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T REME I RT- M F T EALE W Frgcn Fronrad

Jrnamae s, and prosectile response woere analyzed as one problem.
Tte procsevtale was Trosted g w0 viastic-plastic, or deformible
poede, an erds oy ter dvtoraine the saternal ~fress re.ponse.  This
Somputatien was carricd out ter 3yt the rnitiel phase of penc.
tration, until The oose was fuilly enbodded 1n the sorl.,  Pro
Blums e encaunter F watth lar e matetieal oscillations in the
toroes rrtend e the prercotale qgae teo the ~trongly hystere
T -0l aied and te sovere s tertion ot cemputational celis
o the Taryatis iheee ret o ocan e cavercome, but this tope
vl abatien would tidl b Camtersome gnd time consumling,
Jaoo e the marked]. dirterent nature of tne projoes tile respense
oramas iy smatl, elastio strain v end op foe worl oresponse
Pertele T Ee tlowe,

=

Yorore sractioal o ebrr oaoh o 1s fo separately anslvze the
prretratioon Jdenamios and the prosectsle respon-e. thire can be
t
¢
'

Joe Frrst waliubatsng the penetritiaon of the nrorectile
troated s o4 oson Jeferrang rrronds body, thas Jdetoimining the
Fratorao oot pretectrbe acoeleration, veloosty, and depth, as
a it oo the cpateal oand temporal Jistrahat oo of torces acting
et nelve These poarle dastrabhalions can then b oused as
Boardars conittuen. ano coeparate snslve ps oot the antornal
Sy Conoat < F rthe pro sgtilbe, '

Poothe evond gual.~as, the prosoctele was treatod as oo
rowid o cde and Bt jenetrataon to g depth of I 60 was Calvu-
Pated. o ogserage Jeveloratnon was B0 gt o gn the ol and

Fi0 07 apn the shalo. The fsmal velosity was 1981 fps.  This
1t~ 4 ocre ertivpent approach, but 1t will o till be vervy time
wenanit g ta valculate an eatire penetration event in this
sanns . Fortunatels, beobase of the quasi-<teady -tate nature
e penetration proces-o- within a neminally homogeneous geolo
wiv laver, 3t 1< not nece - sary to caiculate the entire renetra-
fion, i orencetration Jysamios and Jritidasl force Ioading
comditaon . o0 the proseotile wan be doetormined with reasonable
socHTacy By o sadlyoing st the maitiel ombedment and those
periad . where the projectsle o~ enteting different geologic
baver..
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PREIACE

This report desoribes a 1e<earch program to nnvc>!x§utu
the fea-ibrlaty ot the application of a two-dimensional .
fisite-difference code for the prediction of prejuectile pen-
etration anto carta media. Ft wae conducted for the ', S
iy oy rneer waturwave o cperiment Station (WES) v Calara:
piaacse ot ant bdchrology, Incl (CRT), urder Contract DACA
T3 C-inT 0 dThys progran uas'spunsnrod hy the Ué?vnsﬁ
Nuclear Agency (DNA) under Subtask SB209, Work Unit 13,
"aptract Sapport Studaes of tround Shock Propagiticn

tnreach Soils and Rook™.

ihe principal smvestigutor at CRT was M. H, wkagner.
Technical alvice and cuilince were contributed by NN,
sroccnhagen, Woo s GCocrae perforned tho computer progran
“opg and code develnprent work. . (. tuiton ard G. b. Lagum S o
oy rded valtuable assistance in formulation of the material

models and data reduction, and in the computer production
ruans, respectively,

The pernetrator specifications, site profile, and mate-
rial oroeoerties were provided by WES,

The Contracting OFfi ¢r Representative was D, ¥,

RButler of WES.  The contract wa- monitored and cocrdinated

with the overall DNA pcnct{u!}un program under DN Subtash )
SB2LY, dord that ﬁK. "Contract Support Studies of Projectile

Fenctration and Impact™. \. . Breithaupt was the Contract

ing Gfficer and Col, €, H, Hilt wias the Director of WI's .
Jduring this coentract investigation, '
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hop oot relation-hips

trria el and o emmarical

el e e

K to predtoet pretedctiie penetration

b H

media o s e poovide uooful

but

immformation about

. *
poot .o cetratiron, they are re-

it!
nothotr ap;

inogencral,

sicabality frelative te tvpe: of target

the bBeoto proportres of such ned aY, and they yicld

snteraation about the forces acting on the projec-
df ot the istrahatren 5P ctresse~s within the

e-dit orence surcrical methods have the potential

Il the 1 o tation:

it

af purelsy analvtical or semi-
T thy

approache tollowing rea.ons:

The dvnamio mechani-as of target response and of
protectale target anteractions can be explicitly
incorporited into the analvsis,

The

Oor representative sites) can he incorporated into

bestc propertie- of target media (at actual

the analysas,

Cthe analysis can vield time hHisvorics of (1) the

corce distrihution aoplied to the projectile sur-
face and the Consequ-nt nrotectile deceleration,

veiocity, and pesition, and () the -tress distri-

bution and Jdefornations within the projectile and

its internal components.,

4r07 penetration, finite<dif-

eohnigue- ove heen used, beginning in
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tor oanalor of pepdtration donarsos and nteractions

v hape tactr L materead o prospe rt e, amd ampact para

e, st b ant S it en rade tne tar-t appll-

ottt Uesar, ot ootk e srogectie and tar
s, e w5t et st gan 1 ctration depths into

At et ne Which wele an ted cnable agreement with
pental o pdoudt L besedor, sordcas practical problems
svidenty rarticulareys aith respedt to the computer {imes
peedd tor Tty Lo wath osdegtatle ;;Qiiﬁg t resolve stress
Crto e et ety end tatiare preoes o an the target

o oand ot e s ot tre, noon solid, prexedtile

The b oo e o ar the Cgrrent rescarct have Feen to ex-

and oy jor: meoat the pra tical prevler ) rooappiving
SEES CUNNES I RO PR ctatrons to o hread la e of carth
tatson prod beme, oo tooexanmaro e utilitsy of this

Al approact Py pean o demoostration pretijems,

Phige worh, which was privarily carricd uut :it*?iﬁg the
halt ot 174, - ta Fistel soane .ni th o tonndat-on for
ahea ent penetratroan and [ rorectile ro opone analvees
arc doworansd an o cctss b oand B e oar hoewluage,
cary be, the approact ot treating the projec. tle as a
hods in the namer:oal analycr - of carth penctrat ion

o owas tar et atrlired-during tars procran. Thie gs
ticivnt tecbntgue stk rake ot poscs le te first ana-
the =rovefy taigot Distoartion a-=ociated with penctra-
v the prese tibe, wrd then, 1 f de ired, to separately

ze the respan-v ot the protectile itsclt.

- -
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1.2 APPROACH N
A representative but hypdthetical carti penetration pro-
Blew wiad- heson dor andls - U cansgsted of the nerma?}
iacrdenie gwpect croan 8 onl i, nP0 h o teed opavad proaec:
trde ab S o oanto g o saorLd sett tanpet consgsting of
sorl ov.r swhate, ‘
Vi «or2tan, tad droc viionsal firite dyiteronie Lagran-
RN v, AN E, owas wvod ae the hasa nncerica’ technigue.
AANVE-D aw based o the demp ometiedl’
Two tipes of Gnaivies Gf the progjectils penct ration were —
perform-t. P ot trrst, the nrezedtile waw tredted as an
clastio ptaste, or detorahle body. The ctress rvesponse of
. the joroocwctile ond the dotoreation o0 the terget toawium Jdur-
ing penctration wore Jony ted s oa o ~angle, uanatced problee,
Thix adlatkon was ca Uil 0at Yor the o andtiae phﬁrr w!opere-
tration: t.e., snt:l the precectite nose was fully enhedled
into the earth.
In the socond anuly~l:. the o1l response and consequent
force: acting on the projectile were conputed as bherore using
the regulary eia~tic plast:c tormulation of the WAVE-L code,
but the projestiie 1tselt was azsumed to be a rigad ?qu}ﬂ
In typicil carth penerration robhjens of interest, the pro-
jectile <uffers only eclas®rc trains, and these weuld not he
exnected to signriicantiy intoeract ith the .eveselv-distort-
ing target redic oo with the senetrat.oonp v o oses, For pur-
prooes o anal zoing the 1o trat.on Svpamio~ and the forces
applicd ta the pyorectile sarfa o, t 1 therefore reasonable
to a.sume that the projostile 10 0 rigid body, This approach
Lvpasse- the detatled copputation of the internal projectile
re~pan-c, therets allewsing a rore rap-l and cfficient calcu- )
laten of i ywnetraflun. Tiors o ragtd hody solution covered
' penctration throagh the oy laver and inte the sahle, to a ‘
total denth of 20 fr, '
:)




P.8 0 STREDWEY o B SHD I

Ansise - o U penctratoon of the via-tiy plastic, or
Jefrarmet b caeds progectile wan carried vut for % meec, or
to 3 Jorto Croo0 dnenes 1nto the cogl laver. The pominal
cell ~1 - an th: Target for thi, sajutien wis I x 1 inch,
Mtor o trateng that 6oam Lo the avevage deceleration

. r - *

Fedo hied anoat S o7 By fuved ner-sated tYor the halunce

-

¢ fhe - clutien, rndroating taat anteractions hetween the
target ool oand the tar~t few inches ur the nose Lip essent:-
allv determined the ponetration denamics,  The maximum
stressc.oin the <teo] preiectile ocourred near the nosetip,

whiio® vrscerienced ahogt 305 obh Gl o the connecting section

Lutaren the on o andd the wody o the proncctile, cwhich exper-

i

.
.
.
'
p
.
-
-
-
-
-
o
w

faree coowvtilatiens vccurted gn the force history applied
o the Jderersable osrpajectile Jdue oapperentis to amplifving,
cvnche teus intoractions hetween the tinite nature of the
comsutats ral o grad and the <trongly hysteretic load-unloud
Forgvasr girven by the soirl model. (N method for alleviating
thr- problen wa -found déring the rigtd-body selution.} De-
spite this escitlation prablen, the Jdeformablie - body penctra-

tien -olutien Gdemonstratey the foasrtility o obtaining a un-

-

rred elation of presectile penotratoen and projectile re-
sponse. dlwever, thes 3 a curthersone and time-consuming ap-
proavi. A moere practical approach 1+ te analvze the pynetra-'
tion dyvramics gl projectile respons as <epirate problems,
From an anai> o of *he penetration »f a rigid projectile,
the surtace toatinmg on the projectil - ~urface can first he
dJetermined.  1n o loading can then b used as a boundary con-
dition tor analyiis of the response of the vIastic‘piasiic

projectite dtwcir. Ghis appreach ha been used in Ref. 5.

The rigid Lody penetration solution was carricd out for

11.5 maeo. buring this time, the projectile penetrated




throush 1o 2/3 1t of :oil and about 3 ft of shale. - The nom-
treal cell size oan the target was 2 x 2 anches., The average

decelerition Tevel woae about 390 g's in the soil and 440 g's

can the ~hale.  ihe Jiscrepancy hetween decelerations in the

.

sori bwver from the defornable-hody and rigid-body penctra-
t:on --lations wie probably due to the coacser zoning in the

l‘i.;i\} ! '\!y' FOT IS

arge voncrilatrons i the force histery applied to the
profoctiie alse ocvuwrred ar the rigid-hody solution, but it
wit - foandf toat thewe wers substantially alleviated by using
4 osvonetrically Vpredeformed”™ grid in the -oil ahead of the
pru;e;fzﬁv. fhis teohnigque climinated .ynchronous interac-
tiop o aud reduced the distartion of cells «}iding eut and

arcuandg fhe pose tip, Fooctrongly hystercetic target media,

consiforable care need- to he taken to realistically model

the unle nding and relading hehavior.,

Fhe rigid-body penctration sclution demonstrates that
fintte-difference code solutions of deep penetrations are
pos~thic, although the cost for analviing the complete pene-
tration. «{ 2 high-véloci!y projectile into a soft carth tar-
det aa akely to o be high. Fertunately, it 15 'not necessary

s vinalvre the complote penetration in order to determine -

critica. desitegn eondition.  in deep penetiations, the target

re<ponise and pern o tration processes genesally cnange only

gt idually with anoreasing depth within a hemog neous genlogic
laver. linder these Circumstances, che penctration dynamics
and the ~riticat vonditions of torce loading on a projectile
can he determaned with reasonable accuracy by ananlyzing just
the inytiagl no-c ombedmern: perind and the periods where the
ntorectiie pose s entering different geologic lavers. This

apptsuch ra- heen ased in Refervnce 4
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— .
SECHION [
PRORIPY DESURIPTION
Pio ocend tions tor the penetration. solution- are sum-
’ R S FCTINE ST SO S
5 :
2o BESEIRVOE
Cibe oprojectric 1. chown oin detarl o in Figure 2.0 It
. Conerete ot g o noliew oalrmdrical stell bebind an ogival
Bo-r o ~edtinn. tho projectile cavity contains a 293-1h
teel Pablast e s owhich 1~ Cconnected to the outer shell
. bl onlrey fings. Thr total weipght 0w 682 1b, and the
woetght o rrea TN raetyo o~ 12 psi.
o othe doroermabeecody cafculation, the steel pro-
seotile owas Tresteld ue oanoviastic pertectly plastic mater-
31 having Thy propettic- bListed 1n Table i. ‘The equation
’ Coof state and other detarl- of the model for steel dre con-

-

taned in Appenaix AL

For the rieed pody calceulation, the raly intormation

reguired t Characterize the projectile was the specifica-

<o tion of the cator vontour and the total weight,

Toe hvpothetical target site profile consisted of a
I 2/% t-toios faver 6 o1l over shale. Scte of proper-
ty curve for tic-c media were provided by Waterways Exper-

iment Statien (WES) “hese curves were fit by the hyster-

etio, eit-tic cdeally piae tio material models which are

143




[ayer 1 (Soil)

¢ o= 1.9222~ﬁm/cm3

= 120 1a/fd

Depth (ft)

16.67

[ostecl Frojetile
H

8" dia
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i b
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y

12 opsi
6 i
tL/sen

Wt ¥

' = 200U
Rl

Depth (m)

5.08

Laver 2 (stale)

£, o= 2.05M rm/cm3
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Ficure (. “verall
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tor Numercal S-lutions
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Figure 2. Penstrator Design
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described in Appendix A, Figures 3 and 4 show show the
uniaxial strain load-unload paths provided by WES, to-

gether with the fit< given by the models.

The models are scen to follow the WES curves quite
well, with the exveption of the final portion of unloading
in the strongly hysterctic Layer 1. Figurce S shows the
shear tailure surfaces. (The upper plot gives the low

pressure region in detait.}) - o o - o o e

Tahle 1 summirizes the site media properties.

10
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SECTION IT11
COMPUTAT IONAL METHOD

3.1 BAVE-L Cobl

‘ The WAVE-L code was emploved for these calculations.

WAVE-L is a two-dimensional code which solves the cquations

of motion for ciaﬁtic'pidstic bodies by means of a finite-
JdiJfereace Lagraﬁgian-ieli technique. The mathematical
formulation is basically the same as that Jdescribed by

Kiikiﬁsf A sliding interface was used to ullow penetra-

tion of the projectile throogh the computational grid. ‘\\\\\
For these culculations, the projectile/tareget interface '
wax assumed to be frictionles<. A lithostatic field in

the soil was generated by pre;crihing'initialiyyeaﬁpresseé

sgil states.

3.2 GRID DECOUPLING

The sliding interface formulation in WAVE-L includes
the capability for dynamically Jdecoupling or uhiecking the
grid peiﬁts when o prescribed decoupling or failure criter-
ion is met. In a penetration problem, decoupling permits
the cells initially attached to the axis to flow around
the advancing nesc shape, ~liding along the interface. In
these calvulations, decoupling occurred when either the
generalized plastic strain, P, in a cell adjacent to
the axis, or the tensi¥e.sttess, A normal to the axis ©
fslide line} exceeded critical values, Generalized plastic

strain is defined® as

: [
:—p:‘l-fz {’;{i*i}.)i
;Kdes} “ij

14




amd 13 a2 measure of the cumulative plastic detormation an

_ no ' -p
elenent undergoes, d T is alwavs -0, and thus M -
monotontcally increases as any tvpe ot plastic strain is

expericnced.,

Fhe vritical gencralized plastic strain and tensile

stres- values wood tor Laver 1 oand Laver 2 were:

-p -
- n.
e Raper b tm0 il BT o — o 40 psi
Laver 2 (shale) 013 129 psi,

Juring o4 -vesovaty penctration, the s0ii fiowing around

the nose often scparate: trom the projectile hefore reaching
the tangency point ¢t thne nose and cvlindrical hod&. bai

these calcularions, separatior of a point could occur when

the stress normal tc the pruojectile was no longer compressive;
teeu, op < 0. When this criterion is met, the point is

moved as a free surface point and may subsequently collide
with the penetrator, in w«hich case it again becomes attached
to the projectile. (Closing of the void would generally be
"expected during the final stugéé of deep penetration.)

3.3 COMPUTATION OF .STRI~<ts ACTING ON PROJECTILE

The projectile contour is defined by a series of
boundary points spaced along its periphery., (fn an elastic-
plastic, or defurmable projectile, these boundary points
are corners of the cells used to describe the projectile.)

The projectile surface line constitutes a slide line,



Stresscs are transmitted across tie slide line in accor-
dance with a friction rule.  For poth of the prescent cal
;algt:ux~* the ~urtace wias d<-sumed to he frictionless, so
only norial strosses were transmitted across the slide
linc. ke normal stress applied to each surfuace segment
of the projectile i~ determined as follows: Referring to
the exanple shown in the ~khetch below, the stress compo-
cents gn o1 Jdirection nor=a' to ths projectile ~urface ses
ment O3, are cemputed at the centroid~ a4 anmd b of the
:srﬁet colls which wre in contact with the proiectile sur-
tave segment. o In g Lagrangian cede, 'stresses are cell-

centered quantities.} By linecar interpoliation, the stress

3lide line between

Projectile projectije and target
LN g

surf.ace

4. bise tor of
surface line
segment 2-3

Targeticells I and 11

| X

Centrolds | of cells

16
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is determined at pornt ¢, which is the intersection of a-b f
with the perpendicular hisector of the projectile surface ;
segment 2-3. lhe component of stress at ¢ which is nor- ?
mal to 2-3 1> then appiied all alonyg 2-3. .
An alternative method would be to apply to projectilc
surface seument O 3 the ~tress caleulated for cell | over
seament 2-B and the stress for cell 11 over segment B-3.
Thi« method becomes more inaccurite, however, when the tar- )
get cells become severly distorted.
t
4
17
-~ 1



SECTION GV
PENLTRATION OF ELASTIC PLASTIC (DEFORMABLE) PROJECTILE

In this ~-lution, tne penviration processes in the
target ol oapd tne respeonse of the pruojectile were simul-
taicously analy. el for tho interval from impact until the

ne~¢ was tully cmbedded.

2.0 GRIE DESIGN : S
The computational grid for snalyvzing the elastic-

plastic, or detoermible-hody penetration is shown in Figure

v. {The plot -k a coaplete cross-section of the axi

svemetric probler..  The actual grid contained only cells

on one ide of the axis, 1 The npominal zone size of the

profectile was oo oinch in the gadsal direction (i.e., 8

cells aorn<s *the radrus)y and 1.0 1nch in the vertical di-

rection. In the hody of the prorectile, the verticval zone ’
dimension was gradusily inureased to a maximum of 1.7 in. ‘
at the rear of the pruojectile,  There were abhout 300 cells
in the projectile. ‘
In the target mediun, uniform § x 1 in. cells were
used out to 16 an. rx&ia , and down to 2Z0-in. depth. -~
vond thi-~ region, the radial and vertical c¢ell dimensions
gradually incteased inoa 2% geometric <eries. The overall
grid extended to J6-in. radius and 38-in. depth, using’
ahout 900 celis for the target. (Because of the high com-
pressi&iiity and low wave velocity in soil lLayer 1, the
presence of the boundarices was not felt by the projectile

~Jduring the 0.8-msec duration of this calculation.)

i
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The K-line running aiong the pene:ragnr contour and
alvn® the axis of the tarpet was ~pecitied as a slide line,
ix the penctrator impinges into the target, this dual line
defines the penctrator soil interdace and allows slippage

and/or <separation to ogour,

The lattice points along the axis were initially
coupled, and the pLojectile tipand the corresponding soil
point were lockad tegether,  Thus, before thﬁ(ﬁﬂii point
at the <urtfave counld move out along the projectile nose
sarface, 1t had o decouple by having the associated soil
vell fa:l accarding to the decoupling ¢riterion described
pn osection i, curthermore, ~iince the points were initi-
3§§y tocked togetivr, the pwitial velocity of the soil
potnt was ‘ogqual to the gréjvt?ilc velocity., Thix preduced
an unreaiistically Ligh snitial stre<s near the impact
point. Bkhile the h;éh stress Jdecaved rapidly and probat i
Jid not significantly atiect the overall svlution, it was .
~ubsequently Jdecided that it would be more realistic to
have thé neso amd so1l point at the er}gin snif;glly de-
coupled and to assign.zero initial velocity to the soil
point. - This procedure wa- 1sed in the rigid-body penetra-

tinn suiution described 1n Section V.

1.2 DEFORMABLLE PROJECTILE SOLUTION RESUi{S

The deformuablce-projectile penctration seiﬁtien was
carried out until the nose was completely buried, with the
tip at about 20 inches depth. This took 0.837 msec. The
computational grid, particle velocity {ield, and principal

stress field at thiy~ time are shown in Figures 7 to 9.
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In the Lacrangran grad (Figure 7), the symbol “x" in
a vell indicates that material in that cell has caperienced
p§3§t;€ tlow or fuilure at <ooc time Jduring the solution.
A solume of the ol extending outward to ahout 3 projec-
tile radis and ahcad ot the nose tip about 1 radius has
farled.,  the projedtile response wis E&t&rvig elastiv, vx-
cept for - iight plastic Jdetornation (P + .35%) in the

thin annalar sootan vonnedting the nose with the bady.

A seriv- of the ficld plots obtained from this solu-
tien e the projectile entercd the soil is civen in Appen-

5 R
5 TN : R

The dvnamie s of the everall projectile are summarized
in Figures i0 to PIo whaoh oot hastories of the
total avtal for o oappbioed to the proyectile, and resulting
averdge deceleration and welacit., and depth of penetra-
tion,  After about L3 c.oc, corresponding to o inches of
penetration, the average acceleration level had reached
ahout $83 p's. This bevel persisted until the end of the
sejution, Jue.pite the fact that separation between the
sorl anl preogjoectide surtace did not ocour until aboutr 5o
msed whoen the oo tip wa= at about 11 inches depth.,  This
indivates that avial forces applicd by the soil to the
first & gnches ot the nooo tip were of predominate impor-

tance to the prorestile Jdynamics of the probhlenm,

The large ovcillation which are apparent in the
ferét and scceleration bistorres~ an Figure 10 are due to
interactions hetweer the tinits nature of the computational
zoning and the - tronslv hyvsterctic character of the unload-
ing model uscd oo desorioe the Laser | osonl, This problem

will be discussed further an conncotion with the rigid-
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hoady selution in Scection VI

Figure 13 ~ummarizes the pesk compressive stresses
vexnerienced in the projectile near its surtface (solid
(nrrv} amd tlong it axie o tdashed curved,  The p%a& values
are probabls overstated due to the numerical oscillutions
in the surtsce loadiug of the projectile, but they <how
the lociation of critical stress regions in the projectile.
Fhe nmighe <t stresses are cevperienced in the first 4 inches
of the no~¢ tap amd in the then annular region connecting
Stie pose with the bodyv. Relatively modest compressive
tress levols are seen oo the wall of the projectile.
some tensroen as caperieneod near the axis of the projec-
tile, a~ 1~ shown by the vedtors having lettward compon-
cuts in Figure 2. ’

+

+

Pepures o and 1o Show ean naréal Stress vs disfance
profile~ just inade the projectile surface at a seyuence
ot timmes after impact, .o, %:i*v3+g3}f3 in the row of steel
coell« along the periphery of the projectile. The progres-
<ion of increasing stres- along the pfsject%le is sven.‘ All
of the profiles after .1 msee <how a sharp drop about 5 in.
hack fo~m the nos~c tip. At later times, the mean normal
stre«~s poeabs a2 i the narrow csﬁxﬁeﬁti{ut¥u~thev§ the nose
and hodvy fncar 20 inches), ‘Figurv 16 shows mean normal
stre--~ vs di<tanve profiles uieng the projectile axis, Ten-
sion occur- at the lcading surface of the slug. The decel-
erating force on the cvlindrical slug is heing applied only
around its periphery. This produces tension in the unsup-
ported front surtface.

Stre~s, veluorty and displacement histories were ob-
tained 4t several station< in the <soil and within the pro-
jectile. These are available to intercsted readers in un-

published form at Wis.?
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SECTION V
RIGID-BODY SOLUTION

In a deep penetration, the target material undergoes
large distort:ons, while the projectile docs not generally
underss anv anynificunt plastic deformation. To anual: ze
. A the long- time pro¢c<sos of deep projectile penetration,
including the prujectilu’rgﬁponﬁc; with a cor slete eclastic-
rlastic code solution vould require an imprvactical amount
ot computer time. This situation can he alleviated by
treating the projectile as o rigid body, while analyzing
the sotl respense and consequent forces on the projectile
surtace using the regular clastic-plaustic formulation of
the cinde. The rigid-body assunption is justified =0 long
as the projectile deformations arce not large enough to
‘significantly interact with the target response or pene-

' tration dvnamics,

The advantage of this approach is scen in ihe foliowing
considcrqtions. ‘Computational timc is determined by the
total number of cells and by the numer of integration cyc.es
in a solution f(i.c¢., the total number of cell-cvcles). The
number of cycles is proportional to the reciprocal of the time
step, which in turn is set hy the time it tukes the tastest
wave (Qchcrally a dilatational or <ound wave) to cruss the

r
smallest cell dimension; (2 ‘ *sCTibi

] 1 nsion; thax Lt ‘min By describing
the projectile as a rigid body, the computational time can

he reduced, since:

(i} Larger co2lls can be used (the small cells
required to resolve details of the projectile re-
sponse are no lunger needed)

33
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s

Longoer tine steps van be used fboth boecause of

o

the darser vells, and boecause of the lower souhd
spreds usually a~soaated with soft carth mater-

RS a~ vontrusted to projectile materialsy.

deeor thae approach doe: not preclude analysis of
tio intericy rospan-c of the projectile.  ¥From the rigid-
hodo alution, <tress Joading histopices imposed on the pro-
jevtiie sarfave are determined.  This information can then

e weod to dreove™ 1 detormable body analysis of the stress

¥
-
o
-
.
-

voponee o an the penctrator stself, This coupled tech-
Cooie b bevn saoLoostul b coploved on another program.®
Son sy gl sleN

sho computitronal grid Yor the rigid-body solution is
shown o Facure i. The contour of the penetrator peri-
phic. s ato re-ohved with a total of 33 luttice points,
Spaew a4t D oan. intervaly. Phe computational grid in the
tarvet wis Jdivided anto two principal regions, as shown in
Prgare 17, Prem the problem axis of symmetry out to a
radiu- of 20 gn,, uniform Zoning of 2'x 2-in. cells was

s, Boeyvend Jaoan. radivs, the radial cone width was in-

creased in 1oL Step~.  The grid eatended to a radius of 7

e In thye outer region, the vertical cone width  A:
al~voancroasad fwith anoreasing depth) an 0% steps until
1t readtood g omaximus ovalae of 10 “z50 0 This design tor the
Gut -r region Con-ervey coopuatational cells, without signi-
fiocantls attecting the ~olution.

A. 1o the detormable hody case, the K-line running
alorg the penetrator contour and along the axis of the tar-

got s oo -bade sinel Another slide line was used along
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“the boutndary betwern the snner and outer grid regions in
crder te acconmodate the drsering alisnment of the graids
an hoth o sides, o o sranstioant Slippage ocdurs at this
rante.  Thiz type Zoning has heen &«éé in Refs. 3 aod 1.
A discassad an Soctien A0, the lattice points at
the ov.gin, coerresponding te the protectile tip and the
<ecrl pornt at ground Zore, were anatialls decoupled for
thi- ricid beds solatsor, A1 the wcil points are thas

tnitio by a0 rest.

3020 RECED PR PROEILE s o) THENN RESHI TS

Penctration ot the topnd projedtile wa- namerioalhy

iy Ied Thr o R o doueer ooy and for absut one proje. -

¥

tiiv ‘ie-z;gtés into Layer O shalet, to g total depth ot 2203
fro bme ogrid contrgeration a1t oan antormediate penetration
deprth o 1o ot o~ hwr o figure s, Phe Mpotches" in
the opon hole hehaad the protectile are due to pericdic

Adelations of di-torted oty atfter the projectile puasses,
Cells 1o thi- region no longer have any ~ignificant ot fect
on the punctraticn proce- , oand their remweval amproves

vomput st renal et o aeno v,

At the pornt i the .olation shown an Figure I3, the
Cwave front o ogin the ground had nearly reached the bhottom of
tho anitoai conputatyons] erid at (2.2 tt.  (Remerber that
the protectile veloditsy wis supursonic relative to the di-
Fatatienal wave veicoits an the undi-rturbed soil.) o ex-
tend the wrnd without dnorcasing the nunbor of cells, a

robbics grad” proce.s ws o used, wherern t’hc miterinl he-
hinmd the prosectile, from the curvace down to 5.7 ft wa-

deteted, and material a0 addod below the initial prid,
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23 and 23 at carly times and at times after about 7 msec
(Jepths below about 13 ft).

In the region between about 1 and 6.5 msec (about
2-12 tt Jdepth), regular, much more severe oscillutions .
at about 6 kH:z are scen.  These were apparently duc to
synchronous, amplityinyg interactions hérhocn the discrete
nature of the grid, the strongly hysteretic naturce of the
loading tnloading-reloading cycle in the material model, |
and the gross distortions of the cells moving up the
sides of the projectile. The initial loading wave velo-
city in the Laver 1 modcr\wqi\lhout 540 fps. Unloading
{and rcloading! always occurred at a much higher velocity;
i.e., of the order of 6000-7000 fps, The gross Jistortion
of cells moving out and around the nose caused large load: -
ing-unloading escillations in the few cells which were
applying significant axial forces to the nose. The pres-

sure profiles in Figure 25 i1llustrate such oscillations.

lFor the reasonsx cited above, the oscillations 1n the
solution Hctwccn about 1 msec and 6.5 msec (2 ft and 12 ft
in depth) uare greatly exaggerated and should be Jdisregarded.
However,, the average Jdeceleration in this region ( 325 g's)
should -till be fairly realistic. And indeed it is seen in
Figurc< 23 and 24 that the average decceleration level -drops:
only about 10% (to about 390 g's) when the severe oscilla-
tions go away with the introduction of the predeforned, or
canted grid. [Is this dfﬁp duc¢ to the grid geometry change
as such, or to the climination of exaggerated forces in
.the synchronous oscillations? Apparently the latter: the
grid canting was intrvoduced in a very gradual fashion ahcad
of the projectile, and it required only the very slight

-
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change 1n grid geometry which occurred in the first few
tnches helow 12,02 't (see Firgure 193 to eliminate the
synchronous interactions. As soon as the severe os~cil-
lation~ were reduced, the average deceleration level
fropped to 390 o's. he regard this as the more acourate

sadication of the devoleration level in Laver 1,

Fivure 206 gives pressure protiles an laver 1 (after
introduction ot the predetormed grid) and in Layer 2, and

illustrates the smoother profiles which were obtuined.

'

Fhe average deceleration increased to about 3430 '«

in the Laver 2 shale. FPigures 27 and 28 show the velocity

and depth histeries.  (\V constant deceleration of 390 g's
was assumed between 2ttt oand 12 ft deptiioy Tigure 29

shows the velocity vs depth. bknergy partitioning between
the projectile and target during the cuursc of this solu-

tion is shown 'n Figure 30,

Stress, Velocity, and displacement histories were
obtained at sdieral stations within the target media.
These are avaglable to interested readers in unpublished

form at WbES.”
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SANDREGTD Beiny PENETRATIOAS
Parans the tame antoertal covered by bhoth <olut tons ’
t dos et the solutions tor the detormable-body and
craad Poads penstratiions can e ocompared. bt should be
' foptotnoead thar darfferent Coning was a-cd in the two
L =vddtion oo e busac Soning an the target in the deform-
‘ abdbe beboanals s was box b anen, while 2 x 2-aneh cells
were u-cdon tre riend hady o <odution,
rdre 31 compares the Jdeceleration hr<tories from :
tdw'duturmshla»hudy and riged body sotution<.  Both of
thee o dutions wftered trom the exces<ive distorfion of
. Cells mevang uy tne penetrtator nosc, ~¢ the oscillations

are larce. Fhe trcauendy of the oscrllations in the
dorormu’ le-body case o1s about twice that ot the rigid-hody
s ahreors cdpsrstent weith Cthe ditference in basic

Loosrvey in tae solutitons.,

b avera e lovel of acceleration is about 585 g's in
the detormiable case, as o contrasted to about fuo £'~.in the
ri,nd boady ca-e. Agﬂln, this can be attributed to oning.
Atre o~ cradient in thC w01 ] onear the o were high.  The
1tored-ed resolatt o oan the deformable oo e t-hun.h.\' led to
Nroter ctressoel teoing Jpplx(d to The penetrator nosc.
Frgare 52 compare . tepical radial <tre~s yradients rom

the two ~olutyen-,

the penctrator velocity time historics from the two

soduticn. are o bewn o bagure 3300 At the end of the

o
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Jetormabic bodv ~olufjon (.83 msec), the Jdittference in
velocity was about 1.5 HIENN '
Too compare the ol rt‘wpunsv. there were four time
nietore  tat,ene posstienod gt the same locations in the
Vo twee olations. Bes were on the axis at depths of 10 ana
Jooamc anag ot o boan. radis ot the same depthe. Figures 34
and 35 <how compart st the veldocity component  traces
vor the station-s at oo oin. Jdepth. These show generally
cocd aprecement.  Onbe a ocery Dimited comparizen could be
B Vide Tor the station s at 20 gun.  depth, dae to the cutofd
ot the Jedormabic bodl o lutten, - These are shown in
Paoares Anoand
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SECTHON Vg

CONMIBUSTONS AN RECOMMENDATIONS

the results of this study provide additional informa-
tien with which . to cvaluate the r1ole of finite-difierence
Code calvulations a vgfth penctration problems.  The
frnrte-difference 3p;§u¢;h appuears to be very useful for
aralvars of cortuain aspedcts of these problems. It is un-

sartable, or at lea-t anctfticient, for others,

L1 RTGHDY BODY PENEIRAMIONS )

Sucges~ful penctrator Jde-igns will generully experi-
vnce ondiy olastic Jdetormations, {An exception might be a
Je g owith a sacr:fidial newe section.) It is therefore
rersenablo, anmd cifioient, to anilyoe penetration by treat-
tne the projectale as o rgid body. Such analyses provide

eopradtioal ocoerhad o s ,

o Paamining the anteractions between projectile
shap-, basic tirget media properties, aad im-
vt veloorts, {therehy providing analytical
gundance for designing and é%xluating improved

projectile Jdesignst, and

o Getermining the external loading Jdistributions
‘ on the p{u%v:ttié {therehy providing bases
HRES o snsiv:fng tne projectile response and in-
terntl design snvirsnmvﬁti.
“these types of analvses do not require computer solu-
‘tiops cf complete deep penetration problems.  They require

onls that the projectile travel far enough in a given

o

v
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target medium to reach quasi-steady-state conditions.

Such analyses vhould therefore be vonfined to thouse por-
tions ol 4 pepetration event where the .ouading on the pro-
jectile 18 most severe, or where the loading chanpes sig-
nidicantly (e.v., Jduring initial impact and embednent of
the nose into the surface laver, and during passage be-
tween Jitferent geologic lavers).

IFhere are g nunter of dmprovements which should bhe
made in the rigid body anulvsis technique. These include
efticient reconing procedures to correct grid distortion
in. the turﬁet medrum near the penetrator surface, and the
oxtablithment of minimum zoning Ccriteria to ensurce reason--
ably accurate sebitions,  Both of these steps are being
undertaken in g current program.

Hecause ol the dong computing times reguired, it is
probably incefficient to use u finite-ditfercence code to

analvr s complete Jdeep penetration problems (i.e., from

impact until tpe projectile comes to rest),

-

7.2 PROJECTILE RESPONSE

To analvze the response of the projectile, a solution
of the penetruatiun mdy be performed in which the projectile
is treated as a deformable-body (such as was done in this
studvj. However, finite-ditference solurions.of this type,
in which the projectile deformation and the target deform-
ation are treated - e, are time consuming due to the
markedly different churacter of the projectile and target
responses.  Good spatral resclution is necded in the pro-
jeéctile in order to reselve structural details, and the

wave specds in typical projectile materials are relatively

63
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0 aTidin and the Sntoernal o structare oan o aocepltatiins

<o lefeer, the ranite cdemeont method may be more otrficrent.,

LT ONTMERTUND O] AT s ’

.ostaert o atte rival oo tliations wers conercenied an the
Soave applicd to the proococtile during thoe aooorable hody

o tutron and durpre cart oo tae righl 2o L latson. lhese

grooartrohated o reanforcang svnohr oo ntetactons be

et tro deformea fangie corpatationg, ol ad tie strongly
hywtoretso naetare Jf tie o] meded. o proohlen dwhidh
ha o Seeern far 1. < sy 3 CrRer e tTataer analy s€s wme

+

Bt §}€‘I§E}ffii¥,’-f i b b feret e omodrastt w1l oviated by
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usang o ~liehthy canted, o pre-deformed grid.  In ~trongly
hycteret e acedia, conadoetable care needs to bhe taken in
codeling the collop o ot the porosity and the unloading be-

1

haveor cvicrtensed e material moving around a projectile
+
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APPLENDIN A

' MATERIAL MODELS

Material rodels tor the ‘two site lavers were devel:

opedy based o the set or penre ontative <ol oproperties

turni~hed by WS, Hysterotic elastic ideaily plastac
model- using a Prandtl Reces tnop-associated) tiow rule

wore cmploved,

v onon hysteretio elastic-perfectly plastic model was

used 1or the steel progect i o
Vo TAYER '
AJLole bauateen of State
[he pressure - gaven by g Mie-trineien cquation:
i) = . ¢ 1t \
where ¢, spectiic anternal cnergy
o=

pressure '
, o o density
I .

y - Grdnetsen constant

he hedrostat, oo, 10 cpecitied thiough a hysteretic model.

A.1.2 Loading Hydin tat

The loading hvdrostat up to the point of void closure,

CHEN tit trem P v

curve -

dats Jdeduced from the loading

of stro-~- vs o train and s~tress difference vs




pres-are.  Bovond

vond closure, a well-behaved asvmptotic-

e t~ erploved,
[ O Yol
RS SR S (RN o Yol IR
: -
S | . .
N BN ;i .
. ) i
i . R T N v ‘
3\:" -i\ 1N ! ._* : t\:! * - P‘.‘Lc
Fhe vl e A S ITCRINEDE S SYS 70 SETNES S
’ . . B i S . ) . .
AR 200 I U ‘h 3 = 684930 Mh .
. max ;
i{ = _‘ 3o A iel 4 ‘\:?\ g = Sg!:.:“'
k3 - ; L33 -
i = ot oo i M - = 1.1
¢
' = I; - = .“5“4
o
K= 640l Mb * o= 2%
Y
G 3
L= bLoule2 gm/em
s 3
g 320 thjft)
A.i.3 0 shear Moduiue Leadipg
The <hear moduln . functpen for loading was determined
teer a4 vraphical a c0 sment ot the variation of Poisson®s
ratic alons the uriocting ~typoes path (~tress difterence vs

precsurc) oand tlie

St equation-}.
shear moduias wis

st %

barte e dulye fas derived from the hvdro-

v osaxtom jalte egual to the unloading

; 1+

e

i et

provent energy generation.

QR




- 3
. . 3B(1-2.) . !
Cloaaq * Min [ <(I+v)™ * “unioad!
4y \
wheve B = (ue+]) -~5§5ﬂ {u;
\ v = .5 - .25 exp (‘%§3)

1nitiu1 values of the bulk modulus, the shear modulus,”
the constrained modulus, Poisson's ratio, and the dilata-
tioral sound speed from the model are:

BO = 4,2;7 psi Vo = +25 _
GO = 2,542 psi €y = 542.6 ft/sec
“o = 7,626 psi

A 1.4 Unloading Model

In the hysteretic region, ueu. , a model giving a

fan of constant slope P-y
(slopes are a function of

The unloading bulk modulus varied from 2 minimum of 100 ksi
to a maximum of 702.8 ksij.
bulk modulus tor lvading at void c¢losure.)

i}

"

Frax * Klu-u

e * Kelu-ug

69

max ):

max)

)

H

unloading paths was used

max

>
max—

<u

]

c

(The maximum corresponds to the
The unloading bulk

A R T UL TS




modulus was made o function of the maximum compression,
“max * ' vonstunt value for the unloading shear modulus
wa - assumed. the inttial Poisson's ratio for unloading

wits the ~ame us for Trading, Vo= W35, givang ﬁuuiuaé

= U ORsi. In the far .t ¢f the above vquations, Ymax is
the hydrostat loading pros~sure corresponding to “max and
£
K 1= o tunction given ov:
B, + B vup (b -1
- :éq‘.”-x,i { “max} A b u
. * 14 :
X l max e

the constants, as determined from the given unload paths,

N3 o A
By = 6.8906 x 1077 Mp
B- = 6.93i6 x 107 Mb
b= 218,25
for «we v unloading is assumed to be reversible
froe,, it f'x'!§§i‘;s,. the fo.d pathy.

Hvdrostatic tension 1s limited by imposing a minimum

salue ot pressure: b = i opag,
value t 3t min Psi

A.I.5 Failure Surtace

A yseld function YiP) was fit to the failure enve-
lope supplied, where ¥ - Q%EE at failure. The functions
derived are: ‘

Y= 3.4473x10° + asseap - 2L vTyse10°pl P<0




v o1 2 173 k108 g 8205x10 0 - py2e0dS
0 - P « 3.8203x10°°

Yo o4 Itiage ] 10820351077« p o 1.3780x10 70

Yor oL 2bixIn T e L00a2s (P 1L3TROxIn )

Here the antr- tor Y arnd P oare Mb, Plots of the failure

SUrtace are noiudoy UREG tellowing set of Vigures.

A.l.o o Ceaparataive Result. ' ' >

Flots of stress v~ trawn, <stress-diftference vs pres-

surc, and precsare v- o volametric strain for uniaxtal strain

load-unload ;. th< conputed with the model, along with the
WS cuarve, are chownoin kiguie 3 dn o the. text, and in Fig-
ares A-D ot oV S on thetanpend g, Plot: ot the Hugoniot
und hydre tat up o bawh pressares (50 kb are shown in
Powere A-3, ' '

v
‘

“A.2  LAYIR 2

e to the anticipated low <tress environment, the

v

spressurcs tor baver Douwere taren darectly trem the hydro-

stat, w.ti no epurev centribation,

SAL2.1 Loading Model

The following cquurron were deduced Yor the loading

hvdrostat:

ot oA P R e et



\\\\‘
P o= oau ' ' ue0
P Th‘ . % f O<usu
w T N - g
¥} o= ¥ - -k * ~ i\-;‘-i
t i\ * Mrax ot fkmds hch ,I'V*P oy T
lhe values of the gonstants 4re: : ‘ .
a = °5.7338x10 7 Mb . K. = .048263 Mb
. - S Lo .
= 37045 { b} . = g3
h 1.37a45x10 Mb kma\ LO89365 Mh
C ot 6LLTIATTNIN T AMh P, = 5.7603x1077 Mb
WX o= 25 k g,o= 2.0503 gm/em”

LY 3
= ,ubolsy {128 1h/ft7y

The shear wodulus for loading was specified to be con-
~tant at a valuc of 20 ksi.

Initial values of the bulk modulus, the constrained
andulus, Poisson's ratio, and the dilatational sound speed

trom the model are:

. 3849

e
"

~3.18 ksi Y

-
1

[958 khsi 1,994 ft/sec

~
]

A.2.2 Univading Model

In the hysteretic region, SR model giving a fan

of coenstant stope P, unlouading paths was used (slopes

are a function of i
are a function “max |

R - R




1 )
"N max’

in this revion the unloading bu'kh medulus varic- from

a mintmut of 200 s tooa maximum of 700 k-1, cqual to the

< 3
(24 . 4.
max i

) >;
“max=*y

bulk modulus ter untoading-at voird closure. A constant

R o:x a function ,iven by

where B is obtained Yrom the loading hvdrostat equa-

BTSN

tion- cevaluated at S— The constants,
A% WA

frow the given unload paths, uare:

R, = 013789 Mb
K; = 048263 Mb

baot MM unloading 15 assumed to

1t rebiony rhe Qoad patho,

value of prersure: | = -0 psi.

nan

AL2.5 fadlure Surface

sugyested, where Y o= 3L at failure,

derifhed are:

vaine ot 60 kst owa~ used tor the unieading ~hear modulus.

s

»

.. < -
max <

as determined

he reversible

Hydrostatic tension is limited by impo-~ing a minimum

The fun-tions

A ovield function v (P) was fit to the failure envelope



3
o 2.2569P - 3.5270a10%p"

-6.8916x10" % pop

3.1597

3

Yy o= A iTInle il f:u};s*}{4,3:{;33§{:‘-\p;

.

Wy

0-P<1.8263x10°

)

S

S.olTlxlo 3

-
1

3.8263x10 2P 2. 4131x107

W
¥

Y s ITIaln Y e 013N (P-2.3151x1070)  PL2.4131x10° 3

Here the unit= ‘or Y and P oare Mb,

1,208 Ubmparative Re-ultrs

. Plot< ¢: <styess vs -traip, stress-difterence vs pfes-
surv, amnl pressure - volumetric strain for unisxial strain
load-unload paths computed with the model, along with the
ahs curies, arv shown in bigure 3§ in the teat, 3éd in Figures

A S oand Ve oan this appemdix,

A5 STHEL
Wieen:stiing cquation of state for iron was employed.*

“Appropriate mechanreal and strength propertics. for the

<teel oiloes of the penctrator were then added te the model.

- B . . - = . + .y .
s Craier LT Ep e tile oo g and

R T ra o P

v ;'-‘igifit"f; Ao i s, ;
foet e e, oshel ko Hvdradvnanics Report TH83 86, lugust

1

Ty




The tollowing propertics were assumed:

Normal density, ;w: .84 gm/cm3 (489 1b/f1
Bulk modulus, K : " 1.086 Mb (2.335x10
Shear modulus, 6: .83 Mb (1. 208x10
Vield strvhgth, Y: LHO33475 Mb o (50,000 ps

The shear modulus was~ assumed to be constunt.

medtiias varies throupgh the cgquatran of <tate, N con
. Vioe- sdedd e do b wae emndbavedy e, statos are
coar o 30y Jonstant. frndrectat e tonviagn was 1
v - '
e dny a0 wtnas value ot nre ure:

‘ 4

mn >
fith thos conldition, the ten-1le oo ce s limited t
value - Yo

3)
pst)
psi)
1)

The bulhk |
ventional
clastic

mited hy

[ I

he Tow-pre<surce (sub-tran~ition) portion of the pre-

viea-ts tormulated equation of state of iron cuvers

ravge of antero~t oand 1s grven by

1he

o= oo bl "--7 A &
i *
! 3.
P ’ ‘l..'il [ '“-‘. ili*#. ) LR

vatucs of the constants are:

My o= I.n80 Mb ¢ = 1.81
G, = TLINNG Mb SEELARLUN
4. = TUHU3NT ML
D
' . * ! !

the
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APPEXRDIX B

PISTORTION, VELOCITY, AND PRINCTPAL STRESS
FIELD Plofs - DHEOLMABLE- BobY SoOLITIoN

A series af tield plats of the computational grid,
particle velocitics, and principal stre~sc- which 11lus-
trate the projectile and soil response during the deformable-

Hedy solatien were prepardd. Those gre ~boan for the tollow-

iy penetration Jdepths and tomes, :
M hepth TR T 1T T Tiaiure No. of Plot fors T
Histortien 5
eoad o teecd o} dbrid) o Velocaty S_t_re\‘ss
.36 25,3 B-1 . B2 B-3 |
L. ! R %
3.07 128.1 B 5 ‘
B-6 (Rezone;’
5.01 10,1 B--
6,33 2654 bR B-9 B-1o
‘ B-11 (Rezcned :
R4 §i1.¢ - B3 B-13 B-14
15, 20 635.% h-13 B-10 ‘
L o1s.oe, 751, 7 BT ' '
RGIRLE! 837.4 B 1R B-19 -~ B-20

The velocity vedtor ficld plots shew the direction and
magnitude of the particle velocity at each lattice point
it the computing pril.

stes ot % 16

Im the stress foeld plote, the principal components of

i oty - oo re ey e 0 e the ooy ent feeniat



The magnitude of the two prancipal stresses in the r-:z
plane arce plotted in thoir corresponding principal direc-
tions, The thitd principal stress (in the azimuthal di-
rection) i~ plotted afong the line bisecting the other two
principal Jdirecticns, \Vectors pointing to the right are -
QomprcSSIVc, to the dort, tensile, Ay example of how a

stress tensor is plotted is shetched below:

Tensile - ~—s= Compressive

Principal Stresses
in r-z Plane

Cell Center—. -- ; ) ' .
e —Principal Stress
in # -‘Direction

I ————




N 1

The first three tigures of the grid (B-1, B-4, and
3-5) show the initial entry of the penetrator into the top
surface of the soil. A local rezone is required, as shown
in Figure B-6, when tie surface grid point contacts the
penctrator surtace (sce Figure B-5).

In Figure B-7, the stress loading of the projectile
nose after 5" penctration is seen. Note the strong verti-
cal nrientation of the stress vectors, due to the free sur-
face at the periphery.

Figure B-11 ~how: another rezone which was performed
to ro vorient the grid, A small portion of the distended

soil that was tlying off wis also removed at this time.

Figures B 10 and B-14 show a buildup of radial and
soop tens~ion aleng the iower end of the slug and a high
vertical compressive -tress in the thin section connecting
tine nose and the slug.

The detachment of the soil from the penetrator and

hole formation may he seen in Figures B-17 uand B-18.
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APPENDIX €

DISTORTION, VELOCITY, AND PRINCIPAL STRESS
FIELD PLOTS - RIGID-BODY SOLUTION

A series of field plots of the computational grid,
particle velocities, and principal stresses which illus-
trate the soil response during the rigid-hody solution
were prepared.  These are shown for the following penetra-
vion depth and times:

Figure No. ot Plot for:
Depth Time Distortion
(re) {msec) {Grid) Velocity Stress
.34 .17 C-1 ¢-2 C-3
.84 .42 ¢-4 C-5 C-6
i.07 .84 C-7 C-8 - C-9
5.0 2.2 ¢-10 c-11 . ¢-11
10.00 ~ 5.08 ¢-13 €-14 C-15
15.00 7.69 ¢-16  C-17 C-18
16.92 8.70 . (-10 Cc-20 ¢-21
22.31 11.58 (-22 (-23 C-24

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 ccllé containing an x' or + , with x indica-
ting a compressive pressure, P > 0 , and + indicating

hydrostatic tension, P < 0.

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

ot o

108




the computing grid. For clarity in viewing the soil.re-
sponse, the velocity vectors of the projectile are not
shown. '

+

The plotting convention for the principal stress
field plots is the sume as that used in the deformablé-body
solution {Appendix B}.
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