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ABSTRACT

4 description is given of the Incorporation of a model for spall

damage in ductile metals into the WONDY one-dimensional Lagranglian wavecode,

The constitutive equations modeling the thermomechanical behavior of the
damaged viscoplestic material are given as a system of seven first order
ordinary differential equations. In any zone-cycle, these equations are
integrated by the variable order, variable step Adams-method code, STEPI.
Sample calculations for a plane impact case illustrate the interaction
of the accumulating damage with the stress wave. Included are brief
parameter studies which indicate the dependence of the damage on the visco-
plastic model, Back surface velocity histories are compared with experi-

mental records.



I. ~INTRODUCTION

The elastic-viscopléstichamage constitutive model described by
Davison, et. al. [1], may be numerically evaluated within the existing
structure of a wevecode, It ié the purﬁose of this report to delineate
the incorporation of this model into the one-dimensional Lagrangian wave-
code, WONDY [2]. The order of computations in WONDY is such that the
equation of motion.(conservation of momentum) and constitutive model (with
conservation of energy) are staggered in time, Hence, for a given mass
element or zone of material, the'equation of state routine, which contains
the constitutive model, is entered after the.density of the zone has
already been determined from the motion equﬁtidn for a prescribed timestep.
The equation of state routine must then compute the corresponding stresses
and energy, and.remaining'state vériables5 corregponding to this new
density or strain. The constitutive model is essentially integrated in
time, from its 0ld values to its new cnes (at the end of the timestep)
whether it be by differencing, as is conventionally the case, or by
formally (numerically) integrating, as will be done here.

Solution of the constitutive and energy equations is not amenable
to a difference scheme applied across the timestep for this model,
prinarily becsuse of the complexity of coupling involved among variables.
The choice remaining is that of numerical integration of the equations.
One appreach involves defining an integrator that subcycles within the
prescribed code timestep using a crude difference scheme, and dividing
the cyele into more and more uniform subcycles until some sort of conver-
gence occurs. This has been attempted withrinconsistent and unsatisfactory

results. The alternative has been the successful use of the external



integrator STEP1 [3] (a variasble order, variable step, Adems-method
differential equation solver) to integrate the constitutive model within
specified error tolerances.

In order to maintain perSpective, the constitutive model equations,
in plane symmetry, will be reproduced in full in Section IT. A discussion
of the actual incorporation of these equations into WCNDY is found in
Section III, and the use of the integrator STEP1 is outlined in Section IV.
Section V is devoted to example calculations that indicate the effects of
various features of the model on the solution of typical problems. The
final section, VI, containsg the conclﬁsions of this report. Appendices
are included listing the WONDY data arrays, codiﬁg of the constitutive
model, reguired minimum updates to utilize this model in WONDY, and

specific material data for the sample calculations.



II. EQUATIONS FOR THE VISCO-PILASTIC-DAMAGE MODEL
For the purpose of clarifying the insertion of the elastic-viscoplastic-
damage model into WONDY, it is useful to reconstruct the one-dimensional
theory of uniaxial strain given in [1]. The direction 33 has been desig-
nated the longitudinal (axial) direction, and 11 and 22 the transverse

directions. The motion x is defined to be

x = (X1>X2”A‘(_X3’t)) (1)

~

where the deformation gradient (F) is equal to the product of the elastic
deformation (E), spall dilation (M), and viscoplastic slip (P). The

specific components of the deformetion gradient are

) .
= == = E M . 2
S S < Rl c Rl ¢ (22)
and
1= Fll = F22 = Ell M Pll . (2b)
The spall dilatation M is related to the damage £ by
l ) .
M= 1/(1 - 8)H3 (3)
the plastic deformation is isochoric, that is,
(P, )%P,, =1 . (4)
117 "33 ’ ‘
5o the elastic deformations may he expressed as’
_ /3
By = NP5 (1-8) (52)
eo-E@-s¥3. (50)
33 P

33

The elastic strains are defined 1o be



e11 = Ell - 1 (6a)

€33 = E33 -1 : (6b)

so that for small strains, the stress response is

1 | 2
tll = E(K + § U’)ell + (K = § Ll)e33 = %K(e - eR)

(7)
&

2 N
3= 2(k - 3 u)ell + (K + 3 u)633 - k(g - BR)

where a4 is the thermal coefficlient of expansion, 8 is the temperature and
eR is the reference temperature. The elastic constants are modified by

the damage to become
-

3(1 - vo)
N LT 29,) 8

[ 15(1 - )
L’L = UO l = 7 - 5\’ n@
L ©

where the Poisson's ratio is

v = 5 (3¢, = 200/ (e + 1)

The average gstress is defined to be
=L Yy = - -
o =3 (2t + t33) = K[Eell *t ey - Jnle BR)] . (9)

The nucleation and growth of voids to produce damage 1s governed by

the following equations: wvoid nucleation rate is given by

. o - oh + ic - Ghl
h = Cn exp 2, -1 (10)

and the rate of damage accumulation is determined from



b = ﬁuo(l - ﬂ)a + % CG[éo + lc - GGI - ’c + UG|]&(1 -8) . (11)

The required damsge parameters are C_ (nucleation rate coefficient), o

h

(nucleation threshold), o, (nucleation stress sensitivity parameter), A

1
(initial volume of an individual void), Ca (growth rete coefficient), and
9 {growth threshold). wn is the total number of voids, and § is the void
volume fraction.

In the plane case, the viscoplastic response reguires a maximum

resolved shear stress, given as

T = ulegg - ey /(1 - 8?13 (12)

The plastic deformation'gradient is

P33 =

] [

BD £ v 1
(1) *(m) ('T)P33 (3)
where the dislocation density is determined from
D
(

T) = = A% (D(T) - D(T))D ( )lV(T ' . (14)

The mobile fraction of these dislocations is determined from
L] * *
T = -B'D f - £7 ), \V 1

and the average velocity of mobile dislocations is taken to be

) 17' s T(A) ‘
V(r) = (16)

n
‘,J-L sen (1) ——, |r] > r
PR 1+ 8" (&)

where



s = (ITI - T(A))/'T* (17)

and
T(A) = T(A )[l + ('V/'Yo)l/n] . (18)
(8]

From Reference [1],

v may be integrated to find the "shear strain"

v =2 fn P

so Bq. (18) above becomes

, o 1/n
T(A) = T(AO) 1+ ("\';; in P33) . (19)

The constants required in the viscoplastic equations are B (the Burgers'
length), A*, DTT) (saturation dislocation density), B*, f?m) (saturation
mobile fraction), m, %, T(a ) (yield stress), Y,» and n.

Finally, the energy equgtion (Eq. (102) in {1]) is written in terms
éf the temperature to be

A = {—div g+ pplt - 91 - _Ie)r + 0.9 tr(t g(P))

~

. , 2
- kA I, - [}mR(m t 3 . ;9) Io - arn'(1 - 8)aple - ap)

- {o - a)/(1 - m];g}/cl - 8)(C,pp - xtkny) (20)

where



I = 2e + e

11 33
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tL = (b33 = 17 = Qp)P3a/Paq

2P33

In addition, g is the heat flux, r is the radiation term, Ct is the»specific
heat at constant stress, Qp is the artificial viscosity, aﬁg op is the
density of the medium,

A parallel energy equetion in terms of the specific internal energy

is meintained, taking the form

. 1 . . ., 2
E =1 - ;; div g - (t33 - QT)p/pT (21)

The eguations provided here are specificglly derived for the case of
uniaxisl strain. A more general version could be written, but it is felt
that for one dimension, uniaxial strain is the most commonly encountered
cage, and the simplest for verifying the model; other intergsting cases
involve two dimensions, to which fhe general equations in [1] may be

reduced.

P . . P .
. . S 33 _ - _E |2+ 33 £
To = 28y * B33 7 2E11[ 3T - ;95] E33[pT "By T30 - aoi].



III. WONDY - STATE 5

In the WONDY wavecode, the order of operation ig such that the time-
step required for numerical stability is specified in terms of the
parameters associated with the pre%ious cycle., For a given zone, the
density associated with the end. of this timestep is first determined,
and the equation of state routine is then used to calculate the stresses,
internal energy, and other varisbles which may be required,

With respect to the preseﬁt constitutive model, the deformation
gradient F33 for any zone is equal to the ratio of the reference density,

pgs to the new density, Equations (2-8) are evaluated to obtain the

pN'
stresses, after which the derivative evaluations are performed, Egs. (9-
21). There are seven coupled ordinary differential equations to be

integrated for the variables:

n - number density of voids, Eq. (10),
8 - damage (void volume fraction), Eq. (11),

D(T) - dislocation density, Eq. (14),

f(m) - fraction of mobile dislecations, Egq. (15),
P33 - axial plastic deformation gradient, Eq. (13),
8 - temperature, Eq. (20), and

€ - internal energy, Eq. (21).

Of these seven variables, n and e are not explicitly used in the
derivative evaluations or stress determination. The number density, n,
is used only in derivative form in the damage equation (11). Hence, in
terms of material response, a redundant but physically interesting
damage paresmeter is being evaluated, Maintaining the product Chuo

constant produces fixed damage levels (Eq. (10,11)); the purpose of Ch



is to adjust the number density to match post-mortem experimental evidence.
Since the WONDY wavecode carries an internal energy check, Eq. (21) for
the internal energy is required; it is also included in the model in case
future modificatidné in stress;strain vehavior would require use of the
internasl energy instead of the temperature.

Under normsl conditions, the initial wvalues of the variables are set
to reflect an unstressed, unstrained, quiesgcent medium. The variables
hy, 8, P33, and ¢ are then initialized to zero, zero, one, and zero,
respectively. A reference tempersture, SR, is needed, as is an initisl
dislocation density and an initial fraction of mobile dislocations. It
iz apparent, however, that one may just as eésily begin with a predamaged
material, say, and enter an initial damage distribution.

In addition to the normal variables carried for each zone in the
wavecode, (which includes the internal energy, €), the remaining six
variables are stored for each zone. For any‘timestep, the previous values
are taken as initial data, and integrated in time to the end of the time-
step, resulting in new values for each variable, Since the density has
already been determined for the end of the tiﬁestep, it must be modified
tc a linear function of time across the timestep to permit proper integra-
tion for the seven varisbles. Denoting Po and pN as old and new
densities corresponding to times TO and TN’ the density o can then be

expressed as

PN ™ Po
= T_—T; (T - TO) * P A (22)

P
T N

A similar situation exists for the code's artificial viscosity, which

appears only in the energy equation. This linear function takes the form

11
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-Q
Qp = gﬁ—:_fg (T - To) * R (23)
o

The time increment in WONDY by which & stable computation may advance
each cycle depends upon the zone size, artificial viscosity, and sound
speed. The sound speed is calculated in the equation of- state subroutine
and has been approximated by a constant value in the present cage. The
maximum sound speed is taken as the elastic longitudinal wave speed, and
has been found to provide stable computations.

WONDY is operating with a total of seveﬁteen variables when using
the present model, and the storage arrangement for the additional variables
is given in Appendix A, The material parameters.for the viscoplastic and
damage models are stored in an array, ESC, and their appropriste desgigna-
tions are also given in Appendix A.

The equation of state calculation has been placed in the subroutine
STATS5. This subroutine contains & driver for the integrator STEPI.

STATS also contains an entry point, STINS5, in which internal parameters
are calculated and the new variables initialized., The subroutine
F(T,z,gf) doeg the derivative computations required by STEPl1 to integrate
the variables each zone-cycle. The coding for STATS and F(T,E,g?) is
given in Appendix B. The standard WONDY output has been altered, and the
variables written to tape for plotting have been changed. These updates
are listed in Appendix C for convenience.

The ceding is quite transparent, and in such a form that major
changes in material characterization may readily be effected. Differing
damage models may be acccmmodated without any major code alterationsg, as
may alternate stress-strain relations, etec. This flexibility is due in

large part tc the use of an external integrator,.



IV. INTEGRATCR FOR THE EQUATIONS - STEP1

The efficient soluticn of the system of first order ordinary
differential equations encountered in this constitutive model is
mandatory. In addition, cogniéance cof the integration errors is desirable,
and stebility of the integration inéependent of wavécode zone sizeg or
timesteps is a firm requirement. Rather than attempt to build into the
code a rudimentary integrator, with the incumbent task of proving it out,
an existing integrator, built specifically for such systems of eguations,
and known to be efficient and exhaustively tested, was employed. The
integrator, STEP1, documented in [3], is based upon a variable order,
variable step version of the Adams PECE (ETedict Evaluate Correct Eyaluate)
formulas. The predictor and corrector are of order k and k+l, respectively,
(which is equivalent to uéing a kﬁh order predictor, and corrector with
local extrapolation). For stability reasons, & meximum k of twelve is
impoged. Each successful call to STEPL advences the solution of ther
equations one step, so the integrator is cslled repeétedly for each zone-
cycle until the wavecode timestep has been exceeded, at which point the
code INTRP [3] interpolates the veriables to the proper wavecode time.
(The integrator determines its most efficient timestep internailj,
independent of the stability criterion employed by WONDY.) The integrator
is gelf-starting, requiring only the initial values of the varisbles to
be integrated. The weighted local error in each variable is limited at
each integration timestep to a tolerance EPS specified in the material
input (Appendix A). Setting the weight to the magnitude of the variable
provides a relative error. (As noted sbove, the number density and the

internal energy are not explieitly required, so their weights have been

13
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set very iarge to aveid having either of these variables control the STEP1
integration step. The remaining wvariables are held within relative error
bounds. )

Upon return from a successful-step, STEPL has determined what the next
optimum step size should be, and the proper order, k, for continuing the
integration. The derivative evaluations are performed in an external
subroutine F(T%E’EP)’ described in Appendix B, which is required to be

called twice for each successful step. The total number of calls have

‘been monitored for the purposes of determining the efficiency of using

STEPL in this constitutive model, and for EPS of lO-l1L (relative error),

an average of 4 steps is required per zone-cycle.v A check on the stiffness
of the differential equations is performed, stiffness being defined as
requiring 500 calls to STEPl in a (wavecode) time interval, of which 50
consecutive calls must have order less than or equal to 4. The equations
have not appeared to be stiff in problems tested to the present. It may
also be noted that using this model on the CDC 6600, WONDY calculates

about 5(105) zone-cycles/hour; an elastic-perfectly-plastic model in

STATE1l will normally calculate at about the rate of 5(l06) zone-cycles/
hour, while a rate-dependent iterative model in STATEL may calculate as

slowly as 5(10h) zone-cycles/hour.



V. EXAMPLES

It is the intent of this section to demonstrate the behavior of medie
modeled by the constitutive egquations in Section II. A sampling of test
problems is dincluded to illustrate the coupling between viscoplastic and
damage behavior. Specifically, the problems will demonstrate material
regsponse with and without damage being permitted to accrue, the alterations
in behavior caused by the inclusion of the dislocation multiplicaticn
mechanism, and response in the face of gross zoning changes.

The back surface wvelocity histories are augmented by two experimental
histories for the geometries to be discussed. Although a "best fit" is not
the purpcge here, very gcod agreement will be seen to exist, indicating the
potential of the model for damage studies.

Two geometries in uniaxial strain will be considered. The first case
(A) entails & fused quartz flyer, 3.1674 mm thick, with veloeity 300.8 m/s,
impacting an 1100 aluminum target, 6.3856 mm thick, backed by a fused quartz
window, 13.297 mm thick. The experimental velocity history is taken at the
target /windew interface. The second case (B) is the impact of a fused
quartz flyer, 3.178 mm thick, velocity 141.95 m/s, with an aluminum target,
6.3998 mm thick. The experimental velocity history is of the rear surface
of the target. Finally, a case (C) is considered with geometry identical
to that of case (B), but with coarse zoning.

In case (A), the loading wave is generated at the flyer/target impact
interface. The compressive wave in the flyer reflects off the trailing
free surface as = release wave, propagating back through the flyer and on
into the aluminum. The window first transmits the loading wave from the

aluminum, followed shortly by the release, or unloading wave. The quartz

15
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and aluminum have slight dissimilarities of impedance, so the loading
wave experiences a small reduction in magnitude as it passes through the
window.

In case (B), since the aluminﬁm has a free surface on the back face,
the initial loading wave is reflected as a release wave back into the
aluminum. When the release waves originating from the flyer and the back
surface meet, a region of tension ensues, in which damage may form,

relaxing the tenslon, and causing a recompression wave tc drive towards

-the rear aluminum face. It will be seen that the viscoplastic model

strongly influences the locaticn and character of the initial tension

wave that is developed, hence significantly affeéting the resulting damage.
The dsta for the fused quartz are from [L], and are listed in

Appendix D, Table 1. This material utilizes STATE 1 in WONDY for its

description. The dets for the aluminum are listed in Appendix D, Table 2.

The initial damage parameters are from [5]. In case A, the flyer has 32

zones, the target, 64 zones, and the window, 133 zones, Case B has 30

zones in the flyer and 60 zones in the target, and case C is zoned with

6 zoneg in the flyer and 12 zones in the target. The problem time is

4 us, corresponding to the experimental record history duration. In all

cages, the gquadratic and linear viscosity coefficients in WONDY are taken

to be 0.5 and 0.25, respectively; this permits some minor oscillations

to develop, but does not obscure the details of the wave front in the

aluminum.



A, Fused Quartz Flyer/Aluminum Target/Fused Quartz Window

Case A-l,

In this example, the dislocation multiplication mechanism has been
turned off (A¥ = -1). Figure 1 is the target/window interface velocity
history illustrating the léading and unloading behavior of the wave

entering the window from the aluminum.

Case A-2.

When the above case A-1 has the dislocation multiplication turned
on, (A* = -l.O(lO_u)), the precursor assumes better definition, and the
arrival time of the relief wave is improved (Figure 2). The steepness of
the loading wave is also a function of zone size and artificial viscesity,
and much time could be spent attempting to obtaln a bvetter fit. Strain
hardening is ignored and the fraction of mobile dislocsations has remained
fixed and this may affect the wave ghepe. The wave profiles at 0.5, 1.5,
and 2.5 s are shown in Figure 3. The profile at 1.5 us shows the
unloading of the wave caused by the dissimilarities in target and window
impedances. Note alsc the oscillations at early times caused by the use

of very low vaelues of the artificial wviscosgity.

Case A-3.
If one were to desire to reshock a previocusly deamaged materiel, or
were to interpret a distended metal as uniformly "predamaged”, some initial

damage, Bo’ must be specified, as must be an initial density related
through QO to the solid density. If the initial stresses are to be zerc,
E and E

11 33
the initial density of the expanded material is pR(l - ﬁo)l/3, from Eq. (2a)

must be unity. Since So is in fact the void volume fraction,

end F,, = 1/(1 - @0)1/3, from Eq. (2b). Equation (5a) must be rewritten as

17
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i = P L"_;Q_.l/3

S 1l T 33\1-9

e}
An alternative approach is to consider uniform demage to have been
generated with no lateral motion permitted. This results in a residual

plastic deformation, P (1 - 90)1/3, if no residual stresses are

i
permitted. Then, from Eq. (4),

Pyg = 1/(1 - ;9'0)2/3 .

Finally, from Eq. (2a), the original distended density is po(l - So).

Using this latter method, for an initial 8, of 0.1, the distended
density becomes 2.439 in the aluminum. For fhe sanme geometry ag congidered
in example A-2, the target/window velocity history is shown in Figure b,
and the wave profiles at 0.5, 1.5, and 2.5 us are seen in Figure‘E. The
minimm stress for collapse, Os is 0.3 GPa, so there is a 0.3 GPa wave
travelling through the predamaged material unimpeded.

At the crest of the wave at 1 s, the temperature has risen from
300°K to 350°K as compared to 317°K in case A-2. The distended material
is absorbing much energy as it crushes; thege results are conglstent with
what has been shown using the Pfd model for disﬁended materisls [e.g.,

Ref. 6], It must be emphasized that this example is not intended to model
specifically a distended aluminum medium; the parameters employed are
gtrictly for the purpose of illustrating an additional possgible interpreta-

tion of the present damage model.

21



22

VELOCITY (M/s)

W[ T T T T [T T T T T T T T [T T T
120— S
80— —
40— —
- ]
I A e i
0.0 1.0 2.0 3.0 4.0

TIME (¢5)

Figure L. Aluminum/quartz interface velccity history
for 10% porous aluminum,



STRESS (GPa)

2.0

bt
(e

I I I [

T 1, T 1
QUARTZ' ALUMINUM | QUARTZ

POSITION {(mm)

Figure 5. Stress wave profiles for 10% porous aluminum.

20,0

23



oL

B. Fused Quartz Flyer/Aluminum Target

Casge B-1.

Using the parsmeters from Table 2, Appendix D, for the aluminum, but

*

with the dislocation multiplication mechanism turned off (A™ = -1), and

the damage model suppressed (Ch'= -1), the aluminum may experience tension,
with no resultant spallation. The back surface velocity history is seen

in Figure 6, and the stress history at the plane where spallation could

 have occurred is presented in Figure 7.

Case B-2,

If case B-1 is now expanded to permit damagé to occur, we observe
dramatic alterations in the rear surface velocity history, Figure 8, and
the stress history at the plane of maximum damage, Figure 9. Figure 8
shows some recovery with the expected ringing. The damaged region is now
"translucent" to stress waves. The stress wave at the damage plane,
Figure 9, shows how the stress relaxes as the damage begins to accumulate
and change the material properties of that region. A sequence of wave
profiles showing this effect 1s depicted in Figure 10. The final damage
profile is given in Figure 11, While there is a concentrated region of
damage that could be called a spall plane, the damage is clearly not

limited to a single plane.

Cagse B-3,

By a process of trial and error, a new set of damage parameters were
determined that provide a better fit of the back surface velocity hisgtory.
These damage parameters are given in Appendix D, Table 3. One immediately

apparent aspect is that for some lower impact velocity, the nucleation
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2.0 and 2.2 ys. Damege data, Appendix D,
Table 2.
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Figure 11. Final damage distribution. Damsge data,
Appendix D, Table 2.
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threshold, Gh’ will not be exceeded and no damege will develop. If, in

fact, Gh ig truly & physical property, then it should be possible to isolate

it in a series of experiments with a range of impact velocities that
indicate when some wvoid formation becomes evident.

Figure 12 illustrates the back surface velocity history resulting from
these new damage parameters. Observe gpecifically that the first minimum
has been pulled down to & more appropriate position--this was accomplished

primarily by increasing o _, to retard the initiation of void formation.

h,
The decreased slope of the recovery is sttributable to decreasing the rate

of growth, governed primerily by C Figure 13 is a plot of the stress

a
history on the plane of meximum damage. Comparison with Figure 9 shows
major changgs in the stress relaxation caused by the damage growth as
governed by the new demage paremeters., Figure 14 shows the final demage
distribution. It is somewhat more narrow then before (Figure 11).
Figure 15 showé the sPatiai distribution of the void number density,-n,

and it is seen that a substantial number of voids have been nucleated that

did not grow to significant damage levels.

Case B-lL.

The dislocation multiplicetion mechenism is now made cperable for the
purpose of demonstrating the effects of the plasticity model on the demsge
behavicr experienced by the golid., The demage perameters of case B-3 are
reteined, and A* is set back to 1(10'“) to activate the dislocation
mechanism. Figure 16 shows the back surface velocity 5istory. The
loading and unloading behavior is clearly more satlisfactory, and the wave
arrival times are in general more nearly coincident with the experimental

record. The more precisely defined wave fronts generate a sharper tensile
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Figure 12. Back surface velocity history with dislocation
multiplication suppressed. Damage data,
Appendix D, Table 3.
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Figure 13. Stress history at plane of maximum damage,

Dislocation multiplication suppressed,
Damage date, Appendix D, Table 3.
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Figure 14. Final damage disgtribution. Dislocation multipli-

cation suppressed. Damage data, Appendix D,
‘Table 3.
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pulse which in turn significantly alters the demage growth and pulse decay.
This is shown by a stress history at the plane of maximum damage, Figure
17. The resulting damage (Figure 18) is also greater than before, but
with a little more spread than seen in Figure 1k.

The damage growth history at the plane of maximum démage is seen in
Figure 19, indicating a period of void collapse or recoverable damage.

Information bagsed conly on post-mortem studies would not be expected to

reveal such behavior; there is no a priori reason to exclude vold collapse

during the course of the wave-damage interactions.
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Back surface velocity history. Dislocation
multiplication active. Damage data, Appendix
D, Table 3.
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Figure 17. ©Stress history at plane of maximum damage.
Damage data, Appendix D, Table 3.
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Figure 18. Final damsge distribution in aluminum.

Damage data, Appendix D, Table 3.
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Damage accumulation history at plane of maximum

final damage.

Damage data, Appendix D, Table 3.




C. Fused Quartz Flyer/Aluminum Target

This coarsely zoned problem is computed using elastic-viscoplastic-~
damage parameters identical to. those of case B-l. Despite the coarse
zoning, the back surface velocitﬁ history; Figure 20, retains the major
agpects of behavior, but the final damage levelsg, Figure 21, are about

40% lower than for the more- finely resolved case.
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Figure 20. Regults of coarse zoning on back surface

velocity history.
Table 3.

Damage data, Appendix D,
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VI. CONCLUSIONS

Although this report is primarily intended to illustrate the method
of solution of the governing equations for an elastic-viscoplastic-damage
model within the wavecode, WONDY, several example calculations have been
incluﬁed to demonstrate the flexibility of the model. The integrator
STEP1 has proved efficient in the tasgsk of numerically integrating the
differential equations within the confines of the wavecode, and is expected
t0 be a viable method of solution of other model eguations requiring

Asimilar treatment.

The examples included in this report form an isolated sample of
material behavior predicted by the model. The predemage in material is
expected to be an integral aspect of rock failure models, where instead
of voids, randomly oriented cracks exist that may close prior to growing
in other directions., Of particular interest is the high degree of coupling
between the elastic-plastic and damage aspects of the model, having
observed in the examples that details of the damage behavior are
significantly influenced by the elastic-plastic mecdeling., This impliesg
that the parameters for s constitﬁtive damage model are not independent
of the remainder of the model, and are even coupled to the artificial
viscosity employed in a wavecode, In the present case, the artifiecial
viscosity was tuned to the resclution of the loadiﬁg and unloading
behavior of the aluminum independent of the damage occurrence, and then
the damege parameters adjusted. Although it is much less expensive to
run coarsely zoned problems, therlack'of demage resolution limits the
useful information to come from these runs. A lower limit of resolution
needs to be determined sbove which damage levels are not affected by the

resolution.



Finally, it is clear that damege parameters mey be at least in part
assessed from back surface velocity histories, these histories being a
very stringent test of the capabiiities and correctness of the demage

modeling.
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Appendix A

The WCNDY storage srrengements are listed below; WCNDY requires 17

verigbles designsted to run with this model.

DATB

DATB

DATB

DATB

DATB

DATB

(2)
(3)
()
(5)
(6)
(7)

STORE
STORE
STORE
STORE
STORE
STORE

STORE

(T+12) n Nurber of voids/unit volume
(J+13) ‘ﬁ. Damage, void volume fraction
(J+l¥) D(T) Dislogation density

(J#}S) f(m) Mobile frgdtion of dislocations
(J+16) Par ' ‘. Longiﬁudinal plastic deformstion
(J+17) a 8 - Absolute'(Kelvin) temperature

(J+2) € Intemal energy

The parameters for the model are stored in CES{N, PIATE) in WONDY, and are

cn data cards 15-19 in input sequence,

N

1

= W

10

pR’
Cd’
M2

Mo

Card 15

reference density

longitudinal sound speed

shear modulus

» Poisson's ratio

ko> bulk modulus (ealculated internally)

15(1

3(1

- vo)/(7_- Svo) p coefficient (calculated internally)

- vo)/E(l - 2vo) Kk coefficient (calculated internally)

Card 16

B, Burgers' vector

m, exponent in Eq. (16)

¥, shear coefficient

L7 -
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11

13
14

=

15
16
17
18
19
20

21

1=

22
23
2l
25
26
27
28

1=

29
30
31
32

Cq = \’“o/pR’ shear velocity (calculated internally)

(A )? initial backstress
o _
Y,» Yield constant

1/n, yield exponent

Card 17
DSTZ, initial dislocation density

A%, ﬁ(T) coefficient (if < 0, sets ﬁ( = 0)

DTT)’ saturation dislocationidensity

T)

FSMz, initial fraction of mobile dislocations
B*s %(m) coefficient (if < 0, sets %(m) = 0)
*

f(m), saturation fraction of mobile dislocations

(Not nsed)

Card 18
nuclestion perameter (if <0, n =8 = 0)
nueclegtion parameter
nucleation threghold
U_, initial void volume
growth parameter
growth threshold

(Not used)

Card 19
EPS, STEPL error tolerance
fgo reference temperature (if < 1, g = 0)
a, coefficient of thermal expgnsion

Ct’ apecific heat at constant stress

~



33
3k

35

(Not used)
(Not used)

(Not uged)
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APPENDIX B
EQUATION QF STATE ROUTINEs STATL AND F(TsY4YP)}s IN «ONDY IV

SURRCUTINE STATE

WONDY TV

CCMMON STORE(1987C) yMEXT(I1825),NUM(3025)

COMMON /CONST/ ADDATA{1IOT)y 81y 82y CES(424:20)s EXITs LALPHAS
1 IDUMPs Js JAs KMI3)s KT1ls L LMAXs LULs LURS, LPHAS
2 NOMESHEIZ2C )Y s NONEs NOPs NTWOs NVARS PLATESs PRIATEs PrINTL S
2 PRINTNs STATE(2L) s SUMQEs TDEPs wls wRs Wa02Us XIERO

COMMON /NAMES/ C» CNs Ea ENs Ms Py PAs Py Qs GAy GNs Re RAs RNy
1 Ss SAs SNy s UAs UBs UBNs UNs Xa RAs XBy XBiNs XNs Zs Z&4» £LN
COMMON /RETAINZ No Ts DELT(5)s FTOTs HTOTs ITARLLUISO) s TARLEL(ZY»50)
1 s PFRACT(181%)s QFRACT(1BO%)» LACT

COMMON fJNMSO/s DATRI1INTYy NDELRHD, NELXJs JUNE, NEWPLAT, RHODOT
COMMON - /WJISD/ DEPs FCONST(20)s FCONSTI(22)s FCRITIZ20)» FCRITIL(Z20)
1 JTAPESs LDUMPs NETARTs SIGACTs SIOGMAF(Z2C) s SIGMALIF{20)»
z SIGMAQI20 )y SIGYMACTIZ? )y GINASEP

NIMENSTON YU 7Y auT(T)oPHI( 79161 aPP{ 7Y o YR (7] aPST112) sALPHAI1Z)

1 QCTA(IZ);SIG(]?)-V(]?)swgl?)uﬁ(]3)sYUUT(7)9YPQbT(7)

COMMON /TIMESF/ DELTIMTZERGZTEND

TYPFE INTEGER PLATF, w4922

TYPE LOGICAL STARTs CRASHs PHASF1ls NORNDs STIFF

FXTERNAL F ’
WONTDY STATF >

REFEIRENCES :

DAVISONs STEVENSs KIPP ~ SPALL DAMAGE IN DUCTILE METALS (1976}
KIPP, STEVENS —~ SANDIA REPORT SAND=T76-2761

METHOD OF SOLUTION OF COUPLED FIRST O-DEr U-D+0hA=0 D+FFERENT+AL
FOUATIONS - STEPs INTRP . ‘

STEP I§ A VARIABLE URucRs VARIAoLE S$TocP AvAMS FLTHOU INTLGRATUK
INTRP INTERPQLATES TO FIMNAL TIME

REFERENCE =~ L F SHAMPINE AND M £ GOKDUMNs CUMPUTER SULUTICN UF
CORDINARY DIFFERENTIAL EQUATIONS-THE INITIAL VALUL PROSLEM
FREEMAN (1974}

NUMRFR OF VARTARLFS REQUIRED 1S 17

NOTATION

DATARI2)Y=YNUM NUMRFR OF VOIDS/UNIT VCOLUME

DATR(3)=DMG DAMAGE vOIC VOLUME FRACTIGN

DATR(4)=DST DISLCCATION DENSITY

DATR(5)=FSM FRACTIGN OF MOBILE DISLUCATIONS

DATBI(5)=P33 LONGITUDINAL PLASTIC DEFURMATIGN

DATR(7)=THETA TEMPERATURE IN KELVIN UEGKREES

CELTIM=DELTI{1)

TZERO=T=NFLTIM

TEND=T

INITIALIZATION CF PARAMETERS FOR STEP
H=DELTIM
PO 5 KKK=14+6



15

20

30

35

Y(KEK)=DATB(KKK+1)
Y{7)=E
TPRES=TZFRO
NEQN=T
START=.TRUE
STIFF=sFALSE,
KLE4=)

KSTF=0

FRROR INFORMATION
FOC=CES(29.PLATE)
WT({1)=Y[1)/FEPS/FPS
IFIY{Ll)eLF+EPSIWT(1)=140/EPS/EPS
WT{2)1=Y(2)
IFIY(2)eLELEPS)IWT{2)=ERS
wT{3)=Y(13)

WT{ay=Yla)
IF(Y{4) s LELEPSIANT{4)}=ERS
wWT{5)=Y15)

WT-{6)=Y(6)
IF(Y(é)QL‘;OFDS,V\"T(G):EP%
WT(T7)=Y(T)/EPS/FPS .
IF{Y({T7)eLFEPSIHT{7}=1e0/EPS/EPS

CALL STEPI(FsNEQN,Y;T‘PRESsHsEPSgw'T95TA’RT’HULD,KaKOLDsCHASHsPHI s PPy

1 YPsPSTsALPHASRETAsSIGIY s WwaGoPHASEL sNSsNORND)
IF(CRASHYIGO TO 15

STIFFNESS CHECK

KLE&4=KLE&+]

KSTF=KSTF+1

IFIKOLD e GTo 4 IKLF&4=0

IF(KLE4«GE5C)ISTIFF = TRUE,

IF(KSTFLTL50M)60 TO. 29

IF(STIFF)PRINT 25,TPRESWNsL

KLE4=0

STIFF=.FALSE, o .
FORMAT( /9% FQUATIONS ARE STIFFs AT TIME*4sE12e40%
1* ZONE=%,15)

CONTINUF

IF(TPRFSGFTIGO TC 30
HZAMINL(Hy 1 4ND0OC01*¥(T=TPRES))

GO TO 10

CALL INTRP{TPRESsYsTaYOUTsYPOUT sNEGNsKOLDsPHISPS])
DN 3k KKK=146

DATRIKKK+1)=YOUT (KKK)

EN=YOUTIT)

5032=SORT(NATRIA) )

FRZRH=CES{1+PLATF) /RN

AMUZCES(3sPLATE}*{14-CES{ 6sPLATEIXDATB(3))
IECAMUL LT, e Y AMU=",

AKAP=CES(5sPLATE)*{14~CESt T7LPLATEI*DATR(2))
IF(AKAP LT+ 04 )AKAP=0.
FWM=1le/({1a=DATR(3))#%),333333

F11=SP33/EM

CYCLE=%slby
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[T}

]

(]

40N

1

E33=FRZRH/FM/DATR(A])

FPS11=F11-1.

EP&23=F33=1. .

STHERM=3 ,#CES{31yPLATE) ¥AKAP* (DATB(T7)-CES{30,PLATE) )
T3322, % {AKAP=2 . #AMU/ 34 ) XEPST 1+ [ AKAP+4 s ¥AMU/ 34 ) REPS33 — STHERM
SN=-T32

TAU=AMUREM*EME (ERPS3IA-ERPS] 1)

ZN==2,O0%T AL

ELASTIC SOUND SPEED

CN=CES{2,PLATE}

RETURN

CALCULATION OF CONSTANTS FOR FQUATICN OF STATE 5
ENTRY STINS
RULK MODULUS RFCALCULATED
CFS{RPLATF ) =24 U%¥CFS{3+sPLATEI* (1 4+CES{4sPLATE) /3,07
{(le=2+9%CES4sPLATFE))
LONGITURINAL WAVE VELOCITY RECALCULATED
CES{2sPLATE ) =SQRTI{CES (5 s PLATF ) +44¥CFES(3sPLATE) /34) /CESTLSPLATE))
COEFFICIENT IN DAMAGE EQUATION FOR SHEAR MGDULUS .
CES{ 69PLATE)=19au¥ [ 1ea—CES{4+PLATE} Y/ (Te=5.%¥CES(4sPLATE )
COEFFICIFNT IN DAMAGE FQUATION FUR RBULK MUDULUS
CESC ToPLATE)=340%{1a~CES{AsPLATE )/ 20/ (1 e—24#¥CES(4,PLATE))
SHEAR WAVE VELOCTITY
CrS{11+PLATE)=SORT(CFS{34PLATEY/CES(T.PLATEY)
INITIALIZE STORE ARRAY FOR Nfw VARIARLES
DO 4D LA=LNL,,LOR
JA=({LA-1)¥NVAR
VOTN NUMRER NDFENSTTY
STORE(JA+12)=N
DAMAGE ~(VOID VOLUME FRACTIGN) -
STORE(JA+13)=0.
DISLOCATION DENSITY -
STORE(JA+14)=CES(15+PLATE)
MOBILE NISLOCATION FRACTIOCON
STORE{JA+15)=CES(18,PLATE)

"LONGITURINAL DEFORMATION GRADIENT - PLAGTIC

STORE(JA+16)7140)
TFMPFRATURF
STORE(JA+1T)=CES(30,RLATE)
CONTINUEL :
RETURN

END
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1
2
3

1

SURROUTINFE F{TsYsYP) '

COVMMON /CONST/ ADDATA(10 Yy Rls B2» CES(424+20) s EXITy TALPHAS
INUMPs Jds JAs KF{3)s KT1ly L LMAXs LULy LURy LPHAY
NOMESH({Z0) s NONEs NOPy» WTWOs NVARs PLATEs PRINTEs PRINTLS
PRINTNs STATE(20)s SUMQEs TDEPs Wl WRs W4D20, XZERO

CUMMON /NAMES/ Cs CiNs Eo» FNe Mg Po ‘Pﬁj PNy Ws GAr WiNs Ko RAs RNy
Ss SAs SN» Us UAs URBs UBNs UNs Xs XAs XBs X8BN» XN» Zs ZAs ZN

COMMON /TIMESF/ DELTIMeTZEROWZTEND

NIMENSTION Y{7)sYP(T)

TYPE [NTEGER PLATE, Was329

CUOMUILATIVE DERIVATIVE FVALUATTIONS CALLED BY STEP

CFS(a2,2N =CES(42420)+140

VANUM=Y (1) '

DMG=Y ()

NET=Y{3)

FGM=Y(4)

P23=Y{5)

THETA=Y(5)

SP32=SQRT (P31)

LINFAR DENSITY VARIATION FOR TIME INTERVAL
DENS=( (RN=R ) ¥T+R¥ TEND-RN¥TZERC) /DELT I
FRZRH=CES(1sPLATE) /DENS .
LINEAR ARTIFICIAL VISCOSITY VARIATION FUR TIiE INTERVAL
QT={ (QN=0Q) *T+Q*TEND=GN*¥TZERO ) /DELT I :

ELASTIC CONSTANTS - DAMAGE EFFECTS
AMU=CES{3sPLATEY #(1a=CES( BsPLATE)*DMG)
TF(AMI LT« a)YAMUSO,
AKAP=CES(5sPLATE) % ({1 4~CES{ TyPLATE)#*DMG)
IFTAKAP WL To0a ) AKAP=D.

DAMAGE NEFORMATION CONTRISUTION
EMz1,/{1a=DMG)*%0,3333373

FLASTIC DEFORMATIONS
F11=5P23/FV
E323=FRZRH/EM/P33

ELASTIC STRAINS
FES11=F1l1~1,
EPS533=£33~1.

THERMAL STRESS CONTRIBUTION _
5THERM=3.*CESI31?PLATE)*AKAP*(THETA ~CESI30,PLATEY)

(ELASTIC) STRESSES
T11=2 % (AKAP+AMU/ 3, 1 ¥EPSTL+{AKAP-2 ¢ #AMU/ 3, ) *#FPS33 ~ STHERW
T33=2 ¥ (AKAP=2 4 ¥AMU/32 JEEPST1 1+ (AKAP+4 ¢ ¥AMU/ 3 ) ¥EPS33 = STHERM

AVERAGE STRESS
SIG={2.%T11+4T33)/3.

DAMAGE EQUATIONS
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IF(CES{22.PLATE)«GT#U40)G0O TO 10
YP(11=0,D2
YR(2)=NeN
GO TO 2C

10 CONTINUFE
SNUC=(SIG-CES(24.PLATC ) +ABSISIG-CEBI24PLATE) ) )1/ 2« /CEST23,PLATE)
SCEROW={ 2, #SIG+ARS(SICG-CFS{2TyPLATFEY ) =ARS({SIGHCES(2TsPLATE )Y ) /2,

RATE OF NUCLEATIGM OF ¥2IDS
YP{1)I=CESI224PLATE) # (EXPISNUC)I=1e)

RATE OF DAMAGE GROWTH
NON NORYALISED FORM FOR GROWTH EQUATION CONSTANT (G
YPL2)=YP(1)¥CES{25+PLATE ) ¥ (1a=DMGI*¥(1o~0MG) + 34#CES(264PLATE)
1 SGROWXNMGH (] ,-DMG)

2 CONTINUE

SHEAR STRESS

TAU=AM{REMUEME (FPS33-EPS]11)

RACK STRESS

GAM=2.%ARSTALOG{P33))
TAUA=CES(12;PLATE)*(1.+(GAMICE5113qDLATE))**C&S(lhgpﬁATEJ)

DISLOCATION VELQCITY

ARTAU=ABS{TAU)

FS=(ABTAU~TAUA) /CFS(10PLATF)

VET2U=D,

Z1=CES{IsPLATF) .

IF(FS T a0 IVFTAUSCESII1 s PLATFIRTALU/ARTAUR(ESH#Z] ) /(1 a+ESH*Z])

DISLOCATION DENSITY
Yo(2)=0,0 .
© IF(CES(16sPLATE | «GGTeCeQ) YPI3)=CERI16sPLATE)*(CESILTsPLATEY=DST)#
1 DSTHFSMEARSIVETAU) -

FRACTION OF MOBILE DISLCCATIONS

YP(4)=0,1

"IF(CFSU19+PLATE) 4T adeN) YPI4)==CESI1G,PLATE ) ¥RSTH(FSM ~
1 CES{20.PLATE ) ) *FSM*¥VETAL)

PLASTIC DEFORMATION RATE
YP(S)=0,5%CES{B8sPLATF)#DSTHFSMR¥YETAU#P 23

ENERGY EQUATION = {TEMPERATURF)

CONSISTENT UNITS USER IN ENERGY EQUATTON

SPECIFIC HEAT MUST RE IN UNITS OF DYNF~CM/GM/DEG C
YR(6)=D,D

DIVQ=),

RADIATE=0D,

IF(CES({20,PLATE)WLTs 142160 TG 30
AKAPRM==CES{5sPLATE)*¥CES{ 7yPLATE)
DENOM={1,-DMG1*¥(CFS(32+sPLATEI*CESI12PLATE ) ~CESI312PLATE ) ®
1 CES{31sPLATE ) *AKAP*CES{304PLATF))



TEMO=CES(LsPLATE)#(14=DMG)I*{ ] 4+2+¥EPS11+4EPS33}#RADIATE
TEMI=049%{T33=-QT~T11)¥YP{5)/P33
TEMZ=3,%¥CFES{31»PLATE ) ®AKAP*CES(30sPLATE I *{ 2, ¥ELL1*(YP(5) /2. /P33 -
1 YP{2)/34/114=DMGY ) ~ E33%((RN~R}/DELTIM/DENS+YP(5}/P334+YP(2)/3./
2 (le-DMGY Y}

TEM3=3 ¥ CES (31 sPLATE)*CESI30PLATE) # (ARKAPRM+AKAP/(1.-DMG) Y *{

1 2.*%EPS11+FP533) =CES{21sPLATFI®CFS(31sPLATE ) ¥AKAPRM*
2 (1a=DMG)®CES{ANSPLATEI#(THETA =CES(30sPLATE))-(STG=UT) /(1.-2MG)
YP{&)=(NIVA+TEMO+TEMI-TEMZ-TEN3*YP({2) ) /DENCM

CONTINUE .
YP{T)I=RADIATE-DIVA/DENS-(T33-QT)*(RN~R})/DELTIM/DENS/DENS

RETURMN -

END
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APPENDIX C
ANDITIONAL (IPPATES FOR WONDY TV

N OMOM 2T T 4202
JYN=J+12
JIMG=J+113
JDST=J+14
JP313=J+16
JTEMPR=J+17
WRITE (21+1089) LeSTORE(JX)»STORE(JUI sSTORE(JR) »STORE(JIS) s
1 STORE(JIDSTIH»STURE(JYN) s STURE(JDMG) 9 STURE{JP33) sSTURE(JTEPR)

¥ WCM,.3N7
WRITE (2142001) CES(429.20)
2001 FORMAT(/ 910X #¥CUMULATIVE DERIVATIVE CALLS .FROM STEP1 =#,F13.1)

#D WONGALT $44T

1/ 93 L PCSITICN . VELOCITY DENSITY STRESS
2 DISLOC DENS vOID NO DENS DENMAGE LNG OkF GRAED TEMPcRATURE®
3 /)

1089 FORMAT(I16+6E14¢543F1246)

#¥D ONEDYL1927,1909

s . STRESS
PLTS(L)Y=STORF{ J+

C VOID MUMBER BENSITY
PLTR{L)=STORE(J+12)

C - DAMAGE VOID VOLUME FRACTION

CPLTE(LY=STORE(J+13)



Aggendix D
Tablg 1 - Data for fused quartz:

= 2.2 gn/om’ COVz 5.9391 (10°) cn/s I, = 0.035

p0
Hugoniot - P, =i oll + ke + k. eo + koeo)
H - ¥of 1 2° 3
€, = pL7 K, = 39,098
k) = 5.3595 kg = -89_.252
¢ is the strain
Table 2 -~ Initial data for 1100 aluminum:
Pp = 2.71 gm/cm3‘ c, = 6 (109)/s/cm3
Cy = 6.365 (105) em/s 9, = L (108) d;ynes/cm2
uy = 2.77 (1011) dynes/cm? o = 3 (109) dynes/cm2
vy = 0.3313 v, =2.32 (1077) en’
Cq = 0.00225 cm?/dyne/s
B = 2.86 (107°) em og = 3 (10%) aynes/cn’
m=2
W =2.0 (109) dynes/cm2
— 0 ( 8 2 ’ _l{.
T(a ) = 3-0 (30 ) dynes/cm - EPS = 1.0 (10 )
(o]
_ 5 _ o
Y, = 1.0 (107) By = 300°K
1/n =1 : ' a = 2.3 (10'5)/°c
C, = 9.17 (106) dyne cm/gm°C
DSTZ = 6.0 (108)
A¥ = 1,0 (10"4)

o7
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Table 2 (Continued)

x* 10
D = 1.0 (10

(T) (207
FSMZ = 1.0

B¥ = -1.0

*
f(m) = 1,0

Table 3 - Second damage parameter set:

-ll) cm3

2.32 (10
% (107

1

¢, = 3 (107)/s/cn’ v

o, =1 (107) dynes/cm? C

a

h

N

) cmg/dyne/s

8 (109) dynes/cm? =1 (109) dynes/cm2

Q
I
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