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This final report on the formulation of EPIC-3, a 
three-dimensional computer code for dynamic analyses 
of high-velocity impact problems, was prepared b.y 
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U. S. Army Ballistics Research Laboratories, Terminal 
Ballistics Laboratory, under contract DAADO5-76-C-0747. 
The period covered by the report is January 1976 to 
February 1977. 

The author, Gordon R. Johnson, would like to thank 
J. A. Zukas of BRL and J. II. Blackburn of Honeywell 
for their many helpful comments, suggestions and 
discussions in developing EPIC-3 and this report, 
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SECTION I 

INTRODUCTION AND SUMMARY 

This report documents a three-dimensional computer code which can be 

used for dynamic analyses of high-velocity impact problems. The code, 

EPIC-3 (Elastic-Elastic Impact Calculations in 2 dimensions), is based 

on a Lagrangian finite-element formulation where the equations of motion 

are integrated directly rather than through the traditional stiffness -matrix 

approach, Nonlinear m.aterial strength and compressibility effects are 

included to account for elastic-plastic flow and wave propagation. Although 

this code is arranged to provide solutions for projectile-target impact 

problems, the basic formulation is valid for a wide range of problems 

involving dynamic responses of continuous media. 

The EPIC-3 code has material descriptions which include strain hardening, 

strain rate effects, thermal softening and fracture. Geometry generators 

are included to generate quickly flat plates and rods with blunt, rounded or 

conical nose shapes. It has the capacity to include multiple sliding surfaces, 

it is restartable, and it provides cross-sectional plots of the deformed 

geometry, 

A desirable characteristic of this technique is that there is no need to pro- 

vide an orderly arrangement of nodes as is required for finite-difference 

te chnique s . Complex geometrical shapes can be represented simply by 

providing an adequate assemblage of elements to represent the geometry. 

Various boundary conditions can also be represented in a straightforward 

manner, Another desirable characteristic is that this techni.que is for- 

mulated for a tetrahedron element, which is well suited to represent the 

severe distortions which often occur during high-velocity i.mpact. A 

tetrahedron element also provides a state of constant strain such that all 



mateCal in an element behaves uniformly. This allows for an accurate an6 

convenient selection of a constant stress within the element. 

This report includes a complete description and formulation of the EPIC-3 

computer code. Petailed instructions for using this code are also provided. 



SECTION II 

FORMULATION 

The EPIC-3 computational technique is shown schematically i.n Figure 1. 

The first step i.n the process is to represent the geometry with tetrahedron 

elements having specific material characteristics. Then the dis trihuted 

mass is lumped at the nodes (element corners), and initial velocities are 

assigned to represent the motion at impact, 

REPRESENT GEOMETRY 
WITH ELEMENTS 

STRAINS & 
STRAIN RATES STRESSES 

DISPLACEMENTS CONCENTRATED 
& VELOCITIES -0RCES ATNODES 

EQUATIONS NODAL 
OF MOTION ACCELERATIONS 

INITIAL CONDITIONS INTEGRATiON LOOP 

Figure 1. Basic Computational Technique 

After the initial conditions are established, the integration loop begi.ns as 

shown in Figure 1, The first step is to obtain displacements and veloci.ties 

of the nodes, If it is assumed the lines connecting the nodes (element edges) 

remain straight, then the displacements and velocities wi.thi.n the elements 

must vary li.ne arly. From these displacements and velocities, the strams 

3 



and strai.n rates with.in the elements can be obtained. Si.nce the strains and 
strain ra,tes are derivatives of linear di,spla.cement and veloci.ty functiions 
within the elements,. the resulting strains and strain. rates are constant 
w ithi.n the elements. 

The stresses in the elements are determined from. the strains, strain rates, 
internal energies and material properties. Since the strai.ns and strain ratea 
a.re constant within the elements, the stresses are al.so constant. If the 
strains are in the elastic range, the elastic stresses can be obtained in a, 
straightforward manner from Hooke’s law. For larger strain.s, involving 
plastic flow, the stresses are obtained by combining plastic deviator stresses 

with hydrostatic pressure. The plastic deviator stresses represent the shear- 
strength capability of the material, and the hydrostatic pressure is obtained 
from the volumetric strain and internal energy of the element. An artificial 
viscosity is also included to damp out localized osci.llations caused by repre- 
senti.ng continuous media with lumped masses. 

.After the element stresses are determined, it is necessary to obtain concen- 
trated forces at the nodes, These forces are statically equi.valent to the dis- 
tributed stresses within the element and are dependent on the el.ement geometry 
and the magnitude of the stresses. When the concentrated forces are applied 
to the concentrated masses, the nodal accelerati.ons are defined, and the 
equations of motion are applied to determine new displacements and velocities, 
The integration loop is then repeated until the time of interest has elapsed. 

An important additional feature of the basic technique is the a,bility to repre- 
sent sliding between two surfaces. This is accomplished with a momentum 
exchange princi.ple which allows for closing and separati.on of the two surfaces, 
It should be noted that the integration time increment must be properly con- 
trolled to prevent numerical instability. This is accomplished by lim.iting 
the time increment to a fraction of the time required to travel across the 
minimum altitude of the element at the sound veloci.ty of the material. Th,is 

also ensures that the time increment is less than th.e lowest period of vibra,- 
ti.on of the system, 

4 



2.1 GEOMETRY 

A typical tetrahedron element is shown in Figure 2. It is geometrically 

defi.ned by nodes i, j, m, and p, The formulati.on is based on nodes i, j, 

and m being positi.oned in a counterclockwi.se manner when vi.ewed from 

node p, For the initial geometry, the coordinates of node i. are defined by 

X 0, y;, and z;. The coordinates of node i for the displaced geometry are 

given by xi, yi, and zi, In all cases, the superscript “0” i.s used to designate 

the initial condition, The displacement of node i along the x axis is u. = x. 1 3 
o 

-x., 
1 

and the y and I, displacements are given by vi_ := yi - yp and wi_ 
0 

= z. - z. , 
L 1 

The lumped mass at each of the four nodes i.s 

Mf = M; x M’ = :M’ =$Vopo 
m P 

(1) 

where V” and p” are the initial volume and densit?- of the element. The 

individual elements can be assembled by use of geometry generators des- 

cribed in subsection 4. 1~ When all elements are conlpletely assembled to 

form a continuous medium, the total mass at node i. is JMi = 2 Ml, 

2,2 STRAINS AND STRAIN RATES 

The strains are obtained from the initial geometry- of the element and the 

displacements of the nodes. 

between the nodes, the x, y 

ELS 

If it is assumed the displacements vary linearly 

and z displacements (u, v, wj can be expressed 

u=cY 1 + cYzx + cY3y f lx42 (2) 



xi 

\\____j_ 
x 

Figure 2, Geometric Properties of a Tetrahedron Element 

where CY 1’ z 
~ ~~2 are geometry- and displacement- dependent constants. 

It is possible to solve for ayl , , _ (w4 by substitutmg the x displacements 

and initial coordinates of the four nodes into Equation (2). This gives four 

equations and four unknowns so that ,the constants (a1 . , I u4) can be evaluated. 

Equation (2) can then be expressed in terms of element geometry and nodal 

displacements. 

-I- (a;+b;)X+c;y+d;z) uj 

-!- (a “, i- b&x + co,.y + d;z) urn 



where the initial volume is 

1 0 xp y. 
L 

z; 

1 s ; 
yJ 

0 z; 

1 xom y” z” 
m m 

1 O O z; 
xP yP 

and the other geometry-dependent constants are 

0 a. = 
I 

1 

b;=- 1 

1 

1 

c;= 1 

I1 

0 xj 
0 

X 
m 

0 

xP 

0 0 
Yj ‘j 

0 0 
Y Z 

m m 

0 0 
Y Z 

P P 

0 0 xj ‘j 
0 0 

X Z m m 

0 0 
x 

P zP 

(6c) 



1 0 xj Y3 

do,- 1 x;m y” m 

1 0 0 
xP yP 

The remaining geometry-dependent constants (a;, by, cyJ dy, etc. ) are 
obtained by a systematic interchange of signs and subscripts. The y and z 

displacements in Equations (3) and (4) are obtained in a similar manner and 
are identical to Equation (5) except the x displacements are replaced by the 
y and z displacements. 

After the displacements are obtained, it is possible to determine the strains 

within the elements from the following equations (Ref. 1): 

2 av 2 
C au i au 
X =s"z -=g +ax + 

[ii 0 
c _?x*J_ $2 av2+ 
y =ay 2 [i )+I I ay 

r 

aw 2 

( 11 ax 

aw 2 

ay 13 
-I 

8 
Z 

= z*+ L(z) 2 +($q2 +(%)‘I 

y =ay 
auau avav 2LQY+- - awaw 

XY axay + axay+ axay 

y auau ah =g+g+- - awaw 
X2 axa + axaz + axaz 

Y 2X+ aw+- _ _ auau av av aw aw 
YZ = az ay ayaz + ayaz + ayaz 

E JLl 
V Vo 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 
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The normal strains are represented by Equati.ons (7) through (Y), the shear 
strains by Equations (10) through (12), and the volumetric strain by Equati.on 
(13). The h” h lg er-order terms are requi.red to represent the effect of element 
rotati.on. 

The strains in Equations (7) through (12) are deterniined as functi.ons of the 
displacements by taking partial derivatives of Equations (2) through (4)1 
and substituting them i.nto the strain equations. These strai.ns consist of 
derivati.ves of linear equations and are therefore constant (functi.ons of cyl . t , 

. . 
@y12 only) wlthm the element. It is also necessary to use an equi.valent strai.n 
which is expressed as 

z = 
q[ 

$ Fx- EyJ2 + (Ex- y2 + (E Y - Cz)2 +YxY2 + yxz2 + YYZ2) 
I 

(14) 

This strain provides an overall measure of the distortion of the elem.ent and 
can be used to obtain strain hardening stresses whi.ch occur during plastic 
flow (Ref. 2). 

The strain rates are obtained in a manner similar to that used to determine 
the strains. Since the velocities (i, ;, I.$) also vary linearly between the nodes, 
the basic form of Equations_ (2) through (12) is used, except the nodal veloci- 
ties are substituted for the nodal displacements and the higher-order ter.ms 

are dropped. Also, the displaced geometry is used so that the geometry- 

dependent constants in Equation (6) are obtained from the displaced coordinates 

(x i’ yi’ ‘i’ etc. ) rather than the initial coordinates (x:, yo, zp, etc. ). The 

resulting constants for. the displaced geometry are designated as ai bi, c. 
L1 

di, etc. The normal strain rates (i E’ kz) are adjusted into deviator 

strain rates ($, 6 
x’ y* 

Y’ 
GZ),and the shear strain rates are represented by 

fxy, fxz J and 9 
F’ 



2.3 STRESSES 

The stresses in the elements are determined from the strains, strain rates, 

internal energies, and material properties, The elastic stresses, can ‘be 

obtained directly from the strains by use of Hooke’s Law (Ref. 2): 

0 = Aev f 2Gs 
YaQ 

(16) 
Y 

0 = As -!- 2Ge z V Z'Q (17) 

7 
XY 

= GYxy (18) 

T 
xz = GYxz (19) 

T 
YZ 

= GYyz (20) 

where Q 
x’ Y 

u and oz are the normal stresses, and 7 7 
xy’ xz 

and T the shear 
YZ 

stresses. Lame’s elastic constants are A and G, and the artificial viscosity, 

Q, will be defined later. The stresses are combined to form an equivalent 

stress given ‘by 

ozj2 f (u - oz)2 + 6 (7 
2 + ‘xz2 + T (21) 

Y xy 

This stress is analogous to the equivalent strain of Equation (14) inasmuch as 

it represents an overall state of stress within the element (Ref. 2).If 5 is less than 

the tensile yield strength of the material, the stresses are in the elastic 

range, It should be noted that the elastic stresses are dependent on strains 

which are relative to the rotated orientation of the element. Generally, the 

element rotation is very small while it is in the elastic range and no com- 

pensation is required. If significant rotations are experienced in the elastic 

range, however, a transformation of the stresses would be necessary. 

LO 



Plastic flow begins when the elastic strength of tb ~~aterial is exceeded. In 

conjunction with the plastic flow, allowance is also nlade to include the effect 

of viscosity, For these cases the normal stresses ark obtained hy cornbini.ng 

the plastic and viscous deviator stresses with the I!,mlr(.)s tati<.: pressure and 

artificial viscosity, This gives 

rJ -s 
X X - (P+Q) i22) 

u =s 
Y Y 

- (P+Q,) (23) 

(T =s z z - 0’ + Q) (24) 

where s s 
x’ y 

and s are the deviator stresses, ‘I’ is the hydrostatic pressure 
z 

and Q i.s the arti.ficial viscosity. 

The deviator stresses represent the shear strength characteristics of the 

material. By using the von Mises incremental theory of pI.astici.ty (Ref, 2) 

and the Navier-Strokes equations (Ref. 3). the d.eviator stresses (sx, sJT, sz) 
c 

and shear stresses (7 xy ’ 7xz, 7 
Y” 

) are given by 
I 

2 s ex =- 
X i 

- 
3 ; s + 2% 

X 

. 

2 Sy ‘3 1 zz i s 7 + 2fiey 

. 

S = z 5 1 2 1 -$ + zv&! 
e 2 

(25) 

(26) 

(27) 

(28) 
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The first terms in Equations (25) t'nrough 130) represent the plastic. strength 
where 3 is the equivalent tensile strength of the -material and z is the equiva- 
lent strain rate,* which is analogous to the equivaLen.t strain in Equation (14). 
The second terms represent the viscous effects where q is the absolute 
viscosity o:f the materi.al, For the case of no viscosity Iv = O), if the stresses: 
in Equations (22) through (24) and Equations (2 8) through (30) are substituted 
into Equation (212, the result is always z L- 3. It should be noted that the sum 
of the deviator strain rates is equal to zero, and, since the deviator stresses 
are directly proportional. to the devia.tor strain rates1 the sum of the devmtor 
stresses is also eqw.al to zero, The net pressure in the e1em.en-t is therefore 
not affected by the deviator stresses, 

The equivalent .tensile strength of the material may be dependent on many 
factors, including strain, strain rate, pressure and temperature, It i.s well- 
known that many materials behave differently under dynamic impact than 
under static testing conditions, With few exceptions, however, a preci.se 
definition of material behavior under dynamic conditions is not available. 
There i-s also much to be learned about fracture characteristics under these 
dynamic conditions ~ This version of EPIC-5 allows the equivalent tensile 
strength to be determined. from 

In this formulation, SE is generally taken to ‘be the static stress, which is 
dependent on the equivalent strain of Equation (14). It is generally necessary 
to calculate Z on a path 
basis of Equation (14). 
are severe there is litt :I 
approximation. 

dependent basis, rath.er than the path- i.ndependent 
For most impact problems, however, when distortions 
e recovery of strains and this is an adequate 



The three bracketed terms allow the static stre~i~ ::.* ?:I<! aI:tered, based on 

strain ra.te, pressure and temperature. If the constants are Cl = C2 -: C3 = 

C5 = 0 and C4 = X.0, then3 = ST, which is the <train dependent static stress. 
The first bracketed term can increase the strengril sac: to the equivalent 

strain rate, S , described earlier. In the second brackt?ted term, p = p/P* -1 = 

v*/v -1. Since the hydrostatic pressure will ‘be s.~~~n to be primarily de- 

pendent on t.~, the effect of this term is to increase the strength due to pres- 

sure. The final bracketed term includes the temp(-Lr:tt:ire-7t T, of the element, 
which is obtained from the nonrecoverable work done_: ;n the element by the 
artificial viscosity and the plastic and viscous deviator- ;;tresses. Thi.s term 
tends to reduce the strength, The formulations for the nonrecoverable work 

and temperature are presented later in subsection 2. ‘7. 

Material fracture is currently dependent on the eqL:Ival(-:ni: strai.n, E , and the 
volumetric strain, F v., When the fracture Criterl<.j:; 11ac i~(-_e;.~ Inet, the tequiva- 
lent tensile stress is set equal to zero, so that no ,_;,!,ear stresses can ‘Iw 
developed in the failed element, Likewise, no .ton-:iYie 5tres~es are allowed 
to develop, The net result i.s that a fail.ed element tend.; to act ‘Like a Ijquid 
inasmuch as it can develop only hydrostatic co ?‘;~Lpre~SS-ioIl with no shear r,I 
tensile stresses. Another option is also availabLe wl~i.ch sets all stresses 
(including the pressure) equal to zero. 

It is recognized that other more sophisticated :.tl.aterial descriptions are being 
developed. It should be noted that the EPIC-3 formulatiozl i.s ideally suited 
to incorporate additional material models. The k?ntj re tetrahedron element 
is in a uniform state of constant strain and has .associ.atc-><I with it the para- 
meters such as strains, strain rates, jnternal e nprg;< and temperature, 
From these parameters, the stresses i.n the eie~~ont, c.:ar: readily be obta.ined 
by various sole cte d formulati.ons , 

The hydrostatic pressure is dependent C-)TI the ~~c_,Iil”!1~\:7’!.(: ~itra.j.n xnd the 
internal energy in the element, The EPIC-:3 co&t :.15c:,i thr: .1\‘1 j-c-: - (‘;riine isen 

equation of state iii the following form (I&4, -4:)’ 



The artificial viscosit.y is combined with the normal stresses to damp c)ut 
localized oscidl.s.tiona of the concentrated masses. It tends to ekimmate 
spurious oseiliations which wou1.d otherwise occur for wa.ve propagati.on 
problems” This tech.nigue was ori.ginally proposed by Van Neumann and 
R,ichtmyer (Ref. 5) and has been expanded for use in va.rious computer codes 
(Ref. 6, 7). It is expressed in terms of linear and quadratic components 
and is applied only when the volumetric strain rate is negative: 

where cc: is the scmnd vebxitg of the material and h is the minimum altitude i 
of the tetrahedron. Typica. values used for the dimensionless coefficients 
are CL = 0, 5 and Cd ” 4.0, 

The minimum. alltSude of the tetrahedron can rea.dily be obtained from the 
previously calculated geometry-dependent constants, The altitude from node 
i to the plane defined by the other three nodes of the tetrahedron is 

hi = 6V 
--- 

The other altitudes !baj, b,?n, hp) are obtained by appropriately changing the 
subscripts of the geometry dependent constants. 



1 (elastic or The sound velocity is dependent on the state of the materi.a 
plastic) and is defined as follows: 

After the element stresses are determined, the concentrated nodal forces 

can be obtained, These forces are statically equi.valent to the distributed 
stresses within the element and are dependent on the displaced element 
geometry and the magnitude of the stresses. The forces in the x, y and z 

directions at node i of an element., are given by 

(35b) 

(36 

F; = - $ ‘cioy -t- biTXv + d. T 
1 J-2 

) 
. 

(37 

(33 

The geometry-dependent constants (bi, ci, di) are again identical to those 
used for calculation of the strain rates and altitudes. The forces at the other 
nodes are readily obtained by changing subscripts, The net forces at node i 
(CF;, “F9, CF;) are the sum of the node i forces from each element which 

> 

includes that node. 



The equations of motion can ‘be numeri.cally integratk~ ,,’ ’ -I ‘[X” assam,in(S a. C43X? - i 

stant velocity for each time increment. The ;~celerati.on of node ! in. the 

x direction at time ~2 t is 

The new constant velocity for the next time increment i.s 

Ii? 
1 

: At (40) 

where tii- . LS the constam velocity for the previous time increment. and At is 

the ikttegration time increment. Finally, the new displacement at time = t + At 

is 

ut+At 
i 

= ut _1- \; t* At 
i i (41) 

The equations of motion. for the y and z directions have a simi,l.ar form, 

It should be noted tha,t both transl.ational and rotational momenta are conserved 

with this formulation. The concentrated forces of Equations I: 3 6) through (3 8) are 

in static equilibrium so that the net forces and moments associated with each 

element are equal to zero. Therefore, the net forces and momenta acting on 

the entire system are also 

applied forces. Since the 

times the time increment, 

translational and rotationa 

equal to zero if there are no extern.al restraints or 

mpulses acting on the nodes are simply the forces 

the net impulses are equal. to zero, and the ne-1: 

momenta of the system are not altered, 



The integration time increment used for the equations of motion is given by 

(42) 

where g2 = CzQh h is the previously determined minimum altitude, and cs 
is the sound velocity. The constant, Ct, must be less than unity to ensure 

that At is always less than the time required to travel. across the shortest 

dimensi.on. of the tetrahedron at the sound velocity of tfx material. Use of a 

time increment significantly larger than that specified by Equation (42) will 

lead to numerical instability (Ref. 7). The EPIC- 3 program restricts the 

time increment from increasing more than 10 percent per cy-cle. 

2, 6 SLIDING SURFACES 

It is sometimes necessary to allow for sliding to occur between two surfaces, 

A s’ummary of the i.mportant steps for the sliding-surface technique follows: 

Identify a !‘master” sliding surface defined by an orderly 

arrange-rnent of :master nodes, 

Identify ” slave” nodes which may slide along the master surface 

For each integration time increment, apply the equations of 

motion to both the master nodes and the slave nodes in the 

usual manner, 

For each slave node, find the triangular plane (defi.ned by 

three master nodes) whose projection contains that slave 

no de, 

Check to determine if there is interference between the 

slave node and the master surface (the tri angillar plane 

defined by three master nodes), 
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l If there is interference, place the slave node on the maste.r 
surface in a direction 
triangular plane I 

+ Calculate the momentum change (i.mpul.se) to the slave node 
caused by placi.ng it on the master surface: then transfer 
this lost -momentum to the three surrounding ma,ster nodes. 

The first step in the process i.s to define the master surface. It is geneFa.llJI~ 
desirable -to define this surface with an orderly arrangement of n~odes since 
a systematic search is required on this surface. An example of this is shown 
in the upper portion. of Figure 3 wh.ere a flat plate i-s represented by a finite- 
element model of nodes and elements, The z-axis points vertically up-ward 
and the x and y axes are in a horizontal plane. Although the basic principles 
involved in this technique are independent of the orientation of t’he axes, the 
search technique is simplified if the z coordinates of the master surface are 
limited to a single-valued function of x and y (i. e. , any vertjeal line, parallel 
to the z axi.s must not pass through the master surface at more than one point). 
Also, for this discussion, the slave surface is above the master surface 
relative to the z axis, Due to the symmetry of the plate about a plane con- 
taining the x and z axes, only half the plate is considered a.s shown, The 
EPIC-3 code uses a master surface defined by M rows of nodes, wiith each 
row containing N nodes. Looking downward from the positive z axis, the 
second row of nodes from l?? + 1 to 2N, is to the left of the first row of .nodes 
going from 1 to N. Likewise, the third row is to the left of the second row, 
etc. For the specific case shown in Figure 3, N = 2 3 and M = 4, for a. total 
of 92 master nodes. 

It is also necessary to identify slave nodes for the other sliding surface. 
Since these nodes do not require an orderly arrangement, it is usually 
convenient to designate the more geometrically com.plex surface as the 
slave surf ace c It is also desirable to restrict the slave node spacing from. 
becoming signi.ficantly greater than the master node spacing, because this 
could introduce I.ocali.zed deformations in the master surface at the slave 

node locations. Likewise, the mass of the slave nodes should not be 
significantly T greater thran the mass of the .master n.odes, since this could 
result in unrealistically high velocities of the master nodes at impact. 
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For each integration hxp, fht? eCjUt3'kiGEi C!f ~TLOt~OTl 3Z’t3 applied k2 k,Oth th<+ 

master and s1,ave nodes 4n the usual manner descri.bed i.n subsecti.on 2 I 5. 

It i.s then necessary to cherk each. slave node ,to determi.ae if iit has passed 
through the mask r ;:$u:rfs,ce j d Irtus causing interference. To begin, the 

extreme values of ,the entire master surface are determined; if the slave 
node is not within this r~gj.~n, there can ‘be no interference. If, for instance? 

the z coordinate of ,the slave node is grea.ter than the maxkmum z coordinate 
of the master surface, there can be no interference, and the check for that 

particular slave node i.s complete I 

If the slave node is witbin. the confines of the master surface, a, search 
through the master surfa,ce must be imtiated. It is for this search that i-t 

is desirable to have an orderly arrangement of master nodes. The lower 

portion of Figure 3 sh.ows the projection of an arbitrarily displaced master 
surface on the .x-y plane. The triangular grid is consistent with the triangular 

faces of the tetrahedron elements. Since z is a single-valued function, 
there is no overlapping of triangles on the x-y projection. Th.e objective of 
the search is to determine which triangle contains the x-y projection for 
each slave node. Th.e sea.rch begins by considering the triangles between 
the first two ro’ws of nodes. With reference to the lower portion of Figure 
3, the first triangle is defined by nodes I, 2, 24, the second by nodes 2, 
25, 24, and the third ‘by nodes 2, 3, 25, etc. IF ,the slave node projection 
is not found by th.e last t:riangI.e in ,the row (nodes 23, 46, 45), the pattern 
is repeated in the second row of triangles beginning with the triangle defjned 
by nodes 24, 25, 47. 

An efficient way to check if the slave node projection is withi.n a specific 
triangle is to determine the distance fro:m the slave node to each of the knes 
defining the th.ree sides cif the trdangle, The dj_stance to line i-j, in -the z-y 

plane, is given by 

(43) 



x’ MY F s’ s’ 
and z’ s’ If master node j is counterclockwise from node i, when 

looking downward from the posi.tive z axis, and fi 
y? 

is posi.tive for all three 
lines of the triangle, then the slave node i.s contained within the triangle, 
This is also illustrated in Figure 3 where the s1,ave node is included in the 
triangle defined by nodes 40, 43. and 63, 

After the appropriate triangle is identified,, it is necessary to determine if 
there is interference ~ The equation of a plane through nodes i., j and k 
(taken counterclockwise, when looking downward from the positive z axis) 
is 

Ax + By + Cz + D = 0 (44) 

where 

Yi ‘i ’ 

A= Yj ‘j 1 

yk ‘k ’ 

X. Z. 1 L 1 
B=- x. 1 

J 7 

Xk ‘k ’ 

X. 
1 

Yi IL 

c= xj Yj 1 

Xk Yk ’ 

xL Yi ‘i 

D=- x. 
J Yj ‘j 

Xk yk ‘k 

MaI 

(45b) 

(45c) 

(45d) 



If the coordinates of the slave node are x;, yi3 zi, the corresponding I;: 
coordinate of the plane, z 

p’ 
can be obtained by rearranging Equation (44): 

I.3 I- AxA -I- By” 5 
zP =- 

(46) 
C 

If zp (master) is less th.an zs I (slave), the surfaces are separated at this 

slave node locati.on, and the final coordinates of the slave node (xs, ys, z,,) c3 
are simply equal to the initial coordinates (XL, y:, z:) determ.ined from 
the equations of moti.on. If, however, zp is greater than zs, there is 

interference, and the slidmg process must be continued. 

If there is imerference, the next step is to place the slave node on the 
master surface in a direction normal to the master surface. This tech- 
nique is illustrated in Figure 4 where a triangular plane is defined by 
master nodes i, j and k. The initial slave node position (xi, yi, z;) lies 
below the triangu.lar plane, as shown in the comparison between zp and zA* 
A vector is shown which passes through the initial slave node position and 
is normal to the triangular plane, The three directi.on cosines of this 

r 2 
vector are readi.ly obtained by divi.ding A, B and C by ‘LA. + B2 -I- C2, The 
slave node is moved a distance, b3 along this normal vector until. it 
intersects the triangular plane I This normal distance is defined by 

The final coordinates of the slave node are xs = XL + Ax, y, = y; + Ay and 
Z 

S 
= z; + AZ, where Ax, Ay and AZ are obtained by multiplying 6, by the 

appropriate direction cosines of the normal vector. 

After geometric compatibility has been achieved by placing the slave n.ode 
on the master surface, it is necessary to adjust the equations of motion to 

account for this change. Since the geometric changes are made only i.n th: 

direction normal to the ma.ster plane, the equations of motion are a:ht.ei:ed 

only in this normal diirection, No changes are made to the equa.ti.ons of 
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motion parallel to the master surface. This has the effect of assu-min.g a. 

frictionless surface, 

In the process of moving the slave node to the master surface, an effective 

velocity change is imposed on the slave node. This loss of velocity in the 

normal direction is AVN = s,/At, where At is the integration time i.ncremer?t 

for the previous cycle. This velocity change also gives a momentum change 

along the normal. direction equal to MS A’VN, where MS is the mass of the 

slave node. This momentum. is then transferred to the three surrounding 

master nodes. If Rip Rj and Rk represent the fractions of the momentum 

to be transferred -to the three nodes, a summation of the translational and 

rotational momenta of the three nodes gives the following equations: 

Ri+Rj+~=l (48) 

Ri (Xi a xs) + R. (x. - xs) + Rk (xk - xs) = 0 
3 J 

(499 

Ri (Yi - ysl + R- (y. 
J J 

- ysl + Rk (;yk - ys) = o (50) 

These three equations aad three unknowns define the appropriate momentum 

distribution to the three nodes. This momentum is applied to the master 

nodes in the form of instantaneous velocity changes, parallel to the normal 

vector but in the opposite direction.. For instance, the normal direction 

veloci.ty change to node i is 

AVi = Ri MS AVN/M. 
1 (511 

where Mi is the mass of master node i, and Ms is the mass of the slave 

node. As was done for the displacements, the specific velocity changes 

ined by multiplying AVi by the appro- in the x, y and z directions are obta 

priate direction cosines, 

This is an extremely accurate techn ique be cause translational momenta are 

absolutely conserved in all three directions. Small errors are introduced 
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nodes, which receive only instantaneous velocity changes. Thi.s cg error 

also introduces small errors into the rotati.onal momenta, The -magnitude 

of these errors is identified in the example problem of subsection 2. 9. 

2.7 SYSTEM PARAMETERS 

It is often desirable to examine system parameters such as cg positions, 

translational and rotational momenta, kineti.c energy, p1asti.c work and 

total energy. The EPIC-3 code calculates these parameters for the pro- 

jectile, target and total system (projectile and target). The cg posi.ti.on in 

the x direction is given by 

c M.x. 
2 = (52) 

where &Ii_ and xi are the mass and x coordinate of node i, The summation 

includes all nodes of the item of interest (projectile, target or total system), 

The cg positions for the y and z axes are determined in a si.mi.lar manner, 

The three translational momenta (MGx, Mvr’ MITz) are obtained in a similar 
Y 

manner , with the momentum in the x’ direction gi.ven by 

MV x =CM.u. 1 1 (53) 

. 
where ui is the x velocity of node i and the summation again includes ‘all 

nodes of the item of interest, If there are no external restraints in a 

particular direction, the translational momentum in that di.rection will 

remain unchanged for the total system, 



The three rotational momenta (H x9 1-I f 
Y 

J3z) are obtained about the cg of the 

item of interest, The rotational momentum about the x axis is defined as 

Hx r c Mi[$(yi - y) - vi ( zi - %)I (54) 

where yi and zi are the coordinates of node i, and vi a.nd ivi are the cor- 

responding velociti.es. 

The kinetic energy is next determined from 

(55) 

For the initial conditions it is assumed there is no i.nternal energy which 

can be converted to kinetic energy, Therefore, the kinetic energy of the 

system cannot increase above its initial level. Tt can, 

by being converted to various forms of internal energy 

however, decrease 

The cg positions, mornenta and kinetic energies are al .l parameters which 

are determined from the node variab 

are associated wi.th the elements and 

the temperature, T, in Equation (31) 

Equation (32). The internal energy i 

mined fro.m 

es. Various forms of internal energy 

are required for the determination of 

and the hydrostati.c pressure, P, in 

L an element is approxim.ate1.y deter- 

Et +At = Ets + [sx”x + syi’y + szkz + 7 * 
S XYYW 

(56) 

+ ‘,,Yxz -t- 7 ; YZ YZ 
- (P + Q)kv]At, 

where E 
S 

t’At is the internal energy per original unit volume at time t+At. 

The deviator stresses (s x’ sY’ 
sz), shear stresses (7. 

XY’ 
axe, T yz), hydro- 

static pressure, and artificial viscosity (P,Q) are those obtained a.t time t+At. 

Likewise, the strain rates (kx, e , kZ, i/ 
xY 

, r,,, r & 
yz’ v 

) are for th.is same 
Y 

time. The time increment, At, is for the previous cycle between. times t and 
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t+Lit , .:I more precise determination of the inte ,rn.al t~n~rgy could be made 3 

by considering the stresses and strains at til~le~ t mti ?;-;.~t~ but this would 
require a significant increase in storage req.u~.re.!-i:i~rltv, 

The total internal energy in an individual ele-m.t?nt at tint+, 1, i.s EtsV”, where 
V” is the initial volume of the element, The total internal energy for the 

system is the sum of the internal energies o f the j,ndi~vi dual elements, The 

total system. energy is the sum of the system kineti.~ ~>nergy and the system 

internal energy, and it should be equal to the ini.ti al ki.nc: ti c energ,y, A 

comparison of the total system energy ,wIth the ml.tiai k!.ntttic energy gi.ves 
an indication of the accuracy of the appr-oxi.mate formulatj.on of Equation (56). 
This approximation is generally very accurate for high-velocity impact 
problems when the strains are constantly increasing. 1-t may be less accurate, 

however, for problem s where the strains are noi; :-:c:nstantly i.ncreasing. 
The effect of Es in Equation (32) can be ehminated II?; setting the GrLineisen 

coeffi.cient equal to zero. 

The temperature of an element is obtai.ned froz tl~e nonrecoverable work 

done on the element. When an element is in tile ;jlastic range, 
original unit volume, Ii: w,. is identical to that of Equation (56),, 
effect of -the hydrostatic pressure, P, is not: included since its 
recovered, The work done by the plastic and viscclus deviator 

the work per 

except the 

work can he 

stresses, 

shear stresses and artificialviscosity cannot be rt-cos-ered and, therefore, 

causes an increase in temperature, When the materi.al is in the e1asti.c 

range, only the work done by the artifi.cial ti.scosity i.annot be recovered, 
The temperature of an element is 

-7 

hW 
T = To’<~y 

S' 

where To is the i.niti.al temperature, C _. is the ,;;p~~;fi :: .hca-t.: and ,o i.s the 

initial density, The temperature only occurs 111 Equa.ti.on (3 1 ), and its 

effect can be eliminated by setting CA L 1, 0 ard CG L C!. 



2. 8 SEVERE DISTORTIONS 

It was previ.ously stated that a tetrahedron element is well. suited to 
represent severe distortions, In R,eference 8 it is shown th.at a two- 
dimensi.onal triangular element formulation is much better sui.ted to 
represent severe distortions than is a formulation which. uses a quad- 
rilateral grid, This is due to a triangle’s resistance to allowing a node to 
cross the opposit ,e si.de of the triangle during h.i.gh distortion. It i.s apparent 
that the cross-sectional area of a triangle approaches zero as a node 
approa.ches the opposite side of that triangle, Since the hydrostatic pressure 
is inversely proportional to the volume of the element, as the volume 
approaches zero, the pressure approaches i.nfinity. As a result, there %s 
a very large resistance to this mode of distortion, and the triangle will not 
go through a zero-volume configuration, provided the time increment is 
properly controlled, 

The quadrilateral for-mulation does not have this desirable characteristi.c. 
Figure 5 shows th.ree quadrilateral configurations whi.ch have equal cross- 
sectional areas, A Configuration A shows a rectangu1a.r cross secti.on with. 

0” 
nodes i, j, m and p defining the initial geometry. Configuration B represents 
a deformed element, with nodes j and m occupying the same position. A 
triangular element wit’n two nodes occupying the same position would result 
in a zero cross-sectional area. For the quadrilateral element, however, 
nodes i and p can be displaced to allow the initial area to be retained. Con- 
figuration C shows overlapping nodes, and the net area of the quadrilateral. 
is equal to the difference of the two triangular cross secti.ons. Even this 
configuration can exist with the ini.tial area. When this type of distortion 
is achieved, however,+ the formulation generally breaks down, and numerical 
instability often occurs, The deformations represented by configurations 
B and C usually occur when the grid is highly distorted. These deforma,- 
tions are resisted by the deviator and shear stresses, but these stresses 
are limited by the strength of the material and do not provide the potential 
magnitude of resistance as does the h.ydrostatic pressure for the triangular 
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Figure 5, Possible Distortions of a Quadrilateral Element 



The three-dimensional tetrahedron element used in the EPIC-3 code is 
analagous to the two-dimensional triangular element with respect to severe 
distortions. The lines connecting the nodes cannot become tangled or 
overlapped since the tetrahedron must also go through a zero-volume con- 
figuration (and therefore infinite pressure) before this can occur. This is 
not the case for any three-dimensional element with more than four sides. 
Since many impact problems produce severe distortions, this i.s a very 
important feature of the tetrahedron element formulation. 

2,9 EXAMPLE 

An example problem is shown in Figure 6 to illustrate the EPIC-3 com- 
putational technique. It involves oblique impact (60 degrees from normal) 
of a steel sphere onto an aluminum plate at 729 m/s. The sphere diameter 

and plate thickness are both equal to 0. 635 cm. The yield and ultimate 

stresses are taken to be the static values of 2. 07 and 2. 2 8 GPa for the 
steel sphere, and 0. 3 1 and 0,45 GPa for the aluminum plate. This problem 

was selected because test data in Reference 9 indicate the sphere should 
ricochet off the surface of the plate. 

The initial geometry in Figure 6 is defined by 831 nodes and 3192 tetrah.edron 
elements. Note that the geometry of the sphere can be adequately represented 
with the tetrahedron elements. The outer nodes of the sphere are the slave 
nodes, and the nodes on the top surface of the plate are the master nodes as 

shown in Figure 3. The deformed shape at 12 ps after impact is shown, 
and this is the time at which the vertical component of the sphere veloci.ty 
is equal to zero. Thereafter, the sphere moves upward, away from the 
plate, At 40 ps after impact, the sphere has separated from the plate and 
is flying freely. This problem required 507 cycles of integration and 
slightly less than three hours of central processor time on a Honeywell 
6080 computer. 
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Figure 6. Oblique Impact (60 degrees from normal) of a Steel 
Sphere onto an _Aluminum Phte at 729 m/s 
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The cross-section of the plate at 40 t-~s is in good general agreement with 
the test data reported in Reference 9, It is anticipated that there would be 
even better agreement if the finite-element model were extended in the 
horizontal directions to represent a larger plate, if a finer network of 
nodes were used, and if dynamic material properties were used in place of 
the static material properties, 

It was previously mentioned that slight errors in rotational momenta and 
cg positions can result with this formulation. Since the initial path of the 
sphere does not pass through the cg of the plate, the initi.al system (sphere 
and plate) has a rotational momentum about the axis normal to the plane of 
symmetry. At 40 P.S after impact, when the sphere is flying freely, this 
rotational momentum i.s within 1 percent of the initial value, The cg errors 

associated with the rigid-body translation of the system are significantly 
less than 1 percent. There are no errors in the translational momenta 
since these parameters are conserved in the basic formulation. 

Additional examples ~ involving wave propagation, severe distortions and 
material fracture, are provided in References 10 and 11. 



SECTION III 
COMPUTER PROGRAM DESCRIPTION 

The EPIC-3 computer program contains the formulation presented in 
Section II. A description of some of the characteristics of the computer 
program is given in the following subsecti.ons, 

3.1 PROGRAM ORGANIZATION AND SUBROUTINES 

The organization of the EPIC-3 code is shown in Figure 7. It consists of 
the main program, EPIC-3, and 21 subroutines for a total of 4344 cards. 
A plotting program is also available to give two-dimensional plots of the 
x-z plane at y = 0 (plane of symmetry), The following is a brief description 
of the main program and subroutines (listed alphabetically) shown in 
Figure 7. 

EPIC-3 

BREAK 

BRICK 

DETERM 

This is the main program which calls subroutines MATL, 
GEOM, START and LOOP, For restart calculation, the 
program goes directly to subroutine LOOP (56 cards), 

This subroutine checks for fracture (20 cards). 

This subroutine generates a series of composite brick 
elements, each composed of six tetrahedron elements 
(A, B, C, D, E, F ) as shown in Figure 8 (49 cards). 

This subroutine calculates the determinate of an array 
for volume calculations (50 cards). 
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Figure 7. EPIC-3 Program Subroutine Arrangement 
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ELEG 

ESHAPE 

GE OM 

GP LOT 

LOAD 

LOOP 

MAT L 

NODEG 

NSHAPE 

RECALL 

This subroutine generates data for a si.ngle tetrahedron element 

and places this initial data into the appropriate internal file 

(43 cards). 

This subroutine generates elements for various special shapes 

composed of rod geometry, rounded-nose geometry, conical- 

nose geometry and flat-plate geometry (1269 cards). 

This subroutine reads, generates and prints the initial 

geometry (451 cards). 

This subroutine writes data on Tape3 for geometry plots 

(52 cards). 

This subroutine calculates axial forces, shear forces and 

bending moments in a slender projectile (69 cards). 

This subroutine calculates the equations of motion, strains, 

strain rates, stresses and concentrated nodal forces. It 

also prints selected node and element data (520 cards), 

This subroutine reads, calculates and prints the material 

properties (156 cards). 

This subroutine generates a row of nodes (69 cards). 

This subroutine generates nodal geometry for various 

special shapes composed of rod geometry, rounded-nose 

geometry, conical-nose geometry and flat-plate geometry 

(5 81 cards ). 

This subroutine reads data from Tape2 for a restart run 

(88 cards). 
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SAVE 

SDATA 

SLIDE 

START 

STRESS 

TETRA 

WEDGE1 

WEDGE2 

This subroutine writes data on Tape2 for a restart run 

(76 cards). 

This subroutine calculates, prints and saves (Tape4) system 

data such as cg positions, kinetic energies, and linear and 

angular momenta for the projectile, target and total system 

(229 cards), 

This subroutine calculates the equations of motion of the slave 

nodes. If there is interference, ir: piaces the slave node on 

the master surface and transfers the lost momenta of the 

slave nodes to the appropriate master nodes (256 cards), 

This subroutine reads the initial dynamic conditions and sets 

the variables equal to the conditions which exist at impact 

(108 cards). 

This subroutine calculates element stresses which consist of 

elastic stresses, plastic and viscous deviator stresses, 

hydrostatic: pressure and artificial viscosity (89 cards), 

This subroutine generates a series of tetrahedron elements 

(3 3 cards). 

This subroutine generates a series of composite wedge ele- 

ments, each composed of t.hree tetrahedron elements contain- 

ing nodes Nl, N3, N4, N5, 37, N8, (Elements A, B, C), as 

shown in Figure 8 (40 cards), 

This subroutine generates a series of composite wedge ele- 

ments, each composed of three tetrahedron elements contain- 

ing nodes N 1, N2, X3, N5, Sti, X7, (Elenlents D, E, fi’j, as 

shown in Figure 8 (40 cards). 



The plotting program reads from Tape3 (written by subroutine GPLOT) and 

generates a two-dimensi.onal, cross-sectional plot of the x-z plane at y = 0. 

3.2 PROGRAM LOGIC AND STORAGE ALLOCATIONS 

Program logic and storage allocation are shown schematically in Figure 9. 

The existing EPIC-3 cod.e is dimensioned for a maximum of 2000 nodes, as 

shown. The element data are stored on two disk files in blocks of 200 ele- 

ments each. Since only one block of elem.ent data is in core at any specific 

time, there is no limit to the number of elements. Relatively small storage 

allocations are made for material properties and sliding-surface data which 

identify the master nodes and slave nodes. The EPIC-3 code, with a 

capacity of 2000 nodes, requires 69K storage -in a Honeywell 6080 computer. 

There are generally about four to five times as many elements as nodes, 

so this version of the program could provide solutions for problems involv- 

ing up to 2000 nodes and about 10,000 elements. It should also be noted that 

many computers (including the Honeywell 6080) have storage capacities 

significantly greater tha.n 69K. Therefore, by increasing the dimensions of 

the node arrays, solutions to much larger problems can be obtained with the 

existing code, 

Most of the computations occur in two large loops, the node loop and the 

element loop, The primary activity for the node loop is to apply the equa- 

tions of motion to all nodes using the updated accelerations from the con- 

centrated forces which were accumulated during the previous element loop. 

The element loop operates on each element in a consecutive order beginning 

with the first element in the first block, and ending with the last element 
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Figure 9. EPIC-3 Program L,ogj,c and Storage 
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Bring block of element data from I!‘ilc k when computations on 

previous block are complete, 

Obtain updated element data such as strams and strain rates. 

Since the strains and strain rates are dependent on the current 

displacements and velocities of t,he nodes, pointers are required 

to obtain these data from the node arrays which are always in 

the central memory core. 

Obtain stresses in the elements using the updated strains and 

strain rates. This activity requires a pomter to the material 

arrays. 



0 Calculate the concentrated nodal forces from the updated 
stresses, and distribute them to the appropriate node arrays 
with the same pointers used to obtain the displacements and 
velocities. 

* When the entire block of element data has been processed, 
write the updated data on File B and bring the next block of 
element data into core, 

It should be noted that all. b1ock.s (and therefore all elements) are processed 
before the next node loop begins. Also, for the element loop computations 
during the next integration time increment, disk Files A and B are inter- 
changed. 

3.3 NODE AND ELEMENT ARRAYS 

There are 16 node variables which are contained in arrays and 23 element 
variables contained in arrays as shown in Figure 9. The node arrays are 

described as follows : 

NODE Identifies the node number such that it is not necessary to 
have a consecutive node numbering system 

AMASS The total mass of the node 

PMASS The mass of the node contributed by the projectile 

XI The initial x coordinate of the node 

YI inate of the node The initial y coord 

ZI The initial z coord inate of the node 
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X 

Y 

Z The displaced z coordinate of the node 

XDOT 

YDOT 

ZDOT 

PX 

PY 

PZ 

The displaced x coordinate of the node 

The displaced y coordinate of the node 

The x velocity of the node 

The y velocity of the node 

The z velocity of the node 

The x direction concentrated force on the node 

The y direction concentrated force on the node 

The z direction concentrated force on the node 

IFIX Identifies X, Y, Z restraints on the node. It also identifies 

a slave node and indicates if it is free or sliding on the master 

surface. 

The element arrays are described as follows: 

NEL Identifies the element number 

NODE 1 Node number of node i (see Figure 2) 

NODE 2 Node number of node j 

NODE 3 ?Jode num’ber of node m 
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NODE 4 Node number of ,node p 

MAT Material nu.mher 

BI 
BJ 
BM 
BP 
CI 

CJ - 

CM 
CP 
DI 
DJ 
DM 

DP- 

VOL 

Initial geometry-dependent constants defined in Equations 
(6~) ,through (se). 

Init ial volume 

DVOL Volumetric strain defined in Equation (13) 

ES Total internal energy per original unit volume defined in 

Equation (56) 

EW Heat energy per original unit volume 

ICHECK Identifies state of material (elastic, plastic, fractured) 
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SECTION ITT 
PROGRAM USER INSTR.UCTIONS 

The required EPIC-3 input data for various conditions are summarized in 
Figure 10 and described in subsections 4.1 through 4.4, Output data are 
described in subsection 4. 5. Succeeding subsections deal with diagnostics, 
estimated central processor time requirements, and central memory 
storage requirements and alterations, 

4,l INP UT DATA FOR AN INITIAL RUN 

An initia 1 run is one which requires input data for the initial geometry and 
impact conditions at time = 0. The descriptions which follow are for the 
input data in Figure IO. Consistent units must be used, 

0 Identification Card (215, FlO. 0) - 

CASE = Case number for run identification 

CYCLE = 0 for initial run 

CPMAX = Central Processor time (hours) at which the results 
will be written into the restart tape and the run will 
stop. This feature will be bypassed if CPMAX = 0, 

0 24 Material Cards (5E15. 8) - Each of the 24 material cards provi.des 
a specific material characteristic for five materials, For instance, 
the first card describes the density of the materials, The density of 
material 1 is entered in columns l-15, the density of material 2 in 
columns 16-30, etc. The second card contains the specific heats for 
the five materials, etc. It is only necessary to describe the ma-ter- 
ials used for the analysis, If materials 1 and 3 are used for a specific 



INITIAL RUN INPUT DATA 
IDENTIFICATION CARD (215, F10.0) 

24 MATERIAL CARDS (5E15.8) 

hIATL1 MATL2 MATU MATL4 hIATL5 

PROJECTILE SCALE /SHIFT/ROTATE CARD M10.0) 

c XSCAii- YSCALE ZSCALE XSHIFT ZSHIFT ROTATE ~- 

PROJECTILE NODE DATA CARDS - AS REQUIRED (315, 2X, 311, 7F8.0) 

I X1 Yl Zl XN YN ZN EXPAND 

TIX. lY,IZ 

BLANK CARD 

PROJECTILE NODE SPECIAL SHAPES - AS REQUIRED (DESCRIPTION FOLLOWS) 

1 BLANK CARD 1 

TARGET SCALE I SHIFT I ROTATE CARD kiF10.0) 

XSCALE YSCALE 1 ZSCALE XSHIFT ZSHIFT ROTATE 

TARGET NODE DATA CARDS - AS REQUIRED (315, 2X, 311, 7F8.0) 

Nl NN INC Xl Yl Zl XN YN ZN EXPAND 

ci=IX, IY, IZ 

) BLANK CARD 1 

TARGET NODE SPECIAL SHAPES - AS REQUIRED (DESCRIPTION FOLLOWS) 

1 BLANK CARD 1 

PROJECTILE ELEhIENT DATA CARDS - AS REQUIRED (1315) 

IELE~ IELEN 1 1: IMTLI ~1 1 ~2 1 ~3 I ~4 I N5 I M ) N7 I ~8 IN~~$$$\\~ 

1 BLANK CARD I 

PROJECTILE ELEMENT SPECIAL SHAPES - AS REQUIRED (DESCRIPTION FOLLOWSl 

pbrc6-j 

Figure 10. EPIC-3 Input Data Summary 
(1 of 3) 
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TARGET ELEMENT DATA CARDS - AS REQUIRED (1315! 

TARGET ELEMENT SPECIAL SHAPES - AS REQUIRED (DESCRIPTION FOLLOWS, 

piFiir-1 

SLIDE i LOAD CARD (515) 

SLIDING SURFACE IDENTIFICATION CARDS - AS REQUIRED 14151 

MASTER NODES - AS REQUIRED (1615) NMY ROWS WITH NMX NODES PER ROW 

START EACti ROW WiTH NEW CARD 

IIFlzix:r--r ~ I __;~~~p'-~----~-j~ ~~ -~~-~---pi-pq 

SLAVE NODES - AS REQUIRED 116151 

[IS1 ~ IS2 J --!-T--T.-T-T-; 1 T : ~ / ~qj$j] 

INITIAL VELOCITY CARD (6FlO.O) 

INTEGRATION TIME INCREMENT CARD bF10.0) 

DATA OUTPUT CARDS - AS REQUIRED (FlO.0, 415) 

RESTART RUN INPUT DATA 
IDENTIFICATION CARD (215, F10.0) 

CASE CYCLE 

INTEGRATION TIME INCREMENT CARD 0FlO.O) 

DATA OUTPUT CARDS - AS REQUIRED (Z'f10.0, 415) 



SPECIAL SHAPES INPUT DATA 
3 NODE CARDS FOR EACH ROD SHAPE (415, 3F10.0/5F10.0/5FZO.O) 

1 MI NRING NPG ZTOP ZBOT EXPAND L_____ I_--- 

)--=2 1 RTOK ( RTOP4 / 

3 NODE CARDS FOR EACH NOSE SHAPE (315, 5X, F10.0/5F10.0/5F10.0) 

INOSE * Z--*ROUNDED NOSE, INOSE = 3--r-CONICAL NOSE 

INOSE Nl NRING ZTOP - 

RTOPl RTOP2 RTOP3 RTOP4 RTOP5 

- 
ZMlNl ZMlN2 ZMINP -__ 

3 NODE CARDS FOR EACH FLAT PLATE SHAPE (2151615, 3F10.016FlO.O) 

NX NY ) NZ 1 IDY 1 iID 1 Y-EXPAND 1 ~~XPAND k$@\m\$# 

.-- 
Zli-j- XN 

.__ 
Xl Yl YN ZN --__ 

ELEMENT CARD FOR EACH ROD SHAPE (1015) 

ELEMENT CARD FOR EACH NOSE SHAPE (315, 5X, 615) 

INOSE - Z-ROUNDED NOSE, INOSE w 3-CONICAL NOSE 

INOSE ~1 NR~NG ELEl MI M2 

ELEMENT CARD FOR EACH FLAT PLATE SHAPE (315, 5X, 515) 

4 Nl 4 LEl MATL NLX NLY NLZ - 

Figure 10. EPIC-3 Input Data Summary 
(3 of 3) 



analysis, all the material 1 data must be spectiied in columns 1-15 
and all the material 3 data in columns 31-45. Columns 16-30, 46-60, 

and 61-75, representing materials 2, 4 and 5, can be left blank. 

Card 1 

Card 2 

Card 3 

Card 4 

Card 5 

Card 6 

Card 7 

Card 8 

Card 9 

Card 10 

Card 11 

Card 12 

Card 13 

Card 14 

Card 15 

Density (mass/volume) 

Specific heat (work/mass /degree) 

Modulus of elasticity (force/area) 

Poisson’s ratio 

Absolute viscosity (force-time/area) 

Yield stress (force/area) 

Ultimate stress (force/area) 

Strain at which the ultimate stress is achieved. Should be 
consistent with the strain definition in Equation (14). 
Stress varies linearly between -the strain at the yield 
stress and the strain at the ultimate stress. 

The stress for larger strains is equai to the ultimate 
stress until fracture occurs. 

Maximum negative hydrostatic pressure (force/area) 

Strain rate effect constant-, Ci,, in Equation (31) 

Pressure effect constant, C2, in Equation (31) 

Pressure effect constant, C3, in Equation (31) 

Temperature effect constant, (Cq, in Equation (31) 

Temperature effect constant, C r, i-11 Xquation (3 1) :_J 
Hydrostatic pressure constant, I;;, , :in Equation (32) 
(force/area 

Hydrostatic 
(force/area 

pressure constant, J;,, m Equa i tion (32) Card 16 



Card 17 Hydrostatic pressure constant, K3, in Equation (32) 
(force /area) 

Card 18 Grseisen coefficient, r d in Equation (32) 

Card 19 Linear artificial viscosity coefficient, CL, in Equation (33) 
I 

Card 20 Quadra-tic artifical viscosity coefficient, C 2 
0 ’ 

in Equation (3 3) 

Card 21 Equivalent strain if both are exceeded, the element is totally 

Card 22 Volumetric strain failed an.d produces no stresses or pressures. 

Card 23 Equivalent strain for shear and tensile failure only. Positive 
hydrostatic pressure and viscosity stress capability remain. 
If negative, the material behaves like a liquid. 

Card 24 Initial temperature (degrees) 

0 Projectile Scale/Shift/Rotate Card (6FlO. 0) - 

XSCALE = Factor by which the x coordinates of all projectile 
nodes are multiplied. Applied after the coordinate 
shifts (XSHIFT, ZSHIFT) described later. 

YSCALE = Factor by which the y coordinates are multiplied, 

ZSCALE = Factor by which the z coordinates are multiplied, 

XSHIFT ‘-7 Increment added to the x coordinates of all projectile 
nodes (length). Applied before the scale factors 
(XSCALE, YSCALE, ZSCALE). 

ZSHIFT = Increment added to the z coordinates (length). 

ROTATE = Rotation about the y axis (at x=z=O) of all projectile 
nodes (degrees). Applied after the coordinate shifts 
(XSHIFT, ZSHIFT), and the scale factors (XSCALE, 
YSCALF, ZSCALE). 
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0 Projectile Node Data Cards (315, 2X, 311, 7F8, 0) - The projectile node 
\ 

data cards are provided as required for the projectile nodes. If a 
node is at the interface of the projectile and the target, and contains 
mass from both the projectile and the target, it must be included with 

the projectile nodes, The node numbers (Nls l . NN) must not exceed 
the dimension of the node arrays, and they need not be numbered 
consecutively or in increasing order, End with a blank card. 

Nl 

NN 

INC 

Ix 

IY 

IZ 

Xl 

Yl 

Zl 

XN 

YN 

ZN 

EXPAND 

First node in a row of nodes. 

L,ast node in a row of nodes, Leave blank if a single 
node (not a row) is entered. 

Node number increment between adjacent nodes, If 
left, blank, program will set: INC = 1, 

1 will restrain all nodes (xl. . 1 NN) in the x direction. 
No restraint if left blank, 

1 will restrain nodes in y direction, 

1 will restrain nodes in z direction 

x coordina 

y coordina 

z coordina 

e of node _‘;l (length) 

e of node Nl (length) 

e of node Nl (length) 

x coordinate of node NN (length), Leave blank if a 
single node is entered. 

y coordinate of node x?J (length) 

z coordinate of node :T’N (length) 

Factor by which the dist:ance between adjacent nodes 
changes, For example, if the distance between the 

first two nodes is Al, the distance between the second 
and third nodes is A 2 c-: Al l EXPAND, A summary of 



relative, spacing between the first two nodes and the 

last two nodes is given in Figure 11. If left blank, 

the program will set EXPAND = 1.0 for uniform 

spacing, 

* Projectile Node Special Shapes - These are described later. End with 

a blank card. 

0 Target Scale/Shift/Rotate Card (6FlO. 0) - Same as Projectile Scale/ 

Shift/Rotate Card except it applies to the target nodes. 

0 Target Node Data Cards (3I5, 2X, 311,78F. 0) - Same as Projectile Node 

Data Cards except these apply to the target nodes. If there are inter- 
,. 

face nodes which contain 

these nodes are included 

included here. End with 

mass from both the projectile and the target, 

with the projectile nodes and must not be 

a blank card. 

0 Target Node Special Shapes - These are described later. End with a 

blank card. 

l Pro;jectile - The Projectile Element Data 

Cards are provided as required for the projectile elements. For this 

immediate discussion it will be assumed that the elements are entered 

as a series of composite brick elements, each containing six individual 

elements as shown in Figure 8. 1Following this immediate discussion 

will be an example and instructions for generating a series of 

individual elements. End with a blank card. 

ELEl = First individual element in the first composite brick 

element in a series of composite brick elements. 

The six elements in a composite brick element are 

numbered consecutively. 
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ELEN 

ELE INC 

MATL 

Nl - N8 

NODE INC 

= First individual element in the last composite brick 

element in a series of composite brick elements. 

Note that this is the first, rather than last, individual 

elem.ent in the last composite brick element. Leave 

blank if a single composite element is entered. 

= Element number increment between the first individual 

element of successive composite brick elements, 

Since each composite brick element contains six indivi- 

dual elements, this increment must not be less than six. 

If left blank the program will set ELE INC = 6. 

= Material number (1, 2, 3, 4, or 5) of the elem.ents. If 

left blank, the material number from the previous ele- 

ment data card will be used. 

= Node numbers of the first composite brick element as 

shown in Figure 8. Nodes Nl, N2, N3 and N4, and 

nodes N5, N6, N7 and N8, are countercl.ockwise when 

looking from Nl to N5. 

= The node number increment added to the node numbers 

of the previ.ous composite brick element for the next 

composite brick element. If left blank, the program 

will set NODE INC = 1. 

An example of input data for composite brick elements is shown in 

Figure 12. In the upper left corner it can be seen that there are four 

rows of nodes (12-18, 22-28, 32-38, 42-48) which are arranged to 

contain three composite brick elements. If ELEl = 101, ELEN = 12 1 

and ELE INC = 10, then the first composite brick contains elements 

101-106, the second contains 111-116, and the third contains 121-126. 

The first composite brick is defined by nodes Nl = 12, N2 = 22, N3 = 32, 

N4 = 42, N5 = 14, N6 = 24, N7 = 34 and N8 = 44. Note that Nl-N4 and 

N5-N8 are counterclockwise when looking from Nl to N5. The six 
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N7=34 

N2-22 N3=32 

BRICK 3 
ELEMENTS 121-126 

48 

38 

BRICK 2 
ELEMENTS 111-116 

BRICK 1 
ELEMENTS 101-106 

Figure 12, Node-Element Input Data Example 



individual elements are generated according to the arrangement and 
order (A, B, C, D, E, F) shown in Figure 8. The node numbers for 
each successive brick are simply NODE INC = 2 greater than those of 
previous brick. For the second brick for instance, NI = 12 + 2 = 14, 
N2 = 22 + 2 = 24, N3 = 32 + 2 = 34, N4 = 42 + 2 = 44, N5 = 14 + 2 = 16, 
N6 = 24 + 2 = 26, N7 = 34 + 2 = 36 and N8 = 44 f 2 = 46. 

It is possible to generate a series of individual tetrahedron elements by 
letting N l-N4 be the nodes of the first element, where N 1, N2, and N3 
are counterclockwise when viewed from N4, This option is exercised 
when N5-N8 are left blank. For this option, if ELE INC is left blank, 
the program will set ELE INC = 1, It is also possible to generate a 
series of composite wedge elements, each containing three individual 
tetrahedron elements. The three elements in a composite wedge ele- 

* 
ment are numbered consecutively. If N2 and N6 are left blank, the first 
three tetrahedron elements (A, B, C) are defined by nodes N 1, N3, N4, 
N5, N7 and N8 as shown in Figure 8. Likewise, if N4 and N8 are left 
blank, the first three elements (D, E, F) are defined by nodes Nl, N2, 
N3, N5, N6 and N7. For the composite wedge element options, if 

.hich is the ELE INC is left blank, the program sets ELE INC = 3, w 
minimum acceptable increment. 

Projectile Element Special Shapes - These are defined la 
with a blank card. 

ter. End 

Target Element Data Cards (1315) - Same as Projectile Element Data 
Cards. End with a blank card. 

Target Element Special Shapes - These are defined later. End with 
a blank card. 

Slide/Load Card (5I5) - 

NSLID = The number of sliding surfaces. Currently limited to a 
maximum of two. This does not include the rigid sliding 

surface described next. 
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IRIG = 1 gives a rigid frictionless surface on the positive 
side of the plane described by z = 0. If the equations 
of motion cause a node to have a negative z coordinate, 
the node coordinate is redefined and set at z = 0. If 
IRIG = 0 this option is not used. 

The next three variables (NTOP, NBOT, NRING) 
the nodal geometry for internal load calculations 
If this option is used, the nodal geometry must 
arrangement of nodes generated by the special 
geometry. Leave blank if it will not be used. 

are used to identify 
in a slender projectile. 

be consistent with the 
shapes generator for rod 

NTOP = The node number of the centerline node at the top free 
end of the cylindrical projectile, 

NBOT = The node number of the centerline node at the lower 
end of the cylindrical portion of the projectile. 

NRING = The number of rings of elements in the cylindrical 
projectile. This will be described in the discussion of 
special shapes. 

l Sliding Surface Identification Cards (415) - Each sliding surface con- 
tains one identification card and cards (as required) describing the 
master nodes and the slave nodes. If there are no sliding surfaces 
(NSLID = 0), the Initial Velocity Card (described later) follows the pre- 
viously described Slide/ Load Card. If there are two sliding surfaces, 
the Sliding Surface Identification Card for the second sliding surface 
follows the slave node data for the first sliding surface. 

TYPE = 1 gives the slave surface above the master surface 
relative to the z axis. TYPE = 2 gives slave surface 
below the master surface relative to the z axis. In 
both cases the z coordinates of the master surface 
must be a single-valued function of x and y as dis- 
cussed in subsection 2. 6. 



0 Data Output Cards (2F10. 0,_415) - These cards are used to specify 
various forms of output data at selected times, and the last card must 
be for a time greater than TMAX, even though output will not be pro- 
vided for that specific time. 

TIME = Time at which output data will be provided. 

ECHECK = A code which governs the printed output. The three 
following options are provided : 

1) 

2) 

3) 

If ECHECK is greater than lOOO., the individual 
node data and element data will not be printed, 
Only system data such as cg positions, momenta, 
kinetic energies and average velocities are pro- 
vided for the projectile, target and entire system. 

If ECHECK is positive (includes 0) and less than 
1000.) the system data and individual node data 
will be printed. Individual element data will be 

printed for all elements which have an equivalent 
strain [Equation (14)] equal to or greater than 
ECHECK. For example, if ECHECK = O., all 
element data will be printed. If ECHECK = 0, 5, 
only those elements with equivalent strains equal 
to or greater than 0. 5 will have data printed. If 
ECHECK = 999., no element data will be printed. 

If ECHECK is negative, the system data and 
individual node data will be printed. The individual 
element data will be printed only for those ele- 
ments which are plastic or failed. Data for the 

elastic elements will not be printed. 
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ISYS = 1 will write system data on Tape4. (Note: A program 
has not yet been written to read and plot these results. ) 

ILOAD = 1 will calculate internal loads in a cylindrical projec- 
tile, This option can only be used if NTOP, NBOT 
and NRING are properly defined in the Slide/Load Card. 

ISAVE = 1 will write results on Tape2 for a possible restart run. 

IPLOT = 1 will write results in Tape3 for a possible plot, 

With the exception of the special shapes, this completes the description 
of the input data for an initial run. Four types of special shapes can 
be generated for either the projectile or the target, The node and ele- 
ment data for these special shapes are entered individually in the loca- 
tions identified in Figure 10. The node data for each special shape re- 
quire three cards, and the element data require one card for each 
special shape, A description of the special shapes data follows, 

0 3 Node Cards for Each Rod Shape (415.3FlO. 0/5FlO, 0/5FlO. 0) - The 
rod geometry descriptions are given in Figure 13. The rod is always 
generated in a vertical position about the z axis. Only half the rod is 
generated as shown, and restraints are provided normal to the plane of 
symmetry. The rotation of the rod for oblique impact is obtained with 
a Scale/Shift/Rotate Card. 

1 = Identification number for rod geometry, 

ZX The node number of the centerline node on the top end 

of the rod. The nodes of the rod are numbered con- 
secutively beginning with Nl. It can be seen that the 
first ring on the top plane is defined by nodes N2-N6, 
in a counterclockwise direction, The second ring is 
defined by nodes N7 -N15, the third ring by nodes 



PLANES NODE Nl t-l 
RTOPI 

OF NODES ---x 

NPLN- 1 

NPLN 

NODE 
~ 

[NJ + (NPLN -1) NPP] 

LAYERS 
OF ELEMENTS 

ZTOP 

1 TOP VIEW 

Y 

2 I Z = ZTOP 

3 

N37 
N50 

1 N15 ,t6 NI 
N24 

,t2 N7 Nf6 N25 t 
N38 

RI NGSe 
1213 14151 

NUMBER 
OF RINGS 

(NRI NG) 

NODES ELEMENTS 

PER PLANE PER LAYER 

(Npp) (EPL) 

1 6 12 

2 15 48 

3 24 96 

4 37 156 

5 50 228 

ZBOT 

NIAY-1 

NLAY 

Z c X 

Y=O 

Figure 13, Geometry of Special Rod Shapes 
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NRING = 

NPLN = 

ZTOP = 

ZBOT = 

EXPAND = 

N16-N24., the fourth ring by nodes N25-N37, and the 
fifth ring by nodes N38-N50. The node numbers in the 
plane of nodes below the top plane are numbered in the 
same order as the top plane except each number is NPP 
(Nodes Per Plane) greater than the node above it, 
Values for NPP are dependent on the number of rings 
and are shown in Figure 11, (Example: If Nl = 101 
and there are four rings, the centerline node in the 
second plane is Nl + NPP = 101 + 37 = 138.) With this 
technique it is possible to identify readily the appro- 
priate surface nodes for slave node designation and the 
bottom centerline node, NBOT, for the internal loads 
calculations, 

The number of rings (1, 2, 3, 4 or 5) in the rod. 

The number of cross-sectional planes of nodes in the 

rod. 

The z coordinate of the top of the rod, 

The z coordinate at the bottom of the rod. 

Factor by which the vertical distance between adjacent 
node changes. Factor applies from top to bottom, 
Same as described for the Projectile Node Data Cards. 

RTOPl - RTOP5 = Radii of the rings at the top of the rod, 

RBOTl - RBOT5 = Radii of the rings at the bott,om of the rod. 

Note : If it is not possible to describe the node geometry of the 
rod with a single shape, it is possible to use multiple 
shapes to form a single rod. Th-e nodes must be numbered 
consecutively, and NRING must be the same for all the 
individual rod shapes, 
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0 3 Node Cards for Each Nose Shape (315,5X, FlO. 0/5FlO. 0/5FlO. 0) - 
The nose geometry descriptions are given in Figure 14. The nose 
shape is always generated in a vertical position (pointed downward) 
about the z axis. Only half the nose shape is generated as shown, and 
restraints are provided normal to the plane of symmetry. The node 
geometry for the flat plane at the rod interface is not generated with the 
nose generator and must therefore be generated with the rod generator. 
The number of rings must be identical for the rod and the nose. The 
surface nodes are also identified in Figure 14 so they can be designated 
as slave nodes if necessary, 

INOSE = 2 identifies a rounded nose shape. If the length of the 
nose is equal to the radius, a spherical shape is gener- 
ated. When the length is not equal to the radius, the 
axial coordinates are scaled, and the various radii are 
not changed. 

INOSE = 3 identifies a conical nose shape. 

Nl = The node number of the centerline node at the top of the 
nose at the rod interface. This is identical to the bottom 

centerline node of the rod. This node is not the same as 
node Nl used for the rod shape. This node (and the other 
rod interface nodes) is not included in the nose generator 
and must be generated with the rod generator. It is used 
for reference such that the nodes can number in a consecu- 
tive manner, 

NBING = Number of rings in the nose and the rod, 

ZTOP = The z coordinate at the top of the nose, This is identical 
to ZBOT for the rod shape at the rod interface, 
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ROD INTERFACE 

ZMlNl - 

ROUNDED NOSE (INOSE = 2) CONICAL NOSE (INOSE = 3) 

1 6 12 

2 30 96 

3 54 240 

4 108 468 

5 
I 

162 
I 

792 

SURFACE NODES" 

________~__ 

(Nl +6) - (Nl + 11) 

(Nl +21) - (Nl +44) 

(Nl +54) - (Nl +77) 

(Nl +91) - (Nl +144) 

(Nl +158) - (Nl +211) 

" DOES NOT INCLUDE NODES AT ROD INTERFACE 

Figure 14. Geometry of Special Nose Shapes 



4 

Nl 

NY 

NZ 

IDY 

RTOPl - RTOP5 = Radii of the rings at the top of the nose shape. 
These are generally equal to RBOTl - RBOT5 
for the rod shape at the rod interface, ,I 

ZMINl - ZMIN5 = Minimum coordinates for the rings in the nose 

shape (i. e. , z coordinates of the nodes which 
lie on the z axis). 

0 3_ Node Cards for Each Flat-Plate Shape (215/615/6FlO. 0) - The flat- 
plate descriptions are given in Figure 15. In all cases, the lines con- 
necting the adjacent corner nodes are parallel to one of the three pri- 
mary axes. The nodes are generated in rows parallel to the x axis 
and are numbered consecutively within each row, in the direction of the 
increasing x axis, 

Identification number for flat-plate geometry, 

The node number of the corner with the minimum x and 
y coordinates and the maximum z coordinate. 

The number of nodes in the x direction, In Figure 15, 
Nx = 9. 

The number of nodes in the y direction. In Figure 15, 
NY = 6. 

The number of nodes in the z direction. In Figure 15, 
NZ = 5. 

The node number increment between adjacent nodes when 
moving parallel to the y axis in the positive direction. If 
the entire plate is formed with one shape, then IDY should 
be equal to NX. If, however, the entire plate is to be 
formed with multiple plate shapes, then IDY should be 
equal to the total number of nodes along the x direction of 
the system of individual plate shapes. It is only necessary 
to use multiple shapes when the expansion factors must 

change along any of the three axes. 
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Z LAYER NLZ 

NODE (Nl +NX - 1) 

k Y 

X 

(XN,Y~ ,ZN) 

Figure 15. Geometryv- of Special Plate Shapes 



IDZ = The node number increment between adjacent nodes 

when moving parallel to the z axis in the negative 

direction, If the entire plate is formed with one 

shape, then IDZ should be equal to NX ’ NY. For 

multiple shapes it should be equal to the total number 

of nodes in each x-y plane for the system of individual 

plate shapes. 

IY = 1 gives restraint in the y d,irection if y - 0. 

X-EXPAND = Factor by which the distance between adjacent nodes 

changes in the increasing x direction from Xl to XN. 

Same as described for the Projectile Node Data Cards. 

Y-EXPAND = Factor by which the distance between adjacent nodes 

change in the increasing y direction from Yl to YN. 

Z-EXPAND = Factor by which the distance between adjacent nodes 

changes in the decreasing z direction from Zl to ZN. 

Xl 

Yl 

Zl 

XN 

YN 

ZN 

= The x coordinate of node Nl. This must be the mini- 

mum x coordinate of the p1.a te shape. 

The y coordinate of node Nl 

mum y coordinate of the pla 

ZZ The z coordinate of node Nl. This m.ust be the maxi- 

mum z coordinate of the plate shape. 

ZZ The x coordinate of NN. This m.ust be the maximum 

x coordinate of the plate shape. 

= The y coordinate of node NN. This must be the maxi- 

mum y coordinate of the plate shape. 

= The z coordinate of node ‘NN. This must be the mini- 

mum z coordinate of the plate shape. 
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0 Element Card for Each Rod Shape (1015) - This card generates ele- 
ments for the rod shape illustrated in Figure 13 and described by the 

. 3 Node Cards for Each Rod Shape. 

1 = Identification number for rod geometry. 

Nl = The node number of the centerline node on the top end of 
the rod. 

NRING = The number of rings (1, 2, 3, 4 or 5) in the rod. 

NLAY = The number of layers of elements in the rod, 

ELEl = The element number of the first element in the rod. The 

elements are numbered consecutively and are generated 
in columns of composite brick elements beginning with 
top layer 1 and ending at bottom layer NLAY. The entire 
first ring of elements is generated before the second 
ring, etc. , and the composite brick elements are gener- 
ated in a counterclockwise manner for each ring of ele- 
ments. The total number of elements in a rod shape is 
dependent on the number of layers (NLAY) and the number 
of elements per layer (EPL) shown in Figure 13, 
(Example: If NLAY = 10 and NRING = 3, the total number 
of elements is NLAY l EPL = 10 l 96 = 960. ) 

Ml-MS= Material numbers (1, 2, 3, 4 or 5) for the rings of the 
rod, 

0 Element Card for Each Nose Shape (315,5X, 615) - This card generates 
elements for the nose shapes shown in Figure I4 and described by the 
3 Node Cards for Each Nose Shape, 

INOSE = 2 identifies a rounded nose shape. 

INOSE = 3 identifies a conical nose shape, 



Nl = The node number of the centerline node at the top of the 

nose at the rod interface. 

NRING = Number of rings in the nose and the rod. 

ELEl = The element number of the first element in the nose shape. 

The elements are numbered consecutively from the inner 

ring to the outer ring. 

Ml-M5= Material numbers (1, 2, 3, 4 or 5) for the rings of the 

nose shape. 

0 Element Card for Each Flat-Plate Shape (315,5X, 515) - This card 

generates elements for the flat-plate shape illustrated in Figure 1.5 and 

described by the 3 Node Cards for Each Flat Plate Shape. 

4 

Nl 

4 

ELEl 

MATL 

NLX 

NLY 

Identification number for flat-plate geometry, 

The node number of the corner node shown in Figure 15, 

Identification number for flat-plate geometry. 

The element number of the first element in the flat plate. 

The elements are numbered consecutively and are gener- 

ated in columns of composite brick elements beginning 
at node Nl. The columns of elements go in the direction 

of the increasing x axis. Each column of elements is to 

the positive y direction of the preceding column. After a 

layer is complete, the next lower layer is generated in a 

similar manner. 

Material number (1, 2, 3, 4 or 5) of the flat plate. 

Number of layers of composite brick elements in 

x direction. The total number of nodes along the 

tion must be NLX + 1. In Figure 15, NLX = 8. 

Number of layers of composite brick elements in 

y direction. The total number of nodes along the 

tion must be NLY + 1. In Figure 15, NLY = 5. 
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NLZ = Number of layers of composite brick elements in the 
z direction. In Figure 15, NLZ = 4, 

4,2 INPUT DATA FOR A RESTART RUN 

A restart run is one which reads data from Tape2, These data must have 
been previously generated by setting ISAVE = 1 on a Data Output Card for 
an initial geometry run or a previous restart run, The descriptions which 
follow are for the input data in Figure IO. 

0 Identification Card (215. FlO, 0) - 

CASE = Case number for run identification. This does not have to 
be identical to that of the previous run. 

CYCLE = The cycle number at which the restart occurs. The cycle 
numbers for which restart files are written, are given in 
the printed output of the previous run. 

CPMAX = Central processor time (hours) at which the results will be 
written onto a restart tape and the run will stop. This 
feature will be bypassed if CPMAX = 0, 

0 Integration Time Increment Card (3FlO. 0) - 

DTMIN = The minimum integration time increment which is allowed, 
If At from Equation (42) is less than DTMIN, the results 
will be written into the restart tape and the run will stop. 

STF = The fraction of the sound speed transit time used for the 
integration time increment. This is identical to Ct in 
Equation (42) and must be less than unity. 

TMAX = The maximum time the problem is allowed to run, This 
time refers to the dynamic response of the system, not 
the central processor time (CPMAX) defined in the 

Identification Card. 



e Data Output Cards (2FlO. 0,415) - Identical to the Data Output Cards 
for the Initial Run Input Data described in 4. 1. 

4.3 INPUT DATA FOR PLOTTING PROGRAM 

A Calcomp plotting program has been written to plot the cross-sectional 
geometry of the x-z plane at y=O. Plots can be obtained for various times 
by setting IPLOT = 1 on the Data Output Cards. This will write the required 
plotting data on Tape3 so they can be read by the plotting program. The 
vertical z axis is currently 10 inches long, and the horizontal x axis is as 

specified. Each plot requires one card, and the cards must be arranged 
in order of increasing cycle number. The last card, which will stop the 
program, should have four nines (9999) in columns 2-5. 

0 Plot Card (215,4FlO. 0,3A6, IX, 11,4X, 14,4X, 14) - 

CASE 

CYCLE 

ZMAX 

ZMIN 

XMAX 

The same case number as used on the Identification Card 
for the run being plotted. The last card in the data deck 
should have CASE = 9999, (Columns l-5) 

The cycle number of the plot which is desired. The cycle 
numbers of the data written on Tape3 are given in the 
printed output of the main program. (Column 6-10) 

The 

Any 
will 

The 

maximum z coordinate to be included in the plot, 
elements having a z coordinate greater than ZNylX 
not be plotted. (Columns 1 l-20) 

minimum z coordinate to be included in the plot. Any 
elements having a z coordinate less than ZMIN will not be 
plotted. The vertical z axis is 10 inches long and extends 
from ZMAX down to ZMIN. (Columns 21-30) 

The maximum x coordinate to be included in the plot, Any 
elements having an x coordinate greater than XMAX will 



XMIN = The minimum x coordinate to be included in the plot. 
Any elements having an x coordinate less than XMIN will 
not be plotted. The length of the horizontal x axis can 

vary. This axis will have the same scale factor as the 

vertical z axis. (Columns 41-50) 

TITLE = The title which is written on the plot. The time and cycle 
number are also written on the plot. (Columns 51-68) 

IE = 1 will write “E” at the center of all elements which are 
in the elastic range, Will not write if it is left blank. 
(Column 70) 

IP = 1 will write a “P” at the center of all elements which are 
in the plastic range. Will not write if it is left blank, 
(Column 75) 

IF = 1 will write an “F” at the center of all elements which 
are failed in shear and tension, Will not write if it is 
left blank. (Column 80) 

4.4 SAMPLE INPUT DATA 

A listing of input data for a sample run is shown in Figure 16. The projec- 
tile is a long rod, with a hemispherical nose, impacting a flat-plate targei 

at an oblique angle. Consistent units (pound-inch-second) are used for -the 
input data. The projectile (MATLl) and the target (3TATL3) are similar 
steels, with the projectile having slightly higher yield and ultimate stresses, 
The projectile geometry is generated with one special rod shape and one 
special nose shape, The total length is 4. 0 inches and the diameter is 0. -1. 
inch. The target requires six special flat-plate shapes for the nodes since 
the expansion factors (X-EXPAND, Y-EXPAND, Z-EXPAND) are not con- 
stant for the x and y directions. Only one special element card is required 
for the plate, however. The length of the plate is 8. 0 inches, the 
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1 71 
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F6F 5fl 
571 376 
FL17 5Pa 
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t14 bi5 
c2s 626 
641 042 
c5i 6EJ 
t6e Of9 
11e 14u 
117 141 
ile 142 
119 144 
12r 144 
::: 524 474 

415bfl. 
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n. 

I.54 f55 
fin 671 
160 lea 
lb5 1RV 
ibf iv0 
lb7 191 
lop IV2 
474 475 
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u. 
,nunooi 

-1. 

Pi5 239 
?/6 240 
511 512 
527 528 
~JOOPU. 

,UOllOOGUl 
u 0 
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?62 

b 
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2R5 
2R6 
2P7 
28b 360 
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bOY 
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666 

sA(I 
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.%a2 
383 
384 
5111 
534 
0. 

55i 

564 

011 

bJ6 

6h5 

478 
429 
438 
431 
432 
520 

5u5 

612 

452 
45.3 
454 
435 
426 
521 

667 

476 
47? 
478 
47v 
400 
572 

FiIZ’Ure 16, Input Data for the Sample Problem 



half-width is 3.0 inches and the thickness is 0.4 inch, This problem con- 
tains 1992 nodes and 8304 elements. The master sliding surface is defined 
by five rows of 21 nodes for a total of 105 master nodes. A total of 108 
surface nodes on the nose and lower portion of the rod are designated as 

slave nodes. The impact conditions are 60 degrees from normal at a net 
velocity of 60,000 inches/second. A Calcomp plot is shown in Figure 17 
for the cross-sectional geometry at cycle 1, 

4.5 OUTPUT DATA DESCRIPTION 

The output data are generally clearly described using the terminology of 

this report. A summary of the printed output for an initial run is as follows: 

l Material data are printed for the input and generated data. 

0 All the geometric input data are printed in a form similar 
to that used to read the data. 

0 For each element, the four nodes, the volume and material 
number are printed, 

0 For each node, the initial coordinates, mass and restraints 
are printed. The slave nodes are identified by adding a ” 1” 
before the XYZ restraint. (Example: If the XYZ restraint 
is 110, the node is restrained in the x and y directions. If 
the XYZ restraint is 1110, it is a slave node with the same 
restraints, ) 

0 A summary of the initial geometry and impact conditions is 
printed. Included are the number of nodes and elements, 
mass, cg positions, velocities, momenta, kinetic energies 
and integration time increment data. 
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For each integration time increment selected data are printed. 
These consist of cycle number (CYCLE), t,he time (TIME), the 
integration time increment (DT), the element number which 
governs the time increment (ECRIT), the total system kinetic 
energy (TOTAL K. E. ), the projectile momenta (PROJ MVX, 
PROJ MVY, PROJ MVZ), the plastic work in the projectile 
(PROJ PLAST), the plastic work in the total system (TOT PLAST), 
and the total energy in the system (TOT ENERGY). If ECRIT = 0, 
the integration time increment calculated by Equation (42) is 
either greater than DTMAX, or greater than 1. 1 times the inte- 
gration time increment for the previous cycle, If the total 
energy in the system remains constant, the approximate formu- 
lation for the internal energy in Equation (56) is adequate. 

A summary of data for the projectile, target and total system 
(projectile and target) is printed for selected times specified on 
the Data Output Cards. These data consist of mass, cg positions, 
linear momenta, linear velocities, angular momenta and angular 

velocities. 

Node data are printed at the selected times specified on the Data 
Output Cards if ECHECK is less than 1000. These data include 
the node number (NODE), the coordinates (X, Y, Z), the velocities 
(XDOT, YDOT, ZDOT) and the accelerations (XDD, YDD, ZDD). 
If the acceleration.data are not printed, this indicates that the 
node is a slave node which is currently in contact with the master 
surface. 

Element data may be printed at the selected times specified on 
the Data Output Cards if ECHECK is less than 1000. If ECHECK 
is negative, only the plastic and failed element data are printed, 
For positive ECHECK less than 1000, only those elements with 
an equivalent strain equal to or greater than ECHECK, will have 



their data printed. If the element is plastic range, these data 

consist of the element number (ELE), the normal strains 

(EX, EY, EZ) and shear strains (EXY, EXZ, EYZ) given by 

Equations (7) to (12), the equivalent strain (EBAR) given by 

Equation (14), the equivalent strain rate (EDOT), the volume- 

tric strain (DVOL) given by Equation (13), the equivalent tensile 

strength (SEFF) given by Equation (31), the hydrostatic pressure 

(PRESURE) given by Equation (32), the artifical viscosity 

cQ(VIS)] given. by Equation (33), the normal deviator stresses 

(SX, SY, SZ) gi.ven by Equations (25) to (27), and the shear 

stresses (S_XY, SXZ, SYZ) given by Equations (28) to (30). 

If the element is in the elastic range, EDOT is set equal to 1, 

and SEFF is the equivalent stress given by Equation (21). 

Also, the normal elastic stresses of Equations (15) to (17) are 

presented in the form of a hydrostatic pressure and deviator 

stresses. 

Internal loads can be obtained for slender projectiles at selected 

times if the nodal geometry is consistent with the geometry 

generator for rods and if ILOAD = 1 on the Data Output Cards. 

The output is given along the centerline of the projectile from 

nodes NTOP to NBOT as specified on the Slide/ Load Card. 

Includ.ed are the node numbers (NODE), the coordinates of the 

nodes (X, Z), the bending moment (BENDING MOMENT), the x 

and z forces (X LOAD, Z LOAD) the transverse shear force 

(SHEAR LOAD) and the axial force (AXIAL LOAD). The bending 

moment is calculated at the node positions and acts on the lower 

(forward) end of the upper (aft) portion of the projectile as shown 

in Figure 18. A clockwise moment is positive when looking along 

the y axis. The x and y forces are calculated for the increments 

between the nodes and are positive when applied in the positive 

x and z directions. The shear force is positive when it acts in a 
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/ 
NODE NTOP AT AFT END 

Figure 18. Sign Convention for Internal Projectile Loads 

clockwise direction about the upper (aft) end of the projectile 
when looking along the y axis. The axial force is positive when 
the projectile is in tension. The results are valid only along 
the free portion of the projectile, and are not valid for the por- 
tions which are in contact with the target, 

4.6 DIAGNOSTICS 

The following diagonistics are provided. 

0 CP TIME LIMIT EXCEEDED - This means the central processor 
time is greater than specified by CPMAX, on the Identification 
Card. The results are written on the restart tape and the run 
is discontinued, 

0 MINIMUM TIME INCREMENT HAS BEEN VIOLATED - This 
means the time increment calculated by Equation (42) is less 
than specified by DTMIN on the Integration Time Increment 
Card. The results are written on the restart tape and the 
run is discontinued, If it is desired to continue the run to 
later times, DTMIN must be decreased for the next restart 
run. 



0 ENERGY CHECK INDICATES NUMERICAL INSTABILITY - 
This means the kinetic energy of the system is at least 10 per- 
cent greater than the initial kinetic energy. Since this is not 
physically possible, the run must be numerically unstable. 

l END OF RESTART TAPE - This means a restart run has 
been attempted, but the restart tape does not have data for 
the cycle number specified on the Identification Card. 

4.7 CENTRAL PROCESSOR TIME ESTIMATES 

For a limited number of problems run on a Honeywell 6080 Computer, the 
program has used approximately 0.025 central processor second per node 
per cycle. 

4.8 CENTRAL MEMORY STORAGE REQUIREMENTS 
AND ALTERATIONS 

The program is currently limited to five materials, 2000 nodes and two 
sliding surfaces, each with a maximum of 300 slave nodes and 300 master 
nodes. The element blocks contain data for 200 elements, This requires 
69K Central Memory Storage on a Honeywell 6080 Computer, To increase 
the capability of the program for problems involving more than 2000 nodes, 
it is necessary to increase the size of the node arrays in Subroutines ELEG, 
GEOM, GPLOT, LOAD, LOOP, NODEG, RECALL, SAVE, SDATA, SLIDE 
and START. The sliding surface arrays are contained in Subroutines 
GEOM, LOOP, RECALL, SAVE and SLIDE, If it is desired to change the 
block size for the elements, the elernent arrays are contained in Subroutines 
ELEG, GEOM, GPLOT, LOOP, RECALL, SAVE and SLIDE, If the size 
of the element arrays is changed, it is necessary to redefine NBSIZE (Card 
37 in Subroutine GEOM) to be equal to the dimension of the element arrays. 
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