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ABSTRACT
Results of calculations are presented to predict effects of earth
penetration experiments conducted in mid-July 1974 at the Watching Hill
site of the Defense Research Establishment in Alberta, Canada. Calcula-

tions were performed with the TOODY Lagrangian code for both a rigid and

deformable projectile. Soil cap models describing four layers of the

glacial silt target medium were employed in the calculations., All cal-

culations are for a projectile 0.1651 m in diameter (6.5 inches), of mass



ii

181.44 kg (400 pounds) with tangent ogive nose shape impacting the earth
target at a velocity of 152.L4 m/s (500 ft/sec). A zero friction boundary
éondition'is employed at the projectile-soil interface. Stress, strain,
and velocity distributions, produced in the medium by the penetrating
projectile, are computed. Axial retarding forces exerted by the medium
on the projectile and normal stress distributions on the projectile sur-
face are also calculated. Comparisons of predictions with experimental
measurements of rigid body projectile deceleration and soil stress his-
tories indicate that computer simulations can provide a detailed and

accurate description of soil response during penetration by projectiles.

¥
This work was sponsored by the Defense Nuclear Agency.
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SECTION I

INTRODUCTION

The immediate'pUrpose of calculations presented here is to provide
predictions of effects associated with earth penetration experiments con-
ducted ‘at the Watching Hill site in Alberta, Canada, in mid-July 1974.
In particular, predictions of deceleration history and medium stress
histories af specific locations were desired for comparison with experi-
mental measurements of these quantities. Such comparisons 'permit evalua-
tion of current theoretical prediction capabilities and, in’ addition,
provide insights into the primary mechanisms and relevant phénomena
governing projectile penetration into earth media. Ultimate objectives
of the computational effort are (1) to develop methods for confidently
predicting loads on earth penetrating projectiles in-order to facilitate
ratichal designvof penetratoré*with a’minimunlreliance1on-empiridal
testing, (2):to develop an understanding of the detailed'mechanisms’in;5
volved in earth penetration to the extent that the empirical soil factor
of Young's penetration equationsl’2 may be correlated with appfopriate*
target medium properties, and (3) to establish the degree of complexity -
in description of target medium properties necéséar& for accurate dalcu~
lation of projectile decelerations, loads, and depthé of ‘penetration. : -

Twé'finite difference code calculations were made to eﬁtimateyresults
of the Watching Hill experiments. The TOODY I“ra.grang‘ian_"c:ocxe?”)+ was employed
to predict penetration performance of both a rigid-and a deformsble pro- *
jectile. In both cases, the target medium properties were described by

using identical soil cap models. With the projectile considered as a



rigid body, ﬁhe finite difference code is capable of more efficient
operations than when thé projectile is taken to be a deformable body.
Rigid bedy célculations then permit examination of penetration to deeper
projectile depths in reasonable amounts of computer time. To verify the
validity of the rigid body assumption, a deformable body calculation was
performed until the noée{of the projectile was fully embedded. From the
deformable body .calculation, stress and strain histories and distributions
within the projecﬁile are obtained.

Projéctile penetrétion~éxperiments5 at the Watching Hill site in-
cluded one for direct combarison with calculations in which the projectile
impacted the target medium at a velocity of 152.4 m/s (500 ft/sec). The
' projectile,6 fabricated from DOAC steel, had a diameter of 0.165 m (6.5
inches);va length of 1.524 m (60 inches), and a mass of 181.44 kg (LOO
pounds). Nose shape was 9.25 CRH tangent ogive with a slight blunting
of the tip. Acéelerometers mounted within the projectile pro?ided

eceleration histories during penetration. Integrations of deceleration -
histories result .in projectile Vélocity and position information including
depth of penetration, Projectile deceleration and penetration depth were
felt to be insufficient information for critically evaluating results of
computer code calcﬁlations, particularly the material property models

7

employed in the codes, A much more severe test of target medium con-

stitutive models is provided by measurements of the medium response. TFor
s . 8,9

these reasons, lithium niobate pressure or stress transducers were

incorporated into the Watching Hill experiments. Six stress-history

transducers, four of which were to measure wmean stress and two radial

stress, were emplaced'in the target medium in two vertical holes near the

vicinity of the projectile penetration:locations. Positions of the stress



transducers are indicated in Figure I-1. At the position (range/depth
relative to the projectile impact point) of 0.45 m/1.8 m, a mean stress
transducer is located. A mean stress and a radial stress transducer are
located at 0.45 m/3.6 m, and at 0.45 m/5.4 m, two mean stress gauges are
placed. A single radial stress gauge is located at 0.9 m/3.6 m. Gauges
shown in Figure I-1 at a range of 1.5 m were used for another projectile
penetration experiment but are physically the same set of gauges shown
at a range of 0.45 m for the experiment of primary interest. Measurements
of target response duriné pfojéctile penetration apparently have naver
before been made; the successful.recording'of.@edium Stress historieslo
during the Watching Hill penetration experiments has provided wvaluable
information for more direct verification of computer che calculations.
Output desired froﬁ com@uter code calculations has been specified
in detailll and is briefly sqmmarized in Figures I-1 and I-2 for the
rigid body caleulations. Similarly, for the.deformable projeetiles cal-

culations, desired output is indicated in Figures I-3 and I-k.
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SECTION TIT

MATERTAL MODELS FOR TARGET MEDIUM

The Watehing Hill Blast Range of the Canadian Defense Research Estab-
lishment, on which site the earth penetrator experiment35 were conducted,
is located about 30 miles north of Medicine Hat near Suffield, Alberta.
The target medium at Watching Hill consists of a thick succession of
‘glacial tills and 1ake deposits;‘the near surface depoSit is composed of
Ithin interbedded layers of lacustrine silt, sand, and clay sediments.12
The medium is porous and coﬂtainsAvarying amounts. of Water, increaéing
with depth. TFor purposes of modeling the target medium in computer cal-
culations of projectile penetration, the medium has been‘represented by
four uniform, homogeneous isotropic layers. The three uppermost layers
were each taken to be R.4t m (7.87 feet) thick. 'The fourth layer, begin-
ning at 7.2 m (23.6 feet),;is below the water table. Material properties.
derived from uniaxial strain and triaxial stress experiments'12 have been

specifiedl?”lu

for each of the four layers.
For the calculations of projectile penetration with both a rigid

and deformable prqjeqtile; a s0il cap model is used to describe each of.
the four layers of the Watching Hillvmedium. -The cap models15 employ a
fallure envelope or fixed plastic yield surface represented by a function
of the form fl(T,p) = 0 in whiéh p 1s the mean stress or pressure and T

is the octahedral shear stress (seé Figure II-1). Octahedral shear stress
is defined by T = (oijdij/3)%, where the deviator stress, cij = Gij‘_

péij. The "cap" on this surface is given by f2(p’T’€9) = 0, where <, is

the plastic volumetric strain, DPosition of the cap on the failure envel-



is determined by ep, and the cap expands or contracts as ep increages or

decreases. Plastic strain increments are determined from f. and f2 by

1

means of the associated flow rule. Figure II-2 illustrates an example

| .
T | G;Fa

fl('r, p)

fz(p, T, € p)

. ol

P

Figure II-1, Cap Model Illustrating Failure Envelope,
Cap, a Stress Path, and Cap Contraction

of the hysteresis produced by & cap model description in a series of load-
unload eycles of a uniaxial strain test and the corresponding path iﬁ T - p
space. Information sw.J.p;;J,l:'Led.]'2 for the Watching Hill target medium consig~-
ted of a singievuniaxial strain, load-unload path and a failure envelope
considergd to‘be representative of each of four layers of the medium,

Prom the dafé:évailable for each of the idealized four layers, parameters
were determined for the functions fl and fé . For LaYérs L, 2, and 3, the

- failure envelope is given by
T = A - C exp(-Bp)

and for Layer 4 by



L1 - 3p/B)%] + C,p < B/3

a
]

‘T=A+C’ ) pZB/3

where p is pressure, The yield surface ellipse for Layers 1, 2 and 3 is described by

el -0% - W3- AR,

where X represents the intersection of the cap With the p axis and is given by

X = -{n(1 - ep/w)]/D

L represents the valﬁe of p at which the cap has a horizontal tangent and is given by

L for 4 2z 0
Lie ) =
P 0 for £ <90

where £ is the solution of the transcendental equation

L+ R4 - ¢ exp(-BA3)} = X(e )

CTe0 FAILURE
fir WAHEN ENVELOPE

1
TA TENSILE

Figure IT1-2, Loading and Unloading Cycleg for Cap Model
Material in Stress-Strain and Shear Stress-

Pressure Space



For Layer L4, the yield surface is taken as
T = X/\/7§ - p/qra .
Unloading bulk moduli are given by
K = Bo{l - B, exp(-BEp)}
for Layers 1, 2, and 3, and by
K = Min{B, exp(sz/Bl); B, eXp(Bz/\[g)}

for lLayer 4., The shear moduli are

3(1 - 2,) £ * 8y exp(-S,p)}
CLER BN G

K,

in which v is Poisson's ratio. Constants for the various expressions are
listed in Table II-1l. Figures II-3 through IIf6 compare data obtained
from the cap models (which are used in code caleulations of projectile
penetrétion) with laboratory data from uniaxial strain and triaxial stress
experiments. Figures II-7 through II-10 show data for uniaxial strain
pathes in T - p space and corresponding cap model results. The cap model
for Layer 4 fits the data well; however, for Layers 1, 2, and 3, less’
satisfactory agreement between model predictiéns and experiment is obtained
with the model response being less stiff in shear than indicated by ddta.
This suggests the need, in matching static laboratory data, for a more
elaborate model than the 1l2-parameter model used, One such model has
been suggestedl6 in which the strain hardening cap is described by an
ellipse of variable eccentricity. Cap model formulations with 29 para-

. 17,18
meters available for fitting data have been described T ; these formu-
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TABLE II-1

Cap Model Constants for the Four ILayers of the Watching Hill Medium

Constant Units Layer 1 Layer 2 Layer 3 ILayer 4 _
Pq (Mg/m3) 1.490 1.426 1.859 1.971
B, (GPa) 0.6237 0.8889 1.21h 1.103
v - 0.31 0.1k 0.257 0.48
1 0 0.7622 0.8622 -
B, (MPa) - - --- 2.382
B, (Mpa) ™+ 0 0.2087 0.3965 -
B, cm- --- - 2.139
S, 0 0.35 -0.8 0.51
S, (Mpa) "t 0 0.3859 0.346l 0.6603
A (MPa)V 1.966 7.604 0.7084 8.123 x 10'2
B (epa)™t  3u6.L 91.42 468.5 -
B (MPa) --- --- --- 3.102
c (MPa,) 1.902 7,546 0.6368 8.123 x 107
D (GPa)'l 38.61 131.2 150.0 800.0
W 0.37 0.16 0.12 1.0 x 107
R 2,252 2.179 2.785 _—-
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lations undoubtedly can bebter £it the availsble laboratory data and could
be employed in future calculationé to assess sensitivity of calculated
projectile penetration resulté to cap model expressions and parameters.

It should be pointed out that the cap model, as implemented in TOODY
for the calculations reported here, differs in some details from the eap

15

model described by Nelson et al. In particular, thé relations for the
variation of bulk and shear moduli with p and T do not satisfy the com-

patibility requirements which arise from the assumption of the existence

of an elastic strain energy function. Also, the particular function chogen

to model the éap for Layer L4 exhibits a corner on the pressure axig. The
effect of these variations on the particular calculations reported here

is difficult to assess.
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SECTION IIT

RIGID PROJECTILE CALCULATIONS
The TOODY3 Lagrangian wave propagation code was used to predict tar-
get and penetrator motions and stresses during the experiments planned
for the Watching Hill test site. The code is termed Lagrangian because
the nodes of the calculationgl grid move in response to the local stress
gradients. The basic process the code performs is to solve difference

analogs to fhe partial differential equations describing the balance of

momentum, mass, and energy, and the constitutive relations. This vprocedure

1s executed at each node of the grid, the time is then advanced, and the
whole process repeated until the desired final time of the calculation
is reached.

Since the time-step with which the calculation advances 1s control-
led by the minimum distance on a mesh over the entire grid, large distor-
tions can result in an inefficient calculation. Large distortions can
also degrade the accuracy of the numerical methods used in the code,
which then yield unrealistic results. For these reasons, the TOOREZLF
code was developed to permit carrying Lagrangian code calculations past
the point where they would otherwise have to be abandoned. TOOREZ allows
the user to redisfribute the nodes of the calculational grid (i.e. rezone
the problem), then repartitions the mass, momentum, and energy in such a
way that all these quantities are conserved. Using the output from the
rezoning code, the calculation can then be resumed.

The positions of nodes in the calculational grid which originally

lie on the axis of rotational symmetry are prevented from occupying the



space occupied vy the penetrator.  The motlon of each of these nodes is
first calculated in the standard way from the stress divergence; including
the effects of soil-penetrator friction, if any. In this calculation, a
condition of perfect slip was assumed for the soil-penetrator interface.
If the standard motion calculation for the node yieldé a position on the
surface of, or outside, the projectile, no adjustments are necessary.
When a node is calculated to lie inside the penetrator, adjustments to
the velogity and position are made so that the normal velocity relative to
the penetrator is zero, the tangential wvelocity has that value already
calculated, and the position is on the penetrator surface. In resolving
the velocity into normal and tangential components on the ogival nose, the
position of the node at the previous time step is used to evaluate the
local normal direction. The areas and volumes for material and momentum
zones adjacent to the penetrator are adjusted, where necessary, to includs
the effect of the penetrator surface.

At the beginning of each time step of the calculation, surface trac-
tions for all soil zones in contact with the penetrator are integrated
to give the total axial force acting to decelerate the penetrator, For
a zone in contact with the penetrator surface the stress is assumed con-
stant, and the axial contributions of the normal stress and frictional
stress, if any, are eipressed as functions of position on the penetrator
surface. These are integrated over the range covered by the zone, so *that,
on the nose, changes in the local normal direction and surface area are
accounted for.

For this calculation, it was desired to model the target to a large

depth. Therefore, the initial zoning of the target region utilized expon-
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tially increasing zone sizes to allow good resolution near the surface and

maintain a reasonable number of zones in the problem. Table IIT-1 descri-

bes the initial zoning.

As penetration depth increases to the regions

where the zone sizes become too large for goecd resolution, the rezoning

code is used to adjust the zoning, providing smaller zones in front of and

on the nose of the penetrator.

It was determined early in the calculation

that no significant changes occur in the soll once the nose of the penetra-

tor has passed by, so nothing is lost by decreasing the resolution behind

the penetrator.

TABLE IIT-1

Initial Zoning for Rigid Projectile Calculation

FOR ALL REGIONS: z = z, +‘X—-(exp((jo - 3) 4n(1 + xz)) - 1)

REGION:

1
(1< i< 25
67< j< 91)

2
(1= 1< 25;
1< 3<67)

x =x, *+ %ﬁ (exp((i - i
0 X

Z. X, Az Ax A

Jo o \ 2
O, 0. .03 .03 0,02
0.9127 0. 0.0483 ,03 .05

0. 0.9127 0.0483 0.0L483 0.05

o)

tn(l+ 1)) - 1)

xx QO iO
0.02 91 1
.02 67 1
0.05 68 26
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The calculation was carried out to a time of approximately 52.5 ms,

-2t which time the penetrator had reached a depth of 7.3 m, and retained

a velocity of 129 m/sec. The peak deceleration encountered by the penetra-
tor was approximately 55 g's, and at the end of the calculation the deceler-
ation appeafed to be decreasing, as the nose begins to enter layer b, to a
value less than 20 g's.

Taking a constant deceleration of 20 g's in the assumed uniform materi-
al of layer U4 below 7.2 m leads to a value of about 0.7 sec for total time
to penetration depth ahd'a valﬁe of 50 m for final depth of penetration.’
These are the results expected, based on calculated projectile motion
through the first three layers, had the calculation been carried out until
the penetrator comes to rest. The duration of projectile penetration and
final depth thus predicted are much larger than observed in experiment,
suggesting a shortcoming in the calculation due possibly to friction
effects or to use of a material response model for Layer 4 which is not
an accurate representation of the actual medium encountered by the penetra-
tor (see Section V for further discussion).

The calculations indicated that the value of deceleration achieved
was somewhat sensitive to zone size, although the precise degree o this
sensitivity was not known. For this reason, an analysis of the effect of
zone size was undertaken. Three calculations were run with a projectile
penetrating 0.6 m oerayer 1, with initially square zones of 0.015, 0.03,
and 0.06 m. Initial conditions were identical to “hose of the méin problem.
Figures ITI-1 and ITI-2 show deceleration-depth curves and normal stress
distribution along the nose at a penetrator depth of 0.4 m, respectively.

It may be noted from these graphs that while alterations in initial zone



size have a marked effect on the normal stress distribution, the decclera-
tion is much less affected for the range of zone sizes considered. This
ig evidently due to the fact that where disparities in the normal stress
distributions are largest, the area over which the normal stress acts is
relatively small._ That is to sa& that for the smaller mesh calculations
the normal stress distribution along the projectile nose has its maximum
shifted toward the nose tip (see Figure III-2). Pigure III-3 shows pres-
sure vs radial position at the depth of peak normal stress, at a penetra-
tor depth of 0.4 m. As expected, the finer zoning allows resolution of
steeper gradients. Some sort of extrapolation to obtain the stress at
the soil-projectile interface, rather than one half-zone away, would

have yielded somewhat higher dece}erations, but probably not enough
higher, taken by itself to cause a large change in duration of the cal-
culation or to influence significantly the values of projectile decelera-
tion calculated. A combination of considérably finer zoning than was
used in the main calculation, and extrapolation to find stress at the
soil-projectile interface would provide a slightly more realistic cal-
culation, but would also be guite expensive in terms of computer time.
Increases in calculated normal stress and projectile decelerations due

to finer zoning and extrapolation are estimated to amount to at most 20%
using the techniques employed in the rigid body calculatlon.

It was hoped that the rezones of the problem could be accomplished
with no significant effects on the histories being accumulated at the
selected points in the soil. This goal is really only a reagonable one
for those quantities and their integrals which are conserved during the
rezoning brocess. The higher degree of smoothness of the velocity his-

tories as compared to the stress measure histories reflects this fact.
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Rezones of the problem were performed at

TIME (ms) DEPTH (m)
1.38 | .21
3.05 A6
8.0 1.2

11.9 1.78

14.6 2.18

23.4 3.45

33.8 4,88

41.6 5.91

Due to tape handling problems, history information for the period
from 11,9 ms to 14.6 ms was lost.

Appendix A presents results of the calculation in graphical form.
FPigures A-1 through A-5 show deceleration, velocity and depth vs. time,

and deceleration velocity vs. depth. Figures A-6 through A-9 show pro-

‘jectile kinetic energy, soil kinetic energy due to radial velocity, soil

kinetic energy due to vertical veloclity, and total kinetic energy of the
soil, all per radian, and all vs. time. Table A-1 and Figure A-10 pro-
vide keys to figures A-11 through A-78, which show histories of various
gquantities at selected points in the soil. (Where they avpear, radial
and axial stress components are plotted positive in compression). Fig-
ures A-79 through A-141 show the calculational grid near the projectile,

normal and shear stress distributions along the projectile, and contours

of selected quantities in the soil. Due to the rezoning method used, only

the grid iines with depths near that of the nose region are representa-
tive of target deformation. Also, for projectile depths greater than
0.4 m, the spatial scaling is distorted, so that radial distances appear

twice as large as their actual value. The grid plots contain "x" in the



center of a zone calculated as failing in tension, and "c¢" where the
stress state is on the failure.envelope. When a mesh is calculated to-
fail in hydrostatic tension, its pressure is set fo zero, and 1lts stress
deviator is limited by the smaller of the deviator stress on the cap and
the failure envelope at zero pressure, Therefore, a zZone hay, inh some
cases, contain both x and ¢, It should also bevnoted that the normal and

shear stresses plotted are actually those at zone centers; i.e., one-halfl

zone away from the projectile., For these plots, a positive normal stress

and a negative shear stress would retard the projectile.
Table A-2 provides a key to Figures A-T79 through A-14l, It should

be noted that the sign convention for stress components is opposite that

used for the history plots; i.e. consistent with a positive normsl stress

being one of extension.
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SECTION IV

DEFORMABLE PROJECTILE CALCULATION
To test the assumption of a rigid body and to calculate the response
of the vehicle to the imposed loads, a second TOODY calculation was per-
formed. The vehiéle was zoned as shown in Figure IV-1, and the ground
was définéd by 30-mm squares to a radius of 0.6 m and a depth of 0.9 m.
For this caléulation the 45° conical tip was included, as on the actual
vehicle,'rather than the idealized perfect ogive used in the rigid body

calculation. Figure TV-1 also shows points in the projectile at which

- the progress of the caiculation was recorded and plotted. Plots vere

also made for poiﬁts in the soil corresponding to depths of 0.1 m, 0.2 m,
and 0.4 m, with distances from the central axis of 75 mm, O.14 m, 0.28 m,
0.44 m, and 0.58 m.

The spacer was treated as an aluminum shell containing a vacuum.
The eleqtfonics package was modeled with a hydrodynamic ”foam" equation
of state. The fest'ofrfhe vehicle was treated as steel. Thé ground was
represented by thé'cap model for Layer 1. The input parameters for the

vehicle materials were
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Steel 'éluminum Electronics

pO(Mg/m3) 7.850 ~ 2.700 1.400
co(km/s) 4.610 5.390 2.000
N : .296 .333 --

K = pocg(GPa) 166.8 78.4 5.6
YO(GPa) 1.324 0.02 -~
c_(m/s) -~ -- 500
oy ——. -- 2
b, (1Pa) | - - 1
p, (MPa) - -- 10

The last four parameters pertain to the p-g foam modellgg . is the
ambient value of the sound speed in the virgin foam at the initial disten-
tion %y Dy is the elastic 1limit, and P is the compaction pressure for

which all volds are assumed to be closed. Therefore, c, is the bulk

0
sound speed of the fully compacted solid.

Friction at the vehicle-soil interface was neglected, and separation
of‘soil from projectile,surface was not permitted. The calculation was
run to a time of 2.40 msec, at which time the nose tip had reached a depth
of 0.398 m. This calculation consumed 2.94% hours of CDC-6600 central
processor time., The problem was not rezoned.

Figures B-1 through B-7 in Appendix B describe the configuration,
velocities and stresses 0.40 msec after impact, with the nose tip 0.094
m below the ground surface. The situation at 1.10 msec is shown in
Figures B-8 through B-14, corresponding to a penetration depth of 0.20 m.

Figures B-15 through B-21 give the final configuration. Velocity and



stress contours are not shown for the projectile material because the high-
frequency ringing of the vehicle renders contours there incomprehensible,
A few coﬁtours are shown as passing through the projectile region; these
are intended to clarify the relationship of the contours and are unrelated
to actual values in the projectile material.

Figures B-22 through B-30 display motion history for three points
in the projectile. The motion of points away from the tip is dominated
by ringing that masks the rigid body deceleration of the vehlicle, Point
5, 40,5 mm back from the tip and 6.35 mm from theé axis, experienced an
initial acceleration associated ~ith deformation of the nose on impact,
folloyed by a deceleration as the nose absorbed the initial ground reéis—
tance (Figure B-28). |

Stress histories at selected points within the vehicle are shown in
Figures B-31 through B-36. In these and subsequent plots, "g2" is the
label for the quantity'\[gzg;zg7§; which was the reqﬁested output quan-
tity, where o' is the deviator stress temsor. This quantity>is propor-
tional to octahedral shear stress,‘dc£jc£j/3. At a point in the projec-
tile 61 mm from the tip and 12 mm from the axis, the peak mean stress-
exceeded 0.14 GPa and %c]f_jcj'_j exceeded 0.28 GPa (Figures B-35 and B-36),
At the tip of the vehicle (not plotted), mean stresses in excess of 0.5
GPa and axial stresses in excess of 1.3 GPa were noted both in compres-
sion and tension, and plastic yilelding occurred.

Figures B-37 through B-39 contain normal stress histories at three
points along the nose of the projectile (see Figure IV-1); the shear
stresses were assumed to be zero. DBecause stresses were not calculated

at the interface, the values given were calculated within the vehicle,
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one-half mesh width from the surface. _The largest stress in these fig-
ures is 43 MPa, which occurred at the point closest to the nose tip
(Figure B-37). |

The total kinetic energy calculated for the soil followed the his-
tory shown in Figure B-L4LO. The saw-tooth pattern is caused by numerical
noise, a peak occurring each time the nose tip encounters a new grid
point in the‘soil. The noise is accentuated because the total kinetic

energy in the soil is small, because it is concentrated in a few zones

near the axis of symmetry, and because the approximation used to sum

the kihetic énérgy’has undesirable characteristics when applied near the
axis of symmetry. This effect was not seen in the rigid body calculation
(Fig; A-9) because the time interval chosen for recording the energy
happened to be almost exactly one period for this oscillation, and
because the omission of the conical tip allowed a smoother solution in
the rigid case.

The history of motion and stresses at the selected points in the
soil are shown in Figures B-U1 through B-112. Histories were also
recorded at three points with range 0.6 m from the impact line, but the
mean stress never exceeded 10 kPa, the level required to activate cal-
culation of motiqn. Before'compafing these results to the rigid pro-
jectile calculation, the timés‘shown must be increased by 0.4 msec £0 
account for the nose tip being 26 mm éhorter and for the tip being buried
33 mm at the beginning of this calculation. With this adjustment, the
soil histories are in excellent agreement. The peak mean stress observed
at the closest point (range .105 m, depth 75 mm) was 2 MPa, and the

largest radial velocity was 16 m/s (Figures B-41 through B-46).



The total momentum in the vehicle was summed at 0.2-ms intervals and
then differenced to obtain the deceleration history shown in Figure IV-2.
The decéleration is up to thifty six percent larger than the results for the
rigid body calculation (Figure IIT-1). This difference is related,
in part, to the use of an ideal ogive in the rigid body calculation,
compared with the 45° tip appearing on the actual vehicle and included
in the deformable body calculation. The soil velocity reaches 180 m/s
on the 45° nose tip, whereas in the rigid body calculation the soil
velocity does not exceed 60 m/s. In the case df the perfect ogive, the
soil must reach a velocity of at least 50 m/s to get out of the path of
the oncoming vehicle. The higher velbcity produces larger stresses in
the soil; with the deformable body stress components as large as 14 MPa
were calculated, whereas no stress in excess of 8.5 MPa was noted for
the rigid body calculation.

Unfortunatély, there are no hard experimental data with which to
compare the calculated transient vehicle respohse. However, the
experience with this deformable body calculation demonstrates that cal-
culation of the early-time wvehicle loads and response is a reasonable
and straight-forward application of existing numerical methods, in
sharp contrast to the difficulties in calculating penetration depth or
to the impossibility of obtaining this information from force law or

cavity expansion theories.
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SECTION V

COMPARISON OF PREDICTIONS WITH EXPERIMENT

More than a dozen projectile penetration experiments were conducted5
at the Watching Hill site with projectiles of various diameters, weights,
lengths and nose shapes and with projectile impact veloclities ranging
from 93 to 202 m/s (305 to 660 ft/sec). Test number 6 had an impact
velocity of 150 m/s (493 ft/sec), a 0.1651 m(6.5 in) diameter projectile
of mass 181.Lkh4 kg (40O 1b) with 9.25 CRH tangent ogive nose. This test
closely matches conditions employed in calculations and provided pro-
jectile motion data for comparison with predictions. Test number 4 was
performed5 with a 0.1524 m (6 in) diameter projectile of mass 127.12 kg
(280 1b), 6.25 CRH tangent ogive nose and impacted at a velocity of 158,5

m/s (520 ft/sec). From this test, medium stress histories were obtained

with which calculated results can be compared.

Projectile Motion

Projectile motion measurements5 were obtained from accelerometers
mounted within the projectile and consist of deceleration versus time
during penetration, together with projectile velocity and position his-
tories derived from integrations of deceleration data.5 Medium response
measurementslo were made with six lithium niobate stress transducers
at four locations within the top three designated layers of the target
medium. F;om projectile deceleration data, information is obtained
regarding the nature of the resistive forces offered by the soil medium
in retarding the projectile's motion. Also, together with calculations,

inferences regarding frictional forces acting on the projectile may be

made.
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Further, from the deceleration history indications are obtained of the
gross layering structure within the target medium. From dynamic stress
data amplitudes, durations and arrival times are obtained of the pressure
disturbance pfoduced in the medium by projectile penetration. The com-
parison of this information with calculated results provideé one measure
of how accurately the medium response is modeled in calculations.

Figures V-1 and V-2 illustrate projectile decelerations, calculated
and measured (Test No. 6, real time, 200 Hz LPF).5 The rigid body cal-
cﬁlatién»@ith ZEero fricﬁion predicfs a deceleration of about 55 g's which
remains roughly constant during projectile penetration through layers 1
and 2 (each 2.4 m thick). After projectile entry into layer 3 {also 2.4
m thick) calculated deceleration falls to about 35 g's and in layer kL
deceleration again drops to 20 g's or less. This stair-step result is
related tb the material properties assigned to each of the four idealized
layers (Section II). Layers 1 and 2 have shear strengths which differ
at most by a factor of 2 at pressures below 10 MPa (see Figures II-3 and
II-4). Layers 3 and 4 both have shear strengths much less than layers
1 and 2 and the strength of layer 4 material is considerably less than
that of layer 3 over the pressure range of interest (see Figures II-5
and II-6). Assuming that the soil medium's resistance to shear deforma-
tion is the primary mechanism influencing projectile deceleration level
then the shear strength properties attributed to the four layers, and
utilized in calculations, account for the stair-step deceleration his-
tory calculated as the projectile penetrates layers 3 and 4. Measured
deceleration levels in layers 1 and 2, as indicated by the data trace, .
the smoothed (by a =Jr t a(t)dt&/};dt) data curve, and the average

0 o

deceleration over each designated layer are greater than calculated.
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Comparing calculated and measured sverage deceleration levels
(Table V-1) for each of the first 3 layers it is seen that predicted
values ére 23, 31 and 13% lower, respectively than observed. For layer
4 the difference is considerably greater and the reasons for this are
discussed further below.

Since the avérage decelerations, predicted by the no friction cal-
culation, are less than those observed one may speculate whether or not
the differences are a measure of the friction forces operative. For
layers 1, 2 and 3, it is seen (Table V-1) that the difference is greatest
for the layer 2 of highest shear sirength and least for the layer 3 of
lowest shear strength. It is apparent that the differences between
experimental and predicted average decelerations are in monotonic cor-
respondence to shear strengths of the materials at the normal stress
experienced on the projectile nose (Figures A-98, A-116 and A-134).
This suggests that a form of the friction law involving the second
invariant of the deviator stresses, such as Ted T (Tf = frictional
stress along soil projectile interface, T = octahedral shear stress),
is not inconsistent with data. Similarly, the data of Table V-1 sug-
gests that a frictlon law related to projectile velocity is probably not
correct.

It is of interest to explore the possible sources of discrepancy
between calculations and experiment to determine whether or not more

definitive information regarding friction forces may'be obtained
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Table V-1
Difference Between Predicted and Measured Average Projectile
Decelerations in the Four Layers Assumed for the
Watching Hill Medium

Average Deceleration (g's)

Layer Calculated¥* Observed Difference (%)
1 50 65 23
2 55 80 31
3 35 Lo 13
L < 20 > 60 > 67

¥ No Friction

in order to refine or perfect the prediction technique. Sources of
discrepancy include errors in the deceleration measurement, errors in
laboratory measurements of material properties, approximations or assum-
ptions made in calculétion of the penetration problem and possible in-
accuracies associated with the computational method. Approximations and
assumptions made in calculation of the penetration problem include neg-
lect of wvariations in lithostatic pressure with depth, neglect of friction
forces, layering in target and use of the soil cap material response model
to represent the target medium. Inaccuracizgs in the computational method
involve size of mesh and the closeness with which the cap model is mads
to represent laboratory data on material properties of the medium.

While the uncertainty assocliated with each of these sources of
error is not known, it is expected that taken in combination all the
sources of error from both experiment and calculation are great enough

to account for the 13 to 31% discrepancies noted between predictions and



observations. As & result, no definitive concluslons can be drawn re-
garding the absolute magnitude of.friction forces contributing to de-
celeration of the projectile in layers 1, 2 and 3. However, it appears
that the friction forces are most likely less than 50% of the total
axial force acting on the projectile. California Research and Technology
predictions,go obtained with friction on the projectile specified by

Tf = 0.6 Jémax’ yielded deceleration amplitudes of 110 g and 125 g for
layers 1 and 2 respectively. Here,‘VJémaX is the function describing
the failure envelope, evaluated at the normal stress acting onvthe pro-
Jectile. The contribution from friction to the total axlal retarding
force was about 55% and 56%, respectively. This amount of friction is
clearly too great, producing decelerations larger than observed. At
most, the amount of friction for layers 1, 2 and 3 1s that suggested

by differences indicated in Table V-1.

The difference between measured and calculated decelerations in
layer 4 material is likely greater than can be accounted for by uneer-
tainties in the experimental data on decelzsration and in the computation-
al method. The large discrepancy is felt to be a consequence of material
property data and the resultant material response model which is not
representative of the actual material of layer 4. Credence to this
supposition is given by the full experimental deceleration record
shown in PFigure V-3. At a depth of 7.2 m, where layer 4 is assumed to
begin, projectile deceleration begins to increase and from 7.2 m to 10
m the projectile experiences an increase in retarding force which implies
a layer of greater shear strength than that of layer 3. Below a depth
of 10 m the projectile enters another layer of lesser strength than the

last (but still greater than layer 3 strength) and maintains a nearly
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constant deceleration of slightly'more than 60 g's. These observations
indicate that the target medium would have been modeled better with five
layers rather than four and aiso that the material properties used for layer
four are not representative of any of the layers assumed for the penetrated
area of the Watching Hill medium. In retrospect, it is apparent that a
orior choice of four layers for use in calculations was not the best.
Considerably improved results for predicted deceleration history wouald
be obtained in a recalculation of the problem by using five layers rather
than four, by taking layer four to be much stiffer in shear than +that
used in the first calculation, and also by employling a small amount of
friction.

Further comparisons of calculated projectile motlion with information
derived from deceleration data are shown in Figures V-4 through V-8.
0f particular interest among these is Figure V-7 for deceleration versus
velocity. Within a given layer the calculated curve 1s independent of
projectile velocity indicating a constant retarding force within each
uniform layer of material. This result for the Watching Hill medium
confirms the force law.relationship proposed by Robins and Eulerl and
must eliminate from consideration those, such as Resal's,l which require

an explicit dependence on projectile velocity.

Target Medium Response

To measure medium response during projectile penetration, six lithium
nilobate stress gauges were locatedlO at positions ag indicated in Figure
V-9a., Figure V-9b illustrates the orientation of four penetration experi-
ments about the stress transducer locations and Table V-3 lists particu-

lars for those four penetrator experiments.
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Table V-3

Characteristics of Projectiles Penetrating
Medium in Neighborhood of Stress Gauges

Projectile
Test No. Mass (Kg) Diameter (m) Velocity (m/s)
1 127 0.152 17h
2 181 0.165 125
3 | | 127 0.152 122
L 127 0.152 156

No detectable signals were sensed Dy any stress transdicers which
were more than 1.2 m horizontal distance from the projectils path.
Excellent stress histories were measured for penetra®tor test number 4,
Also, the gauge in hole B measured a signal from psnetrator test number
2. Data were obtained from penetrator test number 3 also, but were ua-
fortunately lost during playback of recordiag tapes.

Measured stress histories are compared with those calculated in
Tigures V-10 through V-15, where it 1s seen that amplitudes, pulse
shapes and arrival times are all in generally good agreemsnt with predic-
tions. Zero time in Figures V-10 through V-15 is when the projectils
is 0.3 m above target surface.lo Peak values of stresses are summarized
in Table V-4 where uncertainties in measured peak stresses associated
with base line shift are also “abulated. Error in peak siresses is 11%
or less for stress transducers closest to the impact axis (0.45 m). At
greater distances from the impact axis, srror due to base line shift
increases appreciably as the magnitude of the signal goes down. Errors

from othasr possible sources are difficult to estimate. The extent to
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Table V-4

a) See reference 10 .
b) Radial stress value, mean stress given in parenthesis below radial stress

¢) Radial and mean stress values for 3.6 m depth and 1.5 m range

d) On penetration test, No. 4 gage B-3 was not oriented normal to radial from impact axis.

: Predicted Measured Maximum Uncertainty
‘S.TRE'SS GAGE . Distance From . Penetrator Peak Peak Base Line In Peak
Number  Type Depth (m)  Impact Axis {m) Test No. Stress (MPa) Stress (MPa) Shift (MPa) Stress (4)
A-1 Pressure 1.83 0.h4s L 0.25 0.29 ~ 0 0"
A-7 Pressure 3.56 0.45 4 0.23 0.36 0.04 11"
A-5 Radial 3.76 - 0.45 L o.h9b 0.33 0.02 6
Stress (0.23)
A-8 Pressure 5.39 0.45 , i 0.35 0.61 0.0k 7
A-10 Pressure  5.59 0.15 B 0.35 0.37 0.02 5
B-3 Radial 3.66 0.9 - 0.16° 0.059° " 0.01 17
Stress » (0.064)
'B-3 Radial 3.66 1.20 2 0.019"2¢ 0.025 0.01 40
Stress (0.0048) )
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which earlier penetration experiments disturb the medium and possibly
influence the accuracy of stress ﬁistory measurements on subsequent
experiments cannot be ascertained with available data. The disturbance
prédﬁced by penetrator test number 3 (Figure V—9b) in terms of calculated
peak displacement at the gauge positions amounts to about 10 mm. Further
experiments are necessary t§ evaluate whether or not this magnitude dis-
turbance affects the measurements made on penetrator test number L, It
is clear that penetrator tests numbers 1 and 2 produced relatively much
smaller disturbances at the gauges.

Shown in Figure V-16 are peak pressure and radial stress data from
gauges in hole A plotted as a function of gauge depth. Also shown are
the calculated curves for peak pressure and radial stress. Except for
the datum from gauge A-8, all the data fall within a band bounded by the
calculated curves. Also, all dé£a are closer to the p?edicted mean |
stress curve than to the radial stress curve. The-datﬁm at 3.76 m fromf‘
the radial stress gauge (A-5) appears to be essentially identical to thé
pressure measurement from gauge A-7 suggesting that both gauges are |
measuring the same quantity. ILithium niobate transducers for measure-
ment of total stress components are still under development. More work
is necessary to establish their capability in this mode. Mean stress
gauges. of lithium niobate, hdwevef; have'receiVed much more attention
and use2l and should be considered the more reliable transducer in examin-
ation of data from the penetration experiments.

Attenuation of peak pressure and peak radial stress with radial
position from impact axis is 1llustrated in Figure V-17. Predicted
curves shown are for stress attenuation at a depth of 3.6 m and may be

compared with data at that depth (circle and triangles). It is seen

23
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that the 3.6 m data compare reasonably well with the predicted mean stress
attenuvation curve and that peak stress amplitude falls off rapidly (faster
than r_e)_with distance away from the projectile path axis.

In general, it is felt that the soil stress measurement technique
has been demonstrated and that the information obtained provides con-
fidence regarding validity of the material property data and material
response models used in calculations for layers 1, 2 and 3. Thz satisfac-

tory agreement between measurement and calculation of stress pulse shape

and amplitude also verifies methods employed in the computational tech-

nique. Without the earth stress data much less credibility might have
been attached to results of computations., Penetration tesis (numbers 2
and 4), which provided the earth stress history data were conducted with
projectiles of 127 kg mass and diameter 0.152 m rather than the 181 kg,
0.165 m diameter projectiles assumed in calculations. While another
calculation would bhe required for the slightly smaller projectile in
order to definitely establish differences, it is felt that stress history
results for the smaller projectile would be similar to those of the

larger proJjectile within the uncertaintiss that exist.



SECTION VI

SUMMARY AND CONCLUSIONS

All phenomena connected with producing significant loads on the
projectile occur in a relatively small region of the target medium about
the projectile nose. Shown in Pigure VI-1 are three-dimensional plots
of radial and vertical soil velocity as a function of depth in target
and distance from projectile path axis at a time when the projectile
nose is at 4.4 m depth (see also Figures A-122 and A-123). It is seen
that the region of greatest disturbance in the soil is small and confined
to the immediate vicinity of the nose. Figure VI-2a also illustrates
how rapidly the disturbancé in soil vanishes with distance from the
projectile. With the projectile nose tip at 4.4 m, at a depth of 4.2 m
(0.2 m behind projectile nose) soil pressure is about 3 MPa (35 bars,
450 psi) at a distance of slightly less than one projectile radius from
the projectile axis. At a distance 2.5 projectile diameters from the
axis, the soil pressure is down an order of magnitude to 0.3 MPa gnd at
5 projectile diameters another order of magnitude reduction is found.
Figure VI-2b indicates in yet another way the highly isolated nature of
the projectile generated disturbance in the soil. For the zones of the
computational nmesh originally on the symmetry axis and later adjacent
to the penetrator, mean stress is plotted as aAfuhctioﬁ of vertical
position relative to nose tip location. The pressure profile ahead of
and along.the projectile surface is shown in Figure VI-2b for the penetra-
tor in layer 1 (nose tip at 2 m depth) and in layer 2 (4.4 m depth).

For materials similar to these of the Watching Hill target medium, it is

o7
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of Depth and Distance from Impact Axis when Projectile is at 4.4 m Depth.
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gesn that essentially 11 ol ihe disturbance produced in the soll oecurs
within a cylindrical volume with radius equal to 3 projectile diameters,
For purposes of calculating loéds on penetrators, radial extent of the
target need not be more than about 5 penetrator diameters in materials
like those of this calculation.

Figure VI-3 shows the path a soil particle follows in the stress
plane, \j}% T vs. p. The particle of Figure VI-3 is identified by its
initial coordinates Z = 3.6 m, R = 0.15 m and so is located in layer 2
material at a distance less than one projectile diameter from the impact
axis. During loading the particle follows tha path shown., On unlosdiog
the particle finds itself very close to the failure eavelope and follows
it to zero pressure. A close examination of the calculation reveals that
the stress state for the particle should actually be at the intersection
of the cap and the failure envelope: the fact that it does not guite
coincide with this point is a consequence of a slight "over-shrinking"
of the cap caused by the finite difference approximation used for the
Vconstitutive equations. TFigures VI-2b .and ViI-3 taken together indicate
that accurate modeling of the failure envelope and unloading behavior
for the material are important parts of the calculation. Similarly,
Figure VI-L4 illustrates the path of the same s0il particle in the strain

invariant plane, JIZ

deviators and 7 1s volumetric strain. After unloading, the particle

vs. T, where 12 is the second moment of the strain

finds itself with a large deviatoric strain and at a density less than
its initial density. These paths experienced by soil particles as a

result of target penetration by projectiles are considerably different
from paths attained in conventional uniaxial strain and triaxial stress

experiments. Strain energy density of a particle within the region of
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soil highly disturbed by the projectile is of the order of 0.1 to 0.5 MJ/
m3 for the Watching Hill medium. Consequences of the dilatancy inherent

in the soil cap model, as indicated in Figure VI-4, appear to be manifested
in two ways. These are lack‘of a definitive soil separation point on the
projectile and the size of the projectile-produced borehole. Results of
the rigid body calculation indicate that the diameter of the borehole is
never greater than the projectile diameter and may in fact be less,
Accurate determination of borehole diameter behind the projectilsz is not
possible owing to the continual regoning to a coarser mesh in this region.
It is known, however, that soil rebound occurs and boreholes have been

A :
observed”2 whose final dlameters are less than the projectile diameter.

Unfortunately, no attempt was made to measure borehole sizes for the

D

penetrator experiments at Watching Hi1ll. The rigld body calculations
also suggest that the Watching Hill soil does not separate from ths
prbjectile but appears to remain attached throughout the entire l=angth
of the projectile, This occurs even though the normal stress on the
projectile is significantly larger than zero only on the nose. (What
appears to be a soil separation position in Figures A-97, A-106, A-115,
A-124 and A-133 is interpreted, rather, to be a perturbation in “he cal-
culation resulting from the transition from a region of fine to coarser
zoning). That soil separation or detachment from the projectile may not
occur has been observed22 experimentally. Those experimental results,
howsver, cannot distinguish between soil detachment on the projectile
noss with later reattachment and complete lack of soill separation,

To investigate this point further, additional calculations should
be performed which include friction and a response model such as the

cap model which demonstrates dilatancy. As appears to be the case here



in caleculations with no friction, dilatancy in the response model pre-
vents or retards soil detachment from the projectile surface. By the
inclu;ion of friction in such éalculations aven a small frictional stress,
acting over the large area of the projectile afterbody, could contribute
a large axial retarding force comparable to or possibly greater than
that contributed by the nose area of the projectile. Results from such‘
a calculation, when compared with projectile deceleration‘déta, would
imply a smallsr friction coefficient than one inferred from calculations
with response models having no dilatancy in which soll separation might
occur, for example, at the position on the projectile where the nose
meets the afterbody. " |

Figure VI-5 illustrates the partitioning of energy to the penetrated
medium at the expense of projectile kinetic energy. From the zero fric-
tion calculation, it is apparent that projectile kinetic energy losses
manifest themselves primarily in the form of plastic work done in defor;
mation of the penetrated medium. Energies associated with motion of the
soil and with récoverable elastic work are very small, each being on the
order of 1/10 or less of the plaé%ié work (internal energy = plastic work +
elastic work). |

The calculated deceleration history indicates thaf éudden changes
in the problem occur”only when fhe nose regiah.bf théﬁprégéctilé iégentering
a new layer of material. Also, Pigure VI-5 shows that the dominant mode
of the rate of energy transfer from projectile to soll is nearly constant
through 2 layer in which there is little velocify change.r Méving pictures
made of numerous plots of normal stress distribution and three-dimensional
plots of pressure vs. axial and radial position, for example, confirm

tha*t the process being calculated is primarily quasi-static. Thus, the
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method of "skipping" through layers, and calculating only transition
perlods, as employed by Californié Research and Technology,20 appears

to be a useful means of performing deep penetration calculations with
1afge;scale wave propagation codes with a reasonable degree of economy
although it may be necessary to perform multiple calculations in layers

that produce large velocity decreases. It also appears, however, that
detailed analysis of the results of this and similar calculations shoulid
lead to the development of much less sophisticated methods which would

also yield necessary information for depth prediction and projectile design.

During the deformable proJjectile calculation, the maximum radial
displacenent that was observed for the projectile surface was 30 um.
Although this displacement was too small to alter the effective shape
of the vehicle, fluctuations in displacement were sufficient to produce
large charges in normal stress at the wvehicle-soil interface, as shown
in Figures B-37 through B-39. Thus, the dominant effect of the rigid-
body approximation was to eliminate transient variations in the normal
stress.

The agreement in predicted soil histories between the two calcula-
tions demonstrates that, for the particular material model used, these
transients are damped out less than 20 mm from the vehicle and do not
affect the predicted wave motion in the soil, However, the deformable
body calculation predicts a deceleration about forty percent larger than
that calculated for a rigid body. This compariscn demonstrates that
the deceleration is determined by the soil response in regions much
closer to the vehicle than the locations at which stress measurements were
made. The motion is similar to aerodynamic behavior, with the drag de-

termined by the response in a narrow region, or boundary layer.
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The differences between the results of the two calculations are
related to their description of this boundary layer. The inclusion of
the M5° nose'tip results in a 5 MPa increase in stress, effective over
a cross-sectional area of about L x lO-u m2, accounting for a deceleration
difference of about 1 g. Of greater significance is the procedure for
obtaining the stress at the interface. In the calculations, stress his-
tories are recorded only at zone centers and, therefore, not at the
interface. For the rigid body calculation, the stress in the nearvest
soil zone was used to determine the decelerating force, as discussed
in Section ITI. In the deformable body calculation, no interface stress
or force was explicitly obtained; the sliding interface procedure results
in an effective normal stress that is between the stress in the soll zone
and the (usually higher) stress in the nearest vehicle zone.

While many questions remain to be investigated, this first attempt
to predict projectile motion and target material respoase has been
highly successful and most encouraging. Given data deécribing properties
of each layer in the target medium, realistic soil response models were
constructed and utilized in the finite difference code computations.
Resulfing predictions of projectile deceleration and of stress history
at several poihts in the soil generally agreed well with measurements,
lending credence to the method of analysis. Consequently greater con-
fidence may now be placed in prediction of nonmeasurable quantities,

such as normal stress distribution on projectile surface, which are

necessary for design of earth penetrating projectiles.
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Figure A-32 Axial Velocity (m/s) versus Time (g) for Particle at Point 7,
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R =0.45m,
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Figure A-43 Deviator Stress, J2, History (Pa) for Particle at Point 8,
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Figure A-bL Radial Stress (Pa) History for Particle at Point 8, Z = 3.6 m,

R = 0,45 m,
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Axial Displacement (m) versus Time (s) for Particle at Point 10,
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Figure A-57 Pressure (Pa) versus Time (s) for Particle at Point 10,
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Figure A=T0

Deviator Stress, J2, History (Pa) for Particle at Point 10, Z =
O4m, R=0.45m (Oétahedral Shear Stress =v2/3(J2)).

Radial Velocity (m/s) versus Time (s) for Particle at Point 11,
Z=0,1m R=0,45m,

Axial Velocity (m/s) versus Time (s) for Particle at Point 11,
Z=0,1m R=0.45m,

Radial Displacement (m) versus Time (s) for Particle at Point 11,
Z=0,1m R=0,45m,

Axisl Displacement (m) versus Time (s) for Particle at Point i,
Z=0.,1m R=0,45m,

Pressure (Pa) versus Time (s) for Particle at Point 11, Z =

0.1 m, R = 0.45 m,

Deviator Stress, J2, History (Pa) for Particle at Point 11, Z =
0.1m, R = 0.45 m (Octahedral Shear Stress =v2/3(J2)).

Radial Velocity (m/s) versus Time (s) for Particle at Point 12,
7Z=3,6m R=0,9 m,

Axial Velocity (m/s) versus Time (s) for Particle at Point 12,
Z=3,6m R=0,9m,

Radial Displecement (m) versus Time (s) for Particle at Point 12,
Z=3,6m R= 0,9 mnm,

Axial Displacement (m) versus Time (s) for Particle at Point 12,
Z=3,6m R=0,9m

Pressure. (Pa) versus Time (s) for Particle at Point 12, Z =
3.6m, R = 0.9 m,

Deviator Stress, J2, History (Pa) for Particle at Point 12, Z =

3.6 m, R = 0.9 m (Octahedral Shear Stress =v2/3(J32)).
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Figure A-T1 Radial Stress (Pa) History for Particle at Point 12, 2 = 3.6 m.
R = 0.9 m.

Figure A-72 Axial Stress (Pa) History for Particle at Point 12, Z = 3,6 m,
R =0,9 m,

~vre A-73 Pressure (Pa) versus Time (s) for Particle at Point 13,

Z=5M4m R=1.5 m

Figure A-Th Radial Stress (Pa) History for Particle at Point 13, Z = 5.b =,
R=1,5 m,

Figure A-T5 .Pressure (Pa) versus Time (s) for Particle at Point 14, Z = 3.6 m,
R=1.5m,

Figure A-76 Radial Stress (Pa) History for Particle at Point 14, Z = 3.6 =,

R=1.,5m,
Figure A-T7 Pressure (Pa) versus Time (s) for Particle at Point 15, Z = 1.~ m,
R: 105 m'

Ticure A-78 Radial Stress (Pa) History for Particle at Point 15, Z = 1.

Figure A-79 Lagrangian coordinates when projectile has penetrated to depth
of 0.1 m.
Figure A-80 Normal stress (Pa) along surface of projectile when projectile
is at 0.1 m depth,.
Figure A-81 Tangential stress (Pa) along surface of projectile when projectile
is at 0.1 m depth.
Fipure A-82 Contours of Axial Stress in Target. Projectile at 0.1 m Deptnh.
Figare A-83 Contours of Radial Stress in Target. Projectile at 0.1 m Depth.

Figure A-84 Contours of Hoop Stress in Target. Projectile at 0.1 m Depth.



Ilgure A-85 Contours of Radial-Vert;cal Shear Stress in Target. Projectile

at 0.1 m Depth
Figure A-86 Contours of Vertical Velocity in Target. Projectile at 0.1 m Depth.
Figure A-87 Contours of Radial Velocity in Target. Projectile at 0.1 m Depth.

Figure A-88 Leagrangian Coordinates When Projectile has Penetrated to Depth

of 0.4 m.
Figure A-89 Normal Stress (Pa) Along Surface of Projectile When Projectile
is at 0.4 m Depth.
Figure A-90 Tangential Stress (Pa) Along Surface of Projectile When Projectile

is at O.4 m Depth.

Figure A-91 Contours of Axial Stress in Target. Projectile at 0.4 m Depth.
Figure A-92 Contours of Radial Stress in Target. Projectile at O.4 m Depth.

Figure A-93 Contours of Hoop Stesss in Target. Projectile at 0.4 m Depth.

Figure A-94 Contours of Radial-Vertical Sheaf Stress in Target. Projectile
at 0.4 m Depth.
Figure A-95 Contours of Vertical Veloecity in Target. Projectile at 0.4 m Depth.
Figure A-96 Contours of Radial Velocity in Target. Projectile at 0.4 m Depth,
Figure A-97 Lagrangian Coordinates When Projectile has Penetrated to Depth of
2.0 m, Radial Dimensions Doubled for Clarity.
Figure A-98 Normal Stress (Pa) along Surface of Projectile When Projectile
is at 2.0 m Depth.
Figure A-99 Tangential Stress (Pa) Along Surface of Projectile When Projectile
is at 2.0 m.Depth.
Figure A-100 Contours of Axial Stress in Target. Projectile at 2.0 m Depth.
Figure A-101 Contours of Radial Stress in Target.. Projectile af 2.0 m Depth.

Figure A-102 Contours of Hoop Stress in Target. Projectile at 2,0 m Depth.
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Figure A-136 Contours of Axial Stress in Target. Projectile at 6.8 m Depth.

Figure A-137 Contours of Radial Stress in Target. Projectile at 6.8 m Depth.

Figure A-138 Contours of Hoop Stress in Target. Projectile at 6.8 m Depth.
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Figure A-139 Contours of Radial-Vertical Shear Stress in Target. DProjectile

at 6.8 m Depth.

Figure A-140 Contours of Vertical Velocity in Target. Projectile at 6.8 n Depth.

Figure A-1L41 Contours of Radial Velocity in Target. Projectile at 6.8 m Depth.
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Axial Velocity (m/s) versus Time (s) for Particle at Point 5, Z = 0.1 m, R = 0.15 m.
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Figure A-27

Radial Displacement (m) versus Time (s) for Particte at Point 5, Z = 0.1 m, R = 0.15 m.
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Figure A-28

Axial Displacement (m) versus Time (s) for Particle at Point 5, 2=0.1m, R=0.15 m,
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Axial Velocity (m/s) versus Time (s) for Particle at Point 7, Z = 5.4 m, R = 0.45 m.
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Tangential Stress (Pa) Along Surface of Projectile When Projectile is at 0.1 m Depth.
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Figure A-82

Contours of Axial Stress in Target. Projectile at 0.1 m Depth.
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Figure A-83

Projectile at 0.1 m Depth.

Contours of Radial Stress in Target.
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Figure A-84

Qontours of Hoop Stress in Target.
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Figure A-85

Contours. of Radial-Vertical Shear Stress in Target. Projectile at 0.1 m Depth.
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Contours of Vertical Velocity in Target. Projectile at 0.1 m Depth.
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Normal Stress (Pa) Along Surfaca of Projectilé When Projectile is at 0.4 m Depth.
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Figure A-90

Tangential Stress (Pa) Along Surface of Projectile When Projectile is at O.4 m Depth.



Figure A-91

Contours of Axial Stress in Target. Projectile at 2.4 m Depth.



Figure A-92

Qontours of Radial Stress in Parget. Projectile at 0.4 m Depth.
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Figure A-93

‘Contours of Hoop Stress in Target.

S

Projectile at 0.4 m Depth.
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Figure A-SQ4

Contours of Radial-Vertical Shear Stress in Target. Projectile at 2.4 m Decth.
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Vertical Veloecity in Target. Projectile at 0.4 m Deosth.
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Figure A-97

Radial

Lagrangian Coordinates When Projectile has Penetrated to Depth of 2.0 m.

Dimensions Doubled for Clarity.
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Stress (Pa) Along Surface of Projectile When Projectile is at 2.0 m Depth.
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Figure A-100

Contours of Axial Stress in Target.

Projectile at 2.0 m Depth.
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Figure A-101

Contours of Radial Stress in Target.

Projectile at 2.0 m Depth.
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Figure A-102

Contours of Hoop Stress in Target. DProjectile at 2.0 m Depth.



Figure A-103

Contours of Radial Vertical Shear Stress in Target. Projectile at 2.0 m Darth.
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Figure A-104

Contours of Vertical Velocity in Target.

Projectile at 2.0 -m Depth.
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Figure A-105
Contours of Radial Velocity in Target. Projectile at 2.0 m Depth.
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Figure A-106

agian Coordinates When Projectile has Penetrated to Depth of 2.8 m.
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Dimensions Doubled for Clarity.
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Figure A-107

Normal Stress (Pa) Along Surface of Projectile When Projectile is
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Figure A-108
Tangential Stress (Pa) Along Surface of Projectile When Projectile is at 2.8 m Depth.
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Figure A-109

Contours of Axial>Stress in Target. Projectile at 2.8 m Depth.
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Contours of

Figure A-110
Projectile at 2.8 m Depth.

Radial Stress in Targetb.
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Figure A-111

Contours of Hoop Stress in Target.

Projectile at 2.8 m Depth.
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Figure A-112

Contours of Radial Vertical Shear Stress in Target.
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Projectile at 2.8 m Depth.
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Figure A-113
Projectile at 2.8 m Depth.

Contours of Vertical Velocity in Target.
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Figure A-11h

Contours of Radial Velocity in Target.

Projectile at 2.8 m Depth.
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Figure A-115

Lagrangian Coordinates When Projectile has Penetrated to Depth of L.k m,

Dimensions Doubled for Clarity.
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Figure A-116
Normal Stress (Pa) Along Surface of Projectile When Projectile is at 4.4 m Depth.
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Tangential Stress (Pa) Along Surface of Projectile When Projectile is at 4.4 m Depth.
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Figure A-118

Contours of Axial Stress in Target.

Projectile at 4.4 m Depth.
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Figure A-li9 _ B L
Contours of Radial Stress in Target, Projectile at h.J m Depth,
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Contours of Hoop Stress in Target, Projectile at L. 4 m Depth.
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Figure A-121

Contours of Radial-Vertical Shear Stress in Target. Projectlile at W4 m Depth.
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Figure A-122
Contours of Vertical Veloeity in Target. Projectile at L. 4 m Depth.
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Pigure A-123
Contours of Radial Velocity in Target. Projectile at 4.4 m Depth.
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Figure A-124

Lagrangian Coordinates When Projectile has Penetrated to Depth of 5.2 m.

Dimensions Doubled for Clarity.
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Figure A-125
Normal Stress (Pa) Along Surface of Projectile When Projectile is at 5.2 m Depth.
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Figure A-126
Surface of Projectile When Projectile is at 5.2 m Depth.
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Figure A-127
Contours of Axial Stress in Target. Projectile at 5.2 m Depth.
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Figure A-128
Contours of Radial Stress in Target.

Projectile at 5.2 m Depth.

C o212



e
0.05 MEas

-0,15 MPa

FPigure A-129

Contours of Hoop Stress in Target.

Projectile at 5.2 m Depth.

50,05 Mpa

-0,10 Mra



-0.01 MPa

I >

~~N""‘“\«\ . | o | . /

<4 »
-0,01 M
-0.11 Mpa 01 MPa
Q ~0.21 MPa

‘, - /
= =
o=

—— . ' -0.31 MPa
-0.41 Mpa

Figure A-130
Contours of Radial-Vertical Shear Stress in Target. Projectile at 5.2 m Depth.
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Figure A-131

Contours of Vertical Velocity in Target. Projectile at 5.2 m Depth.
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Figure A-132

Contours of Radial Velocity in Target. Projectile at 5.2 m Depth.
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Figure A-134
Normal Stress (Pa) Along Surface of Projectile When Projectile is at 6.8 m Depth.
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Figure A-135
Tangential Stress (Pa) Along Surface of Projectile When Projectile is at 6.8 m Depth.
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Figure A-136

Contours of Axial Stress in Target.

Projectile at 6.8 m Depth.



Figure A-137

Contours of Radial Stress in Target.

Projectile at 6.8 m Depth.
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Figure A-138
Contours of Hoop Stress in Target. Projectile at 6.8 m Depth.
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Figure A-139
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Contours of Radial-Vertical Shear Stress in Target. Projectile at 6.8 m Depth.
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29.5 m/s

Figure A-1L40

Contours of Vertical Velocity in Target. Projectile at 6.8 m Depth.
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Figure A-141
Contours of Radial Velocity in Target. Projectile at 6.8 m Depth.
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B-1.

B-4.
B-5.

B-6.

B-8.

B-11.

B-12,

B-13.

B-1h.

B-15.

List of Illustrations Appendix B

Lagrangian Coordinates at 0.4 ms (Radial Dimensions Doubled to Show

Contours
Contours
Shown) .

Contours
Contours
Contours
Shown) .

Contours

" Deformable Penetrator).

of Radial Velocity at 0.4 ms (Deformable Penetrator not Shown).

of Vertical Velocity at 0.4 ms (Deformable Penetrator not
of Radial Stress at 0.4 ms (Deformable Penetrator not Shown).
of Hoop Stress at 0.4 ms (Deformable Penetrator not Shown).

of Vertical Stress at 0.4 ms (Deformable Penetrator not

of Radial-Vertical Shear Stress at 0.4 ms (Deformable

Penetrator not Shown).

Lagrangian Coordinates at 1.1 ms (Radial Dimensions Doubled to Show

Deformable Penetrator).

Contours
Shown) .
Contours
Shown) .
Contours
Contours
Contours
Shown) .

Contours

of Radial Velocity at 1.1 ms (Deformable Penetrator not

of Vertical Velocity at 1.1 ms (Deformable Penetrator not

of Radial Stress at 1.1 ms (Deformable Penetrator not Shown).
of Hoop Stress at 1.1 ms (Deformable Penetrator not Shown) .

of Vertical Stress at 1.1 ms (Deformable Penetrator not

of Radial-Vertical Shear Stress at 1.1 ms (Deformable Pen-

etrator not Shown).

Lagrangian Coordinates at 2.4 ms (Radial Dimensions Doubled to Show

Deformable Penetrator).
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N
J

B-16.

B-17.

B-21.

B-27.

B-28.

B-29.

B-30.

Contours of Radial Velocity at 2.4 ms (Deformable Penetrator not
Shown) .

Contours of Vertical Velocity at 2.4 ms (Deformable Penetrator not
Shown).

Contours of Radial Stress at 2.4 ms (D2formable Penetrator not Shown).
Contours of Hoop Stress at 2.4 ms (Deformable Penetrator not Shown).
Contours of Vertical Stress at 2.4 ms (Deformable Psnetrator not
Shown).

Contours of Radial-Vertical Shear Stress at 2.4 ms (Deformable Pene-
trator not Shown) .

Deceleration History (g) for Point 1 at Accelerometer (Filtered Above
10 kH).

Vertical Velocity History (m/s) for Point 1 at Accelerometer.

Vertical Displacement History (m) for Point 1 at Accelerometer.
Deceleration History (g) for Point 2,0.58 m Behind Penetrator Tip and
10 mm from Central Axis.

Vertical Velocity History (m/s) for Point 2, 0.58 m Behind Penetrator
Tip and 10 mm from Central Axis.

Vertical Displacement History (m) for Point 2,0.58 m Behind Penetrator
Tip and 10 mm from Central Axis,

Deceleration History (g) for Point 5,28 mm Behind Penetrator Tip and

6 mm from Central Axis.

Vertical Velocity History (m/s) for Point 5,28 mm Behind Penetrator
Tip and 6 mm from Central Axis.

Vertical Displacement History (m) for Point 5, 23 mm Behind Penetrator

Tip and 6 mm from Central Axis.



B-31.

B-32.

B-35.

B-36.

B-37.

B-38.

B-39.

B-L0O,

B-41.

B-42.

B-43.

B-Lh,

Pressure History (Pa) for Point 3, 0.79 m Behind Penetrator Tip aad

69 mm from Central Axis.

- Deviator Stress, J2, History (Pa) for Point 3, 0.79 m Behind Penetrator

Tip and 69 mm from Central Axis (Octahedral Shear Stress ==\l57§EJ2)).
Pressure History (Pa) for Point 4, 1.39 m Behind Penetrator Tip and
69 mm from Central Axis.

Deviator Stress, J2, History (Pa) for Point 4, 1.39 m Behind Penetrator
Tip and 69 mm from Central Axis (Octahedral Shear Stress =WJ57§%J2)).
Pressure History (Pa) for Point 6, 48 mm Behind Penetrator Tip and 17
mn from Central Axis.

Deviator Stress, J2, History (Pa) for Point 6, 48 mm Behind Penetrator
Tip and 17 mm from Central Axis (Octahedral Shear Stress =\ﬁ;§2J2)).
Normal Stress History (Pa) for Point 7, 0.14 m Behind Penetrator Tip
and 41 mm from Central Axis.

Normal Stress History (Pa) for Point 8, 0.23 m Behind Penetrator Tip
and 60 mm from Central Axis.

Normal Stress History (Pa) for Point 9, 0.38 m Behind Penetrator Tip
and 77 mm from Central Axis.

Soil Kinetic Energy 1 Radian vs. Time (Deformable Penetrator).

Radial Velocity History (m/s) in Sail at Range 75 mm, Depth 0.1 m
(Deformable Penetrator).

Vertical Velocity History (m/s) in Soil at Range 75 mm, Depth 0.1 m
(Deformable Penetrator).

Radial Displacement History (m) in Soil at Range 75 mm, Depth 0.1 m
(Deformable Penetrator).

Vertical Displacement History (m) in Soil at Range 75 mm, Depth 0.1 m

Deformable Penetrator).
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N

B-L9.

B-~50.

B-51.

B-52.

B-55.

B-56.

Pressure History (Pa) in Soil at Range 75 mm, Depth 0.1 m (Deformable
Penetrator).

Deviator Stress, J2, History (Pa) in Soil at Range 75 mm, Depth 2.1 m
(Deformable Penetrator), (Octahedral Shear Stress :“V§7§ZJ2)).

Radial Velocity History (m/s) in Soil at Range 75 mm, Depth 0.2 m
(Deformable Penetrator).

Vertical Velocity History (m/s) in Soil at Range 75 mm, Depth 0.2 m
(Deformable Penetrator).

Radial Displacement History (m) in Soil at Range 75 mm, Depth 0.2 m

(Deformable Penetrator).

AG)

Vertical Displacement History (m) in Soil at Range 75 mm, Depth 0.2 n
(Deformable Penetrator).

Pressure History (Pa) in Soil at Raage 75 mm, Depth 0.2 m (Deformable
Penetrator).

Deviator Stress, J2, History (Pa) in Soil at Range 75 mm, Depth 0.2 m
(Deformable Penetrator).

Radial Velocity History (m/s) in Soil at Range 75 mm, Depth 0.4 =
(Deformable Penetrator).

Vertical Velocity History (m/s) in Soil at Range 75 mm, Depth O.4 m
(Deformable Penetrator).

Radial Displacement History (m) in Soil at Range 75 mm, Depth O.4 m
(Deformable Penetrator).

Vertical Displacement History (m) in Soil at Range 75 mm, Depth O.4 m
(Deformabhls Penetrator).

Pressure History (Pa) in Soil at Range 75 mm, Depth 0.4 m (Deformable

Penetrator).



B-58,

B-59. -

B-60.,

B-61.

B-63.

B-64,

B-65.

B-66.

B-67.

B-68.

B-T70.

Deviator Stress, J2, History (Pa) in Soil ab Range 7% mm, Depth 0.0
(Deformahle Penetrator).

Radial Velocity History (m/s) in Soil at Range 0.14 m, Depth 0.1 m
(Deformable Penetrator).

Vertical Velocity History (m/s) in Soil at Range 0.14 m, Depth 0.1 m
(Deformable Penetrator).

Radial Displacement History (m) in Soil at Range 0.14 m, Depth 0.1 m

(Deformable Penetrator).

Vertical Displacement History (m) in Soil at Range 0.14 m, Depth 0.1 m
(Deformable Penetrator).

Pressure History (Pa) in Soil at Range 0.14 m, Depth 0.1 m (Deformable
Penetrator).

Deviator Stress, J2, History (Pa) in Soil at Range 0,14 m, Depth 0.1 m
(Deformable Penetrator).

Radial Velocity History (m/s) in Soil at Range 0.14 m, Depth 0.2 m
(Deformable Penetrator).

Vertical Velocity History (m/s) in Soil at Range 0.14 m, Depth 0.2 m
(Deformable Penetrator).

Radial Displacement History (m) in Soil at Range 0.14% m, Depth 0.2 m
(Deformable Penetrator).

Vertical Displacement History (m) in Soil at Range 0.14 m, Depth 2.2 m
(Deformable Penetrator).

Pressure History (Pa) in Soil at Range 0.14 m, Depth 0.2 m (Deformable

Penetrator).

Deviator Stress, J2, History (Pa) in Soil at Range 0.14 m, Depth 0.2 m

(Deformable Penetrator).



B-T1.

B-72.

B-75.

B-79.

B-80.

B-81.

B-82.

B-83.

Radial Veloclty History (m/s) in Soil at Range 0.14 m, Depth 0.4 m
(Deformable Penetrator).

Vertical Velocity History (m/s) in Soil at Range 0.14 m, Depth O.4 m
(Deformable Penetrator).

Radial Displacement History (m) in Soil at Range 0.1k m, Depth O.4 m
(Deformable Penetrator).

Vertical Displacement History (m) in Soil at Range 0.14 m, Depth 0.4 m
(Deformable Penetrator).

Pressure History (Pa) in Soil at Range 0.14 m, Depth 0.4 m (Deformabls
Penetrator).

Deviator Stress, J2, History (Pa) in Soil at Range 0.14 m, Depth

0.4 m (Deformable Penetrator).

Radial Velocity History (m/s) in Soil at Range 0.28 m, Depth 0.1 m
(Deformable Penetrator).

Vertical Velocity History (m/s) in Soil at Range 0.28 m, Depth 0.1 =m
(Deformable Penetrator).

Radial Displacement History (m) in Soil at Range 0.28 m, Depth 0.1 m
(Deformable Penetrator).

Vertical Displacement History (m) in soil at Range 0.28 m, Depth

0.1 m (Deformable Penetrator).

Pressure History (Pa) in Soil at Range 0.28 m, Depth 0.1 m (Deformable
Penetrator).

Deviator Stress, J2, History (Pa) in Soil at Range 0.28 m, Depth

0.1 m {Deformabls Penetrator).

Radial Velocity History (m/s) in Soil at Range 0.28 m, Depth 0.2 m

(Deformable Penetrator).



B-8L.

B-85.,

B-86.

B-87.

B-38,

B-89.

B-90.

B-91.

B-92,

B-93.

B-94,

Vertical Velocity History (m/s) in Soil at Range 0.28 m, Depth

0.2 m (Deformable Penetrator).

-Radial Displacement History (m) in Soil at Range 0.28 m, Depth 0.2 m

(Deformable Penetrator).

Vertical Displacement History (m) in Soil at Range 0.28 m, Depth 2.2 m
(Deformable fenetrator).

Pressure History (Pa) in Soil at Range 0,28 m, Depth 0.2 m (Deformable
Penetrator).

Déviator Stress, J2, History (Pa) in Soil at Range 0.28 m, Depth

0.2 m (Deformable Penetrator).

Radial Velocity History (m/s) in Soil at Range 0,23 m, Depth 0.4 m
(Deformable Penetrator).

Vertical Velocity History (m/s) in Soil at Range 2.28 m, Depth O.4 m
(Deformable Penetrator).

Radial Displacement History (m) in Soil at Range 0,28 m, Depth 0.4 m
(Deformable Penetrator).

Vertical Displacement History (m) in Soil at Range 0.28 m, Depth 0.4 m
(Deformable Penetrator).

Pressure History (Pa) in Soil at Range 0.28 m, Depth O.4 m- (Deformable
Penetrator).

Deviator Stress, J2, History (Pa) in Soil at Range 0.28 m, Depth

0.4 m (Deformable Penetrator).

Radial Velocity History (m/s) in Soil at Range O.44 m, Depth 0.1 m
(Deformable Penetrator).

Vertical Velocity History (m/s) in Soil at Range O.44 m, Depth 0.1 m

(Deformable Penetrator).
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B-97.

B-98.

B-99.

B-100.

B-101.

B-102.

B-103.

B-10k,

B-106,

B-107.

B-108,

B-109.

Radial Displacement History (m),in Soil at Range O.44 m, Depth 0.1 m
(Deformable Penetrator).

Vertical Displacement History (m) in Soil at Range O.44 m, Depth

0.1 m (Deformable Penetrator).

Pressure History (Pa) in Soil at Range O.44 m, Depth 0.1 m (Deformable
Penetrator).

Deviator Stress, J2, History (Pa) in Soil at Range 0.4k m, Depth

0.1 m (Deformable Penetrator).

RadialvVelQCity%Histgry”(m/s) in Soil at Range O.44 m, Depth 0.2 m
(Deformable Penétfator); | o o
Vertical Velocity History (m/s) in Soil at Range 0.4% m, Depth 0.2 m
(Deformable Penetrator).

Radial Displagement History (m) in Soil at Range O0.44 m, Depth 0.2 m
(Deformable Penetrator).

Vertical Displacement History (m) in Soil at Range O.4Lk m, Depth

0.2 m (Deformable Penetrator).

Pressure History (Pa) in Soil at Range 0.4} m, Depth 0.2 m (Deformable
Penetrator).

Deviator Stress, J2, History (Pa) in Soil a* Range 0.44 m, Depth

0.1 m (Deformable Penetrator).

Radial Velocity History (m/s) in Soil at Range O.4l4 m, Depth 0.4 m
(Deformable Penetrator).

Vertical Velocity History (m/s) in Soil at Range 0.4l m, Depth 0.4 m
(Deformable Penetrator).

Radial Displacement History (m) in Soil at Range O0.4Lh m, Depth 0.k m

(Deformabhle Penetrator).



B-110, Vertical Displacement History (m) in Soil at Range 0.4l m, Depth 0.4 m
(Deformable Penetrator).

B-111. - Pfessure History (Pa) in Soil at Range O.44 m, Depth 0.4 m (Deformable
Penetrator). |

B-112. Deviator Stress, J2, History (?a) in Soil at Range 0.44 m, Depth

0.4 m (Deformable Penetratcr);'(Octahedral Shear Stress =v2/3(J2)).
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Lagrangian coordinates at

penetrator).
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Flgure B-1
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— 18 m/s
. 12 m/s

6 m/s

Figure B-2

Contours of radial velocity at O.4 ms (deformable penetrator not shown).
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29.75 n/'s
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Figure B-3

Contours of vertical velocity at 0.4 ms (deformable penetrator now shown).
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~1.5 MPa
-1.0 MPa
-0.5 MPa

Figure B-4

Contours of radial stress at O.4 ms (deformable penetrator not shown).
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- 0.1 MPa
= 0.05 MPs

Figure B-5

Contours of hoop stress at 0.4 ms (deformable penetrator not shown).
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Figure B-6

Contours of vertical stress at 0.4 ms (deformable penetrator not shown).
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-0.5 Mpa
-0.4 MPa
-0.3 MPa
-0.2 MPa
=0.1 MPa

O MPa

Figure B-7

Contours of radial-vertical shear stress at 0.4 ms (deformable penetrator now shown).



Figure B-8
lLagrangian coordinates at 1.1 ms (radial dimensions doubled to show deformable

penetrator).
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Figure B-9

of radial velocity at 1.1 ms (deformable penetrator now shown).
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Figure B-10

Contours of vertical velocity at 1.1 ms (deformable penetrator not shown).
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~-1.5 Mra
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=0.5 MPa

Figure B-11

Contours of radial stress at 1.1 ms {deformable penetrator not shown).
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~0.2 MPa
~ -0.15 MPa
-0.1 MPa
-0.05 MPa

0 MPa

Figure B-12

Contours of hoop stress at 1.1 ms (deformable penetrator not shown).
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Figure B-13

Contours of vertical stress at 1.1 ms (deformable penetrator not shown).



Figure B-1k
Contours of radial-vertical shear stress at 1.1 ms (deformable penetrator not

shown).
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Figure B-15
legrangian coordinates at 2.4 ms (radial dimensions doubled to show deformable

penetrator).
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Figure B-16

Contours of radial velocity at 2.4 ms (deformable penetrator not shown).
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34.0 m/s

Figure B-17

Contours of vertical velocity at 2.4 ms (deformable penetrator not shown).
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0.5 MPa

Flgure B-18

Contours of radial stress at 2.4 ms (deformable penetrator not shown).
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Figure B-19

Contours of hoop stress at 2.4 ms (deformable penetrator not shown).
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Figure B-~20

Contours of vertical stress at 2.4 ms (deformasble penetrator not shown),.
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Figure B-21

Contours of radial-vertical shear stress at 2.4 ms (deformable penetrator not shown).
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Figure B-22
Deceleration history (g) for point 1 at accelerometer (filtered above

10 kH).
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Figure B-23

Vertical velocity history (m/s) for point 1 at accelerometer.
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Figure B-25
Deceleration history (g) for point 2,0.58 m behind penetrator tip and 10 mm from

central axis.
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Figure B-26
Vertical velocity history (m/s) for point 2,0,58 m behind penetrator tip and 10 mm

from central axis,
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Figure B-28

Deceleration history (g) for point 5, 28 mm behind penetrator tip and 6 mm from

central axis.
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Figure B-29

Vertical velocity history (m/s) for point 5, 28 mm behind penetrator tip and 6 mm
from central axis.
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Figure B-30

Vertical displacement history (m) for point 5,28 mm behind penetrator tip and 6 mm

from central axis,
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Figure B-31

Pressure history (Pa) for point 3,0.79 m behind penetrator tip and 69 mm from

central axis,
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Figure B-32

Deviator stress, J2, history (Pa) for point.3,0.79 in behind penetrator tip and 69 mm
from central axis. (Octahedral shear stress = \/ 2/3 (32)).
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Figure B-33
Pressure history (Pa) for point 4, 1.39 m behind penetrator tip and 69 mm from

central axis.
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Figure B-34

Deviator stress, J2, history (Pa) for point U4 1.39 m behind penetrator tip and 69 mm.
from central axis. (Octahedral shear stress = \/2/3 (72)).
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Figure B-35
Pressure history (Pa) for point 6,48 mm behind penetrator tip and 17 mm from central

axis,
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Figure B-36
Deviator stress, J2, history (Pa) for point 6,48 mm behind penetrator tip and 17 mm
from central axis, (Octahedral shear stress = \/ 2/3 (32)).
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Figure B-3T
Normal stress history (Pa) for point 7 0.14 m behind penetrator tip and 41 mm from

central axis.
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Figure B-38
Normal stress history (Pa) for point 8.0.23 m behind penetrator tip and 60 mm from

central axis,
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Soil kinetic energy 1 radian vs time (deformeble penetrator),
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Figure B-41
Radial velocity history (m/s) in soil at range 75 mm, depth 0.1 m (deformable

penetrator),
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Figure B-43
Radial displacement history (m) in soil at range 75 mm, depth 0.1 m (deformable

penetrator),
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Figure B-L46

Deviator stress, J2, history (Pa) in soil at range 75 mm, depth 0.1 m (deformeble
penetrator), (octahedral shear stress = \/2/3 (72)).
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Figure B-48
Vertical velocity history (m/s) in soil at range 75 mm, depth 0.2 m (deformsble

penetrator).
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Figure B-49
Radial displacement history (m) in soil at range 75 mm, depth 0,2 m (deformable

penetrator).
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Figure B-51

Pressure history (Pa) in soil at range 75 mm, depth 0.2 (deformable penetrator).
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Figure B-52
Deviator stress, J2, history (Pa) in soil at range 75 mm, depth 0,2 m (deformsble

penetrator).
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Figure B-55
Radial displacement history (m) in soil at range 75 mm, depth 0.4 m (deformable

penetrator).
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Figure B-5T7

Pressure history (Pa) in soil at range 75 mm, depth O.4 m (deformable penetrator).
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Figure B-59
Radial velocity history (m/s) in soil at range 0.1k m, depth 0.1 m (deformable
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Figure B-60
Vertical velocity history (m/s) in soil at range 0.14 m, depth 0,1 m (deformable
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Figure B-61
Radial displacement history (m) in soil at range O0.14 m, depth 0.1 m (deformsble
penetrator).
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Figure B-62
Vertical displacement history (m) in soil at range 0.1h m, depth 0,1 m (deformable

penetrator).
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Figure B-63
Pressure history (Pa) in soil at range 0,14 m, depth 0.1 m (deformable penetrator).
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Figure B-67
Radial displacement history (m) in soil at range 0,14 m, depth 0,2 m (deformable

penetrator).
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Figure B-T1l
Radial velocity history (m/s) in soil at range 0,14 m, depth 0.4 m (dGeformeble
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Figure B-T2
Vertical velocity history (m/s) in soil at range 0.14 m, depth 0.4 m (deformable
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Figure B-78
Vertical velocity history (m/s) in soil at range 0.28 m, depth 0,1 m (deformable
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Figure B-81
Pressure history (Pa) in soil at range 0,28 m, depth 0.1 m (deformable penetrator),
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Figure B-82
Deviator stress, J2, history (Pa) in soil at range 0,28 m, depth 0.1 m (deformable
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Figure B-83
Radial velocity history (m/s) in soil at range 0,28 m, depth 0.2 m (deformable
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Figure B-8L
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Figure B-90
Vertical velocity history (m/s) in soil at range 0,28 m, depth 0,4 m (deformable

penetrator).
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Figure B-91
Radial displacement history (m) in soil at range 0.28 m, depth 0.4 m (deformable
penetrator).
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Figure B-95
Radial velocity history (m/s) in soil at range 0,4l m, depth 0.1 m (deformable

penetrator).
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Figure B-96
Vertical velocity history (m/s) in soil at range O,44 m, depth 0.1 m (deformable

penetrator),
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Figure B-97
Radial displacement history (m) in soil at range 0.4l m, depth 0,1 m (deformable
penetrator),
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Figure B-98
Verticel displacement history (m) in soil at range 0.4l m, depth 0,1 m (deformable

penetrator).,
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Figure B-99
Pressure history (Pa) in soil at range O.44 m, depth 0.1 m (deformable penetrator).
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Figure B-101
Radial velocity history (m/s) in soil at range 0,44 m, depth 0.2 m (deformable
penetrator).
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Figure B-102 .
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Figure B-103
Radial displacement history (m) in soil at range 0,44 m, depth 0.2 m (deformable

penetrator),
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Figure B-104
Vertical displecement history (m) in soil at range 0,44 m, depth 0.2 m (deformeble

penetrator),
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Figure B-105
Pressure history (Pa) in soil at range O.44 m, depth 0.2 m (deformable penetrator).
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Figure B-107
Radial velocity history (m/s) in soil at range 0.4k m, depth 0.4 m (deformable
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Figure B~-108
Vertical velocity history (m/s) in soil at range 0,44 m, depth 0.4 m (deformable

penetrator),
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Figure B-111
Pressure history (Pa) in soil at range 0.44 m, depth 0.4 m (deformable penetrator).
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Figure B-ll2
Deviator stress, J2, history (Pa) in soil at range O, L4 m, depth 0.k m (deformable
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Unlimited Release

Distribution:

1500 R. L. Peurifoy, dJr.
1540 T. B. Lane .
1541 S. W. Key

1544 R. T. Othmer
1560 E. E. Ives

1563 W. B. Alzheimer
1563 D. L. McCoy
1700 0. E. Jones

5000 A. Narath

5100 J. K. Galt

5120 G. J. Simmons
5160 W. Herrmann

5162 L. D. Bertholf
5163 D. E. Munson
5166 A. J. Chabai (12)
5166 R. K. Byers

5166 R. T. Walsh
5167 B. M. Butcher
5600 A. Y. Pope

5700 J. H. Scott

5710 G. E. Brandvold
5716 W. N. Caudle
5716 W. J. Patterson
5716 C. W. Young

5718 M. M. Newsom
5718 R. L. Alvis

8350 J. F. Barham
ohik @. L. Miller
9482 A. E. Bentz

Division 31kl (5)

Division 3151 (3)
For: ERDA/TIC

Division 8266(2)
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