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1. Introduction

1.1 Historical Background

The development of back face deformation (BFD) on Personal Protective
Equipment (PPE) and the resultant behind-armor blunt trauma (BABT) is the
foundation of a long history of exploration into the development of an appropriate
surrogate material that would allow for the extrapolation of injury to the human
body and the development of lightweight, unobtrusive body armor. In the early
1970s, the Law Enforcement Assistance Administration entrusted the US Army
Land Warfare Laboratory to develop lightweight protective gear. The research was
undertaken by the Biophysics Division of the US Army Biomedical Laboratory and
others, including the US Army Natick Laboratories and Aerospace Corporation. !

Initial testing and evaluations of soft body armor were performed using
anesthetized animal specimens, goats,>* to quantify blunt-force trauma and/or
broken bones. The Biophysics Division at Edgewood Arsenal was using a
gelatinous material to estimate bullet lethality in the 1960s.> A surrogate for human
tissue response evolved from goats to gelatin and, shortly thereafter, to an oily clay
called Roma Plastilina No. 1 (RP#1) in the work of Prather.® Prather had associated
the effects of BFD on a goat thorax to that of gelatin. Even though ballistic gelatin
displays resistance to penetration similar to the human body, it almost completely
recovers from deformation.” Since permanent deformation remained after impact,
clay was used as backing material. Prather demonstrated a technique, measuring
features of the final penetration crater, notably depth of penetration (DOP), to the
probability of lethality, an expansion of Clare’s analysis.> Figure 1 shows a
historical schematic through the phases of Prather’s study.
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Fig. 1 Schematic of Prather experiments and deformation time history

Prather-type experiments are currently in use today to analyze BFD and BABT, to
assess state-of-the-art material fabrication, and to study the effects of variation in
constituent material.® See the images from the recent Ivancik experimental study in
Fig. 2, known as side-impact tests.

Fig.2  Modern side-impact test



Modifications have been made to the targets of Fig. 2 to accommodate advances in
diagnostic tools, such as high-speed cameras and X-ray technology. This report
addresses the effects in the changes to target geometry on DOP and crater formation
in RP#1 backing material.

1.2 Advances

The availability of new and emerging diagnostic tools for data collection and
analysis, coupled with advances and changes made in the manufacturing of clay
backing material, have resulted in modernized Prather-type experiments at Army
Research Laboratory (ARL; now CCDC ARL")®° and at other agencies interested
in lightweight PPE,'®!! such as law enforcement. RP#1 is also a popular material
used by various industries to model the plastic flow of metals'?"!> and for flight
safety within aeronautics.'®

The evolution of clay formulation has changed over time, giving rise to RP#1 that
is temperature and time sensitive. In an attempt to quantify and manage the effect
of heat treatment, and other variants, within RP#1 for body-armor testing, a column
drop calibration test protocol, Test Operating Procedures (TOP), was developed at
ARL!7 to examine the clay backing material for consistency prior to and after
testing. Figure 3 shows an image from an ARL drop test using a spherically shaped
dropper. TOP is based on the National Institute of Justice standards'® of
nonperforation and protection against blunt trauma for body armor. Other variants
of drop testing have been used to characterize the dynamic response of RP#1 at
medium strain rates!® and for reference points to verify numerical studies and
numerical modeling parameter-sensitivity studies.?’

Fig.3  Drop-test craters

* The work outlined in this report was performed while the US Army Research Laboratory (ARL) was part of
the US Army Research, Development, and Engineering Command (RDECOM). As of 31 January 2019, the
organization is now part of the US Army Combat Capabilities Development Command (formerly RDECOM)
and is called CCDC Army Research Laboratory.



This report includes numerical modeling of drop testing on the traditional
rectangular blocks of clay, similar to Fig. 3, and for the modernized cylindrical
target geometry using a hemispherical dropper with cylindrical backing described
in Section 2.4.1.

1.3 Geometric Considerations

Advances in X-ray imagery have provided a window into the mechanisms involved
in the formation of indentation from BFD and to capture the physical features of
the interaction of the experimental armor packet with the backing material. Limits
on the power of X-ray flashers used today do not allow, however, for imagery
through the rectangular clay blocks that have been traditionally used.®® The
modified target is a cylinder of RP#1 confined in a stiff material, usually polyvinyl
chloride (PVC) with maximum diameter of the PVC is 6 inches (Fig. 4).

HIDRA: High Voltage In-situ Diagnostic
Radiography Apparatus

Ultra-High-Speed
Cameras

Soft Armor
Hard Armor (Shoot pack)

Foam Target Holder

Fig.4  ARL body armor and BABT testing

ARL performed a series of body-armor testing with state-of-the-art diagnostics,
High Voltage In-situ Diagnostic Radiography Apparatus (HIDRA), to capture the
dynamic BFD of the armor and penetration into the backing material.’
Experimental observations show that the dynamics of the DOP within cylindrical
geometry are different from impact experiments on rectangular blocks of RP#1.
Figure 4 shows schematic of HIDRA experiments and target.

The Netherlands Organization for Applied Scientific Research (commonly known
as TNO) performed experiments to study the assertion that the indentation into the
clay is a complete imprint of the BFD.! TNO reported, however, that separation
occurs between the armor and the clay, and it found some rebound within the clay.
A schematic of the TNO experimental set up is shown in Fig. 5.

4
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Fig.5  Schematic of TNO experimental set up

Modernized Prather-type experiments are planned at ARL to address the geometric
effects on BABT phenomena. All cylindrical impact tests will be performed
without a shoot pack. See Fig. 6 for proposed cylindrical target configuration. This
report is a numerical investigation into the effects of the new geometry of BABT.

Clay-doped PVC

unjoeq poom

i Camera

Fig. 6  Proposed cylindrical Prather-type experiments

2. Numerical Study

2.1 Introduction

The numerical studies in this paper are a continuation of the recent RP#1 finite
element (FE) modeling and compression testing performed to characterize the
material response of ballistic RP#1 by Zhang.?! The work included FE modeling of
Prather-type impact tests in rectangular geometry?' using a clay-material model
designed from compression tests. This work uses Zhang’s methodology to assess
drop and impact tests in cylindrical geometry and compares the time history of the
DOP and crater formation with the rectangular configuration.



2.2 Computational Approach

2.2.1 LS-DYNA

All FE computations were performed with LS-DYNA.?? LS-DYNA is a general-
purpose, multi-physics predictive capability developed by Livermore Technology
Software Corporation (LTSC). LS-DYNA is available in three approaches:
Lagrangian, Smoothed Particle Hydrodynamic (SPH), and Multi-Material
Arbitrary Lagrangian-Eulerian (MM-ALE). While all three methodologies are
appropriate for modeling soil-like material,>> Lagrangian is chosen for this study to
be consistent with the original modeling of Zhang.?!

2.2.2 FE Mesh and Boundary Conditions

A schematic of the rectangular-clay impact tests modeled by Zhang are shown in
Fig. 7 in the top left-hand side (LHS). Below the initial configuration is the
proposed cylindrical target: clay-doped PVC pipe (bottom LHS, Fig. 7). The
rectangular configuration is initialized to model the Prather-type experiments of
Ivancik® discussed in Section 1.2. The rectangular block of clay has dimensions of
12 x 12 x 11 inches (304.8 x 304.8 x 279.4 mm), where 11 inches (279.4 mm) is
the depth and 12 x 12 inches are the dimensions for the strike face of the clay target.
The 11-inch sides are not confined. A drawing of the rectangular target is seen on
the upper right-hand side (RHS) of Fig. 7.

Initial Configuration Camera-overhead Computational targets. Strike
view location labeled at centers.
projectile barrel \
12
e — [ | clay
Sabot . J{
\ i ]2”/
\ /

Camera-side view i """"""""""""""

Cylindrical target ﬁ
i ' ‘ G__—_“— 1 1 ”

Fig.7  Rectangular and cylindrical impact-test drawings

Bunjoeq poom

The projectile is a 200-g mass consisting of an 80-mm-diameter hemispherical
striker with 12.4-mm tail. The striker is Nylon 101 and the tail is Delrin. The
velocity of the projectile is 55.0 m/s, consistent with Ivancik’s Prather-type



experimental study. The RP#1 in the cylindrical target is confined by a 6-inch
(inner) diameter PVC pipe (thickness approximately 0.3 inch) with wooden
backing material. The diameter of the clay is 6 inches (152.4 mm) and the length is
11 inches. The lower RHS of Fig. 7 is a drawing of the cylindrical targets with
dimensions labelled.

The computational meshes for the rectangular and cylindrical geometries are shown
in Fig. 8, where the cylindrical configuration has been zoomed. Symmetry planes
are added in the xz- and yz-planes to reduce computational time; a quarter of the
problem is modeled. These models, however, are approximations because the
targets, in experiments, rest on a metal table or frame and, therefore, the symmetry
is truly half. To address this issue, displacement is constrained to zero to represent
the frame.?!

.core/mesh

i A Ay

Fig.8  Overhead computational mesh at strike face

All parts of the model (clay, projectile, PVC, and wooden backing) are partitioned
into eight-node hexahedral elements, where the constant stress-element formation
is used for efficiency and accuracy when severely deformed.?* The total number of
elements modeling the box configuration is 609,466, with 571,800 in the clay, and
for the cylindrical setup the total number of elements is 522,826, with 418,500 in
the clay.

An image of the computational mesh of the strike faces is given in Fig. 8. The clay
mesh for the cylindrical configuration is the same as the inner 3.0 inches of the
rectangular configuration. The core mesh, labeled with dashed lines, has the same
number of elements, where Ax = Ay, and there is an equal number of radial zones



for radius 0.0-3.0 inches, 6 from 0° to 90°. The elements in the z-direction, Az, are
the same length for both geometries.

The interface between the hemispherical part of the projectile and the clay in the
impact zone is treated as an eroding surface, *CONTACT ERODING
SURFACE TO SURFACE, for both geometric configurations. The nodes at the
boundary between RP#1 and PVC of the cylindrical setup are treated as a two-way
contact, named *CONTACT AUTOMATIC SURFACE TO_SURFACE, where
penetration is not permitted from the clay into PVC and vice-versa. A sensitivity
study was performed varying the coefficient of friction in the two-way contact
between RP#1, 0.19, and PVC, 0.40, with results presented in Section 2.3.2. Unless
otherwise stated, all numerical results for DOP were computed with coefficient of
friction set to 0.19.

2.2.3 Material Models

The material properties used for the numerical investigation are listed in
Table 1.21*326 The material model for RP#1 is an isotropic elastic—plastic model
that allows user-defined load curves for yield stress versus effective plastic strain
in compression or tension and for strain-rate scaling factor on yield stress versus
strain rate when material is in compression or tension, *MAT PLASTICITY
COMPRESSION TENSION. The load curves are taken from the experimental and
numerical study of Zhang.?! The stress—strain curve for the RP#1 is shown in Fig.
9 at 38 °C. The curve of Fig. 9 is the baseline quasi-static material response,>! where
the compressive and tensile portions are in blue and orange, respectively. The
material model used for the projectile hemisphere and rod, PVC, and wood is
isotropic elastic (*MAT_ELASTIC).

Table 1 Material properties in impact testing

Property RP#1 Projectile  Projectile PVC Wood
hemi rod
Density (kg/m?) 1342 1203 1485 1375 600
Young’s modulus (Pa) 15.0e6 2.9¢9 2.4¢e9 2.5¢9 7.0e9
Poisson ratio 0.49 0.39 0.35 0.40 0.40
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Fig.9  Zhang stress—strain curve for RP#1 at 38 °C

2.3 Side Impact

2.3.1 Depth of Penetration

A time history of the DOP is shown in Fig. 10 for the rectangular block of clay
modeled by Zhang using LS-DYNA; it is the black, solid curve. The cylindrical
DOP is the green curve of Fig. 10. The minimum and maximum DOP from
Ivancik’s Prather-type experiments for RP#1 are the dashed red and black curves,
respectively. The impact velocity for the cylinder and rectangle is 55.0 m/s, the
same as the Ivancik experiments.
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Fig. 10 Time history of DOP cylinder, rectangle, and experiment

The calculated DOP of the cylindrical target is approximately 44% less than the
rectangular configuration and approximately 18% less than the minimum extracted
from the Ivancik experiments (for RP#1). The decrease is caused by both reflection
of pressure waves at the boundary and clay extrusion from the container. The DOP
time history from Zhang’s computations and the DOP time history from the Ivancik
experiments are in very good agreement.

Postexperimental images of clay indentation from ARL are shown in Fig. 11. Even
with armor between projectile and clay, there is clay extrusion from the PVC,
between approximately 4 and 8 o’clock of the image and separation between
approximately 10 and 1 o’clock.

10



ARL e . ~ TP paration

Extruded Clay

Fig. 11 Clay indentation, separation, and extrusion

2.3.2 Boundary Conditions

Due to separation at the clay—PVC interface and extrusion from the PVC observed
in the Schuster ARL experiments (shown in Fig. 11), a sensitivity study of the
coefficient of friction in the boundary condition was performed.

In Fig. 12, the time history of the DOP is shown for the Ivancik experiments of
RP#1, labelled minimum with red dashed curve and maximum with black dashed
curve; Zhang modeling for the rectangular setup with solid black curve; and
cylindrical simulations with coefficient of friction (CF) for PVC, 0.40, and for
RP#1, 0.19, given by blue and green curves, respectively. The DOP for the two
cylindrical cases are the same from 0.0 ms to approximately 1.9 ms. Thereafter, the
DOP using the CF of the PVC at the boundary is approximately 8.0% less than
when using the CF of RP#1.

11
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Fig. 12 DOP vs. time vary the CF

A side view of the calculations with varying CF is shown in Fig. 13. The LHS of
Fig. 13 is a side view of the cylindrical calculation with the CF of the RP#1, 0.19.
The RHS of the figure is using the CF of the PVC, 0.40. Each image is labeled with
the maximum DOP and the amount of extruded RP#1. The maximum DOP with
CF from RP#1 is 63.0 mm and occurs approximately 4.0 ms after initial impact,
and the maximum DOP for the CF from the PVC is 58.6 mm approximately 3.8 ms
after initial impact.

CE=0.19 Max DOP = 63.0 mm CF=0.40 Max DOP = 58.6 mm

.

Fig. 13 Side view of cylindrical configuration with varied CF

Table 2 shows the maximum DOP, time of the maximum DOP after initial impact,
and amount of extruded RP#1.



Table 2 Vary coefficient of friction

Boundary Max DOP Time max DOP Extruded RP#1
RP#1/PVC (mm) (ms) (mm)
CF=0.19 63.0 4.0 41.3
CF =0.40 58.6 3.8 41.6

The percentage difference in the measurements of maximum DOP in Table 2 is less
than 7%, which is not large given the CF of RP#1, 0.19, is less than half that of the
PVC, 0.40.

The computational results reported in this study used the CF of RP#1 for
consistency with the modeling of Zhang. A preliminary comparison between the
cylindrical experiments performed at ARL and the amount of extruded clay indicate
that the use of the CF for RP#1 is appropriate.

2.3.3 Radial Variation

The strike face of the rectangular block of RP#1 is 12 x 12 inches for consistency
with the original Prather tests. The radius of the cylindrical configuration is 3 inches
due to limitations on the X-ray capabilities®! (as the schematic in Fig. 8 showed).
The time history of the DOP for the cylindrical setup, while qualitatively the same,
is lower than the rectangular setup. The time history of the DOP for each geometry
should converge when 1) confining the rectangular block of clay with PVC on the
outer sides and 2) increasing the radius of the clay to 6 inches, matching the distance
from the center of the rectangular strike face of the clay to the outer boundary along
a straight line within a plane.

The modifications to both configurations are shown, from the strike-face view, in
Fig. 14. The cylindrical configuration has a plywood back end; therefore, a plywood
backing, of the same thickness, was added to the rectangular setup as well. The
cylindrical radius was increased from 3.0 inches to 6.0 inches to match the central
dimensions of the rectangular block of clay. The rectangular block of clay is
contained by PVC of the same thickness. The impactor is included in the image at
the central region, where the dark blue is the hemispherical head and the black is
the tail.

13



Clay strike[faces

6.0 inches

Fig. 14  Strike face of modified clay targets

The time history of the DOP for the modified targets is shown in Fig. 15. The
calculation of the cylinder with increased radius to 6.0 inches, the solid-blue curve,
and the rectangular configuration with PVC sides, the dashed black curve, have
converged. They are qualitatively the same with the confined rectangle with
plywood backing have a slightly larger DOP.
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Fig. 15 DOP change radii

An overhead view of the strike-face computational mesh for the rectangular and
cylindrical configurations is shown in Fig. 16. The computational mesh is the same
for both configurations from the center and moving radially outward to 3.0 inches.
The cylindrical geometry uses sector-shaped elements continuing to 6.0 inches. The
rectangular mesh transitions from sector-shaped elements to trapezoidal from
3.9 inches to the boundaries, which may account for the minor difference in the
DOP.

14
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There is a minor absolute difference in the radii of the craters between the two
geometries. Figure 17 shows an overhead view of the strike faces, without
penetrator, of both configurations. The LHS is the rectangular setup with PVC
sides, and the RHS is the cylinder with radius increased to 6.0 inches.

6.0 inches 6.0 inches

Fig. 17 Overhead rectangular and cylindrical strike face

Measurements of the crater radii were taken at 5.0 ms, the time of maximum DOP.
The rectangle’s crater radius is approximately 111.0 mm, and the cylinder’s crater
radius is 109.4 mm, which is approximately a 1.4% difference in crater radius. This
is very close to the percent difference seen in the DOP of Fig. 15, which is

approximately 1.2%.

15



2.3.4 Velocity Scoping Study

The original Prather® tests and the Ivancik® experimental study were performed at
impact velocity 55.0 m/s, with some variation within the limits of reproducibility.
Generally, experiments to study, analyze, and design PPE are done using hard or
soft armor with clay or ballistic gelatin as a backing material. In reality, the impact
velocity of threats is much higher and, therefore, the evolution of the BABT is
different. In future impact experiments, the impact velocity will be increased to as
high as the experimental apparatus and setup can attain, which is approximately
75.0 m/s.”’

Time history of DOP at varying velocity was performed and is shown in Fig. 18 for
both configurations, where the cylindrical impact is on the LHS in blue curves and
a green curve for 55.0 m/s, and the rectangular impact is on the RHS with gray
curves and a black for 55.0 m/s. The impact velocity was varied from 20.0 m/s to
the anticipated maximum velocity, 75.0 m/s. The values of maximum DOP increase
with velocity until stabilizing.

Cylindrical Impact Rectangular Impact

».H
B 2
B 8

g

20m/s
40m/fs
55m/s
65m/s
Tomfs
75m/fs

20m/s
20m/s

®
]

55m/s
— —65mfs
cee- 7OmMfs
I E E— = 75m/fs

™
S

20

~
5]

Depth of Penetration (mm)

Depth of Penetration (mm)
\

o
w

6 9 12 15
Time (ms) Time (ms)

Fig. 18 Time history of DOP at various impact velocities

At the impact velocities of 55.0 m/s and higher the hemispherical impactor
penetrates to a depth greater than its radius, and the clay material behind it slightly
encloses the head of the penetrator, preventing rebound. Rebound was not
calculated for 20.0 and 40.0 m/s for either geometry.

The graphs of Fig. 19 contain maximum DOP versus velocity. The dark-gray
circular markers are for the rectangular configuration, and the blue triangular
markers are for the cylindrical configuration.
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Fig. 19 Maximum DOP vs. velocity of rectangular and cylindrical setup

Maximum DOP increases at the same rate for impact velocity 60.0 m/s and higher
for both configurations. The DOP for the cylindrical setup is lower than the
rectangular geometry for all impact velocities.

2.3.5 Clay Motion

The time history of the DOP for rectangular and cylindrical geometry, shown in
Fig. 10, is the same from 0.0 ms to approximately 0.2 ms. The pressure front, or
incident waves, from the penetrator travel radially outward in the clay. The incident
wave should reach the PVC approximately 0.2 ms after initial contact®® with the
clay for the cylindrical case but will continue propagating in the rectangular case.

The simulated velocity fields of the incident, as transmitted, reflected, and
coalesced waves, are given in Fig. 20 at 2.0 ms. The LHS is the rectangular
configuration and the RHS is the cylindrical setup. The clay of the rectangular setup
of Fig. 20 has been cropped approximately 1.5 inches, but the simulation was
performed for the full 6.0 inches from the center of the block. The white dashed

line in the clay of the rectangle marks 3.0 inches, where the PVC is located for the
cylindrical setup.
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Fig. 20 Velocity fields in clay for rectangular and cylindrical setup

At 2.0 ms the incident wave of the rectangular configuration has propagated
approximately 0.8 inches beyond the PVC of the cylinder. At the same time in the
cylindrical configuration, the incident wave has reached the PVC, where some
transmitted waves can be seen within the PVC. Most of the wave has been reflected
radially inward in the clay, where the effects of coalescing waves are seen when
comparing both velocity fields. At 2.0 ms, the clay of the cylindrical setup has
begun the extrusion process, where the orientation and magnitude of the velocity
field at the clay—PVC interface are larger.

Contours of pressure for 0.1, 0.2, 0.3, and 0.5 ms are given in Figs. 21-24,
respectively. Quarter symmetry is shown with the cylindrical simulations on the
top of the figures and the rectangular configuration at the bottom of the figures. The
light-blue dashed lines in the cylindrical images are the location of the PVC
boundary. The clay block is not confined for impact simulations. The cylindrical
contours do not include the wood backing, although they were calculated with it.
Therefore, the length of the targets in Figs. 21-24 is 11 inches of clay for both
geometries.
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Fig. 21 Pressure contours at 0.1 ms for rectangular and cylindrical setup

0.2 ms

Fig. 22 Pressure contours at 0.2 ms for rectangular and cylindrical setup
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Fig. 23  Pressure contours at 0.3 ms for rectangular and cylindrical setup

Fig. 24 Pressure contours at 0.5 ms for rectangular and cylindrical setup
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The pressure contours in Fig. 21 are the same in the central region of the clay and
radially outward. This is expected because the computational mesh is the same for
both configurations to 3.0 inches in the clay, and the incident wave has not reached
the PVC.

Figure 22 shows the pressure contours at 0.2 ms. They are the same for both
configurations in the central region and radially outward to approximately
2.8 inches. At 2.0 ms the incident wave of the cylindrical setup has reached the
clay-PVC boundary, been transmitted into the PVC, and is reflected back into the
clay.

At 0.3 ms the leading wave continues in the direction of the penetrator for both
geometries at the same magnitude and distance, located approximately halfway into
the clay target shown in Fig. 23. The reflected wave in the clay of the cylindrical
geometry has the same curved shape, but inward away from the PVC, as the
incident wave traveling down the target; and the reflected wave has reached the
central region, including the crater.

Figure 24 contains pressure contours at 0.5 ms. In the rectangular geometry, the
initial pressure front continues toward the back of the target. In the cylindrical
geometry, the initial pressure front is at the same location down the target as the
rectangular setup, and there is significant wave interaction within the clay.

The presence of the PVC boundary has an effect on the dynamics within the clay
and the formation of the crater. Figure 24 shows a region of higher pressure at the
tip of the crater for the cylindrical case. The simulations demonstrate the PVC
boundary influences the crater formation by approximately 0.25 ms, coinciding
with the anticipated amount of time an incident wave and subsequent reflected
wave would travel to the PVC boundary and back to the crater, respectively.

2.4 Drop-Test Results

2.4.1 Introduction

Prior to all BABT testing with clay backing material, column drop testing is
performed to ascertain the readiness of RP#1 for impact and other testing.
Figure 25 shows a schematic of a rectangular and cylindrical column drop test on
the LHS and RHS, respectively. A 2.0-g steel dropper with hemispherical nose and
cylindrical tail of equal radius, 0.875 inch (22.23 mm), is released, guided through
a plastic column, 2.0 m from the strike face of a rectangular target and, separately,
2.0 m from the strike face of a cylindrical target. Measurements are taken of the
DOP and must be between 22.0 and 28.0 mm in order to proceed to an impact test.!”
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Fig. 25 Schematic of rectangular and cylindrical drop test

The computational mesh for the clay block and cylinder, the PVC, and wood are
the same as in Fig. 8. However, the rectangular block of clay is confined on all sides
by 0.5 inch (12.7 mm) of aluminum, noted in Fig. 26. A quarter problem is
computed for each geometry due to symmetry, demonstrated in Fig. 26.
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Fig. 26 Overhead rectangular and cylindrical strike face

The calculations were performed using LS-DYNA, as described in Section 2.2. The
parameters for the steel dropper and aluminum are given in Table 3, shown in bold.
The material model used for steel and aluminum are isotropic hypo-elastic
(*MAT_ELASTIC). The clay model is the same as for reported for the impact tests.

Table 3 Material properties drop testing

Property RP#1 Steel Aluminum PVC Wood
dropper sides
Density (kg/m?®) 1342 7700 2700 1375 600
Young’s modulus (Pa) 15.0e6 1.9¢el1 6.9¢10 2.5e9 7.0e9
Poisson ratio 0.49 0.30 0.33 0.40 0.40

The mesh for the cylinder and for the clay are the same as used in the drop tests,
described in Section 2.2.2, and the boundary conditions between the clay and
respective containers is an LS-DYNA sliding surface using the CF for the RP#1;
that is, 0.19.
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2.4.2 DOP

For the drop tests, all FE models were run with impact velocity 6.26 m/s, neglecting
drag forces. The time history of the DOP for the cylindrical and rectangular
configurations are given in Fig. 27 with blue and black curves, respectively. They
are qualitatively the same; that is, both curves increase in magnitude to maximum
DOP and stabilize.
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Fig. 27 Calculated drop-test DOP for cylinder and rectangle

The DOPs have the same values, from 0.0 ms to approximately 3.0 ms. Thereafter,
the cylindrical DOP growth reaches its maximum value of 23.5 mm at
approximately 6.0 ms and rebounds to approximately 23.0 mm, where it stabilizes;
whereas for the rectangular geometry, the maximum DOP is approximately
26.5 ms attained at approximately 8.0 ms, after which the DOP stabilizes. The
rectangular case does not experience rebound.

2.4.3 Clay Motion

Features of the motion of the clay drop test are similar to the side-impact dynamics;
that is, there is an initial rapid rise to maximum DOP and stabilization. Craters form
for both configurations but are not as pronounced. Clay is extruded from the PVC
in the cylindrical case.

Side-by-side pressure contours for both geometries are given in Fig. 28 at 0.2, 0.3,
and 0.4 ms, where the cylindrical case is on the LHS and the rectangular on the
RHS; the dropper is not included in the figures. The vertical, dashed light-blue lines
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on the left and right in each image mark the interface between the RP#1 and the
PVC and aluminum sides, respectively. The pressure range is shown in the legend
on the RHS in pascals, where the peak pressure is always in the central region at
the tip of the dropper.
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Fig. 28 Drop-test pressure contours, both configurations
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At 0.2 ms, the pressure wave has almost reached the PVC—clay interface. In the
rectangle’s calculation the pressure wave is deeper than in the cylindrical case by
approximately 0.12 inch due to the difference in the mesh (described in
Section 2.3.3), including that all element lengths in the z-direction for the
rectangular case are longer than in the cylindrical case, whereas the cylindrical
elements are nearly square. At 0.3 ms, radially an inward rebound from the PVC
coalesces with the central wave moving in the direction of the dropper and
continues through 0.4 ms. In the rectangular calculation, from 0.2 to 0.4 ms, there
is no influence from the aluminum—clay boundary.

For all drop-test simulations, the velocity is set at 6.26 m/s, neglecting drag force;
however, there are drag forces and, in addition, during a drop-test series the plastic
guide tube can collect debris on the inner diameter and possibly cause variation in
the drop velocity and in the yaw of the dropper.

Drop-velocity variations were simulated at 5.80 m/s and 6.00 m/s, and a calculation
was performed at 6.26 m/s with a 2° yaw. The results are shown in Fig. 29, where
the green solid curve is 5.80 m/s, the solid red curve is 6.00 m/s, the dashed black
curve is 6.26 m/s with 2° yaw in the dropper, and the original calculation at
6.26 m/s is the solid blue curve. The calculations show the maximum DOP for the
rectangular geometry is 25.0-26.9 mm and for the cylindrical configuration is
22.1-23.5, which is 12%—13% less than the rectangular geometry.
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Fig.29 Variations in velocity shown for drop tests, both geometries

Figure 30 shows maximum DOP versus velocity, where the dark-gray circles
represent the rectangular geometry and the blue circles are for the cylindrical
configuration. The rate of increase for the rectangular case is linearly increasing,
whereas there is no trend for the cylindrical configuration due to the effects of the
PVC boundary.
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The cylindrical drop test is not a reliable test configuration that can be used to
generate data to validate constitutive models for RP#1. Data from a drop test using
a high-speed camera are only valid up to approximately 0.2 ms. A redesign for the
cylindrical target will require increasing the radius and, as such, is not necessary
since the rectangular geometry is sufficient, especially since the DOP is measured
either by high-speed camera or FARO scanner.?

3. Summary and Conclusion

An historical background was presented for the evolution of backing material to
study BABT leading to the current use of RP#1. The traditional rectangular clay
target was modified to accommodate advances in data collection by reducing the
surface area of the clay strike face but retaining the length in the impact direction
and confining the RP#1 within piping material.

Modernized experimental investigations of side-impact testing and drop testing
indicate the piping material and reduced surface strike-face area influences the
dynamics of the DOP and the formation of the crater within the backing material.

The modeling and analysis demonstrated that confining the backing material and
reducing the strike-face surface area reduces the magnitude of the maximum DOP
for impact testing and drop testing at all velocities tested. The magnitude of DOP
for impact testing for cylindrical geometry was reduced by as much as 50%,
depending on the clay—confining-material boundary conditions, and the magnitude
of the DOP for drop testing was reduced by nearly 10% for the cylindrical setup.
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The reduction in DOP is caused by reflected waves from the PVC, coupled with
extruded clay along the boundary.

FE analysis of each geometry was performed for both side-impact testing and drop
testing of RP#1, including analysis of mesh techniques and boundary conditions,
variation of velocity and yaw, radial variation of the reduced target, and
boundary-condition sensitivity to friction parameter; also, an in-depth investigation
was made into the motion of the clay during penetration.

Numerical treatment of the clay—confining-material interface varied depending on
friction parameters used. The DOP for an artificially high CF, 0.8, converges to a
nonslip boundary condition, and those assigned to RP#1 and PVC increase toward
the minimum DOP from Ivancik’s Prather-type experiments. While higher
coefficients of friction are used in practice, future numerical work must include
formal sensitivity studies in conjunction with parameter sweeps in constitutive
models to quantify friction effects, including whether they mask deficiencies within
other models.

The numerical investigation demonstrated that after approximately 0.23 ms from
initial contact of the penetrator with the clay target the DOP and crater formation
in the cylindrical configuration are influenced by the boundary.
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List of Symbols, Abbreviations, and Acronyms

BABT
BFD
CF
DOP
FE
HIDRA
LHS
LTSC
MM-ALE
PPE
PVC
RHS
RP#1
SPH
TNO
TOP

behind-armor blunt trauma

back face deformation

coefficient of friction

depth of penetration

finite element

High Voltage In-situ Diagnostic Radiography Apparatus
left-hand side

Livermore Technology Software Corporation
Multi-Material Arbitrary Lagrangian-Eulerian

Personal Protective Equipment

polyvinyl chloride

right-hand side

Roma Plastilina No. 1

Smoothed Particle Hydrodynamic

Netherlands Organization for Applied Scientific Research

Test Operating Procedure
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