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FOREWORD

This final report on the formulation of EPIC-2, a two-dimensional (plus spin)
computer code for dynamic analyses of impact and explosive detonation pro-
blems, was prepared by Honeywell Inc., Defense Systems Division, for the
U.S. Army Ballistic Research Laboratories under contract DAAD05=77-C~
0730. The period covered by the report is February 1977 to December 1977,
The author, G. R. Johnson, would like to thank J. A. Zukas of BRL for his
many helpful suggestions, comments, and discussions during the course of
this contract.
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SECTION 1
INTRODUCTION AND SUMMARY

This report documents a computer code for dynamic analyses of impact and
explosive detonation problems. The code, EPIC-2 (Elastic-Plastic Impact
Computations in 2 dimensions) is applicable for axi-symmetric and plane
strain problems. It also has the ability to handle the effect of spin for .
the axi-symmetric case. It is based on a Lagrangian finite element formu- j
lation where the equations of motion are integrated directly, rather than

‘ through the traditional stiffness matrix approach. Nonlinear material

strength and compressibility effects are included to account for elastic-

plastic flow and wave propagation. An option to include high explosives is

1 also available. Although the code is arranged to provide solutions for pro-

jectile-target impact, and explosive detonation problems, the basic formula-

tion is valid for a wide range of problems involving dynamic responses of
continuous media.

The EPIC-2 code has material descriptions which include strain hardening,

strain rate effects, thermal softening and fracture. Geometry generators

are included to quickly generate flat plates, spheres and rods with blunt, 1

rounded or conical nose shapes. It has the capacity to include multiple slid-

ing surfaces, it is restartable, and it provides plots of initial and deformed ,

geometry as well as strain, stress, pressure and velocity fields, Time- ‘
L dependent plots of various system parameters are also available.

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
techniques. 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 technique is formulated




for a triangular element, which is well suited to represent the severe dis-
tortions which often occur during high-velocity impact. A triangular element
also provides a state of constant strain such that all material in an element
behaves uniformly. This allows for an accurate and convenient selection of
a constant stress within the element,

This report includes a complete description and formulation of the EPIC-2
computer code. Detailed instructions for using this code are also provided.

el




SECTION 2
FORMULATION

The EPIC-2 computational technique for axi-symmetric impact problems is
shown in Figure 1. The first step in the process is to represent the geometry
with triangular elements having specific material characteristics. Then the
distributed mass is lumped at the nodes (element corners), and initial veloci-
ties are assigned to represent the motion at impact. If the problem involves
explosive detonation, there may be no initial velocities and the initial condi-
tions are established by allowing the detonation process to begin at a pre-
determined point.

AXIS OF SYMMETRY
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Figure 1. Schematic Representation of the Finite
Element Computational Technique




After the initial conditions are established, the integration loop begins as
shown in Figure 1. The first step is to obtain displacements and velocities
of the nodes. If it is assumed the lines connecting the nodes (element edges)
remain straight, then the displacements and velocities within the elements
must vary linearly, From these displacements and velocities, the strains
and strain rates within the elements can be obtained. Since the strains and
strain rates are generally derivatives of linear displacement and velocity
functions within the elements, the resulting strains and strain rates are

generally constant within the elements.

The stresses in the elements are determined from the strains, strain rates,
internal energies and material properties. Since the strains and strain
rates are constant within the elements, the stresses are also constant, The
stresses are obtained by combining elastic or plastic deviator stresses with
hydrostatic pressure, The 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. When the hydrostatic
pressure is obtained for an explosive element, the pressure can be activated
at a predetermined time (based on the detonation velocity) or when the element
is sufficiently compressed. An artificial viscosity is also included to damp
out localized oscillations caused by reprgsenting 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 equivalent to the dis-
tributed stresses within the element and are dependent on the element geom-
etry and the magnitude of the stresses. When the concentrated forces are
applied to the concentrated masses, the nodal accelerations 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.

|
|
|
|




Another feature of the basic technique is the ability to represent sliding be-
tween two surfaces, This is accomplished with &8 momentum exchange
principle which allows for closing, sliding and separation of two surfaces,
It should be noted that the integration time increment must be properly con-
trolled to prevent numerical instability, This is accomplished by limiting
the time increment to a fraction of the time required to travel across the
minimum altitude of the element at the sound velocity of the material. This
also ensures that the time increment is less than the shortest period of
vibration of the system.

2.1 GEOMETRY

A typical axi-symmetric triangular element is shown in Figure 2. It is geo-
metrically defined by nodes i, j and im, with the mass of the element being
equally distributed to concentrated masses at the nodes. When a node is
contained by more than one element, the total mass at node i, Mi’ is equal
to 1/3 the mass of all elements which contain that node. For an axi=symmetric
finite element model, the concentrated masses can be visualized as concen-
tric circular rings contained in planes which are perpendicular to the axis of
revolution, These rings can move up and down along the axial direction

(Z axis) and they can expand and contract in the radial direction (R axis).

In addition, they are allowed to experience rotations g about the axis of
revolution. The coordinates of node i are designated r, z;, 6., and the
x:adial, .axial and tangential velocities are designated ixi, ir.l, iv.l, where

w, =T, Oi.




Figure 2. Geometry of an Axisymmetric Element

2.2 STRAINS AND STRAIN RATES

The incremental strains which occur during each cycle of integration are ob-
tained by multiplying the strain rates by the integration time increment,

The strain rates are obtained from the current geometry of the element and
the velocities of the nodes. If it is assumed that the lines connecting the
nodes remain straight, the displacements and velocities within each element
must vary in a linear manner, Then the velocities within the element can be

expressed as

u = al+02r+a3z
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v = oa, + agr + agz (2)
w o= ay + agr + agz (3)

where @y ... ag are geometry and velocity-dependent constants, It is pos-
sible to solve for ay, ag, ag by substituting the radial velocities ard coordi-
nates of nodes i, j, m into Equation (1). This gives three equations and
three unknowns such that Equation (1) can be expressed in terms of the ele-
ment geometry and nodal velocities.

i Elxt(ai+bir+ciz)ixi +(agtbirre )iy + (8 +b vt z)iy ] (4)

. =T.2 = J . =2, = , = -r., and A i -
wherea,l er rmz,bl f zm, ¢, =T rJ, nd A is the cross

sectional arca of the element in the R-Z plane. The other velocities (v, w)
are identical to Equation (4) except the radial velocities are replaced by the
axial and tangential velocities.

After the velocities are obtained, it is possible to determine the normal
strain cates ('er, éz, ée), the shear strain rates (‘)"rz, 7’r9’ )"ze) and the
localized rotational spin rate of the element in the R-Z plane (wrz).

(5)
(6) .
(7)
(8)

(9)
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Y20 T 5z (10)

- Lfov _2u
oy 0 2_<ar az> 11)

It can be seen that Equations (5), (6), (8), (10) and (11) are derivatives of
linear functions and are therefore constant within the element. Equations
(7) and (9) involve averages of the nodal velocities (4 and w) and the three
radii (f), so they are not necessarily constant. It is also necessary to use

an equivalent strain rate which is expressed as

| . \f%[( R L N WGt
| E; ’;rez 1 ’;zoz)]

i An equivalent plastic strain, € , is then obtained by integrating € with re-
| spect to time during plastic flow.

- t+at KR G
= € + eAt 13
€ p (13)

where At is the integration time increment. It should also be noted that sub-

sequent computations will involve deviator strain rates (e : t’z. ¢ ) which

are readily obtained from the normal strain rates (b ; cz, ee)

2.3 STRESSES AND PRESSURES

The stresses in the elements are determined from the strains, strain rates,
internal energies and material properties. The three normal stresses (o

g, 0d,) are expressed in terms of deviator stresses (s_, s 89) hydrostatic

z' 70 o g
pressure, P, and artifical viscosity Q.




o, = 8.-(P+Q) (14)

0, = 8, - (P+Q) (15)

0 = 8- (P+Q (16)
Trial values of the deviator stresses at time =t + At are 2

st < slioce at -2t o at (17)

st < ob 4 2ge at+2r o at (18)

a8t = g+ 2Ge At (19)

In Equation (17) the first term (s ) is the radial stress at the previous time
and the second term (2Ge At) is the incremental stress due to the incremental
strain (e At) during that time increment, where G is the elastic shear mod-
ulus. 'I'he third term (2'rrz rzAt) is due to shear stresses from the previous
time increment, which now act as normal stresses due to the new orientation
of ttie element caused by an incremental rotation (“’rzAt) during the time in-
crement., The axial stress has the same form as the radial stress, and tan-
gential stress is also similar except there is no contribution from rotated

shear stresses.

The trial valuc;s of the shear stresses are formulated in similar manner.

t+at _  t > t_ t
T * Tt G‘yrzAt + (or o,) “’rzAt (20)
t+at _ Lt v

t+at _ Lt ¢

Tzo ® Te0 + G‘yzeAt (22)




The rotational terms can only be significant for stresses in the R-Z plane

since the elements can rotate without experiencing strain rates. For the
other stresses involving 6, the analogous rotations cannot occur without in-
ducing strain rates, and the effect of the rotational-induced stresses is small
compared to the strain rate induced stresses.

It should he recalled that Equations (17) through (22) represent trial values
of the stresses and they may need to be reduced if they violate the Von Mises
yield criterion. An equivalent stress is given by

T T S 2 2 2
3 = '\/2 (sr * 8 & 39) + 3('rrz LS TZG) (23)

If 7 is not greater than the equivalent tensile strength of the material, §,
the final deviator and shear stresses are as given in Equations (17) through
\22). If 3 is greater than 5, then the stresses in Equations (17) through (22)
should be multiplied by the factor (§/3). When the reduced deviator and shear

stresses are put into Equation (23), the result is always & = S.

The equivalent tensile strength of the material may be dependent on many
factors, including strain, strain rate, pressure and temperature. It is
well-known that many materials behave differently under dynamic impact
than under static testing conditions. With few exceptions, however, a pre-
cise definition of material behavior under dynamic conditions is not available,
There is also much to be learned about fracture characteristics under these
dynamic conditions. The current version of EPIC -2 allows the equivalent
tensile strength to be determined from

§ = Sﬁp [1+C, log ()] [1+C,P +C,P] [C,+CT]  (29)

In this formulation, Sgp is generally taken to be the static stress, which is
dependent on the equivalent plastic strain of Equation (13). The three brack-

eted terms allow the static stress to be altered, based on strain rate,

issa




pressure and temperature. If the constants are C1 = 02 = C8 = C5 =0 and
C, =1.0, then § = Sg , which is the strain-dependent static stress. The first
bracketed term can ificrease the strength due to the equivalent strain rate,

¢, described in Equation (12). Inthe second bracketed term, P = P + Q, so
the effect of this term is to increase the strength due to pressure. The final
bracketed term includes the temperature, T, of the element, which is ob-
tained from

E

& S - -
T T0+ Cspo (25)

where To is the initial temperature of the element, Es is the internal energy
per original unit volume (defined later), Cs is the specific heat and P, is the
initial density.

Material fracture is currently dependent on the equivalent plastic strain 'cp.
(Equation 13) and the volumetric strain, g, = V/Vo-l, where V and V0 re-
present the current and initial volumes of the element. When the fracture
criterion has been met, the equivalent tensile stress is set equal to zero,
so no shear stresses can be developed in the failed elemént. Likewise, no
tensile stresses are allowed to develop. The net result is that a failed ele-
ment tends to act like a liquid inasmuch as it can develop only hydrostatic
compression with no shear or tensile stresses. Another option is also
available which sets all stresses (including the pressure) equal to zero.

The hydrostatic pressure is dependent on the volumetric strain and the in-
ternal energy in the element. The EPIC-2 code uses the Mie-Grlineisen
equation of state in the general form P = Pv + I‘Es (14¢4), with the complete
expression given by

P = (K +Kpn® +Kgu®) 0 - B +TE_ (14 w) (26)

11
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where p = Vo/V-1, Kl’ K2, and K8 are material-dependent constants and T

is the Gr\ilneisen coefficient.

Since the pressure can be significantly affected by the internal energy Es' it
is desirable to solve the pressure and energy equations simultaneously. This
gives

t t t+At t+At, -
St ES-.S[(P+Q) +Q +Pv ]eVAt+AEd s

. 1+.5T(1 +p) € At

where év is the volumetric strain rate and AEd is the internal energy gen-
erated by the deviator and shear stresses during the previous cycle,

+7T

AEd v (grer * Bzez +Bgeq + eryrz = freyre zoyzo)

066

(28)
(V/vo) At

The "bars'" on the deviator and shear stresses, and the volume, represent
averages of these values at times t and t+At. After the total internal energy
at time t+At has been determined from Equation (27), the pressure at time
t+At is determined from Equation (26).

For explosive detonation, the hydrostatic pressure is determined by a pro-
cedure similar to that used in the HEMP code.1 The pressure, determined
by the Gamma Law, is given by

P=F(y-DE,(1+n) (29)

where F is the burn fraction (0 < F < 1,0), y is a material constant, and Es
is the internal energy per initial unit volume. Unlike the solid and liquid
materials, the explosive contains internal energy in the initial condition,
The pressure and energy equations are solved simultaneously in a manner

12




similar to that of Equations (26) and (27). The explosive is effectively ini-
tiated with the burn fraction, which is dependent on the time for detonation
to arrive and travel through the element, or the compressed state of the ele-
ment. The burn fractions for these two conditions are

t -t)D
P=. 2 (30a)
4J&
1-V/V, e
F = 30b
1- Ve

In Equation 30a, A0 is the initial area of the element and 1:s is the time re-
quired for the detonation wave to reach the node closest to the point of ini-
tiation when traveling at the detonation velocity, D. This formulation tends
to spread the wave front over a limited number of elements. Equation 30b
gives the burn fraction in terms of the compressed state, where VC Ty
7% is the Chapman-Jouquet relative volume. This allows a converging
detonation wave to travel at a velocity greater than D. The minimum and
maximum allowable values of F are 0, and 1.0,

The artificial viscosity is combined with the normal stresses to damp out
localized oscillations of the concentrated masses. It tends to eliminate spur-
ious oscillations which would otherwise occur for wave propagation problems.
This technique was originally proposed by Von Neumann and Richtmyex-2 and
has been expanded for use in various computer codes. = It is expressed in |

terms of linear and quadratic components and is applied only when the
volumetric strain rate is negative:

. 8 sl 1 d y
Cchsh Ie:v|+Co ph (ev) for ev<0 4
(31)

Q

0 for ev20

13




where Cg and p are the sound velocity and density of the material and h is the
minimum altitude of the triangle, Typical values used for the dimensionless

coefficients are CL = 0,5 and Cg = 4,0, 1

The sound velocity for solid and liquid elements4 is obtained from

¢ = L[k @a-rw+K, (2 - 1.5Tu?) + K, Bu? - 21’
8 P 1 2 3
(32)
+TE, +TP/(1 +n)]
and the sound velocity for explosive elements is obtained from
2 9P
Cs = -—p-—- (33)

The sound velocities are also used for determination of the integration time
increment,

2.4 CONCENTRATED FORCES

After the element stresses are obtained, it is necessary to determine con-
centrated forces to act on the concentrated mass at the nodes. This is done
by obtaining the concentrated forces which are statically equivalent to the
distributed stresses in the elements. The radial, axial and tangential forces
acting on node i of an element, are

i
r

F

- [(z) - 2 o, + (v - w7, 1-4rao, (34)

o
n

g = - [ - rjo, + (z; - z 7.1 (35)

14




i r
Fg = -nf [_r_i (zj -z )T o +(r - rj)‘rzo] (36)

In Equation (36) the factor 1’/:-i is included in the expression involving the
shear stress in the R~ plane. This is necegsary to satisfy the equilibrium
condition in this plane which is ;:.LQ +2_:_£ﬂ = 0. 8 It is clear from this con-
dition that the shear stress cannot be a non~zero constant, but rather must
vary as a function of the radius. This stress is obtained from ":re in Equa-
tion (9) and is not necessarily constant since it involves averages of the three
nodal displacements and radii. Therefore, the factor 1"/ri in Equation (36)
represents the effect of a variable~shear stress in the element. The net
forces at node i (Fi, Fi

z
dividual element forces at that node,

fé) are the sum of the forces from each of the in-

2.5 EQUATIONS OF MOTION

The equations of motion are integrated by assuming a constant velocity for
each time increment. The acceleration of node i in the radial direction at
time =t is

F

i
r

2
ot t (t-)
i + r 6.l (37)

The first term is due to stress-induced forces and the second term is due to
spin. The updated velocity for the next time increment is

=

i

bt = @ edl @a- o & (38)

where 'ti' is the constant velocity for the previous time increment and At is
the average of the two integration time increments about time =t, The ex-
pression in the second set of parentheses can be used to damp out the radial

1o A oo S pp—




velocities to give steady-state solutions for spinning bodies. If the constant,
CD, is set equal to twice the sound velocity of the material, the system will
be approximately critically damped and the steady-state solution will be
rapidly attained. This will later be demonstrated in an example, Finally,
the new radial displacement at time = t+At is

uti'*At . uti + ﬁi* At (39)

The equations of motion for the axial direction have a similar form except
the spin effects for the acceleration and the damping effects for the velocity
are not included.

For the circumferential equations of motion it is necessary to consider the
angular momentum, H, of each concentrated mass. This gives

t+ _ gte b
H™ = H +r,F & (40)

By substituting Hi = éi r? Mi into Equation (40), it is possible to determine
the updated rotation velocity.

. t+ 3 ( rti 2 r: At F:)
6 : = 9 . + . (4 1)
i i rfi-i-At (rfi+3f)2 Mi

It should be noted that even if the net circumferential force, F; is equal to
zero, it is possible for the spin to change if the radius changes between times
t and t+At. It is therefore necessary to obtain the new radial position at

t+At before obtaining the new rotation velocity at t+At,

The integration time increment must be controlled to prevent numerical in-
stability, This is done by limiting the time increment to
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hmin
At = C (42)
t , 2 ’ p) .
g +JEg + (:s

= Cg Q/p'shmin is the minimum altitude of the triangle and cg i8

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
dimension of the triangle at the sound velocity of the material. This criterion
also ensures that At is lerss than the lowest period of vibration of the system. E
The EPIC -2 program restricts the time increment from increasing more

where g2

than 10 percent per cycle.

2.6 SLIDING SURFACES

It is sometimes necessary to allow for sliding to occur between two surfaces.
The important steps for the sliding-surface technique are summarized as
follows:

e Identify a "'master' sliding surface defined by a specified row
of master nodes.

e Identify a "'slave' surface (or region) defined by a specific row
(or group) of slave nodes. The slave node spacing should not
be significantly greater than the master node spacing since
this could introduce localized deformations in the master sur- ;
face at the slave node locations.

e For each integration time increment, apply the equations of
motion to both the master nodes and the slave nodes in the
usual manner,

e For each slave node, find the portion of the master surface 2
(defined by two master nodes) whose projection contains that 1
slave node.

17




® Check to determine if there is interference between the slave

node and the master surface.

e If there is interference, place the slave node on the master
surface in a direction normal to the master surface.

® Determine the translational momentum of the two master
nodes and the slave node in a direction normal to the master
surface. Also determine the angular momentum of these
three nodes about a point on a line which contains the two
master nodes.

e Determine updated velocities of the two master nodes and the
slave node in a direction normal to the master surface.

e Adjust the volumes (optional) of the slave elements which have
a master node located between the two slave nodes of the slave
element,

This technique is illustrated in Figure 3. It can be seen that slave node s
travels from A (at time =t - At) to B (at time = t) using the equations of mo-
tion from subsection 2. 5. Since the velocity is constant for each time in-
crement, the node travels in a straight line as shown. The master surface
is also shown for time = t, and it can be seen that slave node s, at position
B, has passed through the line connecting master nodes i and j. The slave
node is next moved to position C, which is on the master surface. The line
from B to C is normal to the master surface and therefore affects the equa-
tions of motion only in this normal direction. This also has the effect of as-
suming a frictionless surface, S

18

t[l




T o g s i s R A ot g e g

SLAVE MATERIAL AT TIME = t - at

- SLAVE ELEMENT
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MASTER MATERIAL AT TIME = t

Figure 3. Sliding Surface Procedure

The next step consists of updating the normal velocities (Vi. Vj’ Vs) of the
three nodes. Since three unknowns are involved, three conditions must be
specified to obtain a solution. Two of these conditions are that the transla-
! tional and rotational momenta of the three nodes should be conserved. The
third condition is that the normal velocity of the slave node is equal to the
normal velocity of the master surface at the location of the slave node. The

resulting three equations are

t+ t+ t+ _ —_ —_ -
mivi +ijj +1Vt'svS = MV, +MjVj +MsVs (43)
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= t- (44)
+MS s rS
' '
t+ t+ t+ t+f s " Fi
VS = Vy +(Vj -Vi )<-r'_-.r—'> (45)
j i

where the three unknowns are the updated velocities (V?‘, V'.H', Vt:). The
coordinates in Equations (44) and (45) (r;, r]f, rs’) are along the R / axis
which includes the two master nodes, It should be noted that the use of Equa-
tion (45) makes the solution slightly dependent on the order that the slave
nodes are processed. A previously used pr‘oc:edur'e'7 was to transfer the mo-
mentum change imposed on the slave node (determined from the movement
from B to C in Figure 3) to the adjacent master nodes. The use of Equation
(45) was selected to reduce the ''rattling' on the surface by better matching
the normal velocities, An exact velocity match at all slave node locations
could be obtained by repeatedly applying Equations (43) to (45) until the Vt+
velocities were equal to the Vt' velocities. This would eliminate any order
dependency. It should be emphasized that the order dependency is very min-
imal since the net momenta are conserved for the two master nodes and the
slave node. It should also be noted that small errors are introduced into the
center of gravity (cg) positions when the slave node is moved to the master
surface, since there is no corresponding movement of the master nodes,
which receive only instantaneous velocity changes. The cg errors are very
small, however, and do not significantly affect the solutions,

2.7 SEVERE DISTORTIONS
A characteristic of a triangular formulation is that it is better suited to re-

present severe distortions than is a quadrilateral formulation. This is due
to a triangle's resistance to allowing a node to cross the opposite side of the
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triangle during the high distortion. It is apparent that the cross-sectional
area of a triangle approaches zero as a node approaches the opposite side of
that triangle, Since the hydrostatic pressure of Equations (26) and (29) is
inversely proportional to the volume of the element, as the volume approaches
zero the pressure approaches infinity. As a result, there is 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 formulation does not have this desirable characteristic.
Figure 4 shows three quadrilateral configurationéa which have equal cross-
sectional areas, Ao. Configuration A shows a rectangular cross-section
with nodes i, j, m and p defining the initial geometry. Configuration B re-
presents a deformed element with nodes j and m occupying the same posi-
tion. A triangular element with 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 re-
tained. Configuration C shows overlapping nodes and the net area of the
quadrilateral is equal to the difference of the two triangular cross sections
Even this configuration can exist with the initial area. When this type of
distortion is achieved, however, the formulation generally breaks down and
numerical instability often occurs. The deformations represented by Con-
figurations B and C usually occur when the grid is highly distorted. These
deformations are resisted by the deviator stresses, but the deviator stresses
are limited by the strength of the material and do not provide the potential
magnitude of resistance as does the hydrostatic pressure for the triangular
elements.
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Figure 4, Possible Distortions of a Quadrilateral Element
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] 2.8 BASIC VERIFICATION EXAMPLES

Several basic verification examples are included to illustrate and verify the
computational technique. The first examples are shown in Figure 5 and they
demonstrate the capability of the technique to provide accurate compressive
wave propagation solutions. Figure 5a shows a radially restrained column
of water impacting a rigid wall at 300m/s (Mach 0.2). Even though this re-
duces to a one-dimensional problem it is a severe test since the water is
significantly compressed and the shock velocity is a function of the impact
velocity, and therefore higher than the acoustic velocity. The dimensionless
; pressure is defined as P» = P/pOCoVO, where P, Py C0 and V0 represent
the pressure, initial density, acoustic velocity and impact velocity, respec-
tively. "The pressure is shown at a time shortly before the wave reaches the
far end of the column, It can be seen that the finite element solution with
artificial viscosity agrees with the analytic solution along the length of the
column, with only slight differences occurring at the leading edge of the wave,
The solution obtained without artificial viscosity is also shown and it can be
seen that the pressure radically oscillates about the analytic solution,

A similar example is shown in Figure 5b where a wave propagation solution

is demonstrated for a detonated explosive, ‘Here the dimensionless pressure

is defined as P» = P/[pODz/(y +1)] where P, LI and D are the pressure, ini-

tial density and detonation velocity, respectively, and y is a material-depen-

dent constant. Again it can be seen that there is excellent agreement between
! the finite element and analytic solutions,

Another compressive wave propagation example is shown in Figure 6, This
example shows the effect of material strength with a higher-velocity elastic
wave at the leading edge of the shock front and the elastic unloading at the
rear. This solution is in good general agreement with that presented in Re-
ference 1,
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Figure 6. Wave Propagation Resulting From the Impact of two Bars

The capability to provide shear wave propagation solutions is shown in Figure
7 where a torque is suddenly applied to the end of a thin-walled cylinder, It
can be seen that there is good general agreement between the two solutions,
although the EPIC -2 solution does oscillate about the analytic solution. These
oscillations exist because there is no artificial viscosity for the shear mode
of deformation, The previously defined artificial viscosity in Equation (31)

is affected only by volumetric strain rates. The need for artificial viscosity
in the shear mode is not as critical as for the compressive mode, however.
This is because the magnitude of the shear stress is bout led by the strength
of the material whereas there is no upper bound for the magnitude of com=
pressive waves. With the unbounded compressive stress it can be seen in
Figure 5a that very radical oscillations can occur if the artificial viscosity

is omitted. Since these radial oscillations cannot occur in the shear mode,
due to the limitation on the strength of the material, the accuracy of the
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Figure 7. Shear Wave Propagation in a Hollow Cylinder

solution in Figure 7 is generally adequate and no artificial viscosity is in-
cluded for the shear mode of deformation.

A characteristic of spinning bodies is that transient dynamic responses are
introduced if the spin is suddenly applied. This can be illustrated by consid-
ering the case of a hoop subjected to a suddenly applied spin. It can be shown
that the radial stiffness of a ring is K = 2 mAE /Ro and the mass is M = 2
nRoAp where A is the cross-sectional area, E is the modulus of elasticity,
Ro is the radius and p is the density. The period of vibration then becomes
T = 2nVM/K = 2MR /c_ where c_ =JE/p is the sound velocity., Figure 8
shows the response of a ring subjected to a suddenly appiied spin w. For

this problem the hoop is represented by three nodes and one triangular ele-
ment. It can be seen that the undamped spinning hoop behaves like a single-
degree-of-freedom oscillator subjected to a suddenly applied force. The re-
sponse is plotted as dimensionless stress as a function of dimensionless time.
For the case of the spinning hoop the dimensionless stress is the ratio of the
dynamic stress to the steady-state stress. Likewise, the dimensionless
time is the ratio of elapsed time to the period of vibration of the spinning
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hoop. Both the magnitude of the response and the period of vibration are
identical to those of a single-degree-of-freedom oscillator.

;} 2.0 ~ A

J3 / \

o / \ Ji3 Y

g vsi // \\ // \

g / \\ // \\ SPINNING HOOP
= [ UNDAMPED

2 10t / \ _____]L___ \)f/__[_ DAMPED

z / //\/’ \

g /, Ve \\ / \

g 0.5 // // \\ // \ SPINNING DISK
S UNDAMPED

% // ik \T f £o% \\ /f DAMPED

& WA AR e

0 0.5 1.0 1.5 2.0

DIMENS IONLESS  TIME (2%{3)

Figure 8. Dynamic Response of a Spinning Hoop and a Spinning Disk
Subjected to a Suddenly Applied Spin

Since a spinning projectile probably attains a steady-state condition prior
to striking the target, it is desirable to represent this steady-state condi-

tion with the computer simulation. This can be done by assuming the system

is critically damped until a steady-state condition is achieved. Referring

again to a single~-degree-of-free system, the critical damping coefficient is

.

CCRIT = 2Mciso. Since the resulting radial force is FoRriT © -CCRIT R,
the resulting velocity change during a time increment is AR = FCRITZE/M

= -2cstR /Ro. This provides the basis for the damping effect in Equation

(38) where the constant CD is set equal to twice the sound velocity (208).
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The response of a spinning disk is also shown in Figure 8, The basic re-
sponse is similar to that of the hoop except both the period of vibration and
the magnitude of the stress are much lower. The state of stress throughout
the disk is shown in Figure 9 and it can be seen that there is excellent agree-
ment between the two solutions. Although the primary function of the EPIC -2
code is to obtain solutions for impact problems, it also provides a very ef-

ficient means .of computing steady-state solutions for spinning axi-symmetric
bodies.
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Figure 9. Stress Distribution in a Spinning Disk

This completes the discussion of the basic verification examples. I[nput data

for a more comprehensive example is provided in the Appendix.
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SECTION 3
COMPUTER PROGRAM DESCRIPTION

The EPIC-2 computer program contains the formulation presented in Section
2. A description of some of the characteristics of the computer program
is given in the following subsections.

3.1 PROGRAM ORGANIZATION AND SUBROUTINES

The organization of the EPIC-2 code is shown in the hierarchy chart in Figure
10. It consists of the main program, EPIC-2, and 18 subroutines for a total
of 3140 cards. The EPIC-2 code is core contained and requires 76K storage
on a Honeywell 6080 computer for a capacity of 1000 nodes and 2000 elements.
Two plotting programs are also available to provide state plots (geometry,
stress, strain, pressure and velocity fields) at specific times, and to plot
various system parameters (energy, momentum, etc.) as functions of time.
The following is a brief description of the main program and subroutines
(listed alphabetically) shown in Figure 10.

EPIC-2 This is the main program which calls subroutines HDATA,
MATL, GEOM, START and LOOP (77 cards)

BREAK This subroutine checks for fracture (21 cards)
ELEG This subroutine generates a series of triangular elements (61
cards)

ESHAPE This subroutine generates elements for special shapes includ-
ing rods with various nose shapes, spheres and plates (236
cards)
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GEOM

HDATA

HEBURN

LOAD

LOOP

MATL

NODEG

NSHAPE

RECALL

SAVE

SDATA

SLIDE1

This subroutine reads, generates and prints the initial geo-
metry (438 cards)

This subroutine prints all data as it is input (29 cards)

This subroutine computes pressures and energies for explosive
elements (58 cards)

This subroutine computes internal axial and torsional loads in
an axi-symmetric rod (41 cards)

This subroutine computes the equations of motion, strains,
strain rates, stresses, pressures and concentrated nodal
forces. It also prints selected node and element data (498

cards)
This subroutine reads and prints material data (189 cards)
This subroutine generates a row of nodes (64 cards)

This subroutine generates nodes for special shapes including
rods with various nose shapes, spheres and plates (220 cards)

This subroutine reads data from Tape 2 for a restart run (93
cards)

This subroutine writes data on Tape 2 for a restart run or a
state plot (89 cards)

This subroutine computes system data such as energy, momen-
tum, etc., for the projectile, target and total system, It also
writes this data on Tape 3 for time plots (157 cards)

This subroutine computes the equations of motion for the slave
nodes., If there is interference with the master surface, it
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places the slave node on the master surface and redistributes

the momenta of the slave and master nodes (411 cards)

SLIDE2 This subroutine computes the cross-sectional area and volume
change to the slave elements caused by the master surface in-
truding into the elements (158 cards)

START This subroutine reads the initial dynamic or detonation condi-
tions and sets the variables equal to the conditions which exist
at impact and/or explosive detonation (145 cards)

STRESS This subroutine computes stresses and energies for the solid-
liquid elements. The stresses consist of elastic, plastic and
viscous stresses, hydrostatic pressure and artificial viscosity
(155 cards)

The plotting program for state plots reads data from Tape 2 and generates
plots for geometry, stress, strain, pressure and velocity fields at specified
times. The plotting program for time plots reads data from Tape 3 and gen-
erates time-dependent plots for the following system parameters: center of
gravity, kinetic energy, internal energy, total energy, plastic work, axial
momentum, axial velocity, spin momentum, spin velocity, maximum axial
coordinate and minimum axial coordinate. Each plot presents data for the

projectile, target and total system.

3.2 NODE AND ELEMENT ARRAYS

There are 13 node variables which are contained in common arrays and 19
element variables contained in common arrays. The node arrays are de-
scribed as follows:
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RDOT

ZDOT

TDOT

FR

FZ

FT

NODE

AMASS

PMASS

IRZT

The radial R coordinate of the node (see Figure 2)

The axial Z coordinate of the node

The angular o‘coordinate of the node

The radial velocity of the node

The axial velocity of the node

The angular velocity of the node

The radial force acting on the node

The axial force acting on the node

The circumferential force acting on the node

Identifies the node number such that it is not necessary to have
a consecutive node numbering system. The node number must
not be greater than the dimension of the node arrays, however,

The total mass of the node
The mass of the node contributed by the projectile

Identifies radial, axial and circumferential 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. Must not be greater than the
dimension of the element arrays.
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NODE1

NODE2

NODE3

ICHECK

SZ

ST

SRZ

SRT

SZT

VOL

DVOL

MAT

EBAR

ES

DAREA

DDVOL

TSTART

Node number of node i (see Figure 2)

Node number of node j

Node number of node m

Identifies state of material (elastic, plastic, fractured)
Total normal stress in the radial direction

Total normal stress in the axial direction

Total normal stress in the circumferential direction
Shear stress in the R-Z plane

Shear stress in the R-6 plane

Shear stress in the Z-6 plane

Initial volume of the element

Volumetric strain

Material number

Equivalent plastic strain defined in Equation (13)

Total internal energy per original unit volume defined in Equa-
tion (27)

The cross-sectional area of the master surface intruding into
a slave element

The volume of the master surface intruding into a slave element

The time required for the detonation wave to arrive at the near-
est node of the element from the point of detonation.




SECTION 4
PROGRAM USER INSTRUCTIONS

The required EPIC-~2 input data for various conditions are summarized in
Figure 11 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 stor-
age requirements and alterations.

4.1 INPUT DATA FOR AN INITIAL RUN

An initial run is one which requires input data for the initial geometry and
impact/detonation conditions at time = 0. The descriptions which follow
are for the input data in Figure 11. Consistent units must be used.

Identification Card (415, F10.0)

CASE Case number for run identification

CYCLE 0 for initial run

IMAT

A code describing the types of materials. Two options are
available.

IMAT = 1 reads material properties for solid-liquid
elements. (no explosive element data read)

IMAT = 2 reads material properties for solid-liquid
elements and explosive elements,
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INITIAL RUN INPUT DATA

IDENTIFICATION CARD 15, F10.0)

[cast Jeveu mar Jorow]_crwax. MMM

23 SOLIDLIQUID MATERIAL CARDS (SE15.8)

[ wu | wwe | wwo | wue | wis . NN

6 EXPLOSIVE MATERIAL CARDS - FOR IMAT = 2 (5€15.8)

[ wne [ wmw | wms | wmm | muo NN

MISCELLANEOUS CARD (715)

Pestio] rric Juwasg] noee wror Tmsor Jieing I TMMHMHHMHHHHHHHHHIMIMIITITIIIIN

PROJECTILE SCALE / SHIFT / ROTATE CARD (5F10.0)

[Crseae T zscae T rorare T s T zswrr RIRRIIMEIMNRNy

PROJECTILE NODE DATA CARDS - AS REQUIRED (315, 2X, 311, 5F10.0)

[m[m[mmijT re [ 2 [ e o T oeesn NN

TR, 1Z, 1T

BLANK CARD

PROJECTILE NODE SPECIAL SHAPES - AS REQUIRED (DESCRIPTION FOLLOWS)

BLANK CARD

TARGET SCALE / SHIFT / ROTATE CARD (5F10.0)

IEEEEEEDEEGE EETE DAARRRaNLas.

TARGET NODE DATA CARDS - AS REQUIRED (315, 2X, 3I1, 510.0)

[nl]mﬁcﬁﬂT R ]zt | an | v | oA NSO
N

TARGET NODE SPECIAL SHAPES - AS REQUIRED (DESCRIPTION FOLLOWS)

BLANK CARD

PROJECTILE ELEMENT DATA CARDS - AS REQUIRED (915

[ecer Teen] R Twan Tz T v T me TR

BLANK CARD

PROJECTILE ELEMENT SPECIAL SHAPES - AS REQUIRED (DESCRIPTION FOLLOWS)

TARGET ELEMENT DATA CARDS - AS REQUIRED (915)

[eser euen] B Twan wi Taz Tas ] n JTTHENIIIHIMIMMMIY

Figure 11. Summary of Input Data
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TARGET ELEMENT SPECIAL SHAPES - AS REQUIRED (DESCRIPTION FOLLOWS)

CONCENTRATED MASS CARDS - AS REQUIRED (15, E15.8)

(%] mss HIIIIHIHHIIMMMDMDMMIH™MDIMM

RIGID BODY IDENTIFICATION CARDS - AS REQUIRED (I5)

%7 M HHHTITITIN

RIGID BODY NODES - AS REQUIRED (1515

[oJwe]l T TT T TTTTTTT

SLIDING SURFACE IDENTIFICATION CARDS -~ AS REQUIRED BI5)

227 2 7 A ARIHHHHH MBI B(S(SDGSDWSS]220

MASTER NODES - AS REQUIRED (1615

(wfwe] | | [ J T [ [ [ [ [ T [wsfms

SLAVE NODES - AS REQUIRED (1615

0 1 ) s 0 B [ (0

SLAVE ELEMENTS - AS REQUIRED (1615

sl T T T T T T T [ T T [ [l

INITIAL VELOCITY / DETONATION CARD (§10.0)
| proor | pzoor | eroor | oot | tzoor | voor | moer [ zoer ]

INTEGRATION TIME INCREMENT CARD (6F10.0)

Clom T oo T oomn Tossr Tormad T romn

DATA OUTPUT CARDS - AS REQUIRED (4F10.0, 315)

[ mme | ecueck | scweck [ roame [ioanhisave ioan NN
RESTART RUN INPUT DATA

IDENTIFICATION CARD @315, 5X, F10.0)

(53 % I AN EZZF A - kLA T

INTEGRATION TIME INCREMENT CARD (3F10.0)

[omw [ ssf ] mar KIIIIIHHIIDMLMHDMMMIMIMBINN

DATA OUTPUT CARDS - AS REQUIRED (4F10.0, 315)

[ mme | ecueck | screck | roame [itoanfisavelimamifHRRIRMINNINNAN

Figure 11. Summary of Input Data (Contimed)
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SPECIAL SHAPES INPUT DATA FOR NODES

[ 1] w peinc]wen] zroe Tzsor ]:xpmo A .,

TOP RAD!) CARDIS) FOR ROD NODES (810.0)

[ e | we | | | F Jriwiner |

BOTTOM RAD{I CARD(S) FOR ROD NODES (810.0

[ rey T rea il | | | reininG: | ]

IDENTIFICATION CARD FOR NOSE NODES (315, 5X, F10.0)

[res] v w2z MIMIIIIIMIHIHINMm-MY

TOP RADII CARD(S) FOR NOSE NODES (8F10.0)

[ w | w2 ] ] I i | rrnrinG) | il

MINIMUM Z COORDINATE CARD(S) FOR NOSE NODES (8F10.0)

[ | me | | | /] | zmovwine: | 2

CARD FOR SPHERE NODES 0315, 5X, 2F10.0)
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] EZZ A  : :hn®nMbEMMHMH M UHiMjZOaDMHMIMRy)

DESCRIPTION CARD FOR FLAT PLATE NODES (415, 6F10.0)

[~ ] N [oozTieeix] emax T emin T zmax | zmin | rexeano [ z-expano |
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Figure 11, Summary of Input Data (Continued)
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STATE PLOTS INPUT DATA

STATE PLOT (DENTIFICATION CARDS - AS REQUIRED (215, 410.0)

[rveefevee[ zmax | ozmin | Rmax | Rmm

DEFORMED GEOMETRY PLOT CARD - FOR TYPE - 1 (3A6, 2X, 415!

[ e Noe] e Tir I

STRESS FIELD PLOT CARD - FOR TYPE = 2 (3Ae, 2X, 215, 5F10.0)

[ e _‘@5& [nune] stress | stress@ | stresso) | stressa | stresse |

PRESSURE FIELD PLOT CARD - FOR TYPE - 3 (3A6, 2X, 215, 5F10.0)

( TITLE §:nu[~m¢] prest) | Pres@ | presor | eresw | ereso) |

STRAIN FIELD PLOT CARD - FOR TYPE = 4 (3A6, 2X, 215, 5F10.0

[ T §:oc{ [nine] stRaina) | stRaING) | sTRAING) [ sTRAIN@) [ sTRAING) |

VELOCITY FIELD PLOT CARD - FOR TYPE = 5 (3A6, 2X, 15, 5X, F10.0)

flos aun

TIME PLOTS INPUT DATA
TIME PLOT DESCRIPTION CARDS - AS REQUIRED (15, 5X, 4F10.0, 4A6)

Fﬁmrmx | min | vmax | ovwin | m m

VARIABLE PLOTTED

CENTER OF GRAVITY

KINETIC ENERGY

INTERNAL ENERGY

TOTAL ENERGY

PLASTIC WORK

AXIAL MOMENTUM

AXIAL VELOCITY

SPIN MOMENTUM (R MOMENTUM FOR PLAME STRAIN)
SPIN VELOCITY (R VELOCITY FOR PLANE STRAIN)
MAXIMUM AXIAL COORDINATE

1 MINIMUM AXIAL COORD INATE

BLANK CARD ENDS RUN
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Figure 11. Summary of Input Data (Concluded)
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IGEOM

A code describing the geometry of the problem

IGEOM

1 defines axi-symmetric geometry

IGEOM

2 defines plane strain geometry

CPMAX

Central processor time (hours) at which the results will be
written on the restart and plot tape (if previously requested)
and the run will stop. This feature will be bypassed if
CPMAX = 0.

23 Material Cards for Solids and Liquids (5E15. 8)

These cards are included for IMAT = 1 or IMAT = 2. Each of the 23 mat.-
erial cards provides 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 1-15, 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 materials

used for the analysis. If materials 1 and 3 are used for a specific analysis,

all the material 1 data must be specified in columns 1-15 and all the ma-~
terial 3 data in columns 31-45. Columns 16-30, 46-60, and 61-75, repre-
senting materials 2, 4 and 5, can be left blank.

Card 1 Density (mass/volume)

Card 2 Specific heat (work/mass/degree)

Card 3 Shear modulus of elasticity (force/area)

Card 4 Absolute viscosity for Navier-Stokes Equations (force-time/area)
Card 5 Yield stress (force/area)

Card 6 Ultimate stress (force/area)

40




Card 7

Card 8

Card 9

Card 10
Card 11
Card 12
Card 13
Card 14
Card 15
Card 16
Card 17
Card 18
Card 19
Card 20
Card 21

Card 22

Card 23

i

Strain at which the ultimate stress is achieved. Should be consist-
ent with the equivalent plastic strain definition in Equation (13)
which is essentially a '"'true' strain. Stress varies linearly between
the yield stress and the ultimate stress. The stress for larger

strains is equal to the ultimate stress until fracture occurs.
Maximum negative hydrostatic pressure (force/area)

Strain rate effect constant, C,, in Equation (24)

1'

Pressure effect constant, C,, in Equation (24)

2)

Pressure effect constant, C,, in Equation (24)

3l

Temperature effect constant, C,, in Equation (24)

4'

Temperature effect constant, C_., in Equation (24)

5
Hydrostatic pressure constant, Kl' in Equation (26) (force/area)
Hydrostatic pressure constant, Kz. in Equation (26) (force/area)
Hydrostatic pressure constant, KS' in Equation (26) (force/area)
Grineisen coefficient, I', in Equation (26)

Linear artificial viscosity coefficient, CL’ in Equation (31)
Quadratic artificial viscosity coefficient, Coz, in Equation (31)
Equivalent strain If either is exceeded there is a shear and

Volumetric strain ’ tensile failure. Positive hydrostatic pres-

sure and viscosity stress capability remain.
If Equivalent strain is negative; material

behaves like a liquid.

Equivalent strain If exceeded the element fails totally and

produces no stresses or pressures.

Initial temperature (degrees)
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Six Material Cards for Explosives (5E15. 8)

These cards are included only if IMAT = 2 in the Identification Card. The
explosive material numbers are designated 6 through 10 with material 6
entered in columns 1-15, etc.

Card 1 Density (mass/volume)

Card 2 Internal Energy. Initial value of E_ in Equation (29) (energy/volume)
Card 3 Detonation velocity (distance/time)

Card 4 Material constant, ¥, in Equation (29)

Card 5  Linear artificial viscosity coefficient, C; , in Equation (31)

Card 6 Quadratic artificial viscosity coefficient, Coz, in Equation (31)

Miscellaneous Card (715)

NSLID = The number of sliding surfaces (currently limited to a max-
imum of five). This does not include the rigid sliding sur-
face which follows.

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 to Z = 0. If IRIG = 0 this option is not used.

NMASS = The number of concentrated masses to be entered later. These
masses are in addition to the concentrated masses automatic-
ally generated from the elements,

NDEP = The number of systems of nodes which are designated to travel
as a rigid body in the axial direction. It does not apply to the
radial velocities. The specific nodes are input later.
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The next three variables (NTOP, NBOT, NRING) are used to identify the
nodal geometry for internal load calculations in a slender projectile with
axi~-symmetric geometry (IGEOM = 1), If this option is used, the nodal
geometry must be consistent with the arrangement of nodes generated by
the special shapes generator for rod geometry. Leave blank if it will not
be used.

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 nodes in the cylindrical projectile.

This will be described in the discussion of the special shapes.

Projectile Scale/Shift/Rotate Card (5F10. 0)

RSCALE = Factor by which the R coordinates of all projectile nodes are
multiplied. Applied after the coordinate shifts (RSHIFT,
ZSHIFT) and before the rotation (ROTATE) described later,

ZSCALE = Factor by which the Z coordinates are multiplied.

ROTATE = Rotation about R = Z = 0 in the R-Z plane of all projectile
nodes (degrees). (Positive clockwise) Applied after the
coordinate shifts (RSHIFT, ZSHIFT), and the scale factors
(XSCALE, ZSCALE).

RSHIFT = Increment added to the R coordinates of all projectile nodes
(length). Applied before the scale factors (RSCALE, ZSCALE).

ZSHIFT = Increment added to the Z coordinates (length).
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Projectile Node Data Cards (315, 2X, 311, 5F10.0)

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 con-

tains mass from both the projectile and the target, it must be included with

the projectile nodes. The node numbers (N1 . . . NN) must not exceed

the dimension of the node arrays, and they need not be numbered consecu-

tively or in increasing order. End with a blank card,

N1
| NN

INC
IR

1Z
IT
R1
Z1
RN

ZN
EXPAND

1]

"

First node in a row of nodes.

I.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 (N1 - - - NN) in the radial R direc-
tion. No restraint if left blank.

1 will restrain nodes in the axial Z direction

1 will restrain nodes in the circumferential § direction
Radial coordinate of node N1 (length)

Axial coordinate of node N1 (length) i

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

Axial coordinate of node NN (length)

Factor by which the distance between adjacent nodes changes.
For example, if the distance between the first two nodes is

A;. the distance between the second and third nodes is 4, =
4 EXPAND. A summary of relative spacing between the
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first two nodes and the last two nodes is given in Figure 12.

Analytic expressions are also provided for cases not included
in the Figure. If left blank, the program will set EXPAND =
1.0 for uniform spacing.

i, EXPAND
I:C’l! 5 .8 .9 1.0 1.1 152 3 1.4 1.5
mers (S Sw [ 51 | ax | 5 [ S &1 [ 3 | & o oo [ &% & [a &

N Ky é A A A A A .Sl A A A A A A A K A A
2 [[r.r0e].824 [1.111] 089 [1.053|.947 | 1.0 | 1.0 |.952 |[1.048|.909 |1.091[.870 |1.130].833 [1.167].800 [1.200
3 [[1.3%].671 [1.230].787 [1.107].897 1906 |1.097].824 |1.187].752 |1.271].688 |1.3%9] .62 |1.421]
& J[1.579].s42 [1.355] 694 |1.163] .88 962 [1.147] 745 |1.288].647 |1.420] 563 | 1.545] 402 |1.662]
s |[1.803].433 [1.487].600 [1.221].801 819 |1.199].672 [1.393[.553 [1.579] 457 [1.75s].379 [1.919
6 |[2.040].343 [1.626].533 [1.281].756 778 [1.252|.604 |1.504|.470 |1.746].368 |1.977].289 |2.192
7 ||2.208].269 [1.772] 064 [1.302].713 738 |1.307].542 |1.618].398 |1.922].293 |2.210].218 |2.487
8 |[2.547].210 [1.923].403 [1.405].672 .700 |1.363].485 [1.737].335 |2.104].233 |2.452].162 |2.775
9 |[2.814].162 [2.079].3u0 [1.469].622 663 1421433 1861281 12.293] 183 [2.702 120 15.6;3
10 |[3.087].125 [2.241].301 [1.53s] 595 627 |1.479].385 |1.908].235 |2.488].143 |2.959].088 15 392]
12 ||3.651].072 [2.577].221 [1.672].525 7561 [1.601].303 |2.253].161 2.899].086 |3.490] 007 |5.001]
16 ||e.229].041 |2.929(.161 [1.815].461 .500 |1.728.237 [2.530].109 [3.315].051 [4.036].024 |«.683
16 ||4.816].023 [3.203]. 116 [1.964].404 L4us |1.859].183 [2.819].073 [3.749].030 [4.592].012 [5.341
18 ||s.00].013 [3.666].083 [2.118].353 .95 |1.995 240 [3.117].048 4. 191 .017 |s.155[.006 |6.004
20 |[6.003].008 [4.037].046 [2.246.273 .12 [2.102] 089 [3.407] 024 [4.638].007 [5.719] 002 [6.668
NODES  N! (N1 + INC) (NN - INC) NN
—e - - *——— —o Fe ‘L
INCREMENTS RY A2 Aj-l A A+l AN-1 AN
A e TR C v Ajer = A + EXPAND
Al _ N(L.EXPAND) AN _ N(1-55PRND)
: « N A
A (1-EXPANDN) - ¢ < 1 ) Nl

Figure 12, Nodal Spacing for Various kxpansion Factors

Projectile Node Special Shapes

These are described later. End with a blank card.
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Target/Scale/Shift/Rotate Card (5F10. 0)

Same as Projectile Scale/Shift/Rotate card except it applies to the target
nodes.

Target Node Data Cards (315, 2X, 3I1, 5F10. 0)

Same as the Projectile Note Data cards, If there are interface nodes which
contain mass from both the projectile and the target, these nodes are in-
cluded with the projectile nodes and must not be included here. End with a
blank card.

Target Node Special Shapes

These are defined later., End with a blank card.

Projectile Element Data Cards (915)

The Projectile Element Data cards are provided as required for the pro-
jectile elements. The element numbers (ELEl - - - ELEN) must not ex-
ceed the dimension of the element arrays, and they need not be numbered
consecutively. End with a blank card.

ELE1 First individual element in a series of elements.

"

ELEN Last individual element in a series of elements. Must be
greater than ELE1l. Leave blank if a single element is

entered.
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ELE INC = Element number increment between successive elements.
Y If left blank, the program will set ELE INC = 1. (Example:
If ELE1 = 100, ELEN = 104, and ELE INC = 2, there will
be three elements designated at 100, 102, and 104).

MATL = Material number (1-10) of the elements. If left blank, the
material number from the previous element data card will
2
be used.
N1 - N4 = Node numbers for the first composite element which contains

two individual triangular elements. Nodes N1, N2 and N3

(Counterclockwise) define the first element in the composite
k! elements and nodes N1, N3 and N4 (counterclockwise) define
£ the second element. If N4 is blank, the second element will

E not be generated.

]

1 NODE INC The node number increment added to the node numbers of
' the previous composite or individual element. If left blank,
the program will set NODE INC = 1. (Example: If N1 - N4
are 24, 20, 22 and 26 and if NODE INC = 4, then the nodes

of the second composite element are 28, 24, 26, and 30).

Projectile Element Special Shapes

These are defined later. End with a blank card.

Target Element Data Cards (915)

Same as Projectile Element Data cards. End with a blank card.
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Target Element Special Shapes

These are defined later. End with a blank card.

Concentrated Mass Cards (15, 115, 8)

There are NMASS (Defined in Miscellancous card) cards entered for the

concentrated masses. Ihach card contains data for one mass,

’ ,j N = The node number to which the concentrated mass is added
4 \IASS(N) = The concentrated mass added to node N,

=
J Rigid-Body Identification Cards (15)

Iiach system of rigid-body nodes contains one Rigid-Body Identification
card and one Rigid-Body Nodes card. The program is dimensioned for a
maximum of five rigid-body systems with a maximum 15 nodes per system.
If there are no rigid-body systems (NDIEP = 0 in Miscellancous card) this
group of cards is omitted. If there is more than one system of rigid-body
nodes, both cards for the system are entered before the Rigid-Body Iden-

tification card for the second system is entered.

NDN = The number of rigid-body nodes in this system.,

Rigid- Body Nodes Card (15I5)

Ib1, ID2, . ., . are the node numbers for the rigid-body nodes which can be

input in any order, These nodes will always have identical velocities in the
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7. direction., Master nodes (defined later) can be included but slave nodes

(defined later) cannot be included.

Slidinﬂg Surface Identification Cards (315)

Flach sliding surface contains one identification card and cards (as required)
describing the master nodes, slave nodes and the slave elements. The pro-
gram is dimensioned for a maximum of five sliding surfaces which can each
contain a maximum of 100 master nodes, 100 slave nodes and 100 slave
clements. If there are no sliding surfaces (NSLID = 0 on Miscellaneous
card) this group of cards is omitted, If there is more than one sliding
surface, all data for the first sliding surface are entered before the second

Sliding Surface Identification card is entered.

Z
=
>

The number of master nodes on the sliding surface
NSN = The number of slave nodes on the sliding surface

NSE = The number of slave elements on the sliding surface. A slave
element is a triangular element which must contain two slave nodes.
If an element is designated as a slave element, the cross-sectional
area (and the resulting volume) will be adjusted if a master node is
located between the two slave nodes, It is not necessary, however,

to include slave elements to allow the problem to run.

_Master Node Cards (1615)

IM1, IM2, . . . are the node numbers of a row of master nodes. The nodes
must be entered in order from the first master node to the last master node
along the row of nodes. When moving from the first node to the last node,

the slave nodes (and elements) must be to the left of the master surface.
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Slave Node Cards (1615) ‘

IS1, IS2, . . . are the node numbers of the slave nodes. No special order
is required. If there are no slave elements (NSE = 0) it is possible to desig-
nate interior nodes (as well as surface nodes) as slave nodes. This proce-
dure allows elements containing slave nodes to fail completely to simulate
the eroding process. The slave node spacing should not be significantly
greater than the master node spacing or localized deformations in the mas-

ter surtace may occur. A slave node can be restrained only in the radial

direction, and only if the radial coordinate of the slave node is equal to the
¥ radial coordinate of the first or last master node, which must also be re- |

strained in the radial direction. This allows a slave node on the 7 axis to |

be restrained,
£\
‘
i
! ~ .
, Slave Element Cards (1615)
i
! T ST . "
: ISET, ISKE2, . . . are the element numbers of the slave clements.  If very
severe distortions are expected on the slave surface, it may be desirable
to not designate any slave elements since numerical instability problems
may occur, If an element is designated as a slave element | the element
must contain exactly two nodes which are slave nodes. |
|
! Initial-Velocity/ Detonation Card (81°10. 0)

This card describes the initial-velocity and/or detonation conditions. 1t
there are interface nodes which include mass from both the projectile and
the target, the velocities of these nodes are adjusted by the program to

conserve momenta.
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PRDOT

Projectile velocity in the R direction (distance/time)

PZDOT = Projectile velocity in the Z direction

PTDOT Projectile velocity in the 8 direction (radians/time)

TRDOT

Target velocity in the R direction

TZDOT

Target velocity in the Z direction
TTDOT = Target velocity in the 8 direction
RDET

Radial coordinate of the detonation (distance)

ZDET Axial coordinate of the detonation

Integration Time Increment Card (6F10. 0)

DT1 = Integration time increment (At in equations of motion in sub-
section 2. 5) for the first cycle. This must be less than the
time required to travel across the minimum altitude of each
triangular element at the sound speed of the material in that

element.

DTMAX

The maximum integration time increment which will be used
for the equations of motion. If At from Equation (42) is greater
than DTMAX, it will be redefined at At = DTMAX.

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

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




TMAX

TBURN

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.

The time at which the detonation begins at RDET, ZDET.

Data Output Cards (4F10. 0, 3I5)

These cards are used to specify various forms of output data at selected
times. The last card must be for a time greater than TMAX, even though
output will not be provided for that specific time.

TIME

ECHECK

Time at which output data will be provided.

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

1)

2)

If ECHECK is greater than 1000., 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 solid-liquid element
data will be printed for all elements which have
an equivalent plastic strain (Equation (13)) equal
to or greater than ECHECK. For example, if
ECHECK = 0., all element data will be printed.
If ECHECK = 0.5, only thnse elements with

equivalent plastic strains equal to or greater
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than 0. 5 will have data printed. If ECHECK = 999.,
no element data will be printed.

3) If ECHECK is negative, the system data and indiv-
idual node data will be printed. The individual
element data will be printed only for those elements
which are plastic or failed. Data for the elastic
elements will not be printed.

BCHECK

A code which governs the printed output for explosive elements.
Individual element data will be printed for all explosive ele-
ments which have a burn fraction (Equation (30)) equal to or
greater than BCHECK. If BCHECK = 0. all explosive elements
data will be printed. If BCHECK = 0.5, only those explosive
elements with burn fractions equal to or greater than 0.5 will
have data printed.

RDAMP

The radial damping constant, CD' in Equation (38). This damp-
ing term acts until the time specified in the following Data Out-
put card.

ILOAD

1 will compute internal loads in a cylindrical projectile. This
option can only be used if NTOP, NBOT and NRING are properly
defined in the Miscellaneous card. Will not compute if left
blank.

ISAVE

1 will write results on Tape 2 for possible restart runs or state
plots. Will not write results if left blank.

IDATA

n

1 will write system data on Tape 3 for possible time plots.
Will not write system data if left blank.

With the exception of the special shapes, this completes the description of

the input data for an initial run. Various types of special shapes can be
generated for either the projectile or the target. The node and element
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data for these special shapes are entered individually in the locations iden-
tified in Figure 11. A description of the special shapes data follows.

ldentification Card for Rod Nodes (415, 3F10. 0)

The rod geometry descriptions are given in Figure 13. The axi-symmetric
rod geometry is generated about the Z axis as shown. If the inner radius
coincides with the Z axis (R = 0), a solid rod is generated and the radius

is restrained in the R direction. If the inner radius does not coincide with

the Z axis, a hollow rod is generated and there are no restraints.

1 = Identification number for rod geometry.

N1 - The node number of the inner radius node at the top surface
of the rod. The nodes of the rod are numbered consecutively
beginning with N1. They are numbered in horizontal rows (in-
creasing in the radial direction) beginning at the top and work-
ing downward.

NRING - The number of vertical rings of nodes. The maximum allow-
able number of rings is 16.

NPLN = The number of horizontal rows of nodes.

ZTOP = The Z coordinate at the top of the rod.

ZBOT = The Z coordinate at the bottom of the rod.

TXPAND = Factor by which the vertical distance between adjacent nodes

changes. Factor applies from top to bottom. Same as de-

seribed for the Projectile Node Data cards.
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Figure 13. Rod Shape Geometry | 1

Top Radii Cards for Rod Nodes (8F10. 0)

RT (1) - RT (NRING) = Radii of the rings at the top of the rod.
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Bottom Radii Cards for Rod Nodes (8F10. 0)

RB (1) - RB (NRING) = Radii of the rings at the bottom of the rod.

Identification Card for Nose Nodes (315, 5X, F10. 0)

The nose geometry descriptions are given in Figure 14, The axi-symmetric
geometries for rounded and conical nose shapes are also generated about
the Z axis (pointed downward) and the centerline nodes are restrained in

the radial direction. The nodes at the rod-nose interface are not generated

with the nose generator and must therefore be generated with the rod

generator.

INOSE

{2 Identifies a rounded nose shape.
3 Identifies a conical nose shape.

N1 = The node number of the centerline node at the top of the nose
at the rod interface. This is identical to the bottom center-
line node of the rod. The nodes are numbered consecutively
in a clockwise direction (excluding the interface nodes) begin-

ning with the entire center ring and expanding outward,

n

NRING Number of rings of nodes in the nose shape. Note that the
number of rings of nodes in the nose is one less than the num-
ber of rings of nodes in the matching rod at the interface.

The maximum allowable number of rings is 15.

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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N

ROD

M) —
M) —
ZMINRING) —
NODE
[N1 + NRING +NTOT]
Z CONICAL NOSE
(ISHAPE = 3)
ROD
ELEMENT (ELE1] 1 2 NRING
1 { NINININSN/
NCNENEN
2{ &
S/
RINGS (LAYERS)
OF ELEMENTS
NRING { ELEMENT

[ELE1 +ETOT - 1)
L >R

*ROUNDED NOSE (ISHAPE = 2)

RT(D RT2) RT(NR|ING) <——RADI| AT INTERFACE

1 2 NRllNG <«—RINGS OF NODES
<————ROD-NOSE INTERFACE

NODE [N1 + NRING)

[ NUMBER | NUMBER | NUMBER |
OF RINGS| OF NODES (OF ELEMENTS
(NRING) | (NTOT) ET0T)

1 2 2
2 6 8
3 12 18
4 20 32
5 30 50
6 @ 12
7 56 98
8 12 128
9 % 162
10 110 200
1 132 202
12 156 288
13 18 338
it 210 392
15 240 450

* DOES NOT INCLUDE INTERFACE

NODES

NODES AND ELEMENTS ARE NUMBERED CONSECUTIVELY, IN A
CLOCKWISE DIRECTION, BEGINNING WITH THE ENTIRE CENTER
RING AND EXPANDING OUTWARD. THIS DOES NOT APPLY TO
THE INTERFACE NODES SINCE THEY ARE NOT GENERATED FOR

THE NOSE SHAPES, BUT ARE USED ONLY FOR REFERENCE.

Figure 14. Nose Shape Geometry
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Top Radii Cards for Nose Nodes (8F10. 0)

RT (1) - RT (NRING) = Radii of the rings at the top of the nose. Only solid
(not hollow) nose shapes are allowed. Note that the centerline node is al- |
ways on the Z axis and that RT (1) is the adjacent node.

Minimum Z Coordinate Cards for Nose Nodes (8F10, 0)

ZM (1) = ZM (NRING) = Minimum Z coordinates (at R = 0) for the rings in
) the nose shape.

Card for Sphere Nodes (315, 5X, 2F10. 0)

] The sphere geometry descriptions are given in Figure 15, The axi-symmetric
\ sphere geometry is generated about the Z axis and the centerline nodes are re=- a

strained in the radial direction.

4 = Identification number for sphere geometry.

N1 = The node number at the center of the sphere. The nodes are
numbered consecutively, in a clockwise direction, beginning

with the inner ring and expanding outward with equal radial

! spacing.
NRING = Number of rings of nodes. The maximum allowable number of
rings is 15.
ZTOP = The Z coordinate at the top of the sphere. ;
ZBOT = The Z coordinate at the bottom of the sphere.
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e z NUMBER | NUMBER | NUMBER
OF RINGS | OF NODES |OF ELEMENTS
NRING) | NTOT) €7107)
RINGS OF
NODES 1 6 A
NRING — ZTop 2 & 1
3 28 %
4 45 64
5 66 100 |
6 91 144
ELEMENT [ELEL 1 120 1%
8 153 256
; NODE [N) 9 19 324
; 10 21 400
1 276 484
b 12 325 576 3
3 13 378 676
; 14 435 784
! NRING s 15 49 900
! RINGS (LAYERS) NODES AND ELEMENTS ARE NUMBERED
1 _ OF ELEMENTS ELEMENT [ELEL +ETOT - 1] cONSECUTIVELY, IN A CLOCKWISE
! NODE (N1 + NTOT - 1] DIRECTION, BEGINNING WITH THE
' CENTER RING AND EXPAND ING OUTWARD
—R

Figure 15. Sphere Geometry

Identification Card for Flat-Plate Nodes (215)

The flat-plate geometry descriptions are given in Figure 16. The flat-plate
geometry is generated for a rectangular cross section as shown.

5 = Identification number for flat-plate geometry.
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I
k N1 = The node number of the first node at R = RMIN and Z = ZMAX., The
E" nodes are generated in rows parallel to the R axis and are numbered
consecutively within each row, in the direction of the increasing R
i axis.
z
RMIN RMAX
4 | |
NODE (NI -ELE] NODE [N1+NR-1]
4 — ZMAX
?ooz ; J1
b . N1+IDZ
i b }2
9 : NZLAY
: Ny
V ' L2 ELEMENT LAYERS NRLAY
. NODE {NI+IDZ (NZ-1))
: IDIA =1 IDIA =2
—» R

Figure 16. Flat-Plate Geometry

Description Card for Flat-Plate Nodes (415, 6F10. 0)

NR

The number of nodes in the R direction.

NZ The number of nodes in the Z direction.
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IDZ

IRFIX
RMAX
RMIN
ZMAX
ZMIN
R-EXPAND

Z-EXPAND

The node number increment between adjacent nodes when
moving downward parallel to the Z axis. If the entire plate
is formed with one node shape, the IDZ should be equal to
NR. For multiple-plate shapes it should be equal to the

total number of nodes in the R direction.

1 will radially restrain all nodes on the Z axis (R = 0).

The maximum coordinate in the R direction.
The minimum coordinate in the R direction.
The maximum coordinate in the Z direction.

The minimum coordinate in the Z direction.

Factor by which the distance between adjacent nodes changes

in the increasing R direction from RMIN to RMAX.

Factor by which the distance between adjacent nodes changes

in the decreasing Z direction from ZMAX to ZMIN.

Identification Card for Rod Elements (6I5)

N1

NRCOL

NZLAY

IDIA

Identification number for rod geometry.

The node number of the inner radius node at the top surface

of the rod.

The number of vertical columns of elements,

Note that

NRCOL = NRING - 1 for rod geometry. The maximum
allowable number of columns of elements is 15.

The number of horizontal layers of elements.
NZLAY = NPLN - 1.

Code for orientation of diagonals as shown.
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The element number of the first element (contains node N1).
The elements are numbered consecutively and are generated
in vertical columns beginning with the top layer 1 and ending
at bottom layer NZLLAY. The entire inner radial column is
generated before the adjacent outer radius column is gener-
ated etc.

Material Card for Rod Elements (1515)

{ M (1) - M (NRCOL) = Material numbers for the columns of elements.

Identification Card for Nose Elements (315, 10X, I5) -

INOSE

N1

NRING

ELE1

1

The nose geometry descriptions are given in Figure 14,

2 identifies a rounded nose shape.
3 identifies a conical nose shape.

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

Number of rings of elements (and nodes) in the nose shape.

The maximum allowable number of rings is 15.

The element number of the first element in the nose shape.
The elements are numbered consecutively, in a clockwise
direction, beginning with the entire center ring and expand-
ing outward,
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Material Card for Nose Elements (1515)

M (1) - M (NRING) = Material numbers for the rings of elements.

Card for Sphere Elements (315, 10X, 215)

The sphere geometry descriptions are given in Figure 15.

N1
NRING

ELE1

MATL

"

Identification number for sphere geometry.
The node number at the center of the sphere.

Number of rings of elements. The maximum allowable num-
ber of rings is 15.

The element number of the first element in the sphere. The
elements are numbered consecutively, in a clockwise direc-
tion, beginning with the inner ring and expanding outward.

The material number for all elements in the sphere.

Lard for Flat-Plate Elements (715)

The flat-plate descriptions are given in Figure 16.

N1
NRLAY
NZLAY

Identification number for flat-plate geometry.
The node number of the first node at R = RMIN and Z = ZMAX
Number of vertical layers (columns) of elements.

Number of horizontal layers of elements.
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IDIA

"

ELE1

MATI.

n

Code for orientation of diagonals as shown.

The element number of the first element in the plate (contains
node N1). The elements are numbered consecutively in hori-
zontal rows expanding outward. After a row is complete, the

next lower row is numbered in a similar manner.

The material number for all elements in the plate.

4.2 INPUT DATA FOR A RESTART RUN

A restart run is one which reads data from Tape 2. 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 11.

Identification

Card (315, 5X, F10.0)

CASE =

CYCLE =

IWIND

|

Case number for run identification. This does not have to

be identical to that of the previous run,

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,

r 0 will not rewind Tape 2 after the program has read the

restart data. This allows the entire run (from time = 0)

to be saved on one tape.

1 will rewind Tape 2 after the program has read the restart
data. Previously generated data for lower cycle numbers
will then be erased,
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CPMAX Central processor time (hours) at which the results will be

written onto a restart tape and the run will stop. This fea-
ture will be by-passed if CPMAX = 0.

Integration Time Increment Card (3F10. 0)

DTMIN

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

SSF = The fraction of the sound speed transit time used for the in-
tegration 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.

Data Output Cards (4F10, 0, 3I5)

fdentical to the Data Output cards for the initial run input data described in
subsection 4. 1,

4.3 INPUT DATA FOR STATE PLOTS

Input data for state plots are shown in Figure 11. This plotting program
reads data from Tape 2 which must be previously generated by setting
ISAVE = 1 on a Data Output Card for an initial geometry run or a restart
run. Five types of plots are available; each plot requires a State Plot
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Identification card and another card to input the data for the specific type
of plot requested. The data must be input in groups of two cards and the
requested cycle numbers must be equal to or greater than the previously
requested cycle number. Program ends with a blank card.

State Plot Identification Card (215, 4F10. 0)

This identifies the type of plot and the coordinates.

= TYPE = A code to specify the type of plot requested.

TYPE = 1 gives a geometry plot

A i S D 10 v

1 TYPE = 2 gives a stress field plot
: TYPE = 3 gives a pressure field plot
) TYPE = 4 gives a strain field plot

TYPE = 5 gives a velocity field plot

CYCLE = The cycle number of the plot which is desired. The cycle num-
bers of the data written on Tape 2 are given in the printed output

of the main program.

ZMAX = The maximum axial Z coordinate on the plot. The Z coordinate

(ZMAX to ZMIN) is 10. 0 inches long and is divided into 10 equal

increments. %
ZMIN = The minimum Z coordinate on the plot,
RMAX = The maximum radial R coordinate on the plot. The R coordinate |

(RMAX to RMIN) can be any length and the scale is equal to that
of the Z coordinate,

RMIN = The minimum R coordinate on the plot.
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k| Deformed Geometry Plot Card (3A6, 2X, 415)

This gives plots of geometry composed of triangular elements.

TITLE = The title which is written on the plot. The time and cycle num-
ber are.also written on the plot.

EDGE = A code to specify if an outline of the geometry should be plotted.
EDGE = 0 gives no outline,
EDGE = 1 gives an outline of the actual geometry.

EDGE = -1 gives an outline of the mirror image of the actual

geometry for axi-symmetric cases.

EDGE = 2 gives an outline of both the actual geometry and
the mirror image of the actual geometry.

B, il o a5t

k 1E = 1 will write "E" at the center of all elements which are in the
elastic range. Will not write if it is left blank.

1D = 1 will write ""P" at the center of all elements which are in the
plastic flow range. Will not write if it is left blank.

IF = 1 will write "F" at the center of all elements which are failed
(no shear or tensile stress). Will not write if it is left blank.

Stress Field Plot Card (3A6, 2X, 215, 5F10. 0)

This gives plots of lines of constant equivalent stress given by Equation (23). i

TITLE

The title which is written on the plot.
EDGE

A code to specify if the outline of the geometry should be plotted.
See description given for the Deformed Geometry Plot card.
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NLINE = The number of lines of constant stress to be plotted. Must be
1, 2, 3, 4or b,

STRESS (1) - STRESS (5) are the specific values of lines of constant stress.

Pressure Field Plot Card (3A6, 2X, 215, 5F10. 0)

Same as the Stress Field Plot card except the net pressure (hydrostatic plus
artificial viscosity) is plotted.

Strain Field Plot Card (3A6, 2X, 2I5, 5F10. 0)

Same as the Stress Field Plot card except the equivalent plastic strain
(Equation (13)) is plotted.

Velocity Field Plot Card (3A6, 2X, 15, 5X, F10,0)

This plots velocity vectors based on the position, velocity and direction of
the velocity of the nodes.

TITLE = The title which is written on the plot. f
EDGE = A code to specify if the outline of the geometry should be

plotted. See description given for the Deformed Geometry

Plot card.
VSCALE = The velocity which will give a velocity vector which has a

length of 1, 0 inch,
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4.4 INPUT DATA FOR TIME PLOTS

Input data for time plots are shown in Figure 11. This plotting program
reads data from Tape 3 which must be previously generated by setting
IDATA = 1 on the Data Output cards for an initial run or a restart run.
The variables plotted are shown in Figure 11. They are plotted as a
function of time at the various times specified on the Data Output cards.
Any or all of the 11 varables can be plotted. Each plot contains data for
the projectile, the target, and the total system (projectile plus target).
End with a blank card.

TYPE = A code to specify the variable to be plotted. Code is given in
Figure 11.

TMAX = The maximum time included in the plot (micro-seconds).

TMIN = The minimum time included in the plot (mic~o-seconds).

VMAX = The maximum value of the specified variable to be plotted.

VMIN = The minimum value of the specified variable to be plotted.

TITLE = The title which is printed on the plot.

4.5 OUTPUT DATA DESCRIPTION

The output data are generally described using the terminology of
this report. A summary of the printed output for an initial run is as
follows:

e All input data are printed exactly as read.

® Material data are printed for the input data.




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

° For each node, the initial coordinates, mass and restraints
are printed. The slave nodes are identified by adding a "'1"
before the RZT restraint. (Example: If the RZT restraint
is 100, the nodes are restrained in the radial direction. If
the RZT restraint is 1100, it is a slave node with the same

restraint. )

@ For each element, the three nodes, cross-sectional area,

volume and material number are printed.

e A summary of the initial geometry and impact/detonation
conditions is printed. Included are the number of nodes
and elements, mass, cg positions, velocities, detonation

location, energies and integration time increment data.

@ For each integration time increment selected data are
printed. These consist of cycle number (CYCIE), the
time (TIME), the integration time increment (DT), the
element number which governs the time increment
(ECRIT), the total system kinetic energy (TOTAI K. L.),
the projectile kinetic energy (PROJ K. E.). the total axial
Z, momentum of the system (TOTAI. MVZ), the projec-
tile axial Z momentum (PROJ MVZ), the total spin mo-
mentum of the system (TOTATL. MVS), the projectile spin
momentum (PROJ MVS), 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
problem is plane strain (instead of axi-symmetric),
momenta in the R direction are given in place of spin
momenta (TOTAT. MVS, PROJ MVS),
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Node data are printed at the selected times specified on the
Data Output Cards. These data include the node number
(NODE}, the coordinates (R, Z, T), the velocities (RDOT,
ZDOT, TDOT), and the accelerations (RDD, ZDD, TDD).
If the acceleration data are not printed, this indicates the
node is a slave node which is currently in contact with the

master surface,

Element data are also printed at the selected times on the
Data Output cards. These data consist of the element num-
ber (ELE), the relative volume (RELVOL), the volumetric
strain (DVOL), the volumetric strain rate (DVDOT), the
equivalent plastic strain (EPBAR) given in Equation (13),
the equivalent stress (SEFF) given in Equation (23), the
normal deviator stresses (SR, SZ, ST) given in Equations
(17) - (19), the shear stresses (SRZ, SRT, SZT) given by
Equations (20) - (22), the pressure (PRESURE) given by
Equation (26) or (29), the artificial viscosity [Q (VIS) ]
given by Equation (31), the temperature (TEMP) given by
Equation (25) and the burn fraction (BURNFR) given by
Equation (30).

Internal loads can be obtained for axi-symmetric rod pro-
jectiles 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 center-
line of the projectile from nodes NTOP to NBOT as specified
on the Viscellancous card  Included are the node numbers
(NODE), the axial coordinate of the node (Z), the compressive
axial load (AXIAL LLOAD) and the torque (TORQUE). The re-
sults are valid only along the free portion of the projectile and
are not valid for the portions which are in contact with the
target.
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A summary of system data is printed for selected time
specified on the Data Output cards. Data are given for the
projectile, target and total system. These data consist of
mass, cg, kinetic energy, internal energy, total energy
(kinetic plus internal), plastic work, momenta in Z direction,
net velocity in Z direction, angular momenta about Z axis
(linear momenta in R direction if plane strain), angular
velocity about Z axis (linear velocity in R direction if plane

strain), maximum Z coordinate and minimum Z coordinate.

DIAGNOSTICS

The following diagnostics are given prior to discontinuing the run.

ILLEGAL RESTRAINT ON SLLAVE NODE -- This means a

slave node has restraints in the Z or 6 directions or it is re-
strained in the R direction, but the radial coordinate is not
equal to the radial coordinate of the first or last master node,
This also occurs if node is designated as a slave node more than

one time.

ILLEGAL SLAVE ELEMENT -- A slave element does not
have exactly two slave nodes,

ILLEGAL REQUEST FOR NODE SHAPE == A request is
made for a special node shape which does not have an iden-=

tification number of 1, 2, 3, 4 or 5.

ILLEGAL REQUEST FOR ELEMENT SHAPE -- A request is
made for a special element shape which does not have an

identification number of 1, 2, 3, 4 or 5,

MINIMUM TIME INCREMENT HAS BEEN VIOLATED -~
This means the time increment given by Equation (43) is less

than specified by DTMIN on the Integration Time Increment
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card. The results are written on Tape 2 and/or Tape 3 if
previously specified (they are not printed), If it is desired
to continue the run to later times, DTMIN must be decreased
for the next restart run,

e CP TIME LIMIT EXCEEDED -- This means the central pro-
cessor time is greater than specified by CPMAX on the
Identification card, The results are then printed and written
on Tape 2 and/or Tape 3 if previously specified,

e ENERGY CHECK INDICATES NUMERICAL INSTABILITY -~
This means the kinetic energy of the system is at least 10
percent greater than the initial energy (kinetic plus internal
explosive energy) of the system. Since this is not physi-
cally possible, the run must be numerically unstable, The
results are printed and written on Tape 2 and/or Tape 3 if
previously specified,

o REQUESTED CYCLE NOT FOUND ON TAPE -- This means
a restart tape (Tape 2) does not have data for cycle number
specified on the Identification card,

4.7 CENTRAL PROCESSOR TIME ESTIMATES

For various problems run on a Honeywell 6080 computer, the EPIC-2 pro-
gram has used approximately 0. 0045 central processor second per node
per cycle.
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4.8 CENTRAL MEMORY STORAGE
REQUIREMENTS AND ALTERATIONS

The EPIC-2 program is currently limited to 10 materials (five solid-liquid
and five explosive), 1000 nodes, 2000 elements and five sliding surfaces,
each with a maximum of 100 master nodes, 100 slave nodes and 100 slave
elements. This requires 76K Central Memory Storage on a Honeywell
6080 computer. These limits can be altered by altering the appropriate
common arrays in all subroutines which contain those arrays.
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APPENDIX A
SAMPLE PROBLEM

Input data for a sample problem is provided in I'igure A-1, and a geometry
plot is shown in Figure A-2, This problem consists of a copper rod with a
hemispherical nose impacting a steel plate at 60, 000 inch/sec. The total
lenath of the rod is 4.9 inches and the radius is 0.5 inch; the thickness of the
plate is 0.5 inch and the radius is 4.0 inches. The nodes in the rod are gen-
erated in two sections to allow expanded spacing near the aft end of the rod;
likewise, the nodes in the plate are generated in two sections. The nodes in
the forward end of the rod are designated as slave nodes, and the nodes on
the top surface of the plate are designated as master nodes, This problem

contains 372 nodes and 600 elements.
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Figure A-1. Input Data for the Sample Problem
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Figure A=2, lInitial Geometry Plot of the Sample Problem
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