT USING THE GAS GUN

The pneumatic gun has a 1/2-inch nominal diameter barrel that is approximately 52 inches long.
However, after 39 inches, there are slits in the barrel that relieve the pressure behind the
projectile. The pressure of the gas used for each test is controlled by the regulator on the

Laser
Target holder Laser
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Camera
Camera
Control Box
Gas Gun
[
HP counter
HP counter
Trigger

nitrogen tank. The regulator can be set for any pressure from about 25 to 1500 psi.

electronic control box is then used that opens a solenoid valve releasing the gas at the desired
pressure from the tank to the breech pressure chamber. Another solenoid valve between the
breech and the gun barrel is controlled by a trigger outside the laboratory. This trigger releases
the gas from the breech pressure chamber into the barrel of the gun, accelerating the projectile

through the barrel. A diagram of the gas flow can be seen in figure 4.
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FIGURE 4. FLOW OF NITROGEN GAS THROUGH THE PNEUMATIC CONTROLS

2.1.2 Initial Velocity Measurement System.

The initial velocity of the projectile was found using a laser/photodiode setup (shown in figure 5)
that was constructed specifically for this test program. Two Uniphase, helium-neon, gas laser
beams were focused through the path of the projectile at two Sharp 1S489 high-sensitivity light
detectors, 2.5 inches apart. Upon firing, the projectile broke the path of each laser beam causing
its respective photodiode circuit to produce a voltage drop (fall time ~.1 ps) that was detected by
a Hewlett Packard 53131A Universal Counter. The counter measured the time between the two

voltage drops, and the time was used to calculate the velocity of the projectile.

Solenoid Valve 2

diagram for the photodiode circuit constructed for this program is shown in appendix D.

FIGURE 5. INITIAL VELOCITY MEASUREMENT SYSTEM
(The photodiodes and their accompanying circuit are within the gray box.)

The wiring



2.1.3 Target Holder.

The targets were all held by two square, 1/2-inch-thick steel frames, 10 inches square on the
inside, 14 inches square on the outside. The target was placed in the middle of the two frame
plates, and the plates were then tightened together using eight 3/8-16- by 2-1/2-inch socket head
cap screws (SHCS) alloy steel bolts. The target holder used for all the testing in this program is
shown in figure 6.

.l

FIGURE 6. A 0.25-INCH ALUMINUM PLATE WITHIN THE TARGET HOLDER

2.1.4 Target Mount.

The target holder was held in the line of the projectile by a large steel angle manufactured
specifically for this purpose. The mount was made so that the target holder could be moved, and
the target could be impacted at nearly all of its 10-inch square area. The target mount, shown in
figure 7, was securely fastened to the steel table to prevent any motion upon impact. The target
holder was attached to the mount by four C-clamps, one at each corner.

FIGURE 7. TARGET HOLDER WITH THE TARGET MOUNT ATTACHED

2.1.5 Residual Velocity Measurement System.

Two methods were used to measure the residual or postimpact velocity of the projectile. The
first method used paper grids. The paper grids consist of two sets of interdigitated, conducting



silver ink lines, as shown in figure 8. Each set of lines had a large lead where an alligator clip
was attached. The alligator clips were attached to an HP 53131A universal counter and to a
circuit that produced a small voltage output. As the projectile (which was also a conductive
material) hit the grids, it completed the circuit, sending a positive voltage gain to the counter. To
measure the residual velocity, two grids were held 7.25 inches apart directly behind the target.
The counter recorded the time between the two successive signals that were sent as the projectile
passed through the two grids, which was used to calculate the residual velocity.

FIGURE 8. GRID HOLDER WITH GRIDS ATTACHED BY CLIPS ON THE TOP
CORNERS, ALLIGATOR CLIPS ATTACHED TO THE LEADS (LEFT), AND A
GRID BY ITSELF (RIGHT)

2.1.6 High-Speed Camera.

A Photron Fastcam high-speed camera controller with a Kodak Motion Corder Analyzer, Series
SR camera was also set up to measure the residual velocity of the projectile (see figure 9). The
camera was used as a backup to the grid system and also identified when a plug preceded the
projectile to the grids creating an experimental error. Using a recording speed of 10,000 frames
per second, the projectile’s flight path could be recorded just before and after impact. At 10,000
frames per second, the maximum shutter speed was 1/20,000 second. This required a great deal
of light. This illumination was provided by two high-intensity, 650-watt lamps that would be
turned on only during filming. The camera was set up approximately 9 feet away, perpendicular
to the projectile’s flight path. Using a wide angle lens, this distance allowed a field of view of
around 10 inches wide and 2 inches high at 10,000 frames per second. The camera was set up
such that the field of view consisted of 2 inches before impact and about 8 inches after impact.
With this field of view, at least three frames of postimpact projectile flight were recorded at the
highest residual velocity recorded (~1300 ft/s on the powder gun). The recorded files were
analyzed to obtain a residual velocity of the projectile. For each series of shots, a scale was
placed in the field of view in line with the projectile’s flight path to determine how many pixels
per inch the camera was recording. The camera controller also allowed the user to scroll through
the pixels in the x and y directions to record the projectile’s position within the field of view. By
stepping through frames and recording the position of the projectile, the residual velocity was
obtained by simple calculation.



FIGURE 9. KODAK CAMERA (LEFT) AND THE PHOTRON FASTCAM CAMERA
CONTROLLER (RIGHT)

The high-speed camera recordings also provided valuable information about target and projectile
behavior. The files were examined in great detail to obtain any information on failure
characteristics of the target and how the projectile behaved upon, during, and after impact.
Evidence of shattering and plugging of the target, finite strain bending, melting, and projectile
deviation were all observed by analyzing the recordings. The recordings for each test were
viewed and then saved as .avi files.

2.1.7 Catcher Box.

The catcher box, shown in figure 10, was designed to catch or stop the projectile after each test
without damaging anything within the lab and to prevent ricochet of the projectile. The catcher
box was simply a large wooden box filled with old Zylon® sheets with a large 1/2-inch-thick
steel plate secured to the back. After each test, the projectile was found in the catcher box and
examined for permanent deformation. The catcher box also often caught plugs that exited most
of the aluminum targets. If a plug was present, it would be retrieved after each test, examined,
and weighed.

FIGURE 10. CATCHER BOX AT THE END OF THE GAS GUN



2.2 POWDER GUN SETUP.

2.2.1 Powder Gun.

In the event that the pneumatic gun could not achieve the necessary velocity for a given set of
tests, the powder gun was used. The powder gun could achieve speeds upwards of 2000 ft/s
using 1/2-inch steel spheres. The powder gun consisted of a 63-inch-long SAE 5130 steel
smooth bore barrel with an inner diameter of 1/2 inch. The powder gun was configured to use
.50 caliber shells. These shells were filled with IMR 3031 smokeless powder. The amount of
powder was determined by the desired speed of the projectile. The shells were loaded into the
breech, which used an interlocking mechanism, and the gun was fired electronically from outside
the laboratory. A pin within the breech was designed to ignite the primer of the shell when the
trigger was fired. A view of the powder gun setup is shown in figure 11, and a diagram of the set
up is shown in figure 12.

FIGURE 11. STRAIGHT ON VIEW OF THE POWDER GUN SETUP
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FIGURE 12. SCHEMATIC OF EXPERIMENTAL ARRANGEMENT USING THE
POWDER GUN

2.2.2 Initial Velocity Measurement System.

The initial velocity measurement system on the powder gun, shown in figure 13, was nearly
identical to the system that was on the pneumatic gun. It also used a laser/photodiode setup. The
lasers were also helium-neon gas lasers, but the light detectors were custom-designed
photodiodes that produced a positive voltage pulse (rise time ~2 us) as the path of the laser was
broken by the projectile. In this setup, the lasers were placed 8 inches apart. As in the other
setup, an HP 53131A Universal Counter was used to detect the time between voltage pulses.
This time was used to calculate the velocity.

10



()
FIGURE 13. (a) PHOTODIODE BOXES AND (b) A VIEW OF THE LASER/PHOTODIODE
SETUP WITH THE LASERS ON THE LEFT AND THE PHOTODIODES ON THE RIGHT

2.2.3 Target Holder.

The target holder that was used was the same as described in section 2.1 for the pneumatic gun
setup.

2.2.4 Target Mount.

The cast iron target mount serves the same purpose as the target mount described in
section 2.1.4. It was used to hold the target holder in line of the projectile by four C-clamps.
The mount was securely attached to the powder gun table and held the target approximately 54
inches from the muzzle of the powder gun. The target mount is shown in figure 14.

FIGURE 14. TARGET HOLDER ATTACHED TO THE TARGET MOUNT USED IN THE
POWDER GUN SETUP

11



2.2.5 Cardboard Blast Shields.

One problem that was found while testing with the 1/2-inch steel sphere projectile on the powder
gun, was that there was a small amount of space between the projectile and the gun barrel. This
resulted in unignited powder pellets escaping past the projectile in the barrel and often triggering
the lasers ahead of the projectile. To solve this problem, a series of two cardboard sheets were
used directly in front of the muzzle as a blast shield, allowing the projectile to pass easily but
stopping the powder pellets before they reached the lasers. The cardboard sheets were
approximately 3 and 10.25 inches from the muzzle. The cardboard blast shields are shown in
figure 15.

FIGURE 15. CARDBOARD SHEETS USED AS A BLAST SHIELD IN FRONT OF THE
MUZZLE OF THE POWDER GUN

2.2.6 Residual Velocity Measurement System.

The residual velocity measurement system on the powder gun is identical to that used and
described in the pneumatic gun setup as described in section 2.1.5.

2.2.7 High-Speed Camera.

The camera setup is identical to that used and described in section 2.1.6 for the gas gun setup.

2.2.8 Catcher Box.

Although the catcher box used for the powder gun, shown in figure 16, is slightly larger than that
used for the pneumatic gun, it worked exactly the same way.
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FIGURE 16. CATCHER BOX AT THE END OF THE POWDER GUN

2.3 TEST PROCEDURE.

2.3.1 Pneumatic Gun Tests.

The following test procedure was followed for each of the pneumatic gun tests:

1.

All the targets used in the tests were precut to a 12- by 12-inch square. These targets
were placed within the target holder and eight 3/8-16- by 2-1/2-inch SHCS alloy steel
bolts were placed within the target holder, four at the corners and four at the midpoints.
The bolts were tightened using a torque wrench to approximately 10 ft/lb. The composite
sheets were more carefully tightened due to the low compressive strength of the
hexagonal sandwich core, only hand tightening the bolts.

The target holder was placed on the target mount, and the center of the target was
carefully lined up with the path of the projectile, ensuring that the projectile would hit the
center of the sheet in each test to avoid possible differences in boundary effects. Care
was also taken to ensure that the target plane was nearly perpendicular to the path of the
projectile to avoid oblique impacts. The target holder was then clamped at each of its
four corners using C-clamps.

The initial and residual velocity measurement systems were prepared and tested. Two
paper grids were placed in line with the path of the projectile approximately 6 inches
from the target. The grids were tested several times to ensure proper function. If errors
occurred during the testing process, the grids were replaced. The laser/photodiode
system was also tested several times to guarantee a successful measurement during the
test.

The pressure was set in the system to the desired value using the regulator valve on the
end of the nitrogen tank. The value of the pressure depended on the desired velocity for
the given test, which was obtained by a calibration curve developed for the 1/2-inch steel
sphere projectile relating pressure to velocity, as shown in figure 17.
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FIGURE 17. CALIBRATION CURVE FOR 1/2-INCH STEEL PROJECTILES ON THE GAS
GUN, RELATING PRESSURE TO INITIAL PROJECTILE VELOCITY

5. The breech of the gun was slid back on its two support rails, and the projectile was placed
just in front of pressure chamber in the barrel. The breech was brought forward and
reattached to the barrel. This process is shown in figure 18.

FIGURE 18. PRESSURE CHAMBER AND BREECH ATTACHED TO THE BARREL
(LEFT) AND SLID BACK FROM THE BARREL ON ITS SUPPORT RAILS (RIGHT)

6. The high-speed camera was prepared to record the shot. The camera was adjusted to
10,000 frames per second, and the high-intensity lamps were turned on. The camera was
lined up correctly to record the shot by observing the video output of the camera and
adjusted accordingly.

7. The pressure was released into the pressure chamber of the breech, and the firing trigger

was connected to the electronic control box. The counters were reset and prepared to
take measurements, at which point everything was prepared to perform the test.
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The room was evacuated and the camera control box brought outside the laboratory.
Using the camera control box, the recording was started. The trigger was fired, and the
recording was stopped.

After the test was performed, all the measurements were recorded, the recording of the
test was analyzed and saved, the projectile (and plug if used) were recovered, and the
target was taken down and inspected for failure characteristics. The target (and target
plug if it resulted) was then labeled and stored for future reference.

2.3.2 Powder Gun Procedure.

The following test procedure was followed for each of the power gun tests.

1.

All the targets used in the tests were precut to a 12- by 12-inch square. These targets
were placed within the target holder and eight 3/8-16- by 2-1/2-inch SHCS alloy steel
bolts were placed within the target holder, four at the corners and four at the midpoints.
The bolts were tightened using a torque wrench to approximately 10 ft/lb. The composite
sheets were more carefully tightened due to the low compressive strength of the
hexagonal sandwich core, only hand tightening the bolts.

The target holder was placed on the target mount, and the center of the target was
carefully lined up with the path of the projectile, ensuring that the projectile would hit the
center of the sheet in each test to avoid possible differences in boundary effects. Care
was also taken to ensure that the target plane was nearly perpendicular to the path of the
projectile to avoid oblique impacts. The target holder was then clamped at each of its
four corners using C-clamps.

The initial and residual velocity measurement systems were prepared and tested. Two
paper grids were placed in line with the path of the projectile approximately 6 inches
from the target. The grids were tested several times to ensure proper function. If errors
occurred during the testing process, the grids were replaced. The laser/photodiode
system was also tested several times to guarantee a successful measurement during the
test.

The barrel of the gun was cleared of debris from the previous test, and the cardboard blast
shields were set up.

A shell was then prepared for the test. A specific amount of powder pertaining to a
desired velocity was weighed on a small balance scale and poured into the bottom of the
shell. The amount of powder used was based on the velocities obtained in previous tests
for a given powder amount, not a calibration curve. A quarter of a standard tissue was
then placed into the shell and tamped down several times to ensure an even packing of
the powder. The projectile was then placed into the shell, as shown in figure 19.

The high-speed camera was prepared to record the shot. The camera was adjusted to
10,000 frames per second, and the high-intensity lamps were turned on. The camera was
lined up correctly to record the shot by observing the video output of the camera and
adjusted accordingly.
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The shell was then loaded into the breech of the powder gun, as shown in figure 20, and
the breech was closed. The triggering mechanism was attached to the back of the breech
and the counters were reset and prepared for taking measurements. At this point,
everything was prepared to perform the test.

The room was evacuated and the camera control box brought outside the laboratory.
Using the camera control box, the recording was started. The trigger was fired, and the
recording was stopped.

After the test was performed, all the measurements were recorded, the recording of the
test was analyzed and saved, the projectile (and plug if used) were recovered, and the
target was taken down and inspected for failure characteristics. The target (and target
plug if it resulted) was then labeled and stored for future reference.

FIGURE 19. A LOADED SHELL

FIGURE 20. SHELL BEING LOADED INTO THE BREECH OF THE
POWDER GUN

3. RESULTS AND DISCUSSION.

3.1 PROJECTILES.

The projectiles used in all the tests were 1/2-inch-diameter AISI 52100 chrome steel spheres
purchased from Bearing Engineering in Emeryville, CA. These projectiles were chosen to avoid
yaw and rotation problems that had arisen when using cylindrical projectiles. This allowed a
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consistent point of impact, greatly increasing the repeatability of the tests. It is also important to
note that the projectiles suffered no permanent deformation in any of the tests performed. The
hardness of the spheres was 60-64 Rockwell “C.” Some material properties for the projectiles
are provided in table 1.

TABLE 1. MATERIAL PROPERTIES OF THE PROJECTILES

Ultimate Tensile
Strength Yield Strength Density Mass
325,000 psi 295,000 psi 0.283 Ibs/in’ 0.29 oz.
2.2 GPa 2.0 GPa 7.833 g/cc 8.3¢

It should also be noted that all test shots in this study were center shots on the targets.

3.2 2024 ALUMINUM.

3.2.1 Material Properties.

The 2024-T3 and T351 alloy aluminum target material was purchased and cut into 12- by
12-inch squares by Alco Iron and Metal in San Leandro, CA. Target plates, 0.063, 0.125, and
0.25 inch thick, were ballistically evaluated. The chemical composition of 2024-T3 and T351
are identical and are given in table 2. The 2024-T3 material was desired for all testing; however,
it was available as sheet material only, but thicknesses of 0.25 inch and greater are only available
in 2024-T351 material. There are some slight property differences between the two materials.

TABLE 2. CHEMICAL COMPOSITION OF 2024-T3 AND T351 ALUMINUM

Balance

Aluminum (%)
Copper 4.76
Magnesium 1.38
Manganese 0.65
Iron 0.22
Silicon 0.08
Zinc 0.07
Titanium 0.03
Chromium 0.01

Some of the material properties for 2024-T3 and T351 aluminum from Aerospace Specification
Metals (ASM) are summarized in table 3.
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TABLE 3. MATERIAL PROPERTIES

2024-T3 Aluminum Sheet

Ultimate Tensile
Strength Yield Strength | Strain at Break | Shear Modulus Density

70,000 psi 50,000 psi 18% 4,060,000 psi 0.1 Ibs/in®

Material Properties of the 2024-T351 Aluminum Plates

Ultimate Tensile

Strength Yield Strength | Strain at Break | Shear Modulus Density

68,000 psi 50,000 psi 19-20% 4,060,000 psi | 0.1 Ibs/in®

To avoid ambiguity in the descriptions of the failure mechanisms of the targets, the following
terms will be defined as in reference 5 and section 7. The distal face of the plate is the surface
opposite the impact surface. Dishing is the flexural and stretching deformation of an annular
region of the plate surrounding the projectile impact point, where the dished region is displaced
normal to the surface of the plate. Denting is the localized indentation of the plate material under
the common interface between the projectile and the plate, often accompanied by bulging.
Bulging is the localized deformation or displacement of the distal face of the plate normal to its
surface. Petaling is the formation of petals caused by radial cracking from the point of impact.
Shear plugging is the shearing of the target plate around the point of impact causing the
formation of a plug of target material. Shattering refers to the case when several fragments exit
the target material upon impact. Perforation is the breaking through of the distal face of the plate
by the projectile. The ballistic limit velocity, or vso, is defined here as the velocity beyond which
the projectile fully perforates a target and below which it will not [6].

3.2.2 Aluminum Targets, 0.063 Inch Thick.

The full ballistic curve for 0.063-inch-thick aluminum, plotting the residual projectile velocity
against the initial projectile velocity, is shown in figure 21. The amount of energy absorbed by
each target relative to the initial projectile velocity was also plotted and is shown in figure 22. In
these graphs, error bars are present showing the amount of error possible for each data point. A
detailed discussion of the error analysis explaining the sources of error for each point is
contained in appendix A.
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ENERGY ABSORBED BY THE 0.063-INCH ALUMINUM TARGETS

The ballistic limit for these targets was found to be approximately 391 ft/s. At speeds
significantly below the ballistic limit (v; < 300 ft/s), the plates suffered from local dishing around
the point of impact, where the amount of dishing decreased with initial velocity. At these
speeds, no plug exited the target.

19



As the initial velocity approached the ballistic limit (300 ft/s < v; < vsp), the target dished and
then underwent petaling, radial cracks propagating from the center of the impact site, as well as
some shear plug formation, shearing of the target around the center of the impact site. Even
though petaling and shear plugging took place, the projectile did not fully penetrate the material
at these speeds. At initial projectile velocities above the ballistic limit (vi > vsp), the target also
dished and then failed by petaling and shear plug formation. At initial impact, the projectile
pushed out a plug by shear forces around the center of impact. The plug size was dependent
upon the speed of the projectile. The projectile then began to petal the target plate. The petals of
aluminum were pushed in a radial direction by the projectile until it slipped through the central
hole. Elastic recovery of the plate and the petals occurred immediately after the projectile had
cleared the petals. Therefore, the hole formed in the target plate was smaller than the projectile.
As the initial velocity increased beyond the ballistic limit, the size of the plugs exiting the target
increased, as shown in table 4 and figure 23.

TABLE 4. PLUG DIAMETER AT DIFFERENT PROJECTILE VELOCITIES

Initial Projectile Velocity v; Plug Diameter
(ft/s) (in.)
390 0.28
619 0.34
888 0.39

vi = 390 ft/s Vi = 619 ft/s v; = 888 ft/s

FIGURE 23. VIEWS OF PLUGS AT DIFFERENT INITIAL PROJECTILE VELOCITIES,
SHOWING INCREASING SIZE WITH INCREASING VELOCITY

As a result of the larger plugs, the amount of deformation due to petaling decreased, as the
projectile needed to push away less of the target material to slip through the central hole.
However, the number of petals or the number of radial cracks propagating from the center of the
impact site increased with the velocity of the projectile, as shown in table 5 and figure 24.
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TABLE 5. NUMBER AND SIZE OF PETALS RELATIVE TO v;

Normal Distance of Petal
Initial Deformation From Distal
Projectile Velocity Number Face d*
v; (ft/s) of Petals (in.)
390 4 0.28
619 5 0.20
888 6 0.16

*See appendix B for a diagram

vi = 390 ft/s v; = 619 ft/s v; = 888 ft/s

FIGURE 24. BACK AND ANGLED BACK VIEWS OF PLATES SHOT AT DIFFERENT
INITIAL VELOCITIES, SHOWING THE INCREASE IN THE
NUMBER OF PETALS AND DECREASE IN PETAL SIZE WITH
INCREASING PROJECTILE VELOCITY

The consistency of the residual velocity for a given initial velocity was also examined for these
targets by taking multiple shots at a given pressure. Because it was not possible to get identical
initial projectile velocities for a given pressure, a true analysis could not be performed. Instead,
this examination resulted in a cluster of shots around similar initial velocities, which were
subjectively examined for consistency. For the 0.063-inch aluminum targets, two groups of
clusters were obtained, as shown in figure 25.
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As seen in figure 25, the results for tests performed at approximately 430 ft/s were less consistent
than the tests performed at approximately 615 ft/s. The results for the tests performed at the
higher velocity form a very tight cluster with little variation. However, the results for the tests
performed at the lower velocity are scattered. This scatter may be a result of measurement error
(see appendix A), or more simply, a result of inherent scatter near the ballistic limit.

3.2.3 Aluminum Targets, 0.125 Inch Thick.

The full ballistic curve for 0.125-inch aluminum, plotting the residual projectile velocity against
the initial projectile velocity, is shown in figure 26. The amount of energy absorbed by each
target relative to the initial projectile velocity was also plotted and is shown in figure 27. The
results for this thickness are the most consistent, which is probably a result of the consistent
method of failure of the targets at all initial projectile velocities.
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ENERGY ABSORBED BY THE 0.125-INCH ALUMINUM TARGETS

The ballistic limit for these targets was found to be approximately 717 ft/s. The response of
these targets was intermediate between those of the thin and thick plates. For vi < vs, little
dishing occurred compared to the 0.063-inch targets, but there was still noticeable deformation
around the immediate site of impact, as shown in figure 28. As v; approached vso, petaling and
shear plugging began to take place once again, but for this plate thickness, the deformation was
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dominated by shear plugging. Large plugs were formed despite the projectile not penetrating the
target.

FIGURE 28. CROSS-SECTIONAL VIEW OF A 0.125-INCH TARGET TESTED AT AN
INITIAL PROJECTILE VELOCITY OF 627 ft/s, BELOW THE BALLISTIC LIMIT,
SHOWING DISHING DEFORMATION AROUND THE POINT OF IMPACT

For v; > v, the failure method continued to be dominated by shear plugging, with slight petaling
occurring. The size of the plugs and the petals only changed slightly with initial projectile
velocity, remaining nearly constant after perforation, as shown in tables 6 and 7, and figures 29
and 30. The impact response for this thickness plate was the most predictable and consistent of
all aluminum targets.

TABLE 6. PLUG PROPERTIES AT DIFFERENT PROJECTILE VELOCITIES

Initial Projectile Velocity, v; Plug Diameter
(ft/s) (in.)
724 0.39
861 0.41
1142 0.41

v; = 724 ft/s v; = 861 ft/s vi = 1142 ft/s

FIGURE 29. VIEWS OF PLUGS AT SEVERAL DIFFERENT INITIAL PROJECTILE
VELOCITIES, SHOWING THE PLUGS REMAINED NEARLY CONSTANT SIZE WITH
INCREASING PROJECTILE VELOCITY
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TABLE 7. NUMBER AND SIZE OF PETALS RELATIVE TO v;

Initial Projectile Normal Distance of Petal
Velocity, v; Number Deformation From Distal
(Ft/s) of Petals Face, d* (in.)
724 9 0.20
861 8 0.20
1142 9 0.20

* See appendix B for a diagram

v; = 724 ft/s v; = 861 ft/s vi = 1142 ft/s

FIGURE 30. VIEWS OF PLATES SHOT AT DIFFERENT INITIAL VELOCITIES,
SHOWING THE CONSISTENCY IN PETAL DEFORMATION WITH
INCREASING PROJECTILE VELOCITY

The consistency of the residual velocity for a given initial velocity was also examined for the

0.125-inch aluminum targets by the same method described for the 0.063-inch targets. For this
group of targets, two groups of clusters were obtained, as shown in figure 31.
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As can be seen in figure 31, both clusters of data points for the 0.125-inch tests contain very little
variation.

3.2.4 Aluminum Targets, 0.25 Inch Thick.

The full ballistic curve for 0.25-inch aluminum, plotting the residual projectile velocity against
the initial projectile velocity, is shown below in figure 32. The amount of energy absorbed by
each target relative to the initial projectile velocity was also plotted and is shown in figure 33.
The results for this thickness plate are the most scattered. This is partly a result of the
inconsistent nature of the failure mechanism, but also errors in the velocity measurements are
magnified by the higher velocities. For a more thorough description, see the error analysis in
appendix A.

The ballistic limit for these targets was found to be approximately 1327 ft/s. A rare picture of a
target with the projectile lodged within the plate identifying the ballistic limit is shown in
figure 34. For this thickness plate, little or no dishing occurred for all initial projectile velocities,
leaving the plates with a nearly flat profile except for the impact site. For v; < vso, the target plate
was dented by the projectile, leaving a projectile-shaped crater within the plate, as shown in
figure 35. Similar to the 0.125-inch-thick plates, shear plugging started before the ballistic limit.
For this thickness, shear plugging started nearly 300 ft/s below the ballistic limit at
approximately 1030 ft/s. The impact response and deformation for velocities above shear
plugging and below the ballistic limit were consistently similar, with only slight differences in
the plug size and mass.
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Front View Back View Angled Back View

FIGURE 34. PLATE WITH AN INITIAL PROJECTILE VELOCITY
OF 1021 ft/s, BEFORE SHEAR PLUGGING
(Note the denting of the target as well as signs of shearing.)

Front View Back View Angled Back View

FIGURE 35. PLATE WITH AN INITIAL PROJECTILE VELOCITY AT THE
BALLISTIC LIMIT, 1327 ft/s
(Note the projectile neither rebounded nor perforated the target,
but remained lodged within the plate.)

For v; > vsg, the failure method of the plates continued to be dominated by shear plugging, but
the shear plugging was accompanied with both shattering and melting of the target plate. For
most of the tests above the ballistic limit, there was not a single plug exiting the material, as
witnessed in the other thickness targets. For this thickness, shattering was seen. Several pieces
of target material were seen exiting the material, and the projectile did not exit the material as
clean as the other thicknesses, as shown in figure 36. The exit holes in the targets were jagged
and inconsistent. At these projectile speeds, evidence of melting was observed in the test
recordings and on the projectiles themselves. The projectiles were all found with a thin
hemispherical film of aluminum around their points of impact, as shown in figure 37. In nearly
all the recordings where the projectile fully perforated the target, a white flash was noticed upon
impact, as shown in figure 38. These white flashes are indicative of high temperatures and
possible phase transformations, which would point towards some target melting.
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FIGURE 36. IMAGE SEQUENCE SHOWING SHATTERING OF THE
TARGET PLATE

FIGURE 37. PROJECTILE WITH HEMISPHERICAL THIN FILM OF MELTED
ALUMINUM FROM IMPACT (LEFT) COMPARED TO
A NORMAL PROJECTILE (RIGHT)
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FIGURE 38. IMAGE SEQUENCE SHOWING THE FLASH OF
WHITE LIGHT AT IMPACT



Figures 39 through 41 show several targets at varying velocities.

Front View With Plug Back View Angled Back View

FIGURE 39. PLATE WITH AN INITIAL PROJECTILE VELOCITY OF
1343 ft/s, JUST ABOVE BALLISTIC LIMIT
(Note jaggedness of exit hole, which is characteristic
of the shattering that occurs at this thickness.)

Front View with Plug Back View Angled Back View

FIGURE 40. PLATE WITH AN INITIAL PROJECTILE VELOCITY OF 1581 ft/s

L%

-

Front View With Plug Back View Angled Back View

FIGURE 41. PLATE WITH AN INITIAL PROJECTILE VELOCITY OF 1875 ft/s

3.2.5 Summary.

Ballistic experiments were conducted with 1/2-inch-diameter spherical projectiles normal
incident at the approximate center of aluminum plates 0.063, 0.125, and 0.25 inch thick. The
ballistic limit results for aluminum are summarized in figure 42. The nominal projectile velocity
is plotted against plate thickness. The ballistic limit was found to be nearly a linear relationship

with plate thickness for these three plate thicknesses.

30



1600

1400

1200

N
Q
=]
=]

800

o2}

=]

=]
\

Ballistic Limit (ft/s)
\

400 .

200

0 0.05 0.1 0.15 0.2 0.25 0.3
Target Thickness (in.)

FIGURE 42. BALLISTIC LIMIT OF 2024-T351 Al RELATIVE TO THICKNESS

Six main types of plate failure behavior were identified during these experiments: dishing,
petaling, shear plugging, denting, shattering, and melting. Petaling was the main mode of failure
for the 0.063-inch plates, followed by dishing. However, as v; increased, the main mode of
failure became shear plugging. For the 0.125-inch plates, shear plugging was the main mode of
failure, with slight petaling and dishing occurring. For the 0.25-inch plates, the main mode of
failure remained shear plugging, with little to no petaling and dishing occurring. The shear
plugging was also accompanied by shattering and melting of the target plates. For some more
information on the ballistic behavior of aluminum see references 2, 3, and 7.

3.3 POLYCARBONATE.

3.3.1 Material Properties.

The 0.25-inch polycarbonate was purchased from Interstate Plastics in San Leandro, CA. The
brand of the polycarbonate was Makrolon produced by Bayer Plastics. A 24- by 48-inch sheet
was purchased, and then cut into 12- by 12-inch squares using a standard band saw in the UBC
machine shop. This transparent polymer is unusual in that it exhibits very large yield and
fracture strains. Some material properties for Makrolon polycarbonate are shown in table 8.

TABLE 8. MATERIAL PROPERTIES FOR MAKROLON POLYCARBONATE

Tensile Modulus Yield Stress Strain at Break Density
348 ksi 9428 psi 110% 0.043 Ibs/in’

3.3.2 Test Results.

The full ballistic curve for 0.25-inch Makrolon polycarbonate, plotting the residual projectile
velocity against the initial projectile velocity, is shown in figure 43. The data seems to undergo a
jump around 1200 ft/s, from one curve to another. This could possibly be the result in a change
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in the failure mechanism which caused the material to absorb slightly more energy. However, no
major change in failure mechanism was observed during the test. One possible explanation
could be the onset of some material melting that began to occur around this velocity. As shown
in the results of the 0.25-inch aluminum plates, the temperature upon impact can become very
high with increasing velocities. The process of melting would absorb more energy, which may
explain the negative jump in the ballistic curve. This phenomenon can also be seen in the
absorbed energy plot shown in figure 44.
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The ballistic limit for the 0.25-inch Makrolon polycarbonate targets was found to be
approximately 861 ft/s. At projectile speeds below the ballistic limit, little to no dishing
occurred, and all the deformation remained local to the immediate impact site. Although
bending of the targets was noticeable upon impact, the sheets underwent complete elastic
recovery everywhere except the immediate impact site. Denting occurred at the impact site,
producing a depression that was slightly smaller than the projectile. The depression often had a
pointed shape caused by radial elastic recovery. At the tip of the bulge, small-scale cracking was
visible as the projectile approached the ballistic limit.

At projectile speeds above the ballistic limit, some dishing (bending) was seen just after
penetration. The dishing was again mostly elastic, as the postimpact target was observed to have
a nearly flat profile except for the immediate impact site. The failure mechanism was mainly
petaling. The projectile dented the target and formed a bulge. At the tip of this bulge, fracture
was initiated and propagated in the radial direction through the thickness of the material forming
triangular petals. Upon perforation of the target by the projectile, the petals underwent extensive
viscoelastic recovery closing the hole that the projectile passed through. However, the petals
became entangled and remained bent out of the plane of the plate. The number of petals formed
increased with the speed of the projectile, as seen in the aluminum plates, ranging from about
four to eight petals. The petaling relieved the constraint in the central region of the plate,
allowing elastic recovery of the target back to a flat profile outside the immediate impact site.
See references 5, 8, and 9 for more information on the ballistic behavior of polycarbonate.

Figures 45-48 show the targets impacted at various velocities above and below the ballistic limit.

Back View

Angled Front View Angled Back View

FIGURE 45. POLYCARBONATE TARGET WITH AN INITIAL VELOCITY OF 874 ft/s
(No projectile perforation.)
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Front View Back View
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Angled Front View Angled Back View

FIGURE 46. POLYCARBONATE TARGET WITH AN INITIAL VELOCITY OF 963 ft/s

Front View Back View

Angled Front View Angled Back View

FIGURE 47. POLYCARBONATE TARGET WITH AN INITIAL VELOCITY OF 1186 ft/s
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Angled Front View Angled Back View

FIGURE 48. POLYCARBONATE TARGET WITH AN INITIAL VELOCITY OF 1537 ft/s

3.4 COMPOSITES.

3.4.1 Material Properties.

The sandwich composite panels that were tested in this program were supplied by the FAA. The
panels were a representative sample of composite structures found on an aircraft and were
fabricated specifically for ballistic testing. The lay-up of the panels consisted of two orthotropic,
symmetric laminates of +45° and 0°/90° weaves with a Nomex honeycomb core, as shown in
figure 49 [10]. The total thickness of the panels was 0.25 inch.

” H o H ”’-’
0.008” Woven Graphite Prepreg, + 45° Plain Weave

0.008” Woven Graphite Prepreg, 0°/90° Plain Weave
0.008” Woven Graphite Prepreg, +45° Plain Weave

Nomex® Honeycomb, 1/8” Hex, 0.25” Thick

0.008” Woven Graphite Prepreg, +45° Plain Weave

0.008” Woven Graphite Prepreg,0°/90° Plain Weave

0.008” Woven Graphite Prepreg, +45° Plain Weave

FIGURE 49. COMPOSITE PANEL LAY-UP
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3.4.2 Test Results.

The full ballistic curve for the sandwich composite panels, plotting the residual projectile
velocity against the initial projectile velocity, is shown in figure 50. The amount of energy
absorbed by each target relative to the initial projectile velocity was also plotted and is shown in
figure 51.
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The ballistic limit of the sandwich composite panels was found to be approximately 141 ft/s.
The ballistic limit indicates the speed at which the projectile fully perforates the entire composite
panel, not just one of the laminates. Unlike the aluminum and polycarbonate tests, the results of
these tests were unique to this specific composite lay-up, which says little about global material
behavior under ballistic impact. For all tested projectile velocities below the ballistic limit, the
front laminate of the panel was fully perforated. A speed at which no perforation of the
composite panel occurred could not be obtained due to low-speed limitations of the pneumatic
gun. In each case, the projectile, perforated the front laminate leaving a hole slightly smaller
than the projectile indicating some elastic recovery. The deformation in the front laminate was
completely local to the impact site. Absolutely no dishing was present in the postimpact target.
A consistent fracture pattern was observed in the rear laminate. In each case, a crack propagated
from the point of impact along each of the outer ply’s fiber direction, or the +45° directions.
This caused a pyramid-shaped deformation of four petals to form on the rear laminate. As the
velocity approached the ballistic limit, the petal pyramid extended further out of the plane of the
laminate.

At projectile speeds above the ballistic limit, the projectile pushed the petals outward until it was
able to pass through the rear laminate. At lower projectile speeds, the petals recovered
elastically after the projectile fully perforated the target. As the speed increased, the petals began
to delaminate from the rear face and could be seen coming off the target in the high-speed films,
as shown in figure 52. Eventually, as the speed became great enough, all the petals delaminated
and left the rear laminate with a jagged hole that was slightly smaller than the projectile. At
speeds much greater than the ballistic limit, the laminates were shattered by the incoming
projectile, producing much less consistent failure patterns.

Projectile

Fragments of
composite indicating
delamination

N [

il

FIGURE 52. IMAGE SEQUENCE SHOWING DELAMINATION OF PETALS



The front laminate failed by a similar mechanism as the rear laminate; however, the honeycomb
core added slightly more resistance to the petaling of the laminate, and the petals were also
contained by the core preventing their full delamination. The honeycomb core did little to
prevent the perforation of the composite panels. For more information on the impact response of
composites, see references 11 through 13.

Figures 53 through 56 show the targets impacted at various velocities above and below the
ballistic limit.

Front View Back View

FIGURE 53. COMPOSITE PANEL TARGET WITH AN INITIAL VELOCITY OF 135 ft/s,
BELOW THE BALLISTIC LIMIT
(Note the 45° fracture lines, forming a petal pyramid.)

Front View Back View

FIGURE 54. COMPOSITE PANEL TARGET WITH AN INITIAL VELOCITY OF 166 ft/s,
ABOVE THE BALLISTIC LIMIT
(Note the 45° fracture lines again and the elastic recovery of the petals after
perforation of the projectile.)
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Front View Back View

FIGURE 55. COMPOSITE PANEL TARGET WITH AN INITIAL VELOCITY OF 315 ft/s
(Note that two of the petals have delaminated from the rear laminate.)

i, S

Front View Back View

FIGURE 56. COMPOSITE PANEL TARGET WITH AN INITIAL VELOCITY OF 883 ft/s
(Note that no petals remain on the rear laminate and the jagged hole formed by
the perforating projectile.)

4. ANALYSIS.

4.1 STATISTICS.

To understand more about the consistency of the data, a statistical analysis was done on the
amount of energy stripped from the projectile for a fully perforated target, or the amount of
energy the target absorbed. The absorbed energy for each target was calculated by subtracting
the kinetic energy of the projectile after impact from the kinetic energy of the projectile before
impact. For each set of targets tested, the mean of the absorbed energy was calculated along
with the second, third, and fourth moments about the mean or the standard deviation, skewness,
and kurtosis. The standard deviation gives a measure of the amount of dispersion within the
data. The skewness is the degree of asymmetry of the distribution of the data. The kurtosis is
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the degree of peakedness of the distribution of the data. When the second, third, and fourth
moments about the mean are all equal to zero, one has a perfect normal distribution, or the
standard bell curve. The mean absorbed energy for each target is plotted with the absorbed
energy graphs in figure 57, showing the amount of scatter present in each set of data. The results
of the statistical analysis is shown in table 9.

The fourth column of table 9 (absorbed energy per areal density) is intended to compare energy
absorption of the aluminum, polycarbonate, and composites tested. The results showed the
following trends:

. The thicker the aluminum plate, the more energy it absorbed per areal density.

. The 0.25-inch-thick polycarbonate results show, approximately, an equal absorbed
energy per areal density as the 0.25-inch-thick aluminum. However, looking at how
much energy the polycarbonate absorbed compared to an equal weight aluminum target,
it was about two times the energy absorbed.

850.00

by
750.00 -i- _£ 1 T
% B gL 1 1
650.00 & 3
5 550.00
123
1%
o
-
? 450.00 -
& 3 ] 5
w0
= 350.00 3 %{
O
g g J--
S )& T 3% i %
a g
250.00 & 2 g o 025Al
PRI — - — - — - — - o 125Al
150.00 & ¢ 0.063Al
& o Composites
S o 0.25 Polycarbonatg
50.00 " - B oo POy
g P Linear (100% Loss)
o — - B — .2 ..
T T T T ; T
50 0(9'00 200.00 400.00 600.00 800.00 1000.00 1200.00

Initial Projectile Energy (J)

FIGURE 57. AMOUNT OF ABSORBED ENERGY OF EACH SET OF TARGETS PLOTTED
AGAINST THE INITIAL PROJECTILE ENERGY ALONG WITH THE
MEAN ABSORBED ENERGY

40



TABLE 9. MOMENTS ABOUT THE MEAN FOR THE ABSORBED ENERGY OF THE
DIFFERENT TARGETS

Absorbed | Weight of Absorbed
Energy Target Energy per
Mean Area Areal Density* | Standard
Target (Joules) (kg) (J m?/kg) Deviation | Skewness | Kurtosis
0.063-in. Al 57.2 0.29 12.9 5.51 0.77 0.98
0.125-in. Al 194.6 0.57 22.1 2.77 0.64 0.05
0.25-in. Al 698.5 1.14 39.7 49.68 0.94 -0.22
Polycarbonate 314.6 0.49 41.6 47.48 0.75 -0.63
Composites 10.6 N/A N/A 4.06 1.42 1.04

*Areal density is equal to the density of the target multiplied by the thickness.

Note that the values in table 9 were calculated excluding all the data points which the projectile
did not fully perforate the target. These values would skew the mean as the amount of energy
the target absorbed in these cases is less than the total possible amount of energy the target is
capable of absorbing.

4.2 ENERGY ANALYSIS.

The statistical analysis in section 4.1 shows that it is a fair assumption that the amount of energy
each set of targets is capable of absorbing is approximately constant above the ballistic limit.
This assumption allows the formation of a simple model to relate the residual projectile velocity
to the initial projectile velocity, by a conservation of energy argument. The argument is as
follows:

Ya mpvl-2 = AKE + % mpvr2 1)
where m, is the mass of the projectile, v; is the initial projectile velocity, AKE is the absorbed
kinetic energy of the target, and v, is the residual projectile velocity assuming perforation. After
rearranging equation 1, it was found that

v = (v’ + (2/m,)AKE) (2)
From equation 2, the ballistic limit, vs, can be solved by simply setting v, = 0 and solving for v;.

vso =" (2/m,)AKE (3)

Using this simple model and setting 4AKE equal to the mean absorbed energy values found for
each set of data, a theoretical ballistic limit and ballistic curve could be calculated for each set of
targets. Because the value of the AKE was obtained directly from the test data, it is expected that
these values should match quite well. These values were then compared to the experimental
values, as shown in table 10.
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TABLE 10. COMPARISON OF EXPERIMENTAL AND MODEL BALLISTIC LIMITS

USING THE CONSTANT AKE ASSUMPTION

Experimental Model Ballistic Percent
Target Ballistic Limit Limit Error
0.063-in. Al 391 ft/s 385 ft/s 1.5
0.125-in. Al 717 ft/s 711 ft/s 0.8
0.25-in. Al 1327 ft/s 1346 ft/s 1.4
Polycarbonate 861 ft/s 855 ft/s 0.7
Composites 141 ft/s 166 ft/s 17.7

The following graphs in figures 58 through 62 compare the experimental ballistic curves with the
ballistic curves obtained using the constant AKE model. The constant AKE curves fit closely
with the experimental curves, supporting the assumption of a constant absorbed energy. The
0.25-inch aluminum curve contains the most scatter, which is a result of the high projectile
velocities needed for perforation. The high projectile velocities result in a greater amount of
error in the residual velocity calculations. This is discussed in more detail in the error analysis in
appendix A. As mentioned before, the polycarbonate curve (figure 61) seems to contain a
transition from one constant absorbed energy curve to another around 1200 ft/s. Again, it is
possible that this transition is a result of a change in failure mechanism that absorbs slightly more
energy. One suggestion for this change is the onset of melting within the material.
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SANDWICH COMPOSITE PANELS

The assumption of constant absorbed energy of the target allows a model for the ballistic
behavior of a material to be developed through the use of formulas that calculate energy values
for failure mechanisms a certain material undergoes based on obtainable material properties.
Obviously this is a difficult task, as there are multiple mechanisms of failure for each material,
which are also dependent on the thickness of the material. For example, one would need to
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characterize the amount of energy involved in dishing, petaling, plugging, melting, elastic and
plastic wave propagation, and relate these phenomena to thickness to be able to approach a
complete model for aluminum. A more reasonable approach is to develop a model that only
characterizes several mechanisms that seem to absorb the most energy within a material.
Obviously, the result will be lower than the actual value using this approach, as not all of the
energy will be accounted for.

One model, known colloquially as the FAA energy equation [10], equates the absorbed energy to
the amount of work done by shearing out a plug of a given circumference.

AKE =( L G P)/cos*0 4)

Where L is the presented area perimeter in meters, G is the dynamic shear modulus in Pascals, ¢
is the target thickness in meters, and 6 is the obliquity of impact in degrees (0 is a normal
impact). The dynamic shear modulus is not a common material property. A value of G;' for
aluminum was found empirically to be approximately 210 MPa from a completely unrelated set
of tests [10]. This model only takes the amount of energy absorbed by pure plugging into
account. As was shown, plugging was only one of the energy absorbing mechanisms that
occurred in aluminum, and therefore, the values for the ballistic limit and residual velocities
obtained using this model are expected to be significantly lower than the actual values. Using
this model, the ballistic limits for the aluminum targets are compared with the experimental
results as shown in table 11.

TABLE 11. A COMPARISON OF THE ACTUAL BALLISTIC LIMIT WITH THE
CALCULATED BALLISTIC LIMIT FROM THE FAA EQUATION, ASSUMING

PURE PLUGGING
Actual Ballistic Limit From Percent
Target Ballistic Limit FAA Equation Error
0.063-in. aluminum 391 ft/s 235.9 ft/s 39.7
0.125-in. aluminum 717 ft/s 468.0 ft/s 34.7
0.25-in. aluminum 1327 ft/s 930.5 ft/s 29.9

The percent error decreases with increasing thickness as expected, since plugging begins to
dominate more as the thickness of aluminum increases. However, the model clearly
underestimates the ballistic limits for the aluminum targets. This model was not useful for the
polycarbonate or composite targets, as neither exhibited plugging. No useful models for
polycarbonate or composite laminates could be found in the literature.

5. SUMMARY.

Fuselage fragment barrier systems are being examined for commercial airplanes to provide
protection from an engine rotor burst failure. Part of this development is to understand how the

' G, (in the FAA equation) is empirically derived for fan blades impacting aircraft structure. It is not calibrated for
spherical projectiles.
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existing aircraft materials behave under ballistic impact, and then to model those results to aid
the aircraft industry in design of barriers and evaluation of existing aircraft structures for
fragments from rotor burst events. The objective of this program was to acquire additional data
on aluminum and titanium and preliminary data on composites and polycarbonate to support the
development of barriers. This data was then used to improve material models in DYNA
computer codes. This work yielded excellent test data on aluminum but more data is needed on
titanium, composites, and polycarbonate, which is subject of a current collaboration between the
FAA, UCB, Boeing, and LLNL.

In this test program, ballistic experiments were run on three different thicknesses of 2024
aluminum, and one thickness each of polycarbonate and composite panels. The experiments
were run using the gas gun and powder gun setups in the UCB Ballistics Laboratory. The object
of the experiments was to develop ballistic curves and determine the ballistic limit of 1/2-inch
steel spherical projectiles centrally impacting the five different sets of targets and the failure
modes and characteristics of each target. The amount of energy absorbed by each target was also
determined. A detailed error analysis was done for each data point, showing the amount of error
expected for each value.

Table 12 summarizes the ballistic limit for each target tested.

TABLE 12. THE BALLISTIC LIMIT FOR EACH TARGET TESTED

Experimental

Target Ballistic Limit
0.063-in. 2024-T3 aluminum 391 ft/s
0.125-in. 2024-T3 aluminum 717 ft/s
0.25-in. 2024-T351 aluminum 1327 ft/s
0.25-in. Makrolon polycarbonate 861 ft/s
0.25-in. honeycomb core composite panels 141 ft/s

For the 2024 aluminum plates, six main types of failure behavior were identified: dishing,
petaling, shear plugging, denting, shattering, and melting. Petaling was the main mode of failure
for the 0.063-inch plates, followed by dishing. However, as v; increased the main mode of
failure became shear plugging. For the 0.125-inch plates, shear plugging was the main mode of
failure, with slight petaling and dishing. For the 0.25-inch plates, the main mode of failure
remained shear plugging, with little to no petaling and dishing. The shear plugging was also
accompanied by shattering and melting of the target plates.

There were four main types of failure behavior characterized for the polycarbonate targets. They
were elastic bending, denting, petaling, and possible melting. The main mode of failure was
denting, followed by petaling. Upon initial impact, the target underwent bending or dishing,
followed by denting of the immediate impact site. The bulge formed by denting fractured and
formed petals. The petaling allowed perforation of the projectile that relieved the constraint in
the central region of the plate, allowing elastic recovery of the target back to a flat profile outside
the immediate impact site. The petals also recovered elastically, closing the hole through which
the projectile passed, became entangled, and remained bent out of the plane of the plate. It is
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hypothesized that melting occurred after about 1200 ft/s, resulting in a jump of absorbed energy
of the target.

The main type of failure for the composite panels was petaling and delamination. The composite
laminates fractured in the +45° directions from the point of impact, forming four petals in a
pyramid shape. At lower speeds, these petals would elastically recover, closing the hole that the
projectile passed through. As the speed increased, the petals delaminated from the plate, leaving
a jagged hole in the rear laminate.

For each set of targets, a statistical analysis was performed on the amount of the projectile’s
kinetic energy the target was able to absorb. It was proposed that the amount of energy that the
target could absorb (at or above the ballistic limit) was a constant, independent of the velocity of
the projectile.

Further work in this program might be done in the development of a more detailed model for the
residual velocity and ballistic limit of a target based on the assumption of a constant absorbed
kinetic energy. Also, one might explore the apparent jump in the absorbed energy of the
polycarbonate more closely to better understand if there was a jump, and what caused the jump.
In addition, further testing with thicker polycarbonate targets would give a better weight
comparison to the 0.25-inch-thick aluminum targets.
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7. GLOSSARY.

Distal Face—The surface opposite the impact surface on the target plate.
Dishing—The flexural and stretching deformation of an annular region of the plate surrounding
the projectile impact point where the dished region is displaced normal to the surface of the

plate.

Denting—The localized indentation of the plate material under the common interface between
the projectile and the plate, often accompanied by bulging.

Bulging—The localized deformation or displacement of the distal face of the plate normal to its
surface.

Petaling—The formation of petals caused by radial cracking from the point of impact.

Shear plugging—The shearing of the target plate around the point of impact causing the
formation of a plug of target material.

Shattering—The case when several fragments exit the target material upon impact.
Perforation—The breaking through of the distal face of the plate by the projectile.

Ballistic limit velocity, or vsy, is defined here as the velocity beyond which the projectile fully
perforates a target and below which it will not.
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APPENDIX A—ERROR ANALYSIS

A thorough error analysis was done for all the data obtained in this program. A certain amount
of errors were expected in obtaining both the initial and residual projectile velocities. The
amount of error varied considerably from point to point, depending on the method of
measurement. Three main measurement techniques were used to measure the velocity: the
laser/photodiode setup, the grids, and the high-speed camera. The initial velocities were all
measured with the laser/photodiode setup. Because the setup on the powder gun was not the
same as on the gas gun, the amount of error for the initial velocity varied, depending on which
gun was used.

The residual velocities were measured either with the grids or the high-speed camera. The grids
provided a more accurate measurement, but did not always capture the projectile’s velocity due
to plugging and other random errors. In these cases, the high-speed camera had to be used to
obtain a residual velocity measurement. Due to limitations on the number of frames per second
the camera could capture, the ability to measure the speed accurately also varied with the
projectile’s velocity. The projectile’s camera image became more blurry as its speed increased,
making it more difficult to obtain an accurate reading. The error for each measurement will now
be discussed in detail.

A.1 INITIAL PROJECTILE VELOCITY.

The equation used to calculate the initial projectile velocity for each test was
vi=d,/(t*12) (A-1)

where d, is the distance between photodiodes (in inches), ¢ is the time between the projectile
passing through the lasers and triggering the photodiodes obtained from the counters
(in seconds), and 12 is a conversion factor. The error associated with the initial velocity can be
found by the following equation:

(Ovi/vi)* = (0d,/d,)* + (t/ ) (A-2)

where dd, is the tolerance in the measurement of the distance between the photodiodes, and 6t is
the tolerance in the time measurement on the Hewlett Packard counters. For the gas gun,
d, = 2.5 £0.00025" (6d, = 0.00025"). This tolerance is the expected amount of error for the
distance between the holes for the photodiodes, obtained from the tolerance in the milling
machine in the UCB machine shop. For the powder gun, d, = 8.0 £0.0625" (éd, = 0.0625").
This is a subjective amount of error associated with the distance between the lasers in the
projectiles path. In the powder gun setup, the lasers are not exactly parallel. The lasers and the
photodiodes are a fair distance apart, resulting in a small variation in the distance between the
lasers, from the laser side to the photodiode side. Therefore, the distance had to be measured
manually where the projectile passed through the lasers. This measurement could only be
measured to within 0.0625". For both the powder and gas guns the tolerance for the time
measurements on the counter was 2.5 x 10" seconds. The smallest time obtained in all the tests
were approximately 230.0 x 10 seconds. Therefore, it can be shown for all cases that



(od, / dp)2 >> (5t/f)*, which sets (3¢/7)° =0 in equation A-6. Hence, the tolerance for the initial
velocities are the following:

ovi=v; * (1 x 10 = Gas Gun (A-3)
ov; =v; *(0.0078125) — Powder Gun (A-4)

A.2 RESIDUAL PROJECTILE VELOCITIES.

For the tests which the projectile successfully penetrated both grids, its residual velocity was
found by the following equation:

ve=dy [t *12) (A-5)

where d, is the distance between grids (in inches), ¢ is the time between the projectile passing
through each grid measured by the counter, and 12 is a conversion factor. The error associated
with the residual velocity measured by the grids can be found by the following equation:

(0v,/ v, ) = (0dg/ dg)* + (6t/ 1) (A-6)

where dd, is the subjective error for the distance between the grids, and Jt is the same as above.
For both setups, d, = 7.25 £0.125" (éd, = 0.125"). As mentioned above, the amount of error
associated with the time measured by the counters, ¢, is very small compared to the time
measured, and therefore, one can say (ddg/ a’g)2 >> (6t/1)>. This leads to the following equation
to determine dv, when the grids were used:

ov, = v, *(0.01724) (A-7)

However, the grids did not always capture the projectile’s residual velocity. In almost all the
aluminum tests, a plug was formed and exited the material ahead of the projectile, setting off the
grids. In other cases, the projectile missed the grids all together due to a lack of speed or an
angular exit. In these cases, the residual velocity of the projectile had to be measured using the
high-speed camera. This was done by the method described in detail in section 2. Using this
method, the residual velocity was calculated using the following equation:

v, = Ax / (C*12*Af) (A-8)

where Ax is the change in the pixel position of the projectile in the high-speed camera image
from one frame to another, C is the conversion factor from pixels to inches (found by measuring
the number of pixels between a known distance, L, placed in the camera image, 12 is a
conversion factor from inches to feet, and Af is the change in time from one frame to another.
Both 12 and At are assumed to be exact values with no error associated with them, so the error
for the residual velocity using the camera can be found from the following equation:

(Ov,/ v ) = (0Ax/ Ax)* + (6C/ C)? (A-9)



SAX? = 26x° (A-10)
C=Ax/L (A-11)
6C =0Ax/L (A-12)

The error for the change in pixels is found directly from the error associated with measuring the
pixel position of the projectile in a given frame, ox, since Ax = x, — x;, where x, and x; are the
pixel positions of the projectile in two chosen frames. The error for C is proportional to dAx
since it is found by simply dividing a change in pixels over a given length. However, the error
for measuring the pixel position varied, depending on the projectile velocity. The image of the
projectile within a given frame became less clear as the velocity increased, resulting in a larger
error. The error in calculating the pixel position for finding the value of C was the smallest since
the ruler used was a stationary object. The error was subjectively defined based on the residual
velocity of the projectile as the maximum possible error that could be expected from the image
of the projectile. Table A-1 shows the amount of error used relative to velocity.

TABLE A-1. AMOUNT OF ERROR SUBJECTIVELY ASSIGNED TO
THE ABILITY TO MEASURE THE PIXEL POSITION OF
THE PROJECTILE FOR VARYING VELOCITIES

Residual Projectile Velocity

(ft/s) ox 0Ax
0 (for calculating C) 0.1 0.141
0<v,<500 0.2 0.283
500 < v, <800 0.3 0.424
800 < v, <1100 0.4 0.566
1100 <v, 0.5 0.707

The values for Ax were unique for each test, and the values for C also varied between sets of
experiments as a result of the camera being moved from one setup to another. Therefore, the
error in the residual velocity is very specific to each individual test. Tables for the exact values
of the error for every test can be found in appendix C.

A.3 ABSORBED KINETIC ENERGY.

The absorbed kinetic energy is calculated using both the initial and residual velocities of the
projectile. Therefore, the error associated with each is perpetuated to an error in the value of the
absorbed kinetic energy. The equations used to calculate this error are shown below.

SAKE* = SIKE* + SRKE® (A-13)
IKE = Y5 myv;* (A-14)
RKE =Y myv,” (A-15)
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(OIKE / IKE )* = (6m,/ my)* + (20v; / vi)* (A-16)
(ORKE/RKE Y = (0m,/ m,)* + (26v, / v,)* (A-17)

where IKE is the initial kinetic energy of the projectile, RKE is the residual kinetic energy of the
projectile, and Jm,, is the error in the measurement of the mass of the projectile. For all tests,
om, = 0.00005 kg, which is the tolerance of the scale used to measure the mass. The complete
table of error values for the absorbed kinetic energy of each test can be seen at the end of this
appendix.
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APPENDIX B—DEFINITION OF NORMAL DISTANCE OF PETAL
DERFORMATION

I N\

Target Plate

FIGURE B-1. SCHEMATIC OF DEFINITION OF NORMAL DISTANCE OF
PETAL DEFORMATION
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APPENDIX C—COMPLETE SET OF DATA INCLUDING ADDITIONAL GRAPHS
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METALS TESTING
0.063” Aluminum Sheets
Ballistic Limit ~ 391 ft/s

V; v, m Vi V. m IKE AKE Percent KE
Test | (ft/s (ft/s) (2) (m/s) (m/s) (kg) ) Q) Absorbed
2 | 389.3 0.0 8.3 | 118.66 0.00 0.0083 58.43 58.43 100.00%
3 431.9 120.6 83| 131.64 36.76 0.0083 71.92 66.31 92.20%
4 | 3552 0.0 8.3 | 108.26 0.00 0.0083 48.64 48.64 100.00%
5 | 416.6 159.0 83| 126.98 48.46 0.0083 66.91 57.17 85.43%
6 | 4654 274.6 83| 141.85 83.70 0.0083 83.51 54.44 65.19%
7 | 497.5 316.1 83| 151.64 96.35 0.0083 95.43 56.90 59.63%
8 524.7 369.5 8.3 | 159.93 112.62 0.0083 | 106.15 53.51 50.41%
9 | 5382 391.7 8.4 | 164.04 119.39 0.0084 | 113.02 53.16 47.03%
10 | 574.7 459.8 84| 175.17 140.15 0.0084 | 128.87 46.38 35.99%
11 594.6 473.9 8.3 | 181.23 144.44 0.0083 | 136.31 49.72 36.48%
12 | 617.2 498.6 8.3 | 188.12 151.97 0.0083 | 146.87 51.02 34.74%
13 651.9 529.8 8.3 | 198.70 161.48 0.0083 | 163.85 55.63 33.95%
14 | 672.0 554.9 8.3 | 204.83 169.13 0.0083 | 174.11 55.39 31.81%
15 739.4 629.8 8.3 | 225.37 191.96 0.0083 | 210.78 57.86 27.45%
16 873.6 761.7 83| 26627 | 232.17 0.0083 | 294.24 70.55 23.98%
17 | 392.6 26.0 8.3 | 119.66 7.92 0.0083 59.43 59.17 99.56%
18 | 415.5 128.8 84| 126.64 39.26 0.0084 67.36 60.89 90.39%
19 | 330.6 0.0 8.3 | 100.77 0.00 0.0083 42.14 42.14 100.00%
20 | 286.4 0.0 8.3 87.29 0.00 0.0083 31.62 31.62 100.00%
21 299.6 0.0 8.4 91.32 0.00 0.0084 35.02 35.02 100.00%
22 | 390.2 0.0 8.4 | 118.93 0.00 0.0084 59.41 59.41 100.00%
23 428.6 186.0 8.3 | 130.64 56.69 0.0083 70.82 57.49 81.17%
24 | 430.6 177.4 83| 131.25 54.07 0.0083 71.49 59.35 83.03%
25 | 428.1 174.7 8.3 | 130.48 53.25 0.0083 70.66 58.89 83.35%
26 | 421.5 148.0 8.3 | 12847 45.11 0.0083 68.50 60.05 87.67%
27 | 4264 182.3 8.3 | 129.97 55.57 0.0083 70.10 57.29 81.72%
28 615.4 490.3 8.3 | 187.57 149.44 0.0083 | 146.01 53.33 36.52%
29 | 614.9 490.3 83| 187.42 149.44 0.0083 | 145.78 53.09 36.42%
30 | 617.8 491.4 8.3 | 188.31 149.78 0.0083 | 147.15 54.05 36.73%
31 618.8 497.5 8.3 | 188.61 151.64 0.0083 | 147.63 52.21 35.36%
32 | 400.2 163.3 83| 121.98 49.77 0.0083 61.75 51.47 83.35%
33 392.7 61.9 83| 119.69 18.87 0.0083 59.46 57.98 97.52%
34 | 387.5 0.0 83| 118.11 0.00 0.0083 57.89 57.89 100.00%
35 388.1 0.0 83| 118.29 0.00 0.0083 58.07 58.07 100.00%
36 | 401.0 96.3 83| 12222 29.35 0.0083 62.00 58.42 94.23%
37 | 394.8 65.8 8.3 | 120.34 20.06 0.0083 60.09 58.42 97.22%
83 903.3 805.4 83| 27533 | 24549 0.0083 | 314.59 64.50 20.50%
84 888.3 778.8 8.3 | 270.75 | 237.38 0.0083 | 304.23 70.38 23.13%
130 [1035.1 934.1 84| 31550 | 284.71 0.0084 | 418.07 77.61 18.56%
Stats for AKE
Mean 57.167
Std Dev 5.507
Skewness 0.766
Kurtosis 0.977
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STATISTICS
0.063"” Aluminum Sheets

Vo v, Mass Vo v, Mass Initial Energy | Absorbed Energy
Test (ft/s) (ft/s) (2) (m/s) (m/s) (kg) @) )
2 389.3 0.0 8.3 118.66 0.00 | 0.0083 58.43 58.43
3 431.9 120.6 8.3 131.64 36.76 | 0.0083 71.92 66.31
4 355.2 0.0 8.3 108.26 0.00 | 0.0083 48.64 48.64
5 416.6 159.0 8.3 126.98 48.46 | 0.0083 66.91 57.17
6 465.4 274.6 8.3 141.85 83.70 | 0.0083 83.51 54.44
7 497.5 316.1 8.3 151.64 96.35 | 0.0083 95.43 56.90
8 524.7 369.5 8.3 159.93 112.62 | 0.0083 106.15 53.51
9 538.2 391.7 8.4 164.04 119.39 | 0.0084 113.02 53.16
10 574.7 459.8 8.4 175.17 140.15 | 0.0084 128.87 46.38
11 594.6 473.9 8.3 181.23 144.44 | 0.0083 136.31 49.72
12 617.2 498.6 8.3 188.12 151.97 | 0.0083 146.87 51.02
13 651.9 529.8 8.3 198.70 161.48 | 0.0083 163.85 55.63
14 672.0 554.9 8.3 204.83 169.13 | 0.0083 174.11 55.39
15 739.4 629.8 8.3 225.37 191.96 | 0.0083 210.78 57.86
16 873.6 761.7 8.3 266.27 | 232.17 | 0.0083 294.24 70.55
17 392.6 26.0 8.3 119.66 7.92 | 0.0083 59.43 59.17
18 415.5 128.8 8.4 126.64 39.26 | 0.0084 67.36 60.89
19 330.6 0.0 8.3 100.77 0.00 | 0.0083 42.14 42.14
20 286.4 0.0 8.3 87.29 0.00 | 0.0083 31.62 31.62
21 299.6 0.0 8.4 91.32 0.00 | 0.0084 35.02 35.02
22 390.2 0.0 8.4 118.93 0.00 | 0.0084 59.41 59.41
23 428.6 186.0 8.3 130.64 56.69 | 0.0083 70.82 57.49
24 430.6 177.4 8.3 131.25 54.07 | 0.0083 71.49 59.35
25 428.1 174.7 8.3 130.48 53.25 | 0.0083 70.66 58.89
26 421.5 148.0 8.3 128.47 45.11 0.0083 68.50 60.05
27 426.4 182.3 8.3 129.97 55.57 | 0.0083 70.10 57.29
28 615.4 490.3 8.3 187.57 149.44 | 0.0083 146.01 53.33
29 614.9 490.3 8.3 187.42 149.44 | 0.0083 145.78 53.09
30 617.8 491.4 8.3 188.31 149.78 | 0.0083 147.15 54.05
31 618.8 497.5 8.3 188.61 151.64 | 0.0083 147.63 52.21
32 400.2 163.3 8.3 121.98 49.77 | 0.0083 61.75 51.47
33 392.7 61.9 8.3 119.69 18.87 | 0.0083 59.46 57.98
34 387.5 0.0 8.3 118.11 0.00 | 0.0083 57.89 57.89
35 388.1 0.0 8.3 118.29 0.00 | 0.0083 58.07 58.07
36 401.0 96.3 8.3 122.22 29.35 | 0.0083 62.00 58.42
37 394.8 65.8 8.3 120.34 20.06 | 0.0083 60.09 58.42
83 903.3 805.4 8.3 275.33 | 24549 | 0.0083 314.59 64.50
84 888.3 778.8 8.3 270.75 | 237.38 | 0.0083 304.23 70.38
Moments on Absorbed Energy

w/ zero values w/o zero values

Mean 55.428 |Mean 57.167

Std Dev 7.735 | Std Dev 5.507

Skewness -1.005 |Skewness | 0.766

Kurtosis 2.618 |Kurtosis 0.977
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COMPOSITES TESTING

2" x 1/32" Composite Sheets
Ballistic Limit ~ 141 ft/s

Vi v, m V: v, m IKE AKE Percent KE
Test | (ft/s (ft/s) (2) (m/s) (m/s) (kg) @) Q) Absorbed
87| 491.8 458.3 8.3 | 149.90 | 139.69 0.0083 93.25 12.27 13.16%
88| 315.0 2733 8.3 96.01 83.30 0.0083 38.26 9.46 24.72%
89| 2054 147.0 8.3 62.61 44.81 0.0083 16.27 7.93 48.78%
90| 133.0 0.0 8.3 40.54 0.00 0.0083 6.82 6.82 100.00%
91| 165.0 82.6 8.3 50.29 25.18 0.0083 10.50 7.87 74.94%
92| 170.0 86.0 8.3 51.82 26.21 0.0083 11.14 8.29 74.41%
93] 1245 0.0 8.3 37.95 0.00 0.0083 5.98 5.98 100.00%
941 176.3 109.5 8.3 53.74 33.38 0.0083 11.98 7.36 61.42%
95| 134.8 0.0 8.3 41.09 0.00 0.0083 7.01 7.01 100.00%
96| 142.0 21.9 8.3 43.28 6.68 0.0083 7.77 7.59 97.62%
97| 140.1 0.0 8.3 42.70 0.00 0.0083 7.57 7.57 100.00%
98| 882.5 853.8 8.3 | 268.99 | 260.24 0.0083| 300.27 19.21 6.40%
99| 689.1 658.1 8.3 | 210.04 | 200.59 0.0083| 183.08 16.10 8.79%
100 | 396.8 362.0 8.3 | 12094 | 110.34 0.0083 60.70 10.18 16.77%
Stats for AKE
Mean 10.627
Std Dev 4.058
Skewness 1.421
IKurtosis 1.040
Vo v, Mass Vo v, Mass Initial Energy |Absorbed Energy
Test (ft/s) (ft/s) (2) (m/s) (m/s) (kg) Q) @)
87 491.8 458.3 8.3 | 149.90 | 139.69 0.0083 93.25 12.27
88 315.0 2733 8.3 96.01 83.30 0.0083 38.26 9.46
89 205.4 147.0 8.3 62.61 44.81 0.0083 16.27 7.93
90 133.0 0.0 8.3 40.54 0.00 0.0083 6.82 6.82
91 165.0 82.6 8.3 50.29 25.18 0.0083 10.50 7.87
92 170.0 86.0 8.3 51.82 26.21 0.0083 11.14 8.29
93 124.5 0.0 8.3 37.95 0.00 0.0083 5.98 5.98
94 176.3 109.5 8.3 53.74 33.38 0.0083 11.98 7.36
95 134.8 0.0 8.3 41.09 0.00 0.0083 7.01 7.01
96 142.0 21.9 8.3 43.28 6.68 0.0083 7.77 7.59
97 140.1 0.0 8.3 42.70 0.00 0.0083 7.57 7.57
98 882.5 853.8 8.3 | 268.99 | 260.24 0.0083 300.27 19.21
99 689.1 658.1 8.3 | 210.04 | 200.59 0.0083 183.08 16.10
100 396.8 362.0 8.3 | 12094 | 110.34 0.0083 60.70 10.18
Moments on Absorbed Energy
w/ zero values w/o zero values
Mean 9.545 |Mean 10.627
Std Dev 3.827 |Std Dev 4.058
Skewness 1.741 |Skewness 1.421
Kurtosis 2415 |Kurtosis 1.040
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POLYCARBONATE TESTING
0.25" Polycarbonate (Makrolon) Sheets
Ballistic Limit ~ 861 ft/s

Vi V. m V; V. m IKE AKE Percent KE
Test (ft/s (ft/s) (2) (m/s) (m/s) (kg) J) Q) Absorbed
134 | 783.2 0.0 8.3 238.72 0.00 0.0083| 236.50 236.50 100.00%
135 | 844.8 0.0 8.3 257.50 0.00 0.0083| 275.16 275.16 100.00%
136 | 867.6 0.0 8.3 264.44 0.00 0.0083| 290.21 290.21 100.00%
137 | 874.3 0.0 8.3 266.49 0.00 0.0083| 294.71 294.71 100.00%
138 | 873.7 0.0 8.4 266.30 0.00 0.0084| 297.85 297.85 100.00%
139 11065.5 631.6 8.4 32476 | 192.51 0.0084| 442.98 287.33 64.86%
140 | 983.3 479.1 8.4 299.71 | 146.03 0.0084| 377.27 287.71 76.26%
141 ]1002.5 584.4 8.4 305.56 | 178.13 0.0084| 392.15 258.89 66.02%
142 | 879.8 186.8 8.4 268.16 56.94 0.0084| 302.03 288.41 95.49%
143 |1078.8 657.6 8.4 328.82 | 200.44 0.0084| 454.11 285.38 62.84%
144 |1154.0 771.5 8.4 351.74 | 235.15 0.0084| 519.63 287.38 55.30%
145 [1194.6 835.8 8.4 364.11 | 254.75 0.0084| 556.83 284.26 51.05%
146 (1446.3 1079.8 8.4 440.83 | 329.12 0.0084| 816.20 361.25 44.26%
147 [1356.6 934.2 8.4 413.49 | 284.74 0.0084| 718.10 377.56 52.58%
148 [1367.3 954.6 8.4 416.75 | 290.96 0.0084| 729.47 373.90 51.26%
149 11402.8 1016.9 8.4 427.57 | 309.95 0.0084| 767.84 364.35 47.45%
150 [1351.9 922.8 8.4 412.06 | 281.27 0.0084| 713.13 380.86 53.41%
151 [1319.6 817.1 8.4 402.21 | 249.05 0.0084| 679.46 418.95 61.66%
152 [1186.0 805.9 8.4 361.49 | 245.64 0.0084| 548.84 295.42 53.83%
153 [1061.0 629.5 8.4 323.39 | 191.87 0.0084| 439.25 284.63 64.80%
154 |1455.7 1101.1 8.4 443.70 | 335.62 0.0084| 826.84 353.76 42.79%
155 ]1536.5 1249.1 8.4 468.33 | 380.73 0.0084| 921.18 312.38 33.91%
156 (1027.2 563.0 8.4 313.09 | 171.60 0.0084| 411.71 288.03 69.96%
157 | 863.4 124.0 8.4 263.16 37.80 0.0084| 290.87 284.87 97.94%
158 | 962.5 542.5 8.4 293.37 | 165.35 0.0084| 361.48 246.64 68.23%

Stats for AKE

Mean 314.609
Std Dev 47.477
Skewness 0.747
Kurtosis -0.628
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STATISTICS
0.25" Polycarbonate (Markolon) Sheets

Vo V. Mass Vo V. Mass Initial Energy Absorbed Energy
Test | (ft/s) (ft/s) (g) (/s) (/s) (kg) J) J)
133 | 881.7 196.5 8.3 268.74 59.89 0.0083 299.72 284.84
134 | 783.2 0.0 8.3 238.72 0.00 0.0083 236.50 236.50
135 | 844.8 0.0 8.3 257.50 0.00 0.0083 275.16 275.16
136 | 867.6 0.0 8.3 264.44 0.00 0.0083 290.21 290.21
137 | 8743 0.0 8.3 266.49 0.00 0.0083 294.71 294.71
138 | 873.7 0.0 8.4 266.30 0.00 0.0084 297.85 297.85
139 [1065.5 | 631.6 8.4 324.76 | 192.51 0.0084 442.98 287.33
140 | 983.3 | 479.1 8.4 299.71 | 146.03 0.0084 377.27 287.71
141 |1002.5 | 5844 8.4 305.56 | 178.13 0.0084 392.15 258.89
142 | 879.8 186.8 8.4 268.16 56.94 0.0084 302.03 288.41
143 |1078.8 | 657.6 8.4 328.82 | 200.44 0.0084 454.11 285.38
144 |1154.0 | 771.5 8.4 351.74 | 235.15 0.0084 519.63 287.38
145 |1194.6 | 835.8 8.4 364.11 | 254.75 0.0084 556.83 284.26
146 |1446.3 [1079.8 8.4 440.83 | 329.12 0.0084 816.20 361.25
147 [1356.6 | 934.2 8.4 413.49 | 284.74 0.0084 718.10 377.56
148 [1367.3 | 954.6 8.4 416.75 | 290.96 0.0084 729.47 373.90
149 [1402.8 [1016.9 8.4 427.57 | 309.95 0.0084 767.84 364.35
150 [1351.9 | 922.8 8.4 412.06 | 281.27 0.0084 713.13 380.86
151 |1319.6 | 817.1 8.4 402.21 | 249.05 0.0084 679.46 418.95
152 |1186.0 | 805.9 8.4 361.49 | 245.64 0.0084 548.84 295.42
153 [1061.0 | 629.5 8.4 323.39 | 191.87 0.0084 439.25 284.63
154 [1455.7 |1101.1 8.4 443.70 | 335.62 0.0084 826.84 353.76
155 [1536.5 |1249.1 8.4 468.33 | 380.73 0.0084 921.18 312.38
156 |1027.2 | 563.0 8.4 313.09 | 171.60 0.0084 411.71 288.03
157 | 863.4 124.0 8.4 263.16 37.80 0.0084 290.87 284.87
158 | 962.5 | 5425 8.4 293.37 | 165.35 0.0084 361.48 246.64

Moments on Absorbed Energy

w/ zero values

w/o zero values

Mean 307.739

Mean 314.609

Std Dev 45.950

Std Dev 47.477

Skewness 0.883

Skewness 0.747

Kurtosis -0.016

Kurtosis -0.628

Data Suggests Transition ~ 1200 ft/s:

Values Before 1200 ft/s

Values After 1200 ft/s

Mean 281.829

Mean 367.876

Std Dev 13.452

Std Dev 29.862

Skewness | -2.101

Skewness -0.268

Kurtosis 3.868

Kurtosis 2.157
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PREDICTED RESIDUAL VELOCITY ASSUMING A CONSTANT ABSORBED KINETIC

ENERGY BY THE TARGET
0.063" Al
Predicted Ballistic Limit: 385.0647 ft/s (117.3677158 m/s)
Proj. Mass Approx. v, v, V. v,
(kg) AKE (ft/s) (m/s) (m/s) (ft/s)
0.0083 57.167 385.1 117.3785 1.5896051 5.2152397
400 121.92 33.004631 108.28291
420 128.016 51.116685 167.70566
440 134.112 64.891046 212.89713
460 140.208 76.701386 251.64497
480 146.304 87.348038 286.57493
500 152.4 97.21409 318.94387
550 167.64 119.69958 392.71515
600 182.88 140.24947 460.13606
650 198.12 159.61314 523.66515
700 213.36 178.17775 584.57266
750 228.6 196.17028 643.60329
800 243.84 213.73527 701.2312
850 259.08 230.97027 757.77648
900 274.32 247.94411 813.46493
1200 365.76 346.41766 1136.5409
0.125" Al
Predicted Ballistic Limit: 710.5048 ft/s (216.5618529 m/s)
Proj. Mass | Approx. v, v, v, v,
(kg) AKE (ft/s) (m/s) (m/s) (ft/s)
0.0083 194.631 710.6 216.5909 3.5458644 11.633414
720 219.456 35.523229 116.54603
740 225.552 63.044973 206.84046
760 231.648 82.22992 269.7832
780 237.744 98.097775 321.84309
800 243.84 112.06654 367.67238
820 249.936 124.77567 409.369
840 256.032 136.57726 448.08814
860 262.128 147.68904 484.54409
880 268.224 158.25637 519.21381
900 274.32 168.38179 552.43369
1200 365.76 294.75641 967.04859
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PREDICTED RESIDUAL VELOCITY ASSUMING A CONSTANT ABSORBED KINETIC
ENERGY BY THE TARGET (Continued)

0.25" Al
Predicted Ballistic Limit: 1346.012 ft/s (410.2643873 m/s)
Proj. Mass Approx. v, v, V. V.
(kg) AKE (ft/s) (m/s) (m/s) (ft/s)
0.0083 698.515 1346.1 410.2913 4.6975498 15.411909
1350 411.48 31.605742 103.69338
1360 414.528 59.300888 194.55672
1380 420.624 92.777594 304.38843
1400 426.72 117.35881 385.03548
1420 432.816 137.88699 452.38514
1440 438912 155.97075 511.71507
1460 445.008 172.38113 565.55488
1500 457.2 201.77951 662.00628
1550 472.44 234.27054 768.60414
1600 487.68 263.65681 865.01579
1650 502.92 290.88083 954.33344
1700 518.16 316.50106 1038.3893
1800 548.64 364.26499 1195.0951
1900 579.12 408.73354 1340.9893
Composites
Predicted Ballistic Limit: 166.0223 ft/s (50.60358576 m/s)
Proj. Mass Approx. V, V, V. V.
(kg) AKE (ft/s) (m/s) (m/s) (ft/s)
0.0083 10.627 166.1 50.62728 1.5487378 5.0811606
170 51.816 11.143382 36.559653
175 53.34 16.865133 55.331801
180 54.864 21.197538 69.545727
190 57912 28.16162 92.393767
200 60.96 33.991156 111.51954
250 76.2 56.971195 186.91337
300 91.44 76.161347 249.87318
350 106.68 93.91432 308.11785
400 121.92 110.92233 363.91841
500 152.4 143.75339 471.63186
600 182.88 175.7395 576.57316
700 213.36 207.2722 680.02692
800 243.84 238.53139 782.58329
900 274.32 269.6122 884.55447
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PREDICTED RESIDUAL VELOCITY ASSUMING A CONSTANT ABSORBED KINETIC

ENERGY BY THE TARGET (Continued)

0.25" Polycarbonate

Predicted
Ballistic Limit: 854.9758 ft/s (260.5966278 m/s) With Transition Present Without Transition
Proj. Mass Approx. V, V, V. |8 V. V.
(kg) AKE (ft/s) (m/s) (m/s) (ft/s) (m/s) (ft/s)

0.0083 281.829 855 260.604 1.9602057| 6.4311211] 1.9602057| 6.4311211
860 262.128 28.292861| 92.824347| 28.292861| 92.824347

880 268.224 63.509934| 208.36593| 63.509934| 208.36593

900 274.32 85.678819| 281.09849| 85.678819| 281.09849

950 289.56 126.2315 | 414.14534| 126.2315 414.14534

1000 304.8 158.08997| 518.66787| 158.08997 | 518.66787

1050 320.04 185.78213| 609.52142| 185.78213 | 609.52142

1100 335.28 210.95515| 692.11008| 210.95515 | 692.11008

1150 350.52 234.42199| 769.10101| 234.42199 | 769.10101

1200 365.76 256.65108| 842.03109| 256.65108 | 842.03109

1250 381 277.93956| 911.87519| 277.93956 | 911.87519

0.0083 367.876 1300 396.24 261.45997| 857.80832| 298.48875 | 979.29381
1350 411.48 284.02636| 931.845 318.44181 | 1044.7566

1400 426.72 305.68798| 1002.9133 337.90436 | 1108.6101

1500 4572 346.96833| 1138.3475 375.66107 | 1232.4838

1600 487.68 386.24728| 1267.2155 412.21497 | 1352.4113

C-27




7900 TI6'L €820 710 0911 L'LT | %0000 X SL6Y 8819 1€
2900 6£T'L €82°0 1710 0911 TYE | $0000 X vi6b 8°L19 0¢
190°0 vr8'L €82°0 1710 09'11 €LT | 0000 X €06V 6719 6T
790°0 vr8L €870 I71°0 09°11 €LT | ¥000°0 X €06 7'S19 8T
€400 evie €81 v'9Th LT
w00 4% 0'8¥1 STy 9z
€700 zio'e LYLT 1'8T ST
£0°0 L96'C €87°0 1710 09'11 L'YT | 01000 X vLLT 9°0¢h T
£40°0 L0T'€ 0'981 9'8Tt €C
6£0°0 0000 00 T06¢€ w@
0£0°0 0000 00 9'66C k4
620°0 0000 00 '98¢C 0T
€€0°0 0000 00 9'0€€ 61
oo 12ce 8'8C1 SSIy 81
6£0°0 865°0 €82°0 1710 w9l Syl | 0¥00°0 X 0'9C 9'T6¢€ L1
L80°0 €ETel L'19L 9'¢L8 91
vLO0 seL'Tl 4] 1710 09'11 €97 | £000°0 X 8'679 b'6€L S1
£90°0 881°01 4] 1710 09'11 60 | #0000 X 6'7SS 0'TLY vl
$90°0 686'6 4] 1710 09'11 $6T | 00070 X 8'6CS 6’159 €l
790°0 €20°6 €87°0 I71°0 0L'T1 01T | £0000 X 9'86% TLIY 1
650°0 099°'L €87°0 I71°0 S9'IT $'9T | ¥000°0 X 6'€LY 9'76S I
L50°0 ¥26'9 €827°0 1710 09'11 0'C€ | $0000 X 865 L'vLS 01
¥$0°0 $86'S €87°0 1710 SEIl 0°C€ | 90000 X L'16€ 413 6
500 09¢°S €87°0 1710 09'11 0°9¢ | L0000 X $'69¢ L'vTs 8
050°0 0S¥'S 1'91¢ S'L6y L
Ly0°0 (347 €87°0 1710 00'11 0'6C | 80000 X 9vLT 'S9 9
w00 LT 0651 991¥ S
9€0°0 0000 00 Tsse v
€400 6L0°T 9'0C1 6'1¢h €
6£0°0 0000 00 €68¢ C
IV €900
(snp) (snp) XVQ oy 0 Xy v uno eowe) [ (s/) (snp) 19
‘AQ A9 10pMog A A

SANTVA ALIDOTHA TVNAISHY ANV TVILINI NO SISATVNY JOddd

C-28



TL00 61T T €870 I71°0 09°1T L'vE €00°0 X 1'¢8 8'1CL 8¢S
TLO0 seel €87°0 1710 09°CI 8T | €200°0 X €16 6'81L LS
1L0°0 000°0 00 7'60L 9¢
TLO0 610°C €87°0 1710 09'11 vve | 810070 X €LET 0'vTL $S
¥80°0 69L°9 €87°0 1710 09'11 6'0€ | S000°0 X 0ty Vb8 14
€80°0 6L1°9 €87°0 1710 09'11 v'SE | 90000 X 6'€Th 6'ST8 €5
6L0°0 v9T'S €87°0 1710 09'11 I'S€ | L0000 X T09¢ TY6L s
9L0°0 §68'¢ €870 I71°0 09°11 v'LE | 01000 X L'89T TLSL IS
980°0 voL'L €870 I71°0 09°11 0'LT | #0000 X 6’78t €98 0S
980°0 $90°L €87°0 1710 09'11 0'€E | $000°0 X I'vLYy 6'098 6
6900 0000 00 $'€69 8
TLO0 0000 00 $9IL Ly
0L0°0 0000 00 €70L 9%
TLO0 8S€'T €87°0 1710 09'11 L'6T | ¥100°0 X bTsT 9'€TL St
TLO0 0LTT €87°0 1710 09'11 TIE | S100°0 X 404 vIeL a4
1L0°0 0000 00 TYIL €y
¥L00 LTP'E €870 I71°0 09°11 $'1€ | 01000 X €9t TrrL (4%
6900 0000 00 L'889 Iy
990°0 0000 00 6'099 o
¥90°0 0000 00 9'TH9 6¢
£€90°0 000°0 00 ¥'LT9 8¢

IV .ST1°0
£80'8 SOT91 X 1'7€6 1'5€01 o€l
680°0 8TY €l 8'8LL €888 8
060°0 988°¢1 7’508 €606 €8
6£0°0 PET'T 8'69 8'v6¢ LE
0v0°0 099°1 €96 0'10Y 9¢
6£0°0 0000 00 1'88¢ 93
6£0°0 0000 00 $'L8¢ ve
6£0°0 L60'T €870 | 10 LTI 9'CC | LT000 X 6’19 L'T6€ €€
0v0°0 918'C €91 T 00y 43

IV ,£€90°0
(snp) (snp) XVQ 09 0 Xy v uno eIoWe ) (snp) (sny) 19
‘AQ A9 10pMOg A ‘A

(ponunuo)) SHNTVA ALIDOTIA TVNAISTY ANV TVILINI NO SISATYNV JO¥dd

C-29



768 €2981 | 9950 [I1v10 |SIvI €8T 2000°0 X X €€e8 0ThIl 1€l
880°0 9691 | ¥cr0 | I¥10 | 0€TI I'v1 2000°0 X 00T G788 98
680°0 STL9T | ¥Tr0 | 1¥I°0 | 0STII 8yl 2000°0 X T79¢s 0068 S8
$80°0 vTre €870 | I¥I'0 | 0¢II 6l €000°0 X 0TLY 0S8 18
$80°0 £00°6 €870 | I¥I'0 | 0¢II 981 €000°0 X TLSY 1'8%8 08
$80°0 €01°6 €870 | I¥I'0 | 0€II 161 €000°0 X S 69% 9758 6L
$80°0 €916 €870 | I¥I'0 | OETI v6l €000°0 X 6'9LY v'S8 8L
$80°0 $80°6 €870 | I¥I'0 | OETI 061 €000°0 X I'L9% 898 LL
980°0 €YT6 €870 | I¥I'0 | 0€TII 861 €000°0 X L98Y $'868 9L
¥L0°0 S6'¢ €870 | I¥I'0 | 0CTII L6l L0000 X $'L0T TLEL SL
vL0°0 1vSy €870 | I¥I'0 | 0¢TI 061 90000 X Seee LEvL vL
vL0°0 696°'¢ €870 | I¥I'0 | 0¢II 661 L0000 X 9'60¢ 09¢L €L
vL0'0 Y0y €870 | I¥I'0 | 0¢II L0z L0000 X 1’812 SOpL 7L
vL0'0 9Tr'y €870 | I¥I'0 | 0€II 8Ll 90000 X 8'8I1C 90bL IL
¥L00 Yor' vy €870 | I¥I'0 | OETI T8l 90000 X L'€TT V6L 0L
7L00 6L0°C €870 | I¥I'0 | 09711 0°€€ L100°0 X S6€1 LveL 69
€500 0000 00 8°9TS 89
8€0°0 0000 00 ['¥8¢ L9
€80°0 1099 €870 | I¥I'0 | 0911 L'62 $000°0 X L9TYy 1¢e8 99
080°0 889°G €870 | I¥I'0 | 0911 €1¢ 90000 X 8YLE 1'208 $9
18070 v26°'S €870 | I¥I°0 | 0911 €ee 90000 X L'86€ 8118 9
8L0°0 6Ly €870 | I¥I°0 | 0911 I'LE 8000°0 X Teee L'SLL €9
0L0°0 000°0 00 S00L 29
1L0°0 000°0 00 690L 19
7L0°0 SS6°1 €870 | I¥I'0 | 0911 8°T¢ 8100°0 X 6°0€1 S0TL 6S
(ponunuo)d) 1v ,$T1°0
(s) (sy) XVQ 00 o) Xy LV unH eIowe) (s) (sg) 191
‘AQ AQ 1opmod A ‘A

(ponunuo)) SHNTVA ALIDOTIA TVNAISTY ANV TVILINI NO SISATYNV JO¥dd

C-30



01S°01 | 0000 X 00 €Shel 8T1
79701 | 0000 X 00 1'6€€1 LTl
vES'OT | 9LT'9 | €8T0 |I¥I0 STHI 0'1¢ £000°0 X X 'St 8'98¢1 9z1
1SE0T | 0000 X 00 6'vTel STl
18€°0T | 0000 X 00 8'8TE1 vl
TSOPT | LEV'EY | LOLO | T¥T0 STHI 01z 1000°0 X X L'9gTI b'SL8IT €Tl
ISL'ET | 00661 | 9950 |I¥1°0 Syl 0°LE 20000 X X $'6801 0¥9LI 44!
10€VT | ¥91°€y | LOLO | 1¥1°0 Syl €61 100070 X X 9'9¢T11 §0€81 11
TSETL | 61FFE | 9950 | 110 STvI L'yl 1000°0 X X L'598 0181 0zl
19S°TT | TLEOL | ¥T¥'0 | 1¥1°0 STvI $'I¢g €000°0 X X '819 8'6LY1 611
€8LIT | ¥Trvl | ¥TH0 | 1170 STHI $'¥C 20000 X X vITL T'80S1 811
SL6'L 0000 X 00 8°0201 LT
T6V'0T | 89€T | €8T0 | I¥I0 STHI 0vt €100°0 X X €661 0'EvET 911
88I'IT | €S0°0T | ¥Tb'0 | 110 STHI L'8T €000°0 X X ' €9¢ 0'TEPT SIT
vE0'Tl | T€E1°9C | ¥TH0 | 1410 STH1 0°€l 100070 X X 9°59L 7' OrsI 48!
0€8°CI | 6IEFE | 9950 | I¥1°0 STH1 01 10000 X X S'ves TTI1 €1l
6S0°E€l | 1T9%E | 9950 | 110 SIvl 091 10000 X X €Th6 S'1L91 48
TECTL | 80THI | ¥THO | 1¥10 | 0€TI 00T 20000 X X 6'88¢ S0sY1 111
vIE0T | 0000 X 00 Tozel 011
TSSOT | TIS'S | €8T0 | I+1°0 STHI €LE $000°0 X X £6ey L'0SET 601
8LEOT | 88T'E | €8T0 |I¥I0 STHI 8'C¢E 80000 X X ST v'8TET 80T
89%°0T | 660°S | €8T0 |I+¥I0 STHI 8'C¢E $000°0 X X £98¢ 6'6£€1 LOT
€LS°0T | 0000 X 00 7 ESET 901
026'01 | 96€9 | €870 |1¥1°0 STyl 0°€e £000°0 X X 8'58Y L'L6ET 01
0TL0T | 8¥0'9 | €8T0 |I¥I0 STv1 8'6C #0000 X X 8'8¢h TTLEL 01
€CUIL | ¥8LEL | ¥THO | 1¥1°0 SIvl 861 20000 X X 0°€8¢ 8'eTyl €01
89€°01 | 0000 X 00 I'LTET 201
€91°8 0000 X 00 6’01 101
IV .ST0
(s9) (s9) XVQ oY 0 Xy LV ungp eIOWED (s3) (s/9) 189,
‘AQ AQ Topmod A ‘A

(ponunuo)) SHNTVA ALIDOTIA TVNAISTY ANV TVILINI NO SISATYNV JO¥dd

C-31



0TS'L €5€°6 X STYS $'796 8S1
SPL9 S0S°1 €870 Iv1°0 0S¢l T9v | €200°0 X X 0Tl v €98 LS1
$70'8 LOL'6 X 0°€9S TLT01 961
v00'Cl | 9€STIT X 1'6vC1 $9¢6T SS1
€LETT | $86°81 X I'1011 L'SSt1 vS1
68T'8 €58°01 X $'629 0'1901 €ST
9976 S68°¢1 X 6508 09811 49!
6001 | 8801 X I'L18 961€1 IS1
79501 | 016°ST X 8°7T6 6'1S€1 0S1
65601 | €€S°LI X 69101 8 T0v1 6b1
789°01 | 6S¥91 X 956 €'L9€1 8yl
86501 | LOI'91 X Tre6 996¢1 Lyl
66T 11 | L1981 X 8°6L01 X2l 9p1
€EC6 01y ¥1 X 8'6¢8 9611 SP1
910'6 20€°€T X SILL 0tSII 24
87’8 8EETT X 9°L59 8'8L01 54!
€L8°9 9/TC €870 Iv1°0 0S¢l v'St | S100°0 X X 8981 8°6L8 wl
€8°L 9L0°01 X v'¥8S $T001 vl
89°L 09T'8 X 1'6LY €'€86 ovl
vTe's 06801 X 9'1€9 $'5901 6€1
L80°0 0000 00 L'ELS 8¢l
L80°0 0000 00 €LY LET
L80°0 0000 00 9,98 9¢1
£80°0 000°0 00 8P SE1
8L0°0 0000 00 TE8L vel
880°0 88¢°¢ $'961 L188 €€l
91eU0qIROA[O]
(s (s3) XVQ e o) Xy AAY unp 1Ppmod | erowe) (s19) (s 1L
‘AQ AQ A “

(ponunuo)) SHNTVA ALIDOTIA TVNAISTY ANV TVILINI NO SISATYNV JO¥dd

C-32



000 1¥T9 079¢ 896¢ 001
690°0 LYET1 1'859 1'689 66
880°0 12Lp1 8€S8 $'788 86
¥10°0 000°0 00 1ov1 L6
¥10°0 1550 €870 I71°0 80°CI LTl | 0000 X 6'1C 0Tyl 96
€10°0 000°0 00 8l S6
810°0 1€€°C €870 Iv1°0 01Tl 6'ST | 01000 X $'601 €9LT 6
z10°0 0000 00 Sl €6
L10°0 €8t'l 098 00LI 26
L10°0 €LI'T €870 Iv1°0 1121 0Cl | 01000 X 978 0591 16
€10°0 000°0 00 0 €€l 06
12070 veST 0'Lpl v'S0¢ 68
z€0°0 TILY €€LT 0ST¢ 88
6¥0°0 206'L €'8SY 8 16% L8
saysodwo))
(sg) (s/g) XVQ oY o) Xy LV uno 1Ppmod | eIOWE) (sg) (sy) 1S9L
AQ AQ A "1

(ponunuo)) SANTVA ALIDOTAA TVNAISTI ANV TVILINI NO SISATVNY JOddd

C-33



SIT¢ 630°¢ 0680 | $0000°0 6100 11T 17°CS €56 | €9°LYI €800°0 ¥91S1 19'881 | 1€
LE6'T 008'C L88°0 | $0000°0 6100 LOTT SO'¥S 01°¢6 | STLYI €800°0 8L 611 1881 | 0€
54K 810°¢ 6L8°0 | S0000°0 6100 16£C 60°€S 8976 | 8LSYI €800°0 v 6vl L8l | 6T
4483 810°¢ 0880 | $0000°0 6100 16€°C €€°¢S 89'26 10°9%1 €800°0 vy b1 LSL8T | 8T
9190 60 €ZF'0 | S0000°0 €100 856°0 6T'LS 18°CI 01°0L €800°0 LS'SS L6'6T1 | LT
8050 9670 €I¥'0 | S0000°0 €100 8LLO S0°09 S8 0589 €800°0 11°Sh LY'8TI | 9T
765°0 [4840) 9Zv'0 | S0000°0 €100 816°0 68°8S LLTT 99°0L €800°0 ST'ES 8Y°0€1 | ST
9650 [4840) 1€7°0 | S0000°0 €100 ¥06°0 SE°6S €Izl 6V 1L €800°0 LOPS STIET | ¥C
€€9°0 L9Y'0 LTY0 | S0000°0 €100 LL6O 6v'LS ye€el 8°0L €800°0 6995 ¥9°0€1 | €T
¥S€0 0000 ¥S€0 | 00000 7100 0000 165 000 165 #8000 000 €6'811 | TC
6020 0000 60T°0 | S0000°0 6000 0000 70°5€ 000 70°S¢ ¥800°0 000 €16 1T
161°0 0000 1610 | $S0000°0 6000 0000 9°1¢ 000 9°1¢ €800°0 000 6TL8 | 0T
¥ST0 0000 ¥ST0 | S0000°0 0100 0000 Y1y 000 Y1y €800°0 000 LLOOT | 61
19%°0 LTTO 10v°0 | $S0000°0 €100 LLY0 6809 LY'9 9¢'L9 #800°0 9T'6¢ 9921 | 81
85€°0 7100 86€'0 | S0000°0 7100 7810 LT°6S 970 €h'6S €800°0 W6L 99'611 | LI
620°8 0€8°L YLL'T $0000°0 LT00 €00t SS0L 69°€TT | ¥TY6T | €800°0 L1'TET LT99T | 91
18€9 €579 0LTT $0000°0 €200 788'¢ 98'LS €6'CST | 8L°0IT | €800°0 96161 LESTT | SI
7S 81tV 6v0'1 $0000°0 0200 S01°¢ 6€°SS TLSIT | 11PLl €800°0 €I'691 €8v0T | ¥l
6vTY 43874 886°0 | S0000°0 0200 SH0'€ €9°6S TT80T | S8'¢91 €800°0 8 191 0L°861 | €1
LT9°€ LIS'E $88°0 | S0000°0 6100 0SL'T 0°1S $8°66 | LS9VI €800°0 L61ST 1881 | €I
¥96'C LY8'T 7780 | S0000°0 810°0 Se€T L6Y 6598 1€9€1 €800°0 lad4a €TI8T | 11
99T €€S°T 89.°0 | S0000°0 810°0 011°¢ 8¢9Y 6v'C8 | L88TI ¥800°0 SOVl LI'SLT | 01
786'1 £98°1 €L9°0 | S0000°0 9100 ¥T8'1 91°¢S L86S | TOETT ¥800°0 6€611 Y0'$91 6
989'I 09S°1 090 | S0000°0 9100 ¥€9'1 15°¢S ¥9°CS | S1°901 €800°0 9l €6'6S1 8
99%'1 6ve'l SLS'0 | S0000°0 S10°0 199°1 069§ 75°8¢ £9'56 €800°0 S€'96 ¥9'1S1 L
6L0'T ¥$6°0 €0S°0 | S00000 #1070 IS€'1 s LO'6T 15°€8 €800°0 0L°€8 S8 1Y 9
850 1+€0 €0¥'0 | S0000°0 €100 9¢8°0 LI'LS SL'6 16'99 €800°0 9t'8¥ 8691 S
€620 0000 €62°0 | S00000 1100 0000 ¥9'8¥ 000 ¥9'8¥ €800°0 000 97’801 14
9Ly 0 961°0 €EF°0 | S0000°0 €100 ¥€9°0 1€£799 19°G W6'1L €800°0 9L'9¢ 9 1€l €
75€°0 0000 7S€0 | $S0000°0 7100 0000 €'8S 000 €h'8¢ €800°0 000 99811 4
IV 4£90°0
(r) () () ) (s/w) (s/m) () () () (3 (s/ur) (squr) |1soL
AV 1AQ HIQ wQ ‘“Q AQ DIV EO R I SSeIN A ‘A

SHNTVA ADYEINA DHLINIY dH49d0S9V NO SISATVNV d0ddd

C-34



€11 080°0 12T | $0000°0 7200 1LE0 17861 99'C L8°00T | €800°0 €€°6T 0002C | 8S
S0T'1 6600 1021 | S0000°0 7200 LOY'0 €8°661 a3 97661 | €800°0 vL'8T 61T | LS
691°1 0000 691°T | S0000°0 7200 0000 €061 000 €0v6T | £800°0 000 €T91T | 9§
LETT 8170 811 | S0000°0 7200 S19°0 €861 LTL 60°70T | €£800°0 S8 1Y 89°07C | SS
988°'C 79¢€T LS9'T | S0000°0 920°0 €90°C 68'861 109L | 06VLT | €£€800°0 €esel LELST | ¥S
029°C 980°C S8S°'T | S0000°0 $T0°0 €88°1 £0°961 I1°0L | S1'99T | #8000 0T'6C1 €L1ST | €S
v01°'C 01S1 99%'T | $S0000°0 ¥20°0 £09°1 67561 €9°0S | TI'9¥T | 80070 6L°601 LOTYT | TS
795°1 9180 TEET | S0000°0 €200 SLI'T TTE61 v8'LT | SO'ITT | €800°0 06’18 6L°0€T | IS
a3 000°€ TEL'T | S0000°0 920°0 9L€T 66'861 SL'I6 | vL06T | 80070 08°L¥1 01°€9Z | 0S
PLI'E 999°'C TTLT | S0000°0 9700 €S1°T 6v'10T 0L°L8 | 61'68T | #8000 1StP1 0v'79T | 6v
SIT°1 0000 SIT'T | S0000°0 120°0 0000 €r 68l 000 €S8l | €800°0 000 8C11T | 8F
€611 0000 €61°'T | S0000°0 7200 0000 €6°L61 000 €6°L61 | £800°0 000 6£'81T | L¥
9Pl 0000 91T | S0000°0 120°0 0000 91°061 000 91'061 | €800°0 000 90vIT | 9
6vT1 7870 LITT | S0000°0 7200 61L°0 26761 $6'8 LS'T0T | €800°0 St oy $$°0TT | S
8€T'1 L9T0 60T | S0000°0 7200 2690 Y0261 19'8 $9°007 | £800°0 vS 'Sy 88°61C | b
G811 0000 SSI°'T | S0000°0 7200 0000 99'961 000 99961 | €800°0 000 69'L1T | €F
YTyl 019°0 LSTT | S0000°0 €200 vr0°1 8L°¢61 vL61 | €S°E€1T | €800°0 86'89 €8°97C | T
01°1 000°0 01T | S0000°0 12070 0000 L8'T81 000 LTSI | €800°0 000 660T | 17
S10°1 0000 SI0'T | S0000°0 020°0 0000 0v'891 000 0F'891 | €800°0 000 v 107 | OF
096°0 0000 0960 | S0000°0 020°0 0000 17651 000 17651 | €800°0 000 98°G61 | 6€
S16°0 0000 S16'0 | S0000°0 610°0 0000 9L'1S1 000 9L IST | €800°0 000 €TI161 | 8¢

IV .$T1°0

€I8°€l PI611 0669 | S0000°0 ST 606t 19°LL 9’0vE | LOSIY | #8000 IL¥8T | 0S'SIE | 0€1
68€°8 981°8 vE8T | S0000°0 LT0°0 €60y 8€°0L S8°EET | €THOE | €800°0 8CLET | SLOLT | ¥8
LS6'S SSL'S 9681 | S0000°0 820°0 €€TY 0S'+9 60°0ST | 6S¥IE | €800°0 6V'SPT | €€SLT | €8
L9€°0 850°0 79€0 | S0000°0 Z10°0 9p¢0 r'ss L9 60°09 €800°0 90°0¢ veoTl | LS
¥6€°0 STI0 vLEO | S0000°0 Z10°0 9050 'ss 8¢°¢ 0029 €800°0 SE€'6C Tl | 9¢
0S€0 0000 0SE€0 | S0000°0 Z10°0 0000 LO'SS 000 LO'SS €800°0 000 67811 | S€
67€°0 0000 6¥€0 | S0000°0 Z10°0 00070 68°LS 000 68°LS €800°0 000 11811 | ¥€
79€°0 €500 85€°0 | S0000°0 Z10°0 PEE0 86°LS 81 9°6S €800°0 L8'81 69611 | €€
815°0 09€°0 TLEO | S0000°0 7100 858°0 LY'1S 8701 SL'19 €800°0 LL'6Y 86171 | <€

(panunuo)) 1v ,£90°0

(r) () () ) (s/w) (s/m) () () () () (s/ur) (spur) |3IsoL

TIVe BB TIQ wQ AQ AQ TV ERL a1 SSe]N A s

(ponunuo)) SANTVA ADYANA DLNIY A49d0SdV NO SISATYNY JOddd

C-35



88811 LITTI 60S'8 | $0000°0 61LT 9L9°G €6'LET | S6°0LT | 88°80S | 8000 66°€ST | 808¥E | I€1
090°L ¥78°9 018 T | S0000°0 LT0°0 S91°S 10961 STYOL | LT00E | €£800°0 0S'8ST 66'89C | 98
L81'L 8769 %81 | S0000°0 LT0°0 860°S vSY61 S80IT | 6£S0E | £€800°0 v e91 LTILT | S8
LSL'E 19¢°¢ 089'T | S0000°0 9700 18L°C 08261 68°S8 | 69°8LT | €£800°0 LS €Y v1'6ST | 18
079°€ 112°¢ 1L9°T | S0000°0 920°0 vrLT TL'961 6508 | I€LLT | €800°0 SE6E1 0S'8ST | 08
8€L'E SE€°E 689°T | S0000°0 9200 SLL'T 8T'S61 6678 | 9T08CT | £€800°0 R34l L8'6ST | 6L
908°¢ 11¥'¢ 889°'T | S0000°0 970°0 €6L°T SYT6l 69'L8 | €1'08T | €£€800°0 9¢'SH1 1865 | 8L
LOL'E 11€°€ 999°T | $S0000°0 920°0 69LC SET61 TIPS | 9v9LT | €800°0 LETPI 01'8ST | LL
806°€ ZIS°E €ILT | S0000°0 970°0 L18T €8°761 €C16 | 91'VST | €800°0 SEspl L9'19T | 9L
911 090 €971 | $0000°0 720°0 S0T'1 €6'261 0991 | €5°60T | €£€800°0 ST'€9 0LvTT | SL
6251 LT80 S8T1 | S0000°0 €200 P8E'1 TTT61 201 | PTEIT | £€800°0 LUTL 89'97T | ¥L
LIY'1 0S9°0 6ST’T | S0000°0 720°0 01T'1 16'161 691 | $8'80T | €£€800°0 68°€9 €CYeT | €L
8Pl 689°0 vLTT | S0000°0 €200 €T LOE61 vE8T | IFTIT | €800°0 87°99 0L°STT | 2L
187°1 SSL0 SLTT | S0000°0 €200 6v€’1 10°€61 9'81 | LYIIT | £€800°0 6999 €LSTT | 1L
06v'1 6LL0 0LTT | S0000°0 €200 19¢'1 67 161 6761 | SL0OIT | €£€800°0 81°89 LESTT | OL
w1 1€2°0 0ZT1 | S0000°0 7200 £€9°0 €eL61 6SL €6'v07 | 80070 ST 68°07C | 69
S¥9°0 0000 S¥9°0 | S0000°0 9100 0000 62801 000 67801 | #8000 000 LS09T | 89
€rE0 0000 €re0 | S0000°0 7100 0000 LSLS 000 LS'LS £800°0 000 LOLIT | L9
6SLT 8€TT €19'T | $0000°0 S20°0 Z10°C LL'661 YO'IL | TS0LT | +800°0 90°0¢€1 €6°€ST | 99
09TC S69'1 S6v’'1 | S0000°0 ¥20°0 veEL'T TT961 18vS | vO'IST | #8000 Zaall 8Y¥YT | S9
80¥'C 8S8'1 1€ST | $0000°0 S70°0 908'1 08261 6219 | 80¥ST | €800°0 7SI LY | ¥9
188°1 8ST'1 86€°1 | S0000°0 ¥20°0 0971 81681 08T | 66'1€T | €800°0 95101 €V9€T | €9
o1l 000°0 ovI'l | S0000°0 12070 0000 61681 000 61681 | €£800°0 000 1S°€1T | 29
191°1 0000 91T | S0000°0 7200 0000 99'761 000 99'761 | €800°0 000 9°SIT | 19
€Tl 1020 90T’ | S0000°0 7200 9650 vS €61 199 S1'00C | £€800°0 06'6€ 1961 | 65
(panunuo)) 1v ,STI°0
(r) () () ) (s/w) (s/m) () () () () (s/ur) (squr) |3IsoL
TIVe BB TIQ wQ AQ AQ TV ERL a1 SSe]N A s

(ponunuo)) SANTVA ADYANA DALNIY d49d0SdV NO SISATYNY JOddd

C-36



808°11 0000 80811 | $0000°0 €0T'€ 0000 81°90L 000 81°90L | 8000 000 SO01y | 8T1
66911 000°0 66911 | S0000°0 681°¢ 00070 69669 000 69669 | 80070 000 91°80% | LTI
8¥LT1 5TT LYSTI | $0000°0 20€°€ €88°1 S1°699 8T'I8 | TYOSL | +800°0 11°6€1 0L'TTy | 921
S an 0000 SYIT | $0000°0 SS1°E 0000 €679 000 €6¥89 | 80070 000 €80y | STI
0TS'11 0000 0ZS'IT | $0000°0 PoT' € 0000 L6'889 000 L6889 | #8000 000 20°s0v | ¥T1
€T6'LY TLOTY | 9¥6'TT | S0000°0 9%t 0T €l 6S'SLL | LL96S | 9€TLEL | #8000 S69LE | TOILS | €Tl
105°9C EPI°LI 10€°0C | S0000°0 10TY 9909 00 ISL | 91°€9% | 9T'FITI | #8000 80°CEE | LYLES | TTI
681°h €0b'8¢ 198°1Z | $0000°0 6SEY 9S1°€1 9¢°€08 | LOPOS | €FLOST | #8000 vPove | v6°LSS | 1T1
SSH'8T 8IEET | 80€£91 | $0000°0 S9L’E 16V°01 68789 | THT6CT | 1€SL6 | #8000 L87€9T | 6818y | 0TI
POI°S1 ¥80°S L8TYT | $0000°0 vTsE 191°¢ €TSOL | TTOYL | SPPSS | #8000 67881 PO ISY | 611
09691 01T'8 0rS'¥1 | S0000°0 165°€ 96€'Y 0S¥89 | 90°€0T | 9S°L88 | ¥800°0 88°61C | 0L6SY | 8II
86L°9 0000 86,9 | S0000°0 1€V 0000 65°90% 000 65907 | #8000 000 PITIE | LIT
€LLTT 08€°0 LOL'TT | S0000°0 861°¢ TT°L0 LT'889 0S'ST | LL'SOL | +800°0 SL'09 SE60r | 911
60111 18Y'¥ 6LEET | S0000°0 0I¥'€ ¥90°¢ 8T9L9 | S8€Tl | ¥I°008 | #8000 TLILT LY'9sy | SI1
620°CC TL9'ST 187°ST | $0000°0 899°¢ S96°L SI'L69 | 1L'8TT | 98°ST6 | #8000 SEEET 15697 | vI1
8LT'8T 8€1°TT | S6SLT | $S0000°0 016°€ 0901 €0°L8L | ST'S9T | 8TTSOI | #8000 1€1ST | $S00S | €11
6LE 1€ TPS'ST | 8TT'8T | $0000°0 086'€ 75501 OL'EPL | 9v9¥E | 91°0601 | +800°0 1TL8C | LY'60S | TIL
TTTsl 6LS9 LTLET | $0000°0 pSYE 1€¢y €9°689 | TESET | S6°0T8 | #8000 0S'6L1 11Ty | 111
ILETT 0000 ILETT | $S0000°0 ZaR3 0000 80°089 000 80089 | #8000 000 0v'Zov | 011
090°C1 w61 €06'TT | S0000°0 91T’E 089°1 95°9¢€9 0€'SL | 98 1IL | #8000 06°¢E1 69'T1% | 601
6211 9190 €ISTL | S0000°0 €91°¢ 7L6°0 08'599 9,77 | $S'889 | +800°0 19°€L 0670y | 801
61811 9LS°1 €IL 1T | S0000°0 161°€ ¥SS1 0€°TH9 €T8S | €5°00L | ¥800°0 vLLIL 0v'80v | LOI
0S6°11 0000 0S6'11 | $0000°0 €TTE 0000 ILYIL 000 ILVIL | $800°0 000 TSTIY | 901
986°C1 98T SPLTI | S0000°0 8T¢'¢ 6761 81°0L9 60T6 | LTTHL | ¥800°0 LOSP1 2092y | SO1
991 611°C S8T'TI | S0000°0 89T°¢ vr81 85°659 €I'SL | ILYEL | $800°0 SLEET ST8IY | ¥01
65911 12€9 9ZTEl | $0000°0 06€°€ 10T 8€'869 | T9TEI | 00°16L | +800°0 0L LLI L6EEY | €01
0611 0000 06v'11 | $0000°0 091°€ 0000 1T°L89 000 1T°L89 | #8000 000 0S+0v | 201
€TIL 0000 €L | S0000°0 881'C 0000 20°9T 000 2097y | #8000 000 6¥'81€ | 101
IV uST0
(r) () () ) (s/w) (s/m) () () () () (s/ur) (squr) |3IsoL
TIVe BB TIQ wQ AQ AQ TV ERL a1 SSe]N A s

(ponunuo)) SANTVA ADYANA DALNIY d49d0SdV NO SISATYNY JOddd

C-37



8STL 810V 7709 §0000°0 60T 168°C ¥9°91C 1234181 8V 19¢ #800°0 SES91 LEE6T | 8SI
998’ 0S1°0 798'% §0000°0 960'C 6510 L8 V8T 009 L8°067C #800°0 08°'LE 91'€9C | LSI
1€1°8 8CEY 7889 $0000°0 ' 656'C £0°88¢C 89°¢Cl LTIy 7800°0 09°'1L1 60°¢le | 9S1
88C°9C 70€°1C [ 49! S0000°0 659°¢ 7959 8¢°CI¢ 08809 81'1C6 #800°0 €L°08¢ €e'89% | SSI
89G°1¢C 75891 Ge8el S0000°0 991°¢ 98LS 9L €S¢E 80°€LY 78°9C8 7800°0 [ 2353 oLevy | ¥S1
l6 [1¥'S el S0000°0 LTS'C 80¢€°¢ €9'v8¢C 9vS1 ST o6ty #800°0 L8161 6£°¢Ce | €51
19L°C1 8988 LLT'6 S0000°0 ¥8'C SECY r'S6¢C [4 254 78°8%S 7800°0 ¥9°SvC 6v°'19¢ | CS1
99611 9116 19¢€°1T1 §0000°0 4483 1Y% S6'81Y 16°09¢C 9%°6L9 #800°0 SO'6¥¢C 120y | 1SI
75991 LT9TI Y6'l1 §0000°0 61C°¢ 6v8'v 98°08¢ LTTEE EI'EIL 7800°0 LT18C 90°CIly | 0S1
780°61 611 ¥I 6£8°CI §0000°0 oree 14458 SEY9¢E 6v 0¥y ¥8°LIL #800°0 S6°60¢ LSLTY | 6V1
eCrLl [4244! L61'CI S0000°0 96T'¢ L10°S 06°€LE LS'SS¢E LY 6CL 7800°0 96°06C SLOIY | 8¥1
91691 9I67'11 L00°CI §0000°0 (13 606t 9C'LLE €507¢E 0I'8IL #800°0 YL ¥8C ov'cly | Ll
696°0C 0C6°S1 LY9'El §0000°0 1444% SLY'S ST 19¢ S6'vSYy 0918 #800°0 [4NY43 €80y | Orl
6Ce¢l 8E€S6 01¢6 S0000°0 S¥8'C 6eY 9T 8¢ LS'TLT £8°96¢6 #800°0 SL'¥ST IT%9¢ | Svl
L68'TI LTI'8 8898 S0000°0 8YL'T 7S50y 8¢€°LRT gTree €9°61¢S #800°0 SI'6ET vLISE | Pl
819°6 706°S £€6S°L S0000°0 696°C 9SY'¢ 8¢°G8T €L°891 TSy #800°0 00T 88t | £vl
290°S weo 050°S S0000°0 S60°'C 769°0 1¥°'88C 9°¢l €0'20¢ #800°0 76°9S 91'89C | tvl
9708 €99y LSS9 S0000°0 L8E'T 1L0°E 68°85C 9T el S1'C6¢ 7800°0 €I'8LI 96°60¢ | vl
Yv0°L PET'E 80¢'9 S0000°0 182494 8IS'C ILL8T 96°68 LTLLE #800°0 €0'9r1 1L'66TC | Ol
761°6 Lyv'S LOV'L S0000°0 LES'T 61¢€¢ €€°L8T 99°6S1 86' 7800°0 167261 9L ¥CE | 6¢€1
VLL'T 0000 VLL'T §0000°0 LT00 0000 S8°L6T 000 S8°L6T #800°0 000 0€99C | 8¢l
9LL'1 0000 9LL'T S0000°0 LT0°0 0000 1L¥6T 000 1L¥6T £€800°0 000 67'99C | LEl
6vL'1 0000 6vL1 §0000°0 9200 0000 12°06¢C 000 12°06¢C £€800°0 000 Yy y9C | 9¢1
659°'1 0000 659°1 §0000°0 970°0 0000 9I'SLT 000 9I°'SLT £€800°0 000 0S°LST | S¢€l
STl 0000 STl §0000°0 ¥20°0 0000 06°9¢C 000 06°9¢C £€800°0 000 CL'8EC | ¥El
088'1 1250 LO8'T S0000°0 LT0°0 €e0’l 7818C 68’11 L 66T £€800°0 68°6S ¥L'89C | €€l
918U0QqIRIA[O]
(1) (y) (1) (3% (s/u) (s/ur) (1) (1) (0 (3% (s/u) (su) 3891
dAVe HQ JAIQ wQ ‘“AQ AQ 43V 43 Eh11 SSe]N A ‘A

(ponunuo)) SHNTVA ADIANA DAINIY 49d0SdV NO SISATYNY JOddd

C-38



908’1 69L'1 99¢°0 | S0000°0 Z10°0 206°1 81°01 75°0S 0L°09 €800°0 vE0rl ¥6°0C1 | 001
8Y6°'S SP8'S vOI'T | S0000°0 12070 8SP'¢ 0191 86991 | S0°€8T | €800°0 6500C | ¥00IT | 66
€00°01 8¢8°6 018’1 | S00000 LT0°0 LSY'Y 1761 SO'I8C | LT00E | €8000 vZ09C | 66'89T | 86
9t0°0 0000 9500 | S0000°0 £00°0 0000 LS'L 000 LS'L €800°0 000 LTy | L6
8%0°0 600°0 LY0'0 | S0000°0 £00°0 891°0 65°L 81°0 LL'L €800°0 899 8T | 96
w00 0000 00 | S0000°0 £00°0 0000 10°L 000 10°L €800°0 000 601y | S6
1120 661°0 ZLO0 | S0000°0 S00°0 01L°0 9¢°L 9 8611 €800°0 8¢ee vLES | v6
9€0°0 000°0 9¢0°0 | S0000°0 ¥00°0 000°0 86'S 000 86'S €800°0 000 S6'LE | €6
0zI1°0 001°0 L90°0 | S0000°0 $00°0 S0 678 $8'C pITl €800°0 12°9C 8IS | T6
€S1°0 6€1°0 €90°0 | $0000°0 S00°0 799°0 LS'L €9 0S°01 €800°0 81°6T 6205 | 16
1¥0°0 0000 100 | $S0000°0 £00°0 0000 789 000 789 €800°0 000 vSor | 06
80€°0 7620 8600 | $S0000°0 900°0 €LLO €6'L €e's LT91 €800°0 18t 1979 | 68
¥€0°'T 800'1 1€2°0 | S0000°0 0100 9¢t ' 96 08'8¢C 97'8¢ €800°0 0€°¢8 1096 | 88
068'C Se8'T 7950 | S0000°0 S10°0 80¥'C LTTI 86°08 ST€6 €800°0 69°6€1 0661 | L8
saysodwo))
() () () (3 (s/u) (s/ur) () () () (3 (s/u) (spur) 1oL
TAVe ERNY EDIY wQ AQ AQ IV ERR L SSe]N A 1

(ponunuo)) SHNTVA ADIANA DAINIY 49d0SdV NO SISATYNY JOddd

C-39



(s/y) AnoolaA feniul

0'000¢ 0°008T 0°009T ooovT 0°00¢T 0°000T 0°008 0°009 o'oov 0°00¢ 00
L L L ¥300.0)" L UIO, L a—0-0-0 L ,! 0000 L
L]
" [o]
V.S20 2 4.0
V.GCT0 ° g w
— V.€90°0 @ o
- &
~
- -y
o men = =
F= ‘2
o % uu...l
2 s
3% *
. |
w w 2
3
W 2

sJeg 101J3 YlIM wnulwnpy 1o} S8AIND o1Isljjeg

00

0°00¢

0oov

0009

0008

0°000T

0'00CT

0'00vT

(s/4) Ano0JaA fenpisay

C-40



0°008T

(s/u) Av1o0jaA feniu|
0'009T 0'00%T 0'002T 0'000T 0008 0°009 0'00%

0'00¢

00

- o-0—0 -

sleg 10113 Yylim wu.mCOQ‘_.mo\ﬂ_On_ 10) 9 AIND J11Sljled

00

0°00¢

0oov

0009

0008

0'000T

0'00CT

0'00vT

(s/4) Ano0JaA fenpisay

C-41



0°000T

0'006

(s/1) AuoojeA feniu

0008 0°00. 0°009 0'00S 0'oov 000€ 0'00¢ 0007 00

@
°

sledg 101.13 YlIMm S|jaued wu_mOQEOO 10) 9 AIND J11Sljjled

00

000T

0°00¢

000€

0’00V

0'009

0009

0'00L

0008

0006

0°000T

(s/4) Ano0JaA fenpisay

C-42



APPENDIX D—CIRCUIT DIAGRAM FOR PHOTODIODE SETUP AND DATA
SHEETS

D-1/D-2



SHARP

15489

1S489

M Features

I. Low voltage operating type (Vee @ 1.4 to 7.0V)
2. High sensitivity type (E vac: TYP. 5 1x)

3. Built-in Schmidt trigger circuit

4. Low level output under incident light

B Applications
|. Amusement equipment

2. Battery-driven portable equipment

Low Voltage Operating Type
High Sensitivity OPIC

Light Detector

B Outline Dimensions

(Unit : mm)

Internal connection diagram

_3{33\-":::

N 2%
o@ GND

.ﬂ-.r‘r‘;p.

2-C05 .

1 _,:IMAK.

Gate burr
0 BMJ'-.K

Rugged resin

* OPIC (Optical 10} 15 a rademark of the SHARP Corporation. An OPIC consists o f

a light-dewecting element and signal-processing

B Absolute Maximum Ratings (Ta=25°C)
Parameter Symbaol | Raun g Unit
Supply voltage _ Vee | -05t0 +8 V
" Output current lo 2 mA
"2 Total power dissipation P | 80 mW
Operating temperature | Top -25 to + 85 c o
Storage temperature Tay -40 0 +100 C
3 Soldering temperature Twl | 260 "C

*| Output current vs, ambient temperasure - Per Fig. |
=2 Total power dissipation vs. ambient temperature : Per Fig. 2

=3 For 3 scconds at the position of 1.4 mm from the resin edge

circuir integrated onto a single chip.

“|nthe absance of confirmation by cevice specification sheets, SHARP takes ne responsibility for any defects that cccur in equipment using any ol SHARP's devices, shown in catalogs
data books, etc. Contact SHARS in order to ootan the latest version of the device specfication sheets before using any SHARP's device.”
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B Electro-optical Characteristics (Ta=0 10 70°C, Ve =3V unless otherwise specified)
Parameter Symbol Conditions " MIN. | TYP. MAX. Unit
Low level output voltage Voo lor = IlmA.Ev= 50 I::{_”__ I - 0.1 0.4 V
High level output voltage o WV ou Ev=101Ix - | 2.9 - - WV
Low level supply current leer Ev=150Ix - 0.6 1.2 mA
High level supply current | Teen Ev=0Ix - 0.4 0.5 | mA
“I"High —Low" Ta=25C - 4.8 15
. : E vin T 1%
threshold illuminance - . : 72
" "Low—High" Ta=25"C (0.6 3.7 | -
, : ; Evin T Ix
threshold illuminance - (.4 - 5 -
" Hysteresis Evin /Evi | Ta=25C 0.55 | 075 | 0.95 -
"High—Low"
0 melisrny - teHL - 1.3 15
2 propagation delay time i _
g= "o High" —1 Ev=125 Ix or equivalent
¥ W —lll
5 propagation delay time oL Ry = 3kid ] 43 30 HS
z . Ta=25'C
L Rise time o £y ; - 0.1 3.0
Fall time tr - 0.06 | 1.0
Peak sensitivity wavelength Ap ' - - 00 | - nm
*1 Evyyyy represents illuminance by CIE standard light source A {tungsten lamp) when output changes from "high" 1o "low”
*2 Eyq y represents illuminance by CIE standard light source A {tungsten lamp) when output changes from "low" o “high".
*3 Hystercsis standards for Evp g/E vy
B Recommended Operating Conditions (Ta=25°C)
Parameter Symbol | MIN. | MAX. Unit
Supply voltage Ve 1.4 7.0 V
Output current loo | - 1.0 mA
Fig. 1 Output Current vs. Ambient Temperature Fig. 2 Output Power Dissipation vs.
Ambient Temperature
30 | A0
2.5 e 100 -
< | = |
E 20 e — ', E 50
3 | \ A \
i =
= | | =
= 15 — =1 0]
: N\ 2 — X\
= . @ .
b | | o | \
=2 10 - = 40—
=] ' = \
S =
N N
0.5 : 20
o4l — | — T T __1 o— —| — += — | — )
0 0 |
- 25 1] 25 50 75 85 100 -25 0 25 50 75 85 100

Ambient temperature Ta ("C ) Ambient temperature Ta ("C)
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Fig. 3 Low Level Qutput Voltage vs.

lLow Level O

] .

utput Current

i

Vieg 3V Ta-2570
Ev S0 x

0.1

Low tevel ouiput voltage Vi (V)

.01
0.1

Ti

Low level output curment Ty {mAd

Fig. 5 Rise, Fall Time vs. Load Resistance

-

3
- TTa 15°C Voo W
- ! - ilFy 128 xor
1 = a1 vilien!
- n - | 1
- . .
= 2 : e
& - . r
- . F
— : g FJd
£ L5E L
E r . ; nom
= . £ :
L,fg_ : . A1 }f in
3 7
< T A
(.5 ' NP & i
I I
i - - / e |
11.1 | P = 1.0 2 At 100

Load resistance B (kL))

Fig. 6 Radiation Diagram

{Ta=25 ")

vl -1 1 -1 + 20
£l T HE
40 - 41
= + &l
-al) + {xl}
- - Ty
Al R
Ty = Wiy

Anpular displicement 8

Fig. 4 Supply Current vs. Ambient

Supply current § ¢ (mAD

Temperature

=]

| -5. Voo o 5Y
|
. -
E-'l-q_._._‘ F— X o
-"_-l-l-__‘_-____ Voes1¥ l
0.5 T S e |

- M — }.__
' PR |
— .|: . “\__
- T AR T N kS
i _ L J
- X 1] 25 1) 75 104

Ambien: temperatuce Ta (°C)

Test Circuit for Response Time

|."|[JL.|t T

!

t. - 0.0ps
o B

I
47502
L

Fig. 7 Spectral Sensitivity

Relative sensitivity [%n)

® Please refor to the chapter "Precautions for Lise™. {Page 78 t0 93)
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T 250 l ,
I !- \
H‘IJ : - \ -
tll 1
KN \ ;
i

1l : :
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Lo TTa0 1200
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NOTICE
®The circuit application examples in this publication are provided to explain representative applications of
SHARP devices and are not intended to guarantee any circuit design or license any intellectual property
rights. SHARP takes no responsibility for any problems related to any intellectual property right of a
third party resulting from the use of SHARP's devices.
®Contact SHARP in order to obtain the latest device specification sheets before using any SHARP device.
SHARP reserves the right to make changes in the specifications, characteristics, data, materials,
structure, and other contents described herein at any time without notice in order to improve design or
reliability. Manufacturing locations are also subject to change without notice.
®Observe the following points when using any devices in this publication. SHARP takes no responsibility
for damage caused by improper use of the devices which does not meet the conditions and absolute
maximum ratings to be used specified in the relevant specification sheet nor meet the following
conditions:
(i) The devices in this publication are designed for use in general electronic equipment designs such as:
— Personal computers
— Office automation equipment
— Telecommunication equipment [terminal]
— Test and measurement equipment
— Industrial control
— Audio visual equipment
— Consumer electronics
(ii)Measures such as fail-safe function and redundant design should be taken to ensure reliability and
safety when SHARP devices are used for or in connection with equipment that requires higher
reliability such as:
— Transportation control and safety equipment (i.e., aircraft, trains, automobiles, etc.)
— Traffic signals
— (Gas leakage sensor breakers
— Alarm equipment
— Various safety devices, etc.
(iii) SHARP devices shall not be used for or in connection with equipment that requires an extremely
high level of reliability and safety such as:
— Space applications
— Telecommunication equipment [trunk lines]
— Nuclear power control equipment
— Medical and other life support equipment (e.g., scuba).
®Contact a SHARP representative in advance when intending to use SHARP devices for any "specific"
applications other than those recommended by SHARP or when it is unclear which category mentioned
above controls the intended use.
®If the SHARP devices listed in this publication fall within the scope of strategic products described in the
Foreign Exchange and Foreign Trade Control Law of Japan, it is necessary to obtain approval to export
such SHARP devices.
®This publication is the proprietary product of SHARP and is copyrighted, with all rights reserved. Under
the copyright laws, no part of this publication may be reproduced or transmitted in any form or by any
means, electronic or mechanical, for any purpose, in whole or in part, without the express written
permission of SHARP. Express written permission is also required before any use of this publication
may be made by a third party.
®Contact and consult with a SHARP representative if there are any questions about the contents of this
publication.
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