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DEVELOPMENTAL STUDIES OF CONSTITUTIVE MODELS
FOR PLASTIC-BONDED EXPLOSIVES

Robert M. Hackett, Randall L.. Peeters, and
William R. Oakes, Jr.

ABSTRACT

Typically, elastic and elastic-plastic theory are used in structural
analysis computer programs to model the mechanical behavior of high ex-
plosives; these models, however, do not fit the observed behavior of plastic-
bonded explosives. This report discusses the development of an equation-of-
state creep model and a linear viscoelastic model for the analysis of these
material systems and shows comparisons between experimental results and

analytical model predictions.

I. INTRODUCTION

We require accurate constitutive models of the in-
dividual weapon components for the development of
modern weapon systems. These models are neces-
sarily complicated because of irregular geometries
and the nonlinear nature of the different materials.
Highly developed stress analysis computer codes
capable of modeling three-dimensional geometries
and loading conditions are available and are being
used at the Los Alamos Scientific Laboratory
(LASL). However, the results obtained with the
codes cannot be relied upon unless the constitutive
behavior of the component materials is well under-
stood and modeled.

In predicting the response of systems utilizing
plastic-bonded high explosives (HE), the
characterization of the HE material is of paramount
importance. To date, little information concerning
the mechanical response of this class of materials is
available. Experimental programs have shown the
material to be highly complex and somewhat unique

in comparison to other materials that exhibit the
same general physical characteristics. For example,
the high-solids loading with a plastic binder results
in a stiff polymeric material characterized by small
strain capability, combined with a creep-like
response. Therefore, the task of developing suitable
constitutive models to describe the response of the
HE materials, and to subsequently be used in com-
puter codes to predict overall mechanical-thermal
system response, is a formidable one. This report
describes some of the initial efforts at LASL to
define the critical modeling parameters. These
models are mathematically sound and yield results
that correlate with experimental observatons. The
analytical developments cited in the report are
based primarily on material testing already con-
ducted at LASL. The described analytical work can
also help define the direction and role of further
testing. A continued analytical/experimental in-
teractive development program of this nature is
clearly warranted, based upon the results of the in-
itial work reported herein.




II. MODELING TECHNIQUES

In the development described, the initial model-
ing is based upon a postulated elastic-plastic ther-
mal creep response. The models to be described do
not portray this complete phenomenon, but are
developed in such a manner to be contained in this
domain. For example, although the models
presented are formulated without a consideration of
thermal effect, such a consideration can be incor-
porated subsequently without reconsideration of the
complete basis of the formulation. On the other
hand, a consideraton of "damage," which goes
beyond the conception of a "deformable" continuum,
would, in all likelihood, require a significant refor-
mulation of the considered models. In fact, as will be
seen, reasons to consider a theroy that includes
damage in the model formulation may exist.

The present analytical formulation is based upon
a characterization of the time-dependent material
behavior. Three accepted methods of modeling this
behavior are: (1) the phenomenological or equation-
of-state creep theory, (2) the memory or hereditary
theory, and (3) the nonlinear viscoelastic aproach.
The analytical studies described here are based
upon methods 1 and 3. All of the data used in the
formulations are based upon room temperature
testing of an inert plastic bonded material,
designated 900-10.

A. Creep Model Formulation

Initial studies centered on the equation-of-state
creep theory. Creep models of this type are used in
nuclear reactor technology® to predict the deforma-
tion, under sustained loading, of metal structures
subjected to high temperatures. Such models exist
in numerous nonlinear finite element computer
codes, including ADINA? (Automatic Dynamic
Incremental Nonlinear Analysis), which is presently
employed at LASL. The two one-dimensional creep
models in ADINA have the following mathematical
forms.

4,8
e, = a1tz )

where ¢ is the uniaxial creep strain, o is the uniaxial
stress at a sustained load, t is the time since the ap-
plication of the sustained load, and a, through a, are

2

F

material parameters obtained from a series of uniax-
ial creep tests conducted at different stress levels;
and

e = F [1-exp(-Rt)] + Gt,

c (2)
where

= 3.explaro), (3a)
R =a, (5%, (3b)
and
6 = asexp(ago), (8c)

where a, through a, are material parameters. The
ADINA code also provides for the inclusion of a
"user-developed" third creep model.

By using creep data obtained from a series of four
creep tests, shown in Figs. 1 and 2, an attempt was
made to model the response of the inert material us-
ing Eq. (1) and Eq. (2).* Early results indicated that
Eq. (1) could not be employed to model the inert
material. The parameter a, frrm Eq. (1), as deter-
mined from the recorded creep data, has a value less
than unity that is not admissable in the creep strain
rate calculation step in ADINA. It was also found,
from early investigation, that Eq. (2), when
provided with values of the constants a, through a,
from the creep test data, could not reproduce load-
deflection histories. Thus, it was concluded that Eq.
(1) and Eq. (2) were inadequate as creep models for
the characterization of the inert material.

Two new creep models were then developed for the
ADINA code. Both of these models were based upon
the creep test results displayed in Figs. 1 and 2.
They were coded into the Hewlett-Packard finite
element package, and an attempt was made to
analytically predict the three constant-strain rate-
to-failure curves for the inert material shown in Fig.

*In order to quickly perform the necessary parameter studies, an
efficient single-element finite element code was written for the
Hewlett-Packard 9825A calculator. The program utilizes the
four-node isoparametric axisymmetric quadrilateral element and
the same elastic-plastic thermal-creep analysis found in the
ADINA code. Experimental creep data is read from a flexible
disc; the experimental and predicted response curves are plotted
on a multicolor x-y recorder. Figure 3 shows the various compo-
nents in the system,
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The first newly developed creep law was based

upon a Prony series fit to the experimental creep
data and has the form

€ = A+Byexp(-Rit}+Boexp(-R,t)
+83exp(-R3t)+B;.exp(-R1.t)+Ct, (4)
where

A = -(B +B,+B44B,),

(5a)

A

By = Ao 2, (5b)
By = A, (5¢)
By = Aszexp(Ago), (5d)
B, = Ag0"®, (5¢)
and

T = Agexp(Aygo), (56),

with the units of ¢ and t being pounds per square
inch and hours, respectively. By choosing an ap-
propriate functional form for each of the constants in
Eq. (4), as demonstrated in Eq. (5), each constant in
Eq. (5) was evaluated by using a least squares curve
fit. The four creep tests provided four data points.
The values of R, through R, were preset to 0.01, 0.1,
1.0 and 10.0, based upon earlier curve fitting
analyses. The resulting values of the constants in
Eq. (5) are:

A, = -3.2517x107° A = 1.8759x1073
A, = 5.8238x107" Ay = -5.8980x107%
Ay = 2.6708x107° Ag = B8.2636x107!
A, = 9.0099x107" Ay = -1.0179x107°
As = 2.4385x107" App = -5.4725x1073.

This model reproduces the constant load creep
curves from which it was derived and predicts creep
response for uniaxial creep specimens subjected to
varying sustained load levels, but because of the
nature of the formulation, it could not be employed
in the Hewlett-Packard finite element model to
reproduce the constant-strain rate-to-failure curves
of Fig. 4. Attempts at doing so resulted in overflow
errors associated with the nature of the loading.
Therefore, we concluded that Eq. (4) provided a
model of limited application in its present state.

We then developed a creep model of a somewhat
different nature. Again, based upon the test results
shown in Fig. 1 and 2, an expression of the form

€. = aooa‘[1-exp(-a2t)] + ajt (6)
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was proposed, with a, through a, being material
parameters, and with ¢ and t having units of pounds
per square inch and hours, respectively. When we
used this model to reproduce the stress-strain curves
of Fig. 4 with the Hewlett-Packard finite element
program, we found that values of 5.658 x 10-%, 0.7,
and 7.5 x 10-¢ for a,, a,, and a,, respectively, are
satisfactory, but the parameter a, is rate sensitive.
This parameter has the form

a; = a - B o. (7)

The rate dependence of the « and 8 terms is shown
in Table I. These values were used to obtain the
stress-strain curves shown in Fig. 5. In the Hewlett-
Packard finite element program, the values of the
initial modulus of elasticity E, and Poisson's ratio ¥
were 600,000 psi and 0.36, respectively. Both values
were obtained from prior testing and analysis. The

TABLE I
RATE-DEPENDENT PARAMETRIC VALUES

Strain Rate (min-!)

0.001 0.01 0.1

a 14 80 400
B 0.008 0.032 0.132
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Constant-strain rate-to-failure predictions us-
ing Eq. (6).

analysis also was based upon an assumption of in-
compressible creep strains, which is consistent with
the ADINA theory that it duplicates. For simplicity,
these analyses were limited to elastic, rather than
elastic-plastic, material behavior.

The excellent agreement between corresponding
curves in Figs. 4 and 5 supports the formulation of
Eq. (6) as being representative of material behavior
over a restricted range. The limitation of the
programmed material behavior to the elastic range
was stated earlier. This model was also extrapolated
to the case of constant sustained loading (~zero
strain rate) with results that appear to correlate with
measured creep data; however, this correlation has
not been completely checked at this time. We
strongly recommended that this model be further
studied and developed. The Hewlett-Packard finite
element program is undergoing an extension from
the initial elastic range limitation to the general
elastic-plastic modeling capability. It provides the
developer with an extremely efficient means of exer-
cising in-depth any proposed creep model, such as
the one of Eq. (6), relative to time-step sensitivity,
load function, etc.

B. Viscoelastic Model Formulation

Additional studies were focused on the develop-
ment of viscoelastic material behavior models. This
was partly based upon shortcomings associated with



equation-of-state creep theory models, e.g., lack of a
capability of recovery behavior prediction. Because
the degree of viscoelastic linearity of the HE was an
unknown, the general overall approach was con-
sidered to be nonlinear. Nonlinear viscoelastic
theory is highly formulated,® but applied with dif-
ficulty. We felt that a sensible approach to the
development of a viscoelastic model is to initially
formulate a linear model that, as will be seen,
provides the basis for a nonlinear analysis. After
determining how well this model portrays the
material response, the direction of further develop-
ment will become more clear.

The nonlinear viscoelastic constitutive theory
developed by Schapery* was derived by the use of
principles of the thermodynamics of irresversible
processes. In this formulation, the nonlinearity is
contained in a "reduced time," where the reduced
time is an implicit function of stress. It is based, in
part, on the observation that nonlinear stress relaxa-
tion of various materials can be described in terms of
the same time-dependent properties found in the
linear range. The corresponding creep expression is:

elt) = gy Jo oft) + glfsa(t;c-zlc)igza‘:(—’)- dt. 8)

This form is employed by Schapery under conditions
of constant temperature and uniaxial stress ¢, where

ds

£, = &y (t) = fg E;t51§71 (9a)

and

£<1,=£0 (T)=f; a ISSISH (9b)
o]

are the reduced times and a, is a shift factor. The
terms g,, &, g1, and g, are functions of stress at cons-
tant temperature; J, and ¢ (t) are the time-
independent compliance and the time-dependent
creep function, respectively, and r and s are generic
times.

None of the parameters in Eq. (8) are fundamen-
tal physical or thermodynamic constants and,
therefore, all must be determined from creep, relax-
ation, or other mechanical tests of the material be-
ing considered.

For linear viscoelastic behavior, with g, = g, = g,
= a, = 1, Eq. (8) reduces to

e(t) = Jo oft) + I;o (t-) 22%%1 dt, (10)
or the equivalent form
e(t) = I; J(t-v) 3%%11 dr. (11)

In developing an expression for J(t), the creep
compliance, the creep test data shown in Figs. 1 and
2 were combined, and produced the somewhat sur-
prising narrow data band shown in Fig. 6. By using a
Prony series curve fit, the following expression was
obtained.

(1) = p+oyexp(-8,t)+o,exp(-5,t)4p exp(-s,t)

*p“exp(-é“t)+056XP(-65t)+06t. (12)

with the units of t being hours, and where

p = .0000211956 o, = -.0000009812
p; = -.0000111843 ps = -.0000035347
pp = =.0000004538 p. = -.0000000246,

6

0y = -.0000023488
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with the values of 4, through §, preset to 0.01, 0.1,
1.0, 10.0 and 100.0.

A linear viscoelastic program, using the expression
for J(t) from Eq. (12) and the loading from Fig. 7,
was written for the Hewlett-Packard calculator dis-
cussed earlier, and used to predict the experimental
stress-strain behavior shown in Fig. 8. The results of
the program are shown in Fig. 9. The similarity
between the two curves (Figs. 8 and 9) is interesting.
Notably, the slopes of the two curves are approx-
imately the same, after two pulses. However, the
viscoelastic model predicts complete strain recovery
between pulses, whereas the actual test data show
this not to be the case. Comparison of the results ob-
tained with the linear viscoelastic model to the ex-
perimental data might lead one to postulate a new
"damage theory." However, refinement of this model
might be expected to yield a damage-like response.
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III. SUMMARY AND CONCLUSIONS

Three time-dependent constitutive behavior
models have been formulated. Clearly, all are
limited and exploratory. Equation (4) predicts the
time-dependent behavior under sustained constant
load. Equation (6) correlates extremely well with
test data based on constant-strain rate-to-failure
testing in the "elastic range," but is, in its present
form, strain-rate dependent. Equation (6) also ap-
pears to accurately predict time-dependent behavior
under conditions of constant load. Equation (11), a
linear viscoelastic model, provides a reasonable
comparison with experimental data on cyclic
loading and poses some very interesting questions
related to damage.

These simple analytical models, together with the
Hewlett-Packard finite element program, can be
utilized to gain more valuable insight into the con-
stitutive behavior of this class of materials.
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