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PREFACE

This report describos a finite difference code calcu-
lation of an carth penctrator experiment conducted in July
1974 at the DRES site in Canada, The work was carried out
within a short time schedule in-an effort to provide a pre-
shot calculation. The principal investigators at
Californiu Research § Technology were M. H.'Wagner and
K. N. Kreyonhagen. W, 8. Goerke performed the computer
programming and code development work. C. C. Fulton and
L. A. DeAngelo provided valuable assistance in formulation
of the material models and data reduction, and in the com-’
puter production runs, respectively. |

The site profile and material properties were provided
by J. G. Jackson, Jr., U, $. Army Engincer, Watcrways
Exporiment Station,

The Project Officer was Major T. D, Stong, SPSS,
Defense Nucloar Agency. "
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SECTION I
INTRODUCTION AND SUMMARY

1.1 BACKGROUND AND APPROACH

For some applications of both nuclear and high explo-
sive systems, it is desirable to have the weapon penetrate
into an earth target before exploding, Ample demonstra-
tions have been made which show that substantial penetra-
tions are achievable, at least in soft media, using high
velocity penetrators (e.g., Ref. 1).

The objective of the present study was to examine the
current capabilities of finite difference codes to predict
and analyze earth penetrator events. This was done by cal-
culating a specific penetration event, which will be re-
ferred to herein as the DNA earth penetrator experiment.
The calculation was performed during June and July 1974,
Specific information sought from the calculation was the
deceleration, velocity, and displacement histories for the
penetrator, the surface loading history on the penetrator,
and a description of the earth target response.

The DNA earth penetrator experiment was performed in
July 1974 by Sandia Laboratories, Albuquerque.? This ex-
perirent consisted of a series of field tests conducted at
the Watching Hill Blast Range of Defense Research Estab-
lishment Suffield (DRES), Alberta, Canada. The tests in-
volved vertical firings of instrumented penetrators at 500
ft/sec into the ground. The penetrators were steel cylin-
ders with ogival noses, weighing about 400 1bs, with a
total length of about five feet and a diameter of 6.5
inches,




The curth target media at the test site is compara-
tively uniform to the depths of interest, consisting of
layered glacial lake deposits., Using extensive soil test
duta previously gathered in the general area,® recommended
propertices for a four-layer idealized site profile were
prepared by the Watcerways lixperiment Station (WES). This

“information was used to develop the material models for

the code calculation. The sketch below indicates the
genoral conditions for modeling the DNA earth penetrator

experiment,

.6.5" dia
60.5" long
400 1bs
Vo -_500 fps
0
Layer 1
8'
Layer 2
le!
Layer 3
24!
Layer 4

Figure 1, Calculational Model of DNA
Earth Penetrator Experiment

e 2




The calculation described in this report was made
with the WAVE-L code, a two-dimensional Lagrangian finite
difference technique based on the HEMP methed.* The pene-
trator was represented as a rigid body, which is a realis-

tic approximation when the penetrator deformations are cn-
tirely elastic.

In addition to the code analysis performed by CRT
which is described herein, separate calculations of the
same event were performed by Sandia Laboratories,
Albuquerque® and by Physics International.®

1,2 SUMMARY OF RESULTS

Figure 2 shows the calculated axial force and deceler-
ation of the penetrator vs depth. The penetrator problem
was integrated completely through Layer 1. After an ini-
tial buildup (as the nose was entering the soil), quasi-
steady state conditions were established and the penetrator
deceleration rémained fairly constant at about 110 g's,
This increased to about 125 g's after the nose had fully
entered Layer 2.

Figure 3 shows the Lagrangian grid with the penetrator
tip at 200 cm depth (6.6 ft), when it was completely in
Layer 1, Soil separates from the penetrator about 15 inches
back from the nose tip, Large frictional forces along the
penetrator-soil surface cause severe distortion of the
cells adjacent to the penetrator. Periodic 1local rezoning
of the grid was required in this region.

To avoid the time-consuming and largely uninformative
integration through Layer 2, the solution was stopped after
the nose had fully entered lLayer 2, and restarted when the

2 e . cadome A Dl
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nose reuached Layer 3. The penctrator velocity was
reduced to reflect a constant 125-g deceleration through
Layer 2.

As the penetrator entered Layer 3, the deceleration
dropped sharply, reaching 45-50 g's after the nose was
fully embedded in Layer %. Assuming the deceleration
would remain constant at 47 g's in Layer 3, it was esti-
mated that the penetrator would reach Layer 4 (at 24 ft
depth) at 59.5 msec, and with a velocity of 330 ft/sec,
or 101 m/sec. The solution was not extended into Layer 4
due to time constraints..

As is seen in Figure 2, friction was responsible for
approximately half of the total deceleration in the calcula-
tion in all three layers.

Figure 4 shows a comparison of the calculated decel-
eration history with prelimiiary experimental results.
The large excursions and the absence of obvious demarca-
tions between layers in the experimental results once
again confirm the difficulty of using ideglized soil pro-
files to represent actual geologic conditions. The some-
what high .evel of deceleration predicted by the calcula-
tion in each layer suggests that exceasive friction was
specified in the model. Despite these problems, the agree-
ment shown in Figure 4 is regarded as very good for an
initial demonstration problem.

The basic zoning for the calculations used 4 cells
per penetrator diameter. The ccmnuter time (exclusive of
bad runs, check problems, and ed’.is) was about 12 hours on
the .Univac 1108,

10
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1.3 CONCLUSIONS

The Lagrangian finite difference calculation of the
DNA penetrator problem produced generally good agreement
with experimental acceleration records. This indicates
that the WAVE-L code can provide useful information re-
gurding important aspects of rigid-body penetration into
earth targets, Results obtained from another program’ in-
dicate that WAVE-L can also be used to determine stresses -
and accelerations within earth penetrators. Thus, finite

difference codes can be applied to:

o Studying phenomenology of penetragion in differ-
ent earth media types

o Examining the effects of variations in target pro-
perty, penetrator design, -and impact parameters
upon the penetration processes

o Establishing the design environment- (stresses
and accelerations) within an earth penetrator
in representdtive types of targets and underv
different impact conditions.

Problems undeniably exist in the application of finite
difference codes to earth penetrator analyses. However,
with reasonable assurance, some of these can be overcome
with modest additional effort. The others, we argue, can
be avoided by recognizing the objective of the numerical
solutions,

In the former category, the needs for realistic char-
acterization of friction, for efficient correction of grid
distortion, and for establishment of zoning criteria for
reasonably asccurate solutions should all yield to current-

ly planned work.
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The more difficult problems have to do with long
computer running times and with persistent geologic
uncertainties.

Long running times are involved in attempting to solve
complete deep penetration problems, and/or in predicting
depths of penetration in soft targets. In such problems,
however, major portions of the penetration may involve
phenomena which change only slowly with time. It is not
necessary or fruitful to analyze such quasi-steady state
problems with a finite difference code., Rather, such codes
should'be reserved for analyzing those portions of penetra-
tion events where loading on the penétrator is most severe
or is changing rapidly (e.g., while the penetrator nose is
entering'the surface, or whilu it is passing between dif-

ferent geologic layers, or perhaps just before it. comes to

rest).

Some geologic uncertaiﬁties will always exist, even when
extensive subsurface surveys are possible. However, such
uncertainties are gensrally troublesome only when one is
attempting to validate a predictive method by comparing it

: with a test at a specific site. Exact knowledge of real
target properties is unattainable, nor is such knowledge
‘ needed for the primary code applications listed at the be-

ginning of this section. |
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SBECTION I1
DNA PENETRATOR PROBLEM DESCRIPTION

The overall problem conditions for the numerical solu-
tion are shown in Figure 5,

2.1 PENETRATOR

The penetrator was a steel cylinder, with an ogival
nose section and a small 45° conical tip, as indicated in
the insert in Pigure 5. For this code solution, the pene-
trator was treated @s a rigid body., This assumption is
reasonable for analyses of penetration dynamics, inasmuch as
the penetrator undergoes only small, elastic deformations
which do not significantly interact with the penetration
processes in the target. Separate analyses, either finite
difference or finite element, can be performed to deter-
mine the stress environment within the projectile, as is
illustrated in Section VI of this report.

2.2 TARGET MEDIA

The target media were modeled to correspond with the
Watching Hill site at DRES, Alberta, Canada. The soil pro-
file was idealized by WES into four distinct layers., Data
from soil property measurements by WES were used as the
basis for constructing the models for each layer.

The basic properties used for the four layers are
listed in Table 1. Comparative uniaxial strain load-
unload paths for each layer are shown in Figure 6. The
failure surfaces for each layer are compared in Figure 7.

-
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; Nose'Detail:
Penetrator:
. 400-1b Rigid Body ol ) la-6,5" dia (16.51 cm) '
60,125"R 1
. - L 18.476"
i ' Vo, = 500 ft/wec| | 160.5" length
(3324 n/sec) (153.67 cn)
?3" . .
;" 0 Latat at b b Rl il A g B “—'"‘_.‘" 0
g Layer 1, 0, = 1.4897 gn/ca’ = 93 pof
t
2,44 8 )
Layer 2, p = 1,4236 3m/;;3 . Bﬂ pef
i Depth Dapth
: (maters) | (£t) 1
_ 4.88 16 3
; Leyer 3. o = 1.8381 ga/em’ = 116 pof b
:.\ ”t
) i
] »:‘
lg '»
) 3
E P
7.32 24
Leyer 4. p, = 1.9702 gn/en’ = 12‘3 pef
' '

Problem Conditions for CRT Rigid Body
Solution of DNA Earth Penetrator Experiment

f.- Figure 5.
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Stress o_, psi

3200

.

Layer 3
16 to 24 fr, V‘=122

S Layer 4

»24 ft, v _:0
2800 - ' e

Layer 2,

8 to 16 ft
2400 |- V‘ »40% '
2000 - L

Layar 1
0 to 8 f¢t,

1600 V. 3%
1200
800
400
0 S— A ! J
0 4 8 12 16 20 24

Strain ¢,, X (Engineering)

Figure ¢. Uniaxial Strain Ralations for DNA Penetrator Test Site,

DRES, Canada
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Layer 4 is considered to bhe water saturated, with a water
content of ~30%, accounting for its low shear strength,

For all layers, a hysteretic, elastic-ideally plastic
model with a non-associated flow rule (Prandtl-Reuss) was
formulated, 1In loading, the bulk and shear moduli are
functions of volumetric strain (u = p/po). In unloading,
the bulk modulus is a function of maximum volumetric strain
(“max) or maximum pressure'(Pmax). The unloading shear
modulus is constant in Layers 1, 2, and 3. In.Layer 4, the
unloading shear modulus is dependent on the unloadingAbulk
modulus. Variable failure surfaces, where the yield condi-

tion is a function of the pressure, were employed. -

Detailed descriptions of the material models are con-
tained in Appendix A.

2.3 PRICTION ALONG PENETRATOR-TARGET SOIL INTERFACE

L E A general friction rule was formulated and programmed
. into the code that includes frictional stresses in the

bl equations of motions of both sides of the sliding inter-
face. The code can readily accept any friction rule.

For this problem, a simple friction rule was used to com-
pute the applied shear stress on the soil-penetrator inter-

face; 1.e. .
] ] Y(Unv'

T ™ .-iﬁr-

where Y 1is the yield surface equation of the medium and
%n is the stress component normal to the penetrator sur-
face. The yield surface equations for each layer are

given in Appendix A. Selectlion of the .6 coefficient was

A
Y s . Akl




based partially on discussions with WES. This friction
rule produced relatively large frictional stresses, which
accounted for 40-65% of the total decelerating force in
the first three layers.

Time constraints did not permit the use of a more
sophisticated friction model for this calculation. Addi-
tional work is underway which accounts for limitations due
to the internal friction in the soil and the effects of
failure. Guidance from experiments measuring frictional
parameters under conditions which are relevant to earth
penetrators is also neseded. :




SECTION 111
COMPUTATIONAL METHOD

The WAVE-L code was employed for this calculation.
WAVE-L is a two-dimensional code which solves the equa-
tions of motions for elastic-plastic bodies by means of a
finite differen;e Lagrangian technique. The mathematical
formulation iy basically the same as that described by
Wilkins.* Lagrangian cells are normally attached at the
lattice points. In order to allow penetration of the pro-
Jectile through the combutdtional grid, a decoupling cri-
teria was used along the axis of symmetry in the soil med-

" ium. A 8liding interface, in conjunction with a friction

model, was used between the rigid body and the soil., A
lithostatic fleld in the soil was generated by prescribing
initially compressed scil states.

3.1 BASIC GRID DESIGN

The rigid contour of the penetrator periphery, includ-
ing the conical tip, was resolved with a total of 44 lat-
tice points. The spacing in the vertical direction began
with .5 in. at the tip, gradually increasing to 1.625 in,
along the ogival section, and continving at a uniform
1.625 in. to the rear of the projectile.

The computational grid in the soil was divided into
two principal regions, as shown in Figure 8. From the
axis of symmetry out to 19.5 in., radius, all cells were
initially uniform, with br, = Az, = 1.625 in. (Thus there
are initially 4 cells per penetrator diameter.) Beyond

19.5 in. radius, Ar, increases in 10% steps. The grid
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extended to a radius of 7.1 ft (beyond the field of view

in the figure). 1In this outer region, Azo also increases
(with increasing depth) in 10% steps until i* reaches a
maximum value of IOAzo . This design for the .uter region
conserves computational cells, without significantly de-
grading the solution.

A slide line was specified that runs along the axis
in the soil and along the penetrator contour. As the pene-
trator impinges into the target, this dual line defines
the penetrator-soil interface and allows slippage and/or
separation to occur. Another slide line is required along
the boundary between the two grid regions. This line is
needed to accommodate the differing alignment of the grids
on both sides, but no substantial slippage occurs.

3.2 "ROLLING GRID"

If the initial computational grid is required to cover
the entire target region which is involved in the complete
penetration event, the grid will involve an extraordinary
numer of cells in order to achieve reasonable spatial re-
solution. The alternative ir a smaller number of large
cells (if the coarse resolution is acceptable). 1In either
event, the efficiency of a solution of an event (such as a
deep penetration) where the action is predominantly in one
direction can be substantially increased by deleting cells
after the "action" has passed, and adding new cells in the
region where activity has not yet started. This was done
in the current solution by deleting rows of cells in the
target material behind the penetrator (where the material
was judged to have little or no effect on the continuing sol-
ution) and simultaneously adding rows of cells in the as-yet
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inactive region ahead of the penetrator. This technique
conserves computational cells and thus increases the
available spatial resolution which is attainable with a
given number of cells in a problem. Thirty-two vertical
grid lines and a maximum of 106 horizontal grid lines were
used. The number of computational cells in the prablem ut
any one time ranged from 1300 to 1800,

3.3 PRE-DEFORMED GRID AND LOCAL REZONING

During penetration, the ¢ells in the soil near the
penetrator become scverely distorted. This distortion
occurs for two main reasons: (1) cells from near the axis
are squeezed &s they are pushed outward in the flow around
the penetrator nose, and (2) where large frictional
stresses are present along the sliding interface. cells are
distorted by the shear., While such distortion appears physi-
cally consistent with the frictional rule ani the penetration
dynamics, it causes computat.onal inaccura.ies and reduces
the integration time step.

To correct extreme distortion, local rezoues were
perjodically performed during the course of the integra-
tion, In a local rezone, the computational grid in the
distorted region is repositioned sn as to give mer - regular
¢ell shapes. A comprehensive rezone processor it used for
this purpose that correctly redistributes the cull varia-
bles among the new cells.

To increase the time intervil! hetween loca! rezones,
a special grid was designed, in wh .ch cells in the first
two columns near the axis are conted upward. As the pene-
trator reaches these cells, fr.ctional forces deform the

FIRR T et AR




cells downward, The pre-deformation is a genmetric con-
venience only, and does not affect the stress field which g
is generated in any important way. Figures 9 and 10 show p
the grid before and after a local rezone. Note in Figure
9 that the pre-deformed cells ahead of the penetrator be-
comc "bent down' as they drag along the penetrator surface.

3.4 GRID NECOUPLING

The sliding interface formulation in WAVE-L includes
the capability for dynamically decoupling or unlocking the
grid points as 8 prescribed decoupling or failure criter-
ion is met. Decoupled grid points can slide along the in-
terface and also separate (forming a void). In a penetra-
tion problem, decoupling permits the cells initially
attached to the axis to flow around the advancing nose
shape. In this calculation, decoupling occurred when the
generalized plastic strain reached 1%. Generalized plastic
strain is a measure of ths cumulative plastic deformation
an element undergoes, and is defined® as

- 2,.P P
. EP = f(gdeijde“);’ .

. de” is always >0 , thus ¥ nmonotonically increases as o

any type of plastic strain is experienced.

P

3.5 VOID OPENING AND CLOSING g

During high-velocity penetration, the soil flows f
around the nose and typically separates from the penetra- g
tor before reaching the tangen.y point, This separation
and the resultant void opening are critical factors in the i
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calculations, since they determine the effective contact
area over which frictional forces are applied. In this
calculation, separation of a soil point could occur when
the stress normal to the penetrator was no longer compres-
sive; i.e., o, < 0 . VWhen this criterion is met, the
point is moved as a free surface point. (The soil point
mdy subsequently collide with the penetrator, in which
case it again becomes attached to the penetrator, Closing
of the void presumably occurs during the terminal stages

of penetration.)

3.6  "LEAPPROGGING"

During the penetration of Layer 1, it was observed
that the deceleration remained at a relatively constant
level following the burial of the penetrator nose., This
should be the case, so long as the penetrator velocity is
not drastically changed and if tho contact area of the
nose with the soil remains about the same, Since no im-
portant new information is gained by integrating out the
complete penetration of a layer, it was decided to skip
ahead after the penetrator nose had become fully immersed
in a layer. To accomplish this, the solution is stopped
after the deceleration level in a layer has been estab-
lished, It is restarted (with an appropriately reduced
velocity) with the nose a short distance from the next
layer. This technique is illustrated in Figure 11,

T T T v s e i o e b g s

it

e

o LUAL aRE




S ks T g

e m e

01 S GG =1

A s p b i ot

o'

Layst 1

Layer 2

18!

Layst 3

4!

Layer 4

Figure 1l.

_|..

\ Vo = 500 fpas

N

After nose is fully buried,
deceleration in Layer 1
i
N

N b TR RS T R NR N MM S N SN AS A N S T

remains nearly constant
Phase I (~1108) +

Phasa I terminates after
‘J{'nol« has completely entered

Layer 2, It is assumed that
decalerstion axperienced at
that point (-1253) remains
conatant within Layer 2,

nalysis is restarted with noss
Just above Layer 3. Velocity
is veduced consistent with

constant deceleration {n Layer 2.
Phase 11

¥ ~r=Phase 11 terminates after noaa
has completely entered Layer 3.
Decelaration at that point i
oy assumed to remain constant in
Layer 3,

! alysin {s again restarted with
\ ......Jﬁgn. Just above Layer 4, Velocity

is reduced to reflect constant
decsleration in Layor 3,

. Phase 11I

Illustration of "Leapfrog" Technique for Computing Deep Penetration
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SECTION 1V
NUMBERICAL RESULTS AND EXPERIMENTAL COMPARISONS

4.1 PENETRATOR DYNAMICS

The penetration was numerically integrated completely
through Layer 1, and into Layer 2 to a depth of 300 cm, or
9.8 ft, (This is identified as Phase I in Figure 11.)
Figure 12 shows the computational grid at the end of Phase
I. (Badly distorted cells have been deleted from the in-
side of the hole behind the penetrator.. These cells no
longer affect the penetration, and their removal improves
computational efficiency.)

Figure 13 shows the axial force on the penetrator and
the penetrator deceleration vs depth. The decelevation
climbed sharply as the penetrator nose first entered the
soil, reaching a level of about 110 g's where it remained
fairly constant during the remainder of Layer 1. As the
penetrator entered Layer 2, the deceleration increased
somewhat, reaching about 125 g's. Based on the experience
in Layer 1, it was assumed that the deceleration would con-
tinue at 125 g's in Layer 2. This assumption forms the
basis for the "leapfrogging'" approach described in Section
3.5, by which the time-consuming and largely uninteresting
integration of the quasi-steady state penetration within a
geologic layer is bypassed. Phase 1 of the calculation was
thus stopped with the penetrator at 300 c¢m (9.8 ft) depth.
This is 56 c¢m into Layer 2. 1Its velocity, Vlf , at this
time was 131 m/sec (430 ft/sec).
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To start Phase I of the calculation, the penetrator
depth was set at 469 cm, or 15.4 ft, and it was given an
initial velocity, Vi1, o of 114 m/sec, or 374 ft/sec.

(This was determined by applying 125-g deceleration to

VIf y the final velocity at the end of Phase 1,) The ini-
tinl particle velocities in the soil field around the pene-
trator for Phase Il were set by reducing the field veloci-
ties at the end of Phase 1 by the ratio Viy INyg = 87 .
This gives a reasonable estimate of the field velocities,
and inaccuracies are quickly corrected as the integration

covatinues,

Using these starting conditions, the Phase II inte-
gration was carried out as the penetrator nose moved from
Layer 2 into Layer 3, to a depth of 536 ¢m, or 17.6 ft.
As is seen in Figure 13, the deceleration dropped sharply
s the penetrator entered Layer 3, reaching a level of
45-50 g's. Again assuming that this level would remain
fairly constant within Layer 3, and using a value of 47
g's, it is estimated that the penetrator reaches Layer 4,
or a depth of 24 ft, at 59.5 msec and with a velocity of
101 m/sec, or 330 ft/sec. The leapfrogging approach could
have been used to start a Phase III calculation (covering
penetrator entry into Layer 4), but time constraints pre-
¢luded further integration of the problem,

Figure 14 shows the penetrator velocity vs depth.
Figure 15 shows the depth of penetration vs time. Figures
16 and 17 show the axial force, deceleration, and velocity

vs time.
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4.2 PENETRATOR-SOIL INTERACTIONS AND SC1l. REPONSE

4.2.1 Field Plots

Appendix B contains a series of field plots of the
computational grid, particle velocitics, and principal
stresses in the soil target medium around the penetrator,
These plots are for penetrator depths of 10 cm, 40 cm, 200
¢m, 280 cm, and 528 c¢m.

4,2.2 PFriction

In addition to the total axial force on the penetra-
tor and its deceleration, Figure 13 shows the axial force
and deceleration due to friction on the penetrator-soil
interface. Figure 18 shows the frictional force as a per-
centage of the total axial force on the penetrator. It is
seen that the friction rule used in this calculation was
- responsible for 4 40-60 percent of the penetrator decelera-
tion in all the layers considered.

Figure 19 shows the loading distribution along the
penetrator nose in terms of the normal and tangential
(frictional) stresses. This plot is made with the nose at
200 cn (6.6 ft), entirely within Layer 1. Loading distri-
butions for other depths are given in Appendix C.) The
normal stress, o, , falls sharply with increasing distance
from the nose, dropping to zero at about 38 cm, or 15 in.
Howevar, frictional stress, T , remains fairly level along
the nose. This is because 1t 1is limited in the friction
rule by the yield surface. The yield surface for Layer 1
is fairly flat, as seen in Figure 7.
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When the normal stress, Oy s drops below zero, the
grid can open to represent separation. This occurs as
soil material flows around the ogival nose, nearing the
tangency point, Tangency with the c¢ylindrical body is at
about 18.5 in, 1In Layers 1 and 2, o, became tensile and
target muterial separated from the penetrator at about 38
¢m, or 15 in.,, as scen in the plot in Figure 20. After
separation, soil may subsequently rebound against the aft
surface of the penetrator. This did nc occur in the cur-
rent calculation (even if the deleted cells are taken into
consideration), but it should be expected as the velocity
drops further. While normal stresses acting against the
body as a result of such rebound will presumably be small,
they may be applied over a large area, and can hence lead
to significant frictional drag at late times in the
penetration.

pae=SE

While frictional stresses are fairly level along the
penetrator nose, the frictional force distribution is much
different. Figure 21 shows the frictional force per unit
length along the penetrator in Layers 1, 2, and 3. In all
layers, friction force peaks several inches back from the
nose, The frictional force is still quite high near the
point where the target soil separates from the penetrator,
despite the fact that normal stresses drop sharply. This
is due to the increasing surface area of the nose as dis-
tance from the tip increases, and to the yileld surface 1i-
mitation on frictional stresses in the region where normal f
stresses are high (i.e., nearer the tip). ‘
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4.2.3 Pressures and Stresses in Target near Penetrator
Nose

Figure 22 contains vertical profiles of pressure in
the target soil along the axis and next to the penetrator
nosce. (Tho plotted pressures are from the first row of
computational cells, which are attuched to the axis ahead
of the penetrator, and are in contact with the penetrator
surface between the nose tip and the separation point.)
Three profiles are given, corresponding to representative
depths in Layers 1, 2, and 5, Pressures build up rela-
tively slowly ahead of the penetrator, reaching only 100-
200 psi 10 cm ahead of the penetrator, Peak values (~1000
psi in Layers 1 and 2) occur near the nose tip. There are
large oscillations as unloading starts (probably due to
the finite nature of the grid and the sharply hysterctic
unloading model), but unloading is otherwise fuirly linear
to the separation point,

Plots of radial stress profiles in the so0il outward
from the penetrator are given in Figures 23 and 24 at
penetration depths of 127 c¢m (Layer 1) and 300 cm (Layer
2). This type of plot is useful in assessing the adequacy
of the zoning employed. The sharp stress gradient near
the nose tip indicates that finer zoning in the radial
direction may be needed. The radial zoning employed is
probably adequate, however, at the halfway point and be-
yond. A study to determine the zoning requirements for
earth penetrator problems is planned as part of future
work,
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4.3 COMPARISONS WITH EXPERIMENTS

b Preliminary records are available from the field tests.
The records which are shown here for comparison with the

A calculated results are smoothed versions of the uncorrected
3 Sandia traces,® and may differ somewhat from the final fil-
tered and corrected curves to be published by Sandia.®

Figures 25, 26, and 27 compare the measured and compu-
ted penetrator deceleration, velocity, and depth histories.
The agreement is good. The calculated decelerations are
somewhat high, but the ordering of decelerations in the
three layers is correct.

There are a number of factors which may have coﬁtri-
buted to the observed differences:

a. Actual site profile vs idealized site profile,
The expgfimontal accelerations show large vari-
ations within each of the layers specified in
the idealized site profile. This suggests sig-
nificant property changes within the layers.
Also, a preliminary post-test assessment of the
site has indicated that the moisture content in
the top 4 ft was higher than had been assumed for
the idealized site profile, and that this near-
surface material consisted of poorly-compacted back-
fill rather than undisturbed soil (as had been as-
sumed in the constitutive properties recommended by
WES).'? This would indicate a softer new.r-surface
b layer and presumably lower accelerations in that
%g region., Use of softer properties in the calcula-
tions would have brought the calculated values into A
better agreement with the experimental duta for the A
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0-4 ft depth range. Detailed information regard-
ing the actual site profile will be forthcoming
from an investigation being carried out by WES.

b. Friction rule, Friction played a dominant role
in the numerical solution, as has been seen in
I'igure 2, Changing the coefficient in the

friction rul~ from .6 to .4, for example, would
have reduced the deceleration level in Layer 1
from 110 g's to 89 g's. Since the solution re-
sults (and presumably the physical phenomena)
are so sensitive to the friction rule, experi-
ments and more careful modeling are needed to
characterize friction under the loading condi-
tions involved in high velocity penetration.

c. 1Instrumentation uacertainties. The output from
the penetrator instrumentation may’he subject
to errors or uncertainties from battery excur-
sions, inadequate gauge response, and body vi-
brations of the non-rigid projectile. The
extent of these problems is being assessed by
the experimental investigators.

A comparison of the calculated peak pressure vs depth
at 8 radius of ,45 m (1.48 ft) from the test centerline
with some stress data obtained in the test is shown in

Figure 28. The peak pressure vs radius in Layer 2 is com-
pared in Figure 29. Unfortunately, there were significant
differences between the calculational conditions (penetra-
tor diameter, mass, and velocity) and the actual test con-
ditions for Sandia tests 2 and 4 (as indicated in the
tables on these figures), so direct comparisons cannot be
made. However, the general trends appear satisfactory.
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SECTION V
PROBLEM AREAS

In carrying out the finite difference rigid-body cal-
culation of the DNA penetrator problem, a number of prob-
lem areas were ldentified, Where so stated in the follow-
ing, these armas are being addressed in connection with
continuing studies of earth penetrators.

#. Large distortions occur near the penetrator-target
medium interface, due to radial flow around the advancing
nose and to shear (friction) along the sliding surface.
These physical distortions'produce corresponding distor-
tions of the Lagrangian computational grid, necessitating
periodic realignment of the grid (i.e., local rezoning).

If done carefully, such realignments do not significantly
degrade a sélution, but they are time consuming. Automatic
routines are therefore being implemented to efficiently
accomplish perlodic realignment of the distorted grid near
the penetrator. (Grid distortion does not occur in a

fixed Bulerian grid, but a separhte get of problems is in-
troduced due to radial diffusion of target material pro-
perties as damaged target material flows through the fixed
grid out and around the penetrator nose.)

b, Stress gradients are affected by the fineness of
the computational zoning. In order to determine with
reasonable accuracy the stresses in the target medium next
to the penetrator (where gradients are steep), relatively
fine numerical zoning may be required., Studies to examine
the effects of zoning on penetrator predictions, and to
establish zoning criteria for reasonable accuracy, are
being undertaken.
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¢c. Friction played a very important role in this DNA
penetrator calculation, accounting for at least half of
the total deceleration., This indicates the necessity for
experiments and more careful modeling in order to estab-
lish realistic friction relationships for conditions where
metal surfaces slide at "izh velocity and under high
stresaes through earthiwc. .. ..Such experiments are being
undertiken under other DN&;p'qgnams. and improved friction

"modeling is being undertakeh in future calculational

studies.

d. Information regarding the properties of target
sites is difficult to obtain. It is reasonable to assume
that this will always be the case, And even where exten-
sive subsurface surveys are possible, the property data
are uncertain due to local variations and to in situ
effects. This problem is quite troublesome if one is at-
tempting to validate a numerical method by comparison with
a specific test. However, exact knowledge of target pro-
perties is not necessary for most of the useful applica-
tions of the code; i.e., for studying phenomenology of
penetration in different basic types of media, or for
examining the effects of target property, penetrator de-
sign, and impact parameters upon penetration processes, or
for establishing the design environment (stresses and ac-
celerations) within an earth penetrator for representative
types of targets and impact conditions.

e. Computer running times for complete penetratlon
solutions are relatively long. Improvements are being made
which will substantially reduce these times. Nonetheless,
code solutions will probably be primarily useful for




Rel .
analyzing those portions of penetration events where load-
. ing on the penetrator is most severe or is changing rapid-
' ly (e.g., while the penetrator nose is burying at the sur-
3 face, or while the penetrator is passing between different
geologic layers, or perhaps just before it comes to rest).
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SECTION VI
INTERNAL STRESS RESPONSE OF PENETRATOR

In a deep penetration, target material undergoes large
distortions and failure, while a successful penetrator de-
sign suffers only elastic strains, (A sacrificial nose
section might be an exception). In penetration analyses,
the projectile can therefore be assumed to be a rigid bedy,
since projectile deformations are so small that they will
not significantly interact with the target response or
penetration dynamics,

Rational design of the penetrator interior, however,
requires knowledge of the design environment, specifically
the accelerations, stress histories, and shock spectra ex-
perienced at several relevant stations within the penetra-
tor. Numerical solutions in which the penetrator is
treated as a deformable body provide a means for obtaining
such information.

This type of solution is illustrated in Figures 30
and 31, performed by CRT under another program.’ These
figures show the deformation and stress field occurring
after 20 in. penetration into soll by a 600 1b projectile
fired at 2000 ft/sec.

Finite difference solutions of this type, in which
the penetrator deformation and the target deformation are
treated together, are very time consuming due to the mar-
kedly different character of the penetrator and target re-
sponses., Good spatial resolution is needed in the penetra-
tor in order to resolve structural details, and the wave
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: speeds in typical penetrator materials are relatively high.
' These factors dictate small integration time steps. On the
other hand, coarser spatial resolution and lower wave
speeds in the target media would permit much longer time
steps.

Because of these large differences in the integration
. time step and in the magnitudes of the distortions involved,
' it is efficient to perform separate but coupled analyses
 of target penetration and of penetrator response. Thus, a
rigid;bddy dnalysis'is first performed of the penetration
in the target media. From this rigid-body solution, the °
penetration history and force loading history imposed on
the projectile surface is determined. This information is
then used to drive-a deformable body analysis of the stress
wave response in the penetrator itself.
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APPENDIX A

MATERIAL MODELS

Material models for each of the four site layers were
;o developed, based on the set of recommended soil properties
i - furnished by WES, Hysteretic elastic-ideally plastic models
. using & Prandtl-Reuss (non-associated) flow rule were employed.
by For loading, the bulk and shear moduli were made functions of
the volumetric strain (u). For unloading, the bulk modulus
wvas made a function of umax"or'the'maximum pressure (#max)
and the shear modulus was constant, except for Layer 4,
vhere it varied with the unloading bulk modulus. The failure
surfaces were fit by making tile yield condivion a function of

pressure.
Al LAYER 1
A.l.1 Lbading Hydrostat

The following enuations were deduced for the loading hy-

drostat:. _
Pe=au , N uso
. i
P = 2: au 0<u<u1
i=1
: PP, ¢ y(u-uq) + ¢ . 8 Uy <MLy
i 1 1 F-lu-uy) B 12HHe
é TR
g Po= Py * Kpgx(u-ug) = (Kpgy K Iu* 1-exp —y— KU 3
i
:'- .
1
.‘3
| ’;‘ .
':;.I‘ fi
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This model was extended to high pressures and densities
(boyond that furnished in the representation) by assuming
that the material locked-up, or reached vold closure, at a
stress of ~12 ksi and a strain of ~38% (Vn was given us ~37%).
Beyond void closure, a well-behaved asymptotic form is em-
ployed. The values of the constants arc! '

PRl et i

T LT

] ag = 7.8933 x 1074 Mb vy = 5.2546 x 1074 Mp

b g8, ® -.010894 Mb My = .26

': By ® . 38493 Mb Mg ™ 62

i& ( ag = 22.519 Mb Ko = +018319 Mb

| .

b dg ® -62.409 Mb Kmax 689465 Mb

Ak -

a, = 67,438 Mb P, » 1.0181 x 107% Mb

. o % 1.53904 x 10°5 Mb P = 7.74858 x 1074 Wb

8w ,38041 b, = 1.4897 gn/em® (93 1b/ft )

%Ei ,, A.1.2 Shear Modulus_ - Loading
?ﬁ - The shear modulus function for loading was approximately
i determined from a graphical assessment of the variation of

- Poisson's rutio along the uniuxial strain stress puth (stress
. difference vs pressure) and the bulk modulus (as derived from
the hydrostat eduations). Parametric integration runs were
then made to find values of the constants giving a good fit
to the stress path., A maximum value equal to the unloading
shear modulus was imposed to prevent energy generation.

_ 3B(1-2v '
Gloaa = Min [ ZEI+vS ’ Gunload]

G R el L g Wi, e anm..u

_._‘..___7*__‘.*




dp
where B = (u+l) ——%%39 (u)

and v = ,5 - .28 exp(-6.Su’83)

Initial values of Young's mcdulus, the bulk modulus, the
shear modulus, the consfrained modulus, Pois;qn's ratio, and
the dilatational sound speed from the model are:

B, = 17,173 psi

B, = 11,448 psi : .
Go = 6,869 psi

Mo = 20,607 psi

Vo « ,25

¢y ¥ 1,013 ft/sec

A.1.3 Unloading Model

- In the hysteretic region, WeU, » 8 model giving a fan
of constant slope P-u unloading paths was used (slopes are
function of “max) H

Pom Prgy * K(u-u

m nax’  VpaxYe

Pow P+ Ko (u-ug) HnaxZ¥e

In this region, the unloading bulk modulus varied from a mini-
mum of 41.7 ksi to a maximum of 430 ksi, equal to the bulk
modulus for loading at voild closure. The unloading bulk mo-
dulus was made a function of the maximum pressure,

A constant value of 25 ksi for the unloading :

Pnax (Pmax) *

e m—iay At i N e
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shear modulus was assumed, The initial Poisson's ratio for
unloading was <et equnl to that for loading (vo = ,25), giv-
ing an initial -alue of 41.7 ksi for the unloading bulk mod-

ulus. K is a function given by

Bo*By [exp (bP ) -1]
- 1 max
T Hmax“He

¥+
Hmax

where Plax 18 obtained from the loading hydrostat equations

evaluated at Hnax °* The constants are:

By = 2.87277 x 107> Mb b = 1000

By = .0229 Mb -

- For u»u, , unloading is assumed to be reversible (fol-
lows the load path).

Hydrostatic tension is limited by imposing a minimum
value of pressure: P, = -12.26 psi.

A.1.4 Failure Surface

A yleld function Y(P) was fit to the failure envelope
suggested, where Y = 3Jé at failure. Beyond the data re-
gion, an asymptotic form was used to smoothly extend the
failure surface to a limit of Y = 750 psi at infinity. The
functions derived are:

Y =20 + 1.6313 P -12.26 <p<(

Y = 20 + 408.14[exp(z.4994 x 107%p)
- exp (-3.747 x 10%p)| 0<P<1420
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Y = 600 + 150 pottil P>1420
Here the units for Y and P are psi.

A.1.5 Comparative Results

Plots of stress vs strain, stress difference vs pre:csure,
and pressufe vs volumetric strain for uniaxial strain load-
unload paths computed with the model, along with the WES
curves, are shown in Figures A-1 to A-6, For each type plot,
the first figure is for the low stress region and the second

figure is for the entire range up to and somewhat beyond void
closure.

A.2 LAYER 2

A.2.1 Loading Hydrostat

The following eﬁuations were deduced for the loading
hydrostat:

P = a4 n<o
Ly
P = E:aiu O<u<u,
iwl
Hc'u
Poom P+ Ky (H-g) = (KK u* ) l-exp —iw MEUG

The equation for the fit in the data region was used to
extrapolate the hydrostat up to an approximate void closure
point corresponding to a stress of ~48 ksi and a strain of
~d41% (Va was given as ~4y.,,., Beyond void closure, a well-
behaved asymptotic form 1is employed. The values of the
constants are:!
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4

ay = 2,27 x 1074 Mo he = o7

a, = -7.6853 x 1074 Mb K, = 0233697 Mb

ay = 011947 Mb Kpax * 689465 Mb

a, = -.034525 Mb P. = 3.15417 x 1072 Mb

ag = 045002 Mb p, = 1.4256 gn/cn’ (89 1b/ft)
ut = 25

A.2.2 Shear Modulus - Loading

The shear modulus in loading was determined by a method
similar to that for Layer 1.

= wia[3BLL-2v
G10ad Mi“[ ZEI+v5 ’ Gunload]

where ap
B = (ue1) —io8d (u)
and

ve .5 - .3 exp(-.16874" 519

Initial values of Young's modulus, the bulk modulus, the
shear modulus, the constrained modulus, Poisson's ratio, and
the dilatational sound speed from the model are:

Bo w« 5,926 psi Mo = 6,585 psi
Bo = 3,292 psi Vo " .2
G, = 2,469 psi C, ™ 585 ft/sec




A.2.3 Unloading Model

In the hysteretic ragion, B<u. , a model giving a fan of
constant slope P-u unloading paths was used (slopes are a

TEEeNemeT e

g function of Wnax )
&, P o= Prax ¥ KOu-upay) Mmax“Hc
3 Pow P+ Kolumuy) Umax2¥c

. In this region, the unloading bulk modulus varies from a min-
i imum of 74,3 ksi to a maximum of 576 ksi, equul to the bulk

i modulus for loading at void closure, A constant represonta-
tive value of 67 ksi for the unloading shear modulus was as-
sumed. This value was determined from the given unload path
from ¢, = 1000 psi and an estimate of the unloading Poisson's

z
ratio at that point. K is a function given by:

Bo+31[exp(bumax)-1]
K= T ' Vmax“He

*
umax

The constants, as determined from the given unload paths,
are:

By = 5.12073 x 1075 Mb

By = 7.8964 x 1074 Mp

b = 5,4326
! The initial Poisson's ratio for unloading is .1532 from
¥ this fit.
: For w>u, , unloading is assumed to be reversible (follows §
‘ the load path), ;

S .
A bt sl ey P




Hydrostatic tension is limited by imposing a minimum

'eﬁj“ value of pressure: Poin ™ -12 psi.

A.2.4 Failure Surface

A yield function Y(P) was fit to the failure envelope
suggested, where Y = Nﬁjz at failure. An asymptotic form
was used to smoothly extend the failure surface in the high -
. pressure region, The functions derived are:

Y =16+ 3P -12<P<300

Y = 416 + %(P-SOO)

- 7.7852 x 10" (P-300)1+8172 300<P<1200
Y 1258.3 + 1647,87 phrpill . P>1200

Here the units for Y and P are psi,

A.2.5 Comparative Results

Plots of stress vs strain, stress difference vs pressure,
and pressure vs volumetric strain for uniaxial strain load-
unload paths computed with the model, along with the WES .
curves, are shown in Figures A-7 to A-12. For each type plot,
the first figure is for the low strass region and the second
figure is for the entire range up to and somewhat beyond void
closure,

A.3 LAYER 3
A.3.1 Loading Hydrostat

The following equations were deduced for the loading 8
hydrostat: !
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P o= Py v aytumuy) * by v ey (umuy)® MSHy
i=1,2,3 E
Pou P - K (ugu) * AGug-m)® My <HSH . !
- - et
Pow P+ Koo (ung)
g . He"H '
} (K-max'l(c)u l-exp - WU,

The values of the constants uare:

a; » 2.38661 x 1074 Mb = 0
by = -1.43803 x 1074 Mb  u, = 0547
¢, = 7.11694 x 1075 Mb Mg = 1013
a, = 2.86813 x 10" b u, = L1221 )
b, = 1.02409 x 10°° Mb Mg = 14155 ¥
c, = 6.39712 x 10°% Mb W = .25
gy = 7.99009 x 10°* Mp K, = 028085 Mb
) by = 9.96726 x 10" Mb Koax ™ +689465 Mb
. cy = -1.80756 x 107" Mb Py = 0
A= 3,79269 x 1072 Mb P, = 1.37893 x 107> Mb
o = 1,11227 Py = 3.58522 x 107° Mb
p, = 1.8581 gn/cm(116 1b/£t) D, = 1.27413 x 10™% Mb

A.3.2 Shear Modulus - Loading

The shear modulus function for loading was developed
from an analytic fit to Poisson's ratio along the loading
stress path and the bulk modulus as derived from the

83
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i
éé hydrostat equations. A maximum value equal to the unloading :
fg shear modulus was imposed to prevent energy generation
4 . 3B§1-2v2 %
i Gigag = Min [ * ’ Gunload] i
' ™ ! a'
N where ¢
;! dPy . q (W) .
and 3.4d8
v = ——arav
6+a-p-
where
b =0, 0,
l@r The following expressions were derived for the derivative
l?; %%' along the uniaxial stress loading path:: '
gﬁ' 48 - 5 + papfl 0<P<300 psi
ﬁ_J
R dA DE :
v - P>300 psi
.%yJ P~ (gep-300)2 o

where

Y
[

%

4
:?;

. 66667
« -4.69648 x 1074 psi?

2.07216
» 137,925 psi
= 688.145 psi

m O w w 0
%

' 84




' Initial values of Young's modulus, the bulk modulus,
{ﬁﬁ the shear modulus, the constrained modulus, Poisson's ratio,
k' and the dilatational sound speed from the model are:

Bo = 3,115 psi Mo = 5,000 psi

B, = 3,462 psi v, = .35

Gy = 1,154 psi c, ™ 447 ft/sec

A.3.3 Unloading Model

In the hysteretic region, wu<u, , & model giving a fan
of constant slope P-u unloading paths was used (slopes are
a functlon of

Wmax )

P o= Prax * K(u-Hpay) Hmax<¥c

Pow P+ Ko(h-np) HpaxZfe -

:ﬁffm In this region, the unloading bulk modulus varies from a min-
i imum of 35.8 ksi to a maximum of 465 ksi, equal to the bulk
. modulus for loading at void closure. A constant representa-
' [N

j

fﬁ_ tive value of 15 ksi for the unloading shear modulus was as-
EE sumed. This value was determined from the given unload path
‘t“ from o, = 1000 psi and an estimate of the unloading Poisson's
}@' ratio at that point. K 4is a function given by:
-
; g - B, + By [exp(bumax)-ll o
i UYnax*?t max "¢
8
R
)
?:'l
¥ '
.‘l‘ ,
1.
P ¢l
A
,{"_', k 88
b 4
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The constants, as determined from the given unload paths, are:

B, = 2.47298 x 107> Mb
B,  1.02046 x 1077 Mb

b = 88.855
The initial Poisson's ratio for unloading is .3163 from

this £fit¢. _ »
For 1wy, unloading is assumed to be reversible (foliows
the load path). ' T

Hydrostatic tension is 1imited by imposing a minimum
value of pressure: Poin * - 29,5 psi ,

A.3.4 Failure Surface

A yield function Y(P) was fit to.the failure envelope
suggested, where Y‘-WISJé at failure. An asymptotic form-
was used to smoothly extend the failure surface in the high-
pressure region. The functions derived are:

Y =22+ 42l p | - -29.5<P<0

Y = 22 + wiEe P - 4.0337 x 1073p1+7683  gepe30o

Y » l'iO + 11.8|77+ P-3~00 P>300

Here the units for Y and P are psi.

A.3.5 Comparative Results
Plots of stress vs strain, stress difference vs pressure,
and pressure vs volumetric strain for uniaxial strain load-




unload paths computed with the model, along with the WES
curves, are shown in Figures A-13 to A-16.

A.4 LAYER 4

As suggested by WBS, a model using a higher value for
Poisson's ratio than that originally recommended was formu-

lated in order to give better agreement with data from tri-

axial tests wlth small constant confining pressures._'

A, 4.1 Loading derosta

The following equations were deduced for the 1oad1ng
‘hydrostat: R SRR . . -

p‘.‘;(ou - ’ o uio
Po= Pyo- Ko (Ugeu) # A[exp a(uc-u)f-ﬂ ' Ocucu,
P=P,+ K (u-up) WM

The values of the constants are:

3.75514 x 1072 Mb

A= -3.57227 x 1074 Wb K

a = -509,52 Ky = 1.02597 x 1072 Mb
o= 1.3 Mg ® 0009

P, = 1.43636 x 1075 Mb po ™ 1.9702 gn/cn’

(123 1b/£t%)
A.4.2 Unloading Model

In the hysteretic region, MU the P-u unloading
paths were made a function of the hydrostatic load path and
the value of attained:

Pmax
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T

g . . Lk
b P = Proad - Au(Mpax W) Pmax<¥e

3 - . M
¥ P = Pioad = Aulke-wl HnaxZHe

/ where pload(“) is the loading hydrostat and Au = 13,7548
x 1077 Mb.

For w>y. , unloading is assumed tu be reversible
(follows the load path). .

Hydrostatiz tension is limited by imposing a mihimum
value of prpsSure: Poin ® =50 psi . '

P

A.4,3 Shear Modulus -'Lohding and Unibading ,
‘The shear modulus for both loading and unloading were

i : made variables, depending on the bulk modulus. A constant
' ‘Poisson's ratio in both leoading and unloading was employed.

G = 33‘1;2\)!;
! v
B (u+1) %&,ﬁ

v = 497
P(u) is the appropriate loading or unloading hydrostatic
equation.

Initial values of Young's modulus, the bulk modulus, the
shear modulus, the constrained modulus, and the dilatational
sound speced from the model are:

E, = 2,679 psi Gy = 894.6 psi ¢, = 2,377 ft/sec

where

y and

e g S N S

?f B, = 148.8 ksi My, = 150 ksi




g Y i .
" S,
.

A.4.4 Failure Surface

A yield function Y(P) was fit to the failure envelope
suggested, where Y -‘VSJé at fuilure. The functions de-

rived are:

Y

Y

where

Q@

Py

25 + 5P -50gP<0
50 + APy P)® + B(P,-P)? 0<P<150
50 | P>150
-2,58234 x 10715 psi

4

-8,89951 x 1074 psi

7.024
150 psi

~ Here the units for Y and P are bsi..

A.4.5 Compardative Results

Plots of stress vs strain, stress difference vs brepsure,
and pressure vs volumetric strain for uniaxial strain load-
unload paths computed with the model, along with the WES
curves, are shown in Figures A-17 to A-19.,
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APPENDIX B

DISTORTION, VELOCITY, AND
PRINCIPAL STRESS FIELD PLOTS

A series of field plots of the computational grid,
particle velocities, and principal stresses which illus-
trate the soil response during the penetration were pre-
pared. These are shown for the following penetration

depths and times:

Depth Time Figure No. of plot for
Distortion

(m) (ft) | (msec) (Grid) Velocity Stress
10 ' 33 .66 B-1 B-2 B-3

40 1,32 2.65 B-4 B-5 B-6
2.00 6.56 13,64 B-7 B-8 B-9
2.80 9.19 19,52 B-10 B-11 B-12
3.00 9.83 21,03 B-13 - -
5.28 17.31 40.11 B-14 B-15 B-16
5.36 17.58 40.87 B-17 - -

The plots of the grid also show which material is cur-

rently failing; i.e., is on the yield surface. This is de-
noted by cells containing an x or + , with x indicat-
ing a compressive pressure, P > 0 , and + indicating

P < 0.

The velocity vector field plots show the direction
and magnitude of the particle velocity at each lattice

hydrostatic tension,




point in the computing grid. (For clarity in viewing the
soil response, the velocity vectors of the projectile are
not shown,)

In tho stress field plots, the principal components
of the stress tensor for each cell are shown, as follows:
The magnitude of the two principal stresses in the r-z
plane are plotted in their corresponding principal direc-
tions. The third principal stress (in the azimuthal di-
rection) is plotted along the line bisecting the other
two principal directions. Vectors pointing to the right
are compressive, to the left, tensile. An example of
how a stress tensor is plotted is sketched below:

Tensile aememmtoceeedg Compressive

b z

' Principal Stresses

- in r-2 Plane
' ﬁ;_ Cell Center '

@; _ _Principal Stress

3 in 6 Direction

;:

i

¥ i
‘?, .‘
i N g 1
k- B
.
4 i
1 3
i .
l.'. |‘

' i

98 ,1'

T
R Lo

L N T

B b b G B i bbb




1oroReedy

CALIPORNIA RESEARCH ANO TECHEOLOSY HAVE-L COOL

D AUN H0. 2080-0. DNA PLNETRATOR TEST AY ORED (R1GID POOY BOL'N)
°‘ cveue 9
' L
© ———t g \ +—
+ +* | +
+
¢  §  § +
+
% X + X +
¢
L X X % ] X *
Q hamnn —
|
-
T
=
o
Q.
8 L
-
0 0.§ 1.0
RAOIUS FT T = 0.6605 MSEC
Figure B~l. Grid Configuration with Penetratcr at 10 cm Depth
29

. o e YT
L eite vk n s i (ol

RN




g
5 s 0er T4 CALIFORNIA RESEARCH ANO TECWIOCOSY WAVE-L COOE
& N RUM NG, 2080-2, ONA PENEZTRATEN TEEY AT ORES (RIGID SO0V Q6L ‘NI 100 rPS
o cree a1 NTT LENOTH « 0.030480
| —
o e o e - - > 3=t
/"’ $ . . . . .
4
}J: : . s .
N
-
"" 3 \ . . . . .
w
g .
|
!
) P L] . L] L)
U
u
Joome
v,
‘ et |
e
3 0 0.5 1.0 ‘
e RADIUS FT T = 0.6606 MSEC
i

N Figure #~2. Tarticle Valocity Field with Penetrator at 10 cm Depth




Y AK]} CALIPORNIA RESZARCH AND TECHNOLOOY WAVE-L cm\
1D RUN NO. 2080-2. OWA PENETRATER TZAT AT DRES (R1GID 86OY 90L°N) E__i_u\_,

o EYeLe 9 UNIT LENBTH = 0.000830
| |

A gt

I
m ‘ [ Y . ] Y
skt -
' [] 1} (] [y . . .
frem
u.
I . [ ] L] . L] . [
o
&
o9 L
] L]
0.6 1.0

0
RADIUS FT T = 0.6606 MSEC

Figure B-3, Principal Stress Field with Penetrator at 10 cm Depth




1.0 0.5

1.5

DEPTH FT

2.0

CALIFORNIA REOEARCH AND TECHNOLOSY NAVE-L COO

Ji 74
RUN 8. 2000-8. DA PENCTRATOR TEST AT ORES (RIGI0 GAOY 0OL°N)
cral
1 | |
*+] + IA, | r l_,il r_} T;W N
Byl x| x x| x| w}lx
X  { BRI | ] | ] X
L
- Nyl X L I x |
LY
Xy ] | X |
¥
Y | ¥ % |  § | §
A NFE ¥
UANDTE x| x -
N L |8 x| x
SN X
2 X
| |
X -
 § X
\ | | A
0 0.6 1.0 1.8 2.0
RADIUS FT T = 2.6500 MSEC
Figure B- 4, Grld Configuration with Penetrator at 40 cm Depth

R K

R e o e Bk

R P <.

S Loty T g3




CALIFORHIA RTOEARCH AND TECINELAEY AVE-L COOE

RUN 8. 20S0-C. ONR PEWNKTRATOR TEOT AT ORTS (ATGIC DAY SOL°W)

UNIT LENOTH & 0.090400 e

W 74
1 cYOLL 40
3
1

i
b
8
B
Ly -
3
'A“V"
-
i
.
15
5
- w
+i *
1 -
A o
v
U
b
"

] Ll |

e e e e et

Lo L T OO S S
L e L L
-» ® s & 2 ¥ 4 s w2
s s
~-.l..ulti
« 0
s~-l.'n'.o
N L L R
U T T I S S
\\
[
\\..Q...'.
\\\O'Uu'.n
.
‘..ltl!.l
[ 2 T T I A
» & s e s &
L Y T . I
L I B . A

] | i

.

(]

]
—

.

L]
iy

L

\ !
' w
-
' '
: fuan .
; .
;; : ]
\ -
Y
o :
[ Y]

0
RRDIUS FT

Figure B-5.

0.5 1.0 1.8
T = 2.8500

Particle Velocity Field with Penetrator at 40 cm Depth

103

2.0
MSEC

Ao B s N LC

finnh 1 st

N P

teriac

Gl E s st e




e RS

LT

CRLIFORNIA REGCARCH WD YECHINLOS
SUN NG, 20T0-2. 0NN PENETEATER VST AT ORES (R1030 SOUY S °W)
UNIT LENOTN = 0.000810

¥ WRVE-L COOE

0.5

1.0

1.5

DEPTH FT

s r oo

Y

2.0

Figure B~6,

0
RADIUS FT

Principal Stress Field with Penetrator at 40 cm Depth

1.5
2.6500 MSEC

TR 4 I C o A U T i il ".“.‘_'(\.1. YO .

re

Goaiatas

PRy




8% AN e CALITORNTA RCOTRRCH mip TIOWRDY WY.L Coer
° 'ﬂu-’!”ﬂ.-lo SR rEWETRATIR TLET At OO L1RI0ID 80OV oy *w)
[ d
. T e 15T 5T
*
*hy+ O PO NN B O R PO Y
+*
i ¥ "T x|+ nf+ + | x
+ ¥ | 4 +
+} %]t
Y + ]+ ¥+l X
. LY = B
i e+l xln
b ' L O I B A L 4
+|
‘ Q ®
48 »
i w - AR R R LR A ™ T
B + means material
;’:‘.‘“ A PRE R BB B O BN AR BN B BN B 0N P! currently on
B ¥ yleld surface
' M ¥ 'l ] '] ¥ x jwith P>0; Hatt
|8 ' X means material Ty
falling with .
? 3 4 ¥ b { 4  § » | } | X P<O (1 e, R
e ¥ tension) S
\ ¢ X SRR EERE AR EEEE
' 13
i . 4 goe 4
b X x[x x| xf{x|{2] x| E
! X 3
. YR
ol SRR EEEEEE NN
: JAI
g @ L yfef XXX )RR RSN '3
3 7 3
/ xf x|} 2] X X | L} X '
1 *Ixlxl e[ xtelxleln]y B
A |
AR EERE R RE R AR |
| i
| K
SR I [efefx]efe]w]xlx]x E
— X e {x [ xfxfx|x] )]y | 8
L. X + -
xlxfxfx|{x|x]|x]x 4
I o
- KN «» i
) O X X X X X X X 4 i
LJ .
Q :- X l ] .
: 0 0.5 1.0 1.8 g
RRDIUS FT T = 13.6407 MSEC '
v
Flgure B-7. 0Orid Configuration with Penetrator &t 200 om Depth 1
9
"‘
106 i
- AT u"J'wvff'L.-iéuém'ﬂ"nﬂh«'.-w‘f“!',.L'WW A b AR Rl e R U e "

ettt . i e ,_‘:._4.____‘*._, ; 1 . . 5

T —— iy L




Ranni ottt Sl LA S R

8 JL 4 Cll.lmll llﬂﬂﬂ! ﬂ 'nm mve-. coot

L o
e Rl ]

. t00-L, BUR FOIKTRATOR TROT 280 wey
e ot '- 1700 mv __Mm ————
i -
.{[ ' ‘ . ¢ * * ‘ : *
' ! .
'
‘ l . . » . . . G\:i
’ i
’ J . . » 3 . . . ;?i;
I ' l""
J ‘ . . [ . ) :‘.l’,:&i
I J l ' * ' -‘jg
‘ ) ' y . ' ' * ’ ’:E
[} B
! . . . . . 'ﬁg
e ) v g
ﬂ ﬂ u’.‘;ﬁ
9 ‘ \ . . . [ . . ¢ ‘1
A 'q
‘ | Y . . . . . * ¢ '\i
. -3
\ ‘ . . - . - . . '::
\ e i
\ - » - v . [ ) [ ) &
L 1
\ . . - [ » . . y . “:
VO : ‘
. - - 9 L] » L] :
\ e
\ . > . . * ' * ’
() A .'
‘3 f‘ N N LS . ) . . IS 4
\ -.‘
\ ~ [ S » \ L] [ ) !
\ \ . . [y [y [} [ »
\ N\ N ) ) s ) . ) ’
' ‘ N [\ v [ [ 1 . (] [
i
i t '] Y [} [} [} ] J ' . {
; ’E ’ [ [} ] [} ] ' ’ [ L
a. [}
g (9] o 1 . l . » (] [] J [} 1 . I
ﬁ o ~ -
; 0 0.5 1.0 1.8
}} RADIUS FT T = 13.6407 MSEC
f Figure B-8., Particle Velocity Field with Penetrator at 200 cm Depth
.
i
l‘ 106
it
i
-

SO, T A S NS Y s e e T : . ey ket
_ ’ TR s A 0 e heih s Pl DA Lk 50 Mo g 30 S0 b0 06 bl el i iR A o "l;"lﬂiét'"" TR L




’
:
!
i
3
i

gy E
n . 3 . N ' . . [ ] . '»,
L * :'._
¢, e . . » . . . . .
. I
0 ;
> & . . . » . . . ]
.
. e e e e .
.
.
. .
. . . [ L [ ) »
0 '
. 8
. . » . L4 - L "«?E
. ' !
[ N
° . » ') * L ] L "y ¢
.
.
o ‘s
m‘ - " . . . . . . . ®
. ., - .
. oy
° b Y ™ . ¢ . [ . 'y - _ .
] ° ' YN
» . "B
)

?

) :
.i é{ ] k ﬂ ‘ ) ) . . ¢ * ;, ;
. ,:;'l k3 0 § . . . . . . l
E ° | L S 4
. ‘ { Y 1 Y LY \ L) ) '
bl \ R
R RN 1
i = |1, S T R T ;
e | 8 (= \ 5
| 0. t ' ' ' . ' . ' ' §
t ge il L | i}
vy i F “
e 0 0.5 1.0 1.5
| & RADIUS FT T = 13.6407 MSEC
gg Figure B-9. Principal Stress Field with Penetrator at 200 em Depth
¥ .
L 5
; 107 i
& K
L L1 I o " e Evh e e A AL L aLE  tem e @E A Y S P L RS W M STt g AT pe A e g - » [T IR TNy T e . AP R ey TN ) .(«'"-‘;

3
- .
[T |




=
2
@D
(=}
- 5
‘ (o]
a
m o
e
iz :
s &
3E o %
mm+ +#¢###++#4.—.*!!!!!!&-!!!'!!!!!!!1—.—5 .W
(] Q
T0.—.++*#+.v+.v+++l*+llllllll!!!!lllj = m
- #
Ay
m-m'.v##‘v sl ¢+l IR R R R EZE AR R R AR R E AR RE I E AR AR R E R E S R R E A R B o o
+2
"m++0§*+.—.*+++.v.v;-..-..-.l"'!‘l!llll‘llln-% .1W_
Lo d
ﬂm++++.—.++*.—.+++++l*llllll!l!i!lll!l :..u 5
o -l
mm++++++,+++++++x++++llxilxxxlx:xxx1 m
um +~w 2535284848202, +Mw Frp b et b e fae o Lo (e [ e | o | o0 )
73 -
2 +\ A PN A\ e A A ) A\ A =\ AV L A e R = - AGTIE - .ﬂ_ EH
.m... s AN AR A AR AR AR AN AGCATATAYT > o 5
el A I (&4
ANAY™ el K. R B o
i _ %
um 4##.—.!!!!!!!!! JU 3
- e B S fm — 4
mnm bt [m) o
-1 ~ &
‘ 1 { i o&
08 gL 08 g0°6

14 H1d430

Figure B~10.




ot e o S

o

H

CALIPORNIA AESCANCH AND TECHNOLOOY UAVE-, CONE
AN 0. RU00-R, 0N PENCYRATOR 250 pps
CYCLE 2400 UNIT LENOTH n 0.090400

L « st e ¢
'oo . 0 . ¢ ¢ N
¢ ¢ !
T
Q '... « ! ! ! ) ) )
‘D. e ..0 . . . .—
|
. . . . . . . .
| B '
,". o !
L .
“ te ! '
et
o 't .
~ = ‘.. P L -
‘.' L] ] '
‘.. \ ’ ] L] L} [] L]
“. . 0 ] . .
::. . . s * ] . ]
b
e ‘\‘ S
o T W 7
¢ 0 0 0 ¥ ¢
\‘. ‘ a . 1] [y [}
N
PO S R B . D i
\\ . S [y . [y o
\ [ - . . ] . () ;
\\‘ .'i
\\ [ - . [ L] Y . ‘
RN 3
nt] KNI
- \ [N Y [ [y [} [} [} . '3
L W YL Y R S T R R K
a-.l | A T WY W S SR S | . iﬁ
=) | 1 y
) 0.5 1.0 1.5 S
RADIUS FT T=18.5280 MSEC ;
Figure B-11. Particle Velocity Field with Penetrator at 280 om Depth §

109

it v A R A e T




CALIFORNTA PEOLARCH AND TECHNOLOSY WAVE-L COOL
W 0. 2000-2, GNA PONZTRATOR TERT AT GRS (RIGLS 080y LMY
CYCLE 0480 WHTY LEWO™™ » 0.080810 Y.
.. R L] *
o e e e e
°' . ) . . . L] . ~
‘. Q e e e e e
© Hb . ‘ . ! -
: . . . . . ’ .
1 s . )
3 L] . L] L} L}
(:l ¢« * . [
? °. . . . . . . [ .
» . U
K o . . . ] . . ’
g ‘ o !
‘} ‘. P . . . . . . ’
Kl . ’
,;I;f . ¢« ¢ . . . . [] . »
L]
},E o " . . & @ ’ . . .
'._‘.-‘. [] L . .
':f &~ i ‘o T . . ¢ * * * :-
N .
";; :‘ P o . . . ] ) .
'."-;,‘ °0 LA '
..{‘i. .. . . » [ ) . . . L ]
i * .
0. oo . . ’ . . .
.:l °l . . . L4 . .
t :‘ * ! ) ' ' ) | ) )
‘:Z ‘. ¢ . * ¢ * ‘ ‘ * *
\l a‘ !L ' Y . ™
: © ", . 'o.o.o o 0 o—
} 0 ~, 0 0 . . . . - . . l
f )
3 ]
"o‘ . I . [ . . . 1
0.0 o *
;’ 0 L Y RS - » - - . . :
L
\ \ ~ ~ - . -
I 0 \ . - &
0.\ . g
! 0 ‘\\\‘\ Ceer e i
’.‘:l - W
; 0,}\\\““"‘ :
{
L Q LS S S S S ;
4 o Hog'¢ (4 —
¢ U TS UL U L I S
3,:;' E ‘ L S T R L ) J
3‘ a] '] 1 [} [ 1 . [} ) . A
ﬁ (e ] L I _J__I [} _l;_ N S ' |

o 0.5 1.0 1.5 .:
RADIUS FT 19.5280 MSEC :

Figure B-12. Principal Streas Field with Penetrator at 280 cm Depth

e T
CTAETIIE I

A




!
+
4
£
!
¥
"an n COLIFORETA REDEARCH ABID CECIINLO8Y WAL CONE 1
W NG, H000-0, D PLaUTRATOR TEET AT ONEO (RTG1D BEOY O ‘NI i
CYeLE 0T ’x
T T i [ :
o M—J ‘
£ 11 )
e i
i
+ »
-
+ M 3
: '5
.: o + * by
4 * ¥ L] + * \I
. . + * *}
e e + * + * elele oj_
]
+le] o ¢ |ole i
e 1
T | 1 N oo' 4 | ' « T ]
i
. i Tl * . §
1
. . + o+ . . i
. )
. - + N o + H
i
slojejn] |o CBLILIEIR Q
Y s wnlule[n]n ¥ i
b ' ;
[ ] '
o (efufule wefufe| fe ' K
X ! ‘-,‘
B 3
‘}” !
- v vefuls wju|u)y t 1
° ;
v —_ E
i w ™| F
3 = U gge o aan R X
. [ : R
A w 1 | | ' i3
4.0 2.0 0 1.0 4.0 . .
‘i RADIUS FT T e 21.0283 MSEC : %,
R 4 Y
3.‘- . Flgure B-13. Orid Configuration with Penetrator at 300 cm Depth % 3
? L
T
;._ ": 'd
! P
B j‘l 4
" ,f’ '

a4 111 i




=

-

®

-

>

<Y

-

-

a
8a
- -
ox
o=
i . I
s o | sl +]nl [Inin[n st [oeline Jou [ox e o Fom oe [ ol ]oeoe foaoeoc]oe] e
=
“ﬂ.v JU U »x i ximlmon]r]nfrx]lomiloc]xlmfoe]o]e] el
[ 3
sl x|+l +ltixlm]rlxnln]minmimlwlrnirxlnimininixlo]xfx]sx]x]rx]x
= - .
mnII+++ouoa+l!l+lllllll!ll!!l!lll!l
== I
mm++++ll+l!l*ll.lllll*lll!llllll!!
mm i+l \oeloeloc| a o e o] eloelomioeloafonfoe {2122 oe]acloe]oc]oc]o o loc]o] o

RS ]

mm AR AC IR IR AR IR A A RACA B A G B tal Tl S l—!l’ll!llxl
< - lI+I*+++!+l+x!u¢+ll+ll!lll
« AN 2 AT A A Sl ¥} - 1=~ =]=
- -l {
is e =)=~
& o~ + -t U il bei
L= >
5e8 b /%o [ [
- ]
Li D g 'x

So

22 | 1 ]

08 0°6 g-01 0° 11 0-31

313 - yadag paieIndTe)
1 )
— 1 R i 1 1
- 9)..% o« o =~
— - ~-

13 - yadag pajelnuis

1.0 1.6
T = 40, 113 msec

0.5

0

RADIUS ft

Grid Configuration with Penetrator at 528 cm Depth

Figure B-1h,

112

E

I




s ST L e . e
8 Q CYCLE 2967 UNIT LENSTH  0.030400 poores !
® o |7 J
F 'o ta ® U I I A 3
. L [ » ' . ’ . ].
| ! b
. . . N + . . »
" [} . . . . ’
..l ' . . ¢ 4 ’ M ‘l
' { ) o ! ) * ) ! '
9 < e e
por o jonle , ] , \ . p— '
ﬂ U ] ’ i
| v s e v e, A
% 'J [ ' . ’ v ' . "
o ! i
Moo
15 L J A [ ,:
] . ' . . .
o !
J \ \ . . . ’ . '
’
} Q. ’J : ] \ . . . [} . . l‘|
‘b‘: - S T J ' A ' ) ' ) ' - |
i ! ‘ [ » ] s ’ +
L .
'g. .E- ! ' ' P
. . K] & 4, e e 3
¢ -8 L ‘ ¢ ) . (
Tl 0 NP B R |
_ 5 3 .
g ,9‘ Q O L |
38 v 8 ) N
| ©w N R v
Oo \\ s N 8 & s . .
ol = \ A ) . —— ]
—p \ \ . . ~ . . . . . ,
A 1
I - [ L] [ Y L [ 3
\\ A
O 1
| w L Na
\ [N [N (Y L] . A ] \J . ]
\ ‘ L ] ] L] ) . [} 1
o > [ \ } . ' ] | [ N .‘
. b
. ) L I k.
- ) "
‘ ) [ ' [ [} ' ’ . 1y ;
A ' ' 1 | 4
i 0 0.5 1.0 1.6 k.
A RADIUS ¢ T = 40,313 mmec E
" 1
2 \
“{ Figure B-15. Particle Velocity Field with Penetraton at 528 em Depth
! g
b
b i
i 113 W
0
B e e e - e -




S AV A 5 < A e s e S SARs e s emama st s sesieseees . aas e et e f

CALIFORNIN RESEARCH ANG TECHNOLEBY HWAVE-L COOE .
RUM M9, R000-£, ONR PENCTRATOR TEST AT ORES 208 BARS
LYCLE 9987 UNLT LEWSTH = 0.000010 P B
S 8 e 1 . . 1
e .. . . o 0 g ¢ 0 0O o
’ 0 0 . . . ¢ * ' ’ ‘l.
o
& « 0 ¢ 3
B ’ . , . R N N N |
i o, . 3
é; l’ . . . * ] ] . -
;' » .
’ ] . . . . . . [ .
"-‘r h ’ ' . . 1] . L} .
i » . . ]
g 9 P N o
% ¢ » 'y v s 4 &
K e, » A
.l 'y . - . . 'y . [} [l » ' ‘ 'j
4 % . . . [ Rain
.'_'1 \t: 1 5 romsm—— o' . R [ ¢ ! ! .,
i ' . ¢ . g
b K- ha s ‘ N T 3
. ‘a 1 N L !
¥ .t .
o Q . ® . [ . [ f“‘.
% [~ '5 10 H '3‘ LY - 3
1 “ n N A
M Q o o’ . . b
: v o4 Y . . ¢ ’ v 4 ¢ "!
3 A ] ] . g
- m .
,:3 E : o. P \ . . ) L] L * ’ . .\
13 L] fliet ¢
i v = ' (] . ] » 4 1] 1 4 * '!‘.
| SO ' s 0 [} [} g O ..
y 16 % 0. ‘o e . ° e ¢ o 0 0 . :'
3 o 0, ‘0, ° . o v s » E:
i ‘\m .’ ,-‘
4 \ . . s v s e s 3
oyttt Co
R b 0y ¢ PO S R ¥ 4
o 1 (IR .
a . s »
0 4 ¢ "
<
LY a [ ) » L]
X ARSI
pSA L4 L
. 17— 3. 3 S S W N S TR S
I3 :S t ‘ q Q [ ] [ ] (] 4 [} )
\ ( § L ¢ ¢ v vy . '
‘F . ’ ¢ ] L] ] 1) [} [ ‘
?7 12 LA T T S S S S S :-1
‘ L oo

0 0.8 1.0 1.5
RADIUS ft T = 40.113 msec

Figure B~16. Principal Stress Field with Penetrator at 528 cm Depth

114




it e it sk e Ci e S TR ST TON e TR mr e SRSl TS S g G S A i s ] T A I T e | T T e T S e e e e s M T AR ST . ey

ST T AIPOT I TIATE Tuc T LT T ety ST b T ITL  REn IT TY NCRTRETIee  ¢ R e SR T T T S MRTTT T Ty AT T e e

] | pape] b o Prprcpibeisdadad Tocfou]

CEEEIT L ¥ P4 P bbb e

40}

1-1
&

™
4
4
o

ot

prpep] | Irefeioct Hachoe

f-O
40.9 MSEC

CRERT 1 P9 pebd xfac poe pachcpe e o

3 =3 pelod

RUM NO. R080-2. ONA PENZTRATOR TEBT AT OREO (RIQID BOOY SOL°N)

cvcLe Ises

0-L 08 0°6 0-01 0°11 0°21
13 ‘yidag paiernd1ed

I N P

o wy
—

17 be—

13 ‘yidaq pajerramis

1.0
RADIUS FT

Grid Configuration at End of Solution, with
1156

Penetrator at 536 cm Depth

Figure B-17,

LRSI VLRI




APPENDIX C

FRICTION STRESSES, TARGET DYNAMICS
NEAR PENETRATOR NOSE, AND ENERGY PARTITIONING

Normal and tangential (frictional) stresses applied

‘t0 the penetrator nose surface are shown in Figures (-1

to C-5 for penetrator depths of 10, 40, and 200 cm (in
Layer 1), 280 cm (in Layer 2), and 528 cm (in Layer 3).
Generally, these plots show that the normal stress falls
sharply with increasing distance from the nose. The
frictional stress, on the other hand, is nearly level in
Layers 1 and 3 (due to the constraint on friction imposed
by the relatively flat yield surface in these layers). The
higher yield surface in Layer 2 allows higher frictional
stresses.

Velocity components of the target soil points which
are in contact with the penetrator nose are shown in
Figures C-6 to C-8 at penetration depths of 200 c¢m (Layer
1), 300 cm (Layer 2), and 536 cm (Layer 3). In these
plots, v_ and v, are the velocity components normal

n
and tangential to the penetrator surface.

Time histories of the kinetic energy of the penetra-
tor and the kinetic and internal energy in the target are
shown in Figure C-9,
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APPENDIX D

TIME HISTORIES OF STRESS, VELOCITY, AND
DISPLACEMENT OF TARGET STATIONS

Time histories of stress, veloclty, and displacement
were obtained at a number of locations in the soil medium.
The stations selected for the code output correspond to grid
points nearest to the layout of stations suggested by WES,
The following parameters are plotted:

a. Radial stress 9
Vertical stress P
Hoop stress oe
Shear stress Opy

b. Radial particle velocity U
Vertical particle velocity W

¢. Radial displacement u
Vertical displacement W

Positive stresses are compressive. Positive u, 4 is
redially outward., Positive w, % 1is vertically down.

The locations of the time-history stations in Layer 1
are shown in the following sketch. No meaningful time
histories were recorded in Layer 2, due to the limited pene-
tration of that layer by actual code integration. Partial
stress and velocity time historlies are included for one sta-
tion (#12) in Layer 3, located at a radius of ~.5 ft and.a
depth of ~17.5 f¢t,

As an aid in interpreting the graphs, the time of arri-
val of the projectile tip at the same depth as the station
depth is indicated on the graphsby a vertical dashed line
labelled P
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Figure D-10, Displacement Components at Station 3
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Figure D-16, Displacement Componente at Station 5




STRESS BARS

CALIFORUIA REGEARCH AND TECHNBLOGY. INC.

RUN NO. CORO-2. DNA PENCTRATER TEOT AT DRES (RI1SID BEDY SL'N)

[

T

—hofl
Radius = 30,96 em (1.02 ft.)
Depth = 18.60 cm (.610 ft.)

8.
TIME MSEC

Figure D-17. Stress Components at Station 6




CALIFORNIA REDRARCH AND TECHNOLBOY, INC.
RUN NG. 2080-2. DNA PENETRATOR TEOT AT DRED (RIGI0 GOV J0L'NM) 10 82P 74

L —— J
——

Radius = 28,89 cm (.948 ft.)

Depth = 20,66 em (,678 ft.) _i?,‘-

B
- g
I B

o, 3
e a '.‘,.

T :

VELOBCITY M/SEC
0.

4 , !
. -.' ;
Ly I :
l S
* )
oy 1
¥ i
4 I 3
[ : .
" |
‘\. . l -
) .
' | A | L. ,

A 8. 10, 18. 20. i
b TIME MSEC

Figure D~18. Velocity Components at Station 6

% i 145

e Tt =
rars ey A e oo et Ao gyt s bepopt— g g gt e T SR



.
A i e e 2 L

DISPLACEMENT CM

-0.26

RUM NO. £OBO-R, ONR PENETRATOR TUST AT DRES (RIDID BOOY OOL ‘W) 18 0P 74

CALIFORNTIA REOTARCH AND TECHNOLESSY, INC.

e . p— — — r— — ———

Radius « 28,89 cm (.948 ft,)
Depth = 20,66 cm (.678 ft.)

[] J 1 o

0.

8. 10. 18. 20. '2
TIME MSEC A

Figure D-19. Displacement Components at Station 6

R A T e L T T LS SRR

et R P VU S I VR
T U D LA Dbl st bl g il




=T

e
=

T
e

Ty o Ry S A I LT

T ——

STRESS BARS

4.

CALIFORNIA REGEARCH ANJ TRCHNOLOOY, INC.
RUN NG . LOBO-2. ONA PINETRATIR TEST AT ORED (RIGID SOOY BOL'N) 10 8P 74

\ LB | |

—ee O .
T
i)
=Ty
Radius » 43,34 em (1.42 ft.)
Depth = 10,33 om (.339 ft.)

f \ | | d
0. 8. 10. 18. 20.
TIME MSEC 3
| {"
Figure D-20. Stress Components at Station 7 .J;.



o ——
S s

SaNisid

b
B
L
\

CALIPORNIA REDERRCH AND TECHNOLOBY, INC.
RUN N8. S080-2. ONA PENETRATOR TEGT AT ORED (RI0ID SAOY BOL°N) 16 8P %

"
T T T T ﬂ

——t

i

Radius = 45,40 cm (1.49 ft.) -
Depth = 8,266 em (,271 ft.)

0.6
—

0.0

VELBCITY M/SEC

-0.%
1

1 i - |
ﬁ 6. 10. 8. 20, B
: TIME MSEC 9

ﬁ; " :;
8t
b Figure D-21, Velocity Components at Station 7 4

T o et s e s,




5.
[ NPT

6.6

DISPLACEMENT CH
-0.2

CALIFORNIN REBEMRCH AND TECHNOLOSY. INC.

RUN NO. 2US0-2, ONA PENETRATOR TEST AT DREG (R1SID BBDY SS.°'N) 10 3EP 74
T T T 1
- -
-—-’—u
ta .:._“_,W
( Radius = 45.40 em (1.49 ft.)
Depth = B,%66 em (,271 ft.)
I | 1 1 o
Q. 16. 20.

Figure D-22.

L aros S A s um e s S Vo By B WL R TEIT E

Bs
TIME MSEC

Displacement Components at Station 7




2' ‘. aa

STRESS BARS

CALIFORNIR RESEARCH AND YECHNOLOSY, INC.

NO. R0%0-2., ONA PENCTRATOR TEET AT ORED (RINTD BOOY OBL'N) 10 0P 24

Radius = 43,34 em (1.42 ft.)
Depth = 18,60 cm (.610 £t.)

8. 16, 20.
TIME MSEC
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2 oy ATTN: DAEN-RDM
2 oy ATTN: DAEN-MCE-D

Commander

Ploatinny Arscnal
ATTN: Ray Coldstein
ATTN: Jarry Pental
ATTN: Marty Margolin
A'TTN: Ray Moosner
ANt Willlam Meyer
ATTN: Technical Library
ATTN: P, Angolloti
AT'I'N: Paul Harris
ATTN: Ernle Zimpo

Diraotor

U, 8. Army Ballistic Rusoarch Laboratories
ATTN: Jd. W. Apgar
ATTN: D, Dunn
ATTN: G, drabarek
ATTN: B, Relter
ATTN: G, Roscker
AT'TN; Norrls J. Huffington, Jr
ATTN: J, H. Keofer
AT'I'N: AMXBR-X, Jullus J, Mossaros
A'l'I'N: AMXBR-TB, J, 'T', Frasler

2 oy ATTN: Toch. Library, Edward Baloy
ATTN: W, Taylor

Commander and Director
U.8, Army Cold Reglon Res, Engr, lab
ATTN: Q. Swinrow
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DEPARTMENT OF THE ARMY (Contitued)

Commander
U.8, Army Comtn, Command
ATTNt Technioal Library

Commander ‘
U.8. Army Engineer Center
ATTNt ATSEN<SY-L

Project Engineer
U.8. Army Engineer Dist., Huntsville
ATTN: HNDSE-R, Michaet M, Dembo

Division Englneer
U,8, Army Enginesr Dist,, Ohlo River
ATTN: Tochnjcal Library

Commandant
U.8, Army Enginoor Buhool
ATTN: 8, Grasier

Director

U.8. Army Engr. Watorways Exper, Sta,
ATTN) John N, 8trange
ATTN: Cuy Jackson
ATTN: Behrnd Pohani
ATTN: laoo higram
ATTN: Techniocal Library
ATTN: Willlam Flathau
ATTNt Kim Davia
ATTN: A, Rooke
ATTN: P, Hudala

Commander

U.8, Army Mat. & Mochanics Rsch, Ctr,
A1'TN: Richard Shea
ATTN: Technloal Library
ATTN: John Mescull

Director

U.8, Army Material 8ys, Analysis Agoy.
ATTN: M, Roches
A'TTN: J. Bperazsn

Commender

U.8, Army Materiel Command
ATTN: Technionl Library

2 oy ATTN: AMCRD-WN

2 oy ATTN: AMCRD-BN

Commander
U.8, Army Materiel Command
ATTN: Research & Concopts Branch

Commander

U.8, Army Missile Command
ATTN: Teachnionl Library
ATTN: F, Fleming
ATTN: W, Jann

Commander
U.8, Army Mobillity Equip, R & D Center
ATTN; Tochnical Library

Commander

U,B, Army Nuclear Agency
ATTN: Tech., Library
ATTN: COL Quinn
ATTN: MAJ F, P, Welchel

DEPARTMENT OF THE ARMY (Continued)

Commandant
U.8, Army War Colloge
ATTN: Library

Commander

U.8, Army Weopons Command
ATTN: Technioal Library
ATTN: COLC, Treat
ATTN: Frank Blaok

DEPARTMENT OF THE NAVY

Chiof of Naval Researth
Depurtment of the Mavy
ATTN: Technloal Library

Ofticer-in-Charge )

Clvil Engineering Laboratory
AT'TN: Technionl Library
ATTN: R, J, Odello

Commander
Naval Electronic Systems Command
ATTN: PME 117-21A

Commandor
Naval Faollitios Englnsering Comniand
ATTNt ‘Technioal Library

Superintendent
Naval Postgraduate S8chool
ATTN: Codo 2124, Taech, Rpts, Librarian

Director
Naval Resoarch Laboratory
ATTN! Code 2027, Tech, Lib,

Commander

Naval S8urface Weapons Center
ATTN: Mary P. King
ATTN: Robert D. Hefdenrveich
ATTN: Code 730, T'ech, Library
ATTN: Jules Enig

ATTN: Code 1224, Navy Nuc, Prgms, Off.

ATTN: Mr, Kasdorf
ATI'N: G, Briggs

Commander

Naval Surfaoe Weapons Center
ATTN: M. Welland
ATTN: Teohnloal Library
ATTN: Willlam Wisherd
ATTN: Ted Williams

Commander

Naval Weapons Conter
AT'I'N; Carl Austln
AT'TN: Code 833, Tech, Lib,
ATTN: Paul Coxdle

Commanding Offloor
Naval Weapons Evaluation Faoility
ATTN: Technical Library

Director
Btrategic S8ystems Project Offico
AT'I'N; NBP-43, Toch, Library
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DEPARTMENT OF 'I'HE AIR FORCE

M- Armamunt Laboratory, AFSC
ATTN: Musoy Valuntine
ATTND Dy, Kulp - a
ATTN: Capt Larry Loonuy
A'TTN: DLOSL-Library
ATTN Willion Cramer
ATTN: Luonard Wilson
ATTNr \tokn Cotllus.
ATTN! Maj 'I‘homnl Tomasettl

Al Inntitute of ‘l'schnology, AU
AT'TN:t Library, All‘l'l‘ RBldy, 640, ArunB

Al Wenpons Laboratory, AFHEC !
ATTN: SUL
ATI'N: Roburt Port
ATTN: DEV, M. A, Plamondon

Hondquarters
Alr Foroe Systoms Commund
ATTN: Tochnionl Library

Gommander
Armament Developmont & Tost Contor
ATTN: 'Technlonl Library

Commander
Forelgn Technology Divislon, AFSC
ATTN: TD-BTA, Library

HQ USAF/IN
A'T'TN: INATA

Commanduz
Romo Alr Developmont Conter, AFSC
ATTNy EMTLD, Dovument Library

SAMSO/DE
ATTN: DEB

HQ UBAF/RD
ATTN: RDPM, Col J, E, MoCormlck

ENERQY RESEARCH & DEVELOPMENT ADMINISTRATION

Division of Military Application
ATTN: Document Control for Test Office

Los Alamos Sclentific Laborntory
ATTN: Doc, Con, for G, Dinle
ATTN: Dug, Con, for C. Cremur
ATTN: Doo, Con, for Tom Dowlor
AT'IN: Doo. Con, for Reports Library

Bandia Laboratories
ATTN: Doo, Con, for Tech, Library
AT'I'N: Doa, Con, for T, Gold

Sandin Laboratorles
AT'FNt Doe, Con. for John Colp
AT'I'Nt Dou. Con, for John Keiguse
ATTN: Doce. Con. for Willlan. Pattorson
ATTN: Doo. Con. for Walter Horrmann
ATTN: Doo, Con, for 3141, Sandia Rpt, Coll,
ATTN: Doo. Con, for Wllllum Cnudle
A'l“I'N: Doo, Con, for Luke J, Vortman

167

ENERGY RESEARCH & DEVELOPMENT ADLMINIBSTRATION
(Continued)

U 8. Energy Rsch, & Dev, Administration
Albuquerque Operations Office :
ATTN: Doo, Con. for Toch.. lernry

U. 8, Enorgy Rach, & Dov, Admlnlutratlon
lerury Branch G-043

ATTN: Dou, (‘on. for Clauw, 'l‘ech Lib,
U.8, Enorgy Rech, & Dev. Administration
Nevada Operations Offioe

ATTN: Doc. Con, for Teoh, Library

Univoruity of Califomia

Lawrunce Livermorh Laboratory
ATTN: Doo, Con, for W. Beanlin
ATIN: Dou, Con, for R, L, Walker
AT'TN;. Larry W, Woodruﬂ. L-xnn " .
ATTN: Frank Walker - . - .
ATTNt Tachnioal Library v
ATTUN: Mark Wilkine : "

OTHER GOVERNMENT -~

Buraeau of Minen
‘Twin Cities Remearch Conter
ATTN: R, E. Thill

DEPARTMENT OF DEFENSE CONTl!AﬁTOliB

Acrospace Corporation
A'T'TN1 R, Btriokler
ATTN: Coorge Young
ATTN: Teoh, Info, Services

Agbabian Assoolaton
ATTN: M, Agbabian

Applied Theory, Ino,
2 0y A'T'I'N: John Q. Trullo

Avuo
Governmont Products Group
AT'IN: Frank Lagher
ATTN: John Atanasoff
ATTN: David Honderson
ATTN: Resomrrch Lib,, A830, Rm, 7201

Battolle Memorial Inatitute
ATTN: Technical Library

Boll Telephone Laboratorios, Inc,
ATTN: Tech, Rpt, Ctr,

The Boelng Company
AT'I'N: Aorospace Library
ATTN: Roynold Atins

Callfornin Rewenrsh & Technology, Ino,
ATTN: Ken Kreyenhagen
ATTN: M. H. Wagner
ATTN: W, 8, Goerke

10 oy ATTN: Teohnleal Librarvy

Civil/Nuoloar Systems Covp.
ATTN: Robert Crawford
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DEPARTMENT OF DEFENSE CONTRACTORS (Cuntinuod) REPAWLMENT.OF

EQ&d, ng, ) Bulonoo A}ypllcutlonl inu,
Albuquurque Divislon D, E. Maxwell
ATTN: ’l‘oohnlunl lernry A'I"I‘N: David Bemltaln
Goneral Dynamics Corp, Bolohoe Applioations, Inoc,
Pomona Operation - ATTN: Willlam M. Layson
ATTN: Ketth Anderson
Boloncd Applications, tno,
Genoral Eloctric Company S ATTN: Tedhnioal Library
TEMPO-Cuntor for Advanced Studlon ’ ATTN: €, Hudson
ATTN: DABIAC
: Staford Research Inatitute
11T Resoaroh Instliute : ATTN: BRI, Library, Rm, Qo021
ATTN: Teohnical Librarvy ATTNt lynn Seamuns
ATTN; Burt R, Gasten
Inatitute for Dufonse Analysos ATTNt Qeorge 0. Abrahamuson
ATTN: IDA, Ruth 8, Smith, leruhm ' ATTN: Carl Poterson
3, L, Moreltt’ : . Bymml. 8clenco and !nﬂwn'o. ino,
Conmuliing & Bpeoial Enur. Bva, Ino., CAT'IN; Tochniosl Library
ATTNI Technloat Libraty . ATTN: Hobert T, Allen
ATTNy 3, x.. Morpitt ATTN: Donald R, Grine
Kaman Avtdyne Tatra Tok, lnc,
Divirton of Kaman lclom:el Corp ATTNt Technioal Library
ATTN: E. 8, Crisolone . ATTN: A, H. Jones
AT'IN: Norman I, Hobbs AT'I'N: Bidney Groon
'1"1‘N: 'rachnlonl Library : .
. Toxan A & M Univeraity Bystem
Kama Bqlunnu dox‘pornﬂon : C/O Texus A & M Rosenroh Foundation
I ATTN: Libeary ATTIN:! Harry Coyle
S Lookhued Misnilon & Space Co,; Inv, , The BDM Corporation
| ATTN: Technionl Library ATTN: Technloal Library
Lookhoed Minsilos & 8puce Company The BDM Corporation
il ATTN: Technicul Info. Ctr, D/(.‘oll. AT'TN: Hank Ponsford
i ! Martin Marlatta Aorospnce ''RW Bystems Group
8 1 Orlando Divison ATTN: Teoh. Info, Center/5-1830
. ATTN: Al Cownn
"B ATTN: M, Anthony University of Oklahoma
N Research Inatitute
-8 Nathan M. Newmark ATTN: John Thompuon
B Consulting Engineoring SBorvicos
g ATTN: Nathan M, Nowmark Waoldlinger Assooiates, Consulting Engincors
I8 ATTN: d. W, Wright
R University of New Mexivo ATTN: Melvin L, Baron
48 ATTN: H.D, SBouthward
ATTN: Q. E. Triandafalidis Weldlinger Associates, Consulting Englneers
R AT'TN: J. Imenberg
o Physios Internntional Company
b ATTN: Doo, Con, for Fred M. Sauor
N ATTN: .Doc, Con, for Roburt Bwift
N ATTIN; Dou. Con, for Demnis Orphal
ij. ATTN; Doo. Con. for Larry A, Behrmann N

i ATTN: Doo, Con, for Toch, Libravy
y ATTN: Dov, Con, for Charlas Gudfray

R & D Amsoclates >
ATTNt J, Q. Lowis !

i) ATTN: Cyrus P. Knowles

- ATTN: Tochnleal Library

f ATTN: Henry Coopr

i ATTN: Willlam B, Wright, Jr.

ATTN: Harold L. Brode




