J Mater Sci (2010) 45:5802-5813
DOI 10.1007/s10853-010-4655-5

Experimental mechanical characterization of plastic-bonded

explosives

Viet Dung Le - Michel Gratton - Michaél Caliez -
Arnaud Frachon * Didier Picart

Received: 26 March 2010/ Accepted: 24 May 2010/ Published online: 8 June 2010

© Springer Science+Business Media, LLC 2010

Abstract This article deals with the characterization of
the static mechanical behavior of an energetic material.
Due to its constituents (crystals and a polymeric binder),
the behavior is complicated to model. A specific experi-
mental protocol has been proposed in this article.
It involves uniaxial tensile and compressive tests, com-
pression under confinement and dynamic mechanical
analysis. A constitutive law has been developed. The
behavior is described using a Maxwell’s model, in which
all the components are influenced by an isotropic damage.
The first component takes into account an elasto-plastic
behavior. The yield stress evolution is described using a
parabolic criterion and an isotropic hardening law. The
plastic flow rule is non-associated. A linear visco-elastic
behavior is used for the other components. Numerical
simulations show that experimental data are quite well
reproduced. The last part of the article is devoted to a
discussion highlighting the future improvements.

Introduction

Energetic materials are often used under thermal and/or
mechanical loading conditions. When modeling the
response of these materials, it is necessary to have an in
depth knowledge and characterization of the behavior. This
article is about a material made of energetic crystals
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(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine, HMX) mixed
with a few percentage of a binder. An isostatic compaction
process eliminates the initial porosity of the powder
(Fig. 1), which results in a quasi-brittle concrete-like
material, with the largest grains embedded in a “matrix”
composed of the binder, the smallest crystals, and the
residual porosity. The main difference with concretes is
the strain-rate dependence which could be attributed to the
small amount of polymeric binder.

Microscopic observations show a lot of micro-cracks
inside or between crystals due to the high volume fraction
of the solid phase and the pressure applied to compact the
material.

During the 1980s, an extended database (several hun-
dred experiments) was necessary to characterize this
material [1]. Uniaxial compressive or tensile tests were
applied at constant strain rate or stress rate loading con-
ditions, with or without pressure confinement (triaxial
experiments) or temperature variation. However, the sur-
veillance of the possible aging of this material implies an
accurate determination of the mechanical properties when
this material is only available in small amounts after dis-
assembling. Consequently, a reduced number of tests can
be performed using small-sized samples. In this study, we
have take advantage of the evolution of experimental
techniques (machines, measurements) and numerical tools
to propose new experiments and a constitutive law.

Many observations were published about PBX 9501,
another pressed HMX-based plastic-bonded explosive
composition. For tensile or compressive loading condi-
tions, a non-linear increase of the uniaxial stress is obtained
[2]. Once the maximum stress is reached, a decrease is
registered. The strain at the maximum stress being close to
1% during compressive tests, a quasi-brittle behavior is
exhibited. During tensile tests, the strain at the maximum
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Fig. 1 Microstructure of the explosive composition. Micro-cracks
are the consequence of the compaction process

stress was several times less than the one recorded during
compressive experiments. The high volume fraction of the
granular phase causes, first, the difference between com-
pressive and tensile experiments and, second, the behavior
observed at higher hydrostatic pressures [3, 4].

A more ductile behavior appears as the confining pres-
sure increases. The brittle-ductile transition is obtained for
a confining pressure above 20 MPa. A dependence of ini-
tial Young’s modulus on the pressure was also noticed by
Wiegand [3]. It is not clear how this dependence is a
consequence of the increase of the glass transition tem-
perature of the material, of the decrease of the initial
porosity, or of the increase of internal surfaces where
friction locks the relative displacements (contacts between
crystals, closure of micro-cracks). For compressive and
tensile experiments, strain rate and temperature depen-
dences were observed [5-8].

The mode-I fracture process in PBX 9501 was investi-
gated by Liu [9] using symmetric or asymmetric four-
points bend tests and Brazilian tests. The process zone
ahead of the crack has an extended size and cannot be
described by the classical Griffith’s theory.

In spite of this extended experimental database, only a
little data is available in the literature about tensile
behavior. However, this loading path is one of the most
dramatic conditions which could lead to explosive part
failure, for example, during disambling or cooling. On the
other hand, the coupled influence of the strain rate, the
temperature and the pressure has not been studied.
Experiments were conducted using only a constant varia-
tion of the strain and without measurements of the trans-
versal strain. As a consequence, dilatancy mechanism
(well-known for soils, concretes, and geomaterials) was not
determined and the time-dependent stress could not be
separated from the total stress. A new experimental

protocol is proposed and detailed in the second part of this
article. Experiments were designed to reduce the number of
experiments and to conduct more informative tests. Tests
were performed at room temperature with loading condi-
tions ranging between 0 and 10 MPa for the mean pressure,
and between 107® and 10 s™' for the strain rate. The
temperature dependence of the behavior is out of the scope
of this article. In the third part of this article, the behavior is
analyzed. Three main phenomena have been identified:
residual strain, time dependence, and damage.

The dynamic and high pressure loading conditions
leading to ignition, for example, during an impact, moti-
vated research on the constitutive law of PBX 9501. The
well-known Visco-SCRAM model [10] was a combina-
tion of the damage theory, denoted SCRAM, proposed by
Dienes for brittle materials [11], and a linear visco-elastic
Maxwell’s model. The initial SCRAM approach was
reduced by [10] to a constitutive law incorporating iso-
tropic damage, in which evolution was related to the
mean crack radius growth. A discussion on such damage
laws can be found in [12]. The model was calibrated from
quasi-static to dynamic loading conditions, and predic-
tions were compared to displacement fields obtained using
a few impact configurations [13—15]. Later, Hackett and
Bennett [16] modified the crack growth to take into
account the influence of the pressure, and the difference
between tensile and compressive behaviors. An update of
SCRAM has been recently proposed by Dienes et al. [17].
The crack distribution anisotropy is taken into account as
well as the coalescence and the nucleation of penny-
shaped cracks.

Some comments are now proposed about the previous
constitutive laws. First, the pressure part of the stress was
disconnected from the deviatoric one, except through the
damage law. Maxwell’s law was only devoted to the
deviatoric part of the behavior. Consequently, simulations
cannot capture, for example, the evolution of the initial
elastic modulus obtained during triaxial tests for various
confinement conditions. Second, the degradation mecha-
nism was based on a mode-I failure model when shear
localization (mode-II) is suspected to happen for dynamic
conditions and/or for high confinement load. Finally,
dilatancy or compaction of the material was not allowed.
Even if some of the model parameters seemed to be related
to the mesoscopic scale (mean crack radius, crack growth
rate), an inverse method is necessary to determine these
parameters using the macroscopic experimental database.

A constitutive law for our material was proposed [18],
assuming a negligible visco-elasticity and describing the
time dependence using a visco-plastic flow rule. This
model reproduces the loading and the relaxation condi-
tions. However, unloading and hysteretic behavior are
poorly reproduced due to the absence of visco-elasticity.

@ Springer



5804

J Mater Sci (2010) 45:5802-5813

The constitutive law proposed in this article is restricted
to quasi-static loading conditions for which a lot of data are
now available. A generalized Maxwell’s model is adopted
with an elasto-plastic and a visco-elastic coupling. Isotro-
pic damage is assumed. It influences the entire model. The
main differences between this work and the visco-SCRAM
model are (1) the arrangement of the components, which
are submitted to the same strain coming from the global
equilibrium state and (2) a Maxwell’s model applied to the
total stress and not only to the deviatoric one.

The fourth and fifth parts of this article are devoted to a
description of the constitutive law and comparisons
between experimental and computed data. We deduce the
limits and assets of this model, and the capability of a
modified generalized Maxwell’s model to reproduce the
quasi-static mechanical behavior of this class of materials.

Experimental procedure

Standard tests made in various material directions shown
an initial isotropic behavior. To ensure statistical validity
and to check the dispersion level, each test reported in this
article was repeated five times. Negative stress or strain
values reported refer to compressive conditions on further
figures.

Shape ratio of the samples

The specimen size was chosen to keep large dimensions
compared to the internal material characteristic lengths
(diameter of crystals). Samples were machined in several
geometric shapes, which were more than 10 times the
length of the material heterogeneity. Different diameters
(@) and lengths (L) were tested using compressive exper-
iments (cylindrical samples) to analyze the material
homogeneity and the shape dependence of data. Figure 2
shows that, for a given geometry of the sample, all the
curves are closed to each other. It demonstrates the
homogeneity of the material properties.

The analysis proposed in Fig. 3 underlines the shape
dependence of the data. One can see the maximum stress
(0max) and the associated strain (gpcai) as a function of the
shape ratio (L/@). A value of 4/3 increases the stiffness of
the longitudinal behavior. However, when the ratio exceeds
two, this effect vanishes and an asymptote appears on the
maximum stress. Nothing can be said about the strain.
Several explanations were proposed such as the influence
of friction on the end surfaces of the sample or the inter-
section of the shear plane with these surfaces [19]. Con-
sidering only the maximum stress (o,ax), @ shape ratio of
two is a good compromise for the compressive loading
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paths. The adopted geometry was @10L20 mm? for uni-
axial tests and @50L100 mm? for triaxial ones.

This study could be reproduced for tensile conditions.
The brittle response in tension being highly influenced by
initial geometric defaults of the experimental setup, a tied
interface is currently being studied. Waiting for these
results, dog-bone samples of 150-mm length with a rect-
angular cross section of 10 x 10 mm? were used.

Protocols

Samples were equipped with two opposite pairs of strain
gauges. Gauges signals were averaged (after estimation of
the strain heterogeneity) to provide the longitudinal and the
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transversal strains during the test. The longitudinal strain
rate imposed during experiments was obtained by con-
trolling one of the two longitudinal gauges. Stress was
deduced from the force measured by a sensor. The triaxial
compression experiments were done using geomaterials
characterization tool (hermetic cell, pressure controller,
and water). The first stage of the loading program was a
hydrostatic loading condition (0, 5, or 10 MPa). Then, an
uniaxial load was applied.

One of the main improvements to the usual testing
procedure was the use of cyclic loading conditions (five to
six cycles) to underline possible evolutions of the elastic
properties. After unloading and a delay to recover time-
independent data, we measured the residual strains. The
viscosity was observed either (1) using uniaxial tests for
different loading strain rates (from 3 x 10t 1073 s7h
or (2) using relaxations during cyclic loading conditions.
The test was controlled for 30 min (resp. 50 min) during
the relaxation condition (resp. the recovery condition)
(Fig. 4). Relaxation times were defined to guarantee an
almost complete relaxation of the stress. We took into
account a maximum test duration of 8 h imposed for safety
reasons.

A Dynamic Mechanical Analysis apparatus (denoted
DMA in this article) was also used in a tensile-compressive
mode with samples of 50-mm long and a cross section of
5 x 5 mm? Samples were glued to the platens.

Global trends of the behavior

Figures 5 and 6 entail arrangements for the mechanical tests
and show some of the main features of the material. A non-
linear behavior is observed whatever the loading conditions.
A quasi-brittle behavior is observed during tensile experi-
ments (Fig. 6). A more ductile one is obtained during tri-
axial experiments. The maximum stress is influenced by
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Fig. 4 Longitudinal stress (dashed line) and strain (line) versus time:
an example of relaxation and recovery loading conditions
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Fig. 5 Influence of the strain rate (compressive tests): 8.3 x 1074
(bold line), 3.3 x 107 (line), and 3.3 x 107° s™! (dashed line)

-20 F

Longitudinal stress (MPa)

Strain (%)

Fig. 6 Influence of the pressure and difference between compressive
and tensile loading conditions: tensile (line), compressive (bold line)
and tri-axial experiments (dashed line)

the hydrostatic pressure. Finally, a hysteretic response is
obtained for cyclic loading conditions. These observations
show that our material behaves like a concrete due to its
quasi-compact granular microstructure. The influence of
internal friction can be suspected as well as damage by
micro-cracks nucleation and coalescence. Residual strains
are registered after unloading and recovery. Optical obser-
vations of the microstructure shown that grains are not
significantly deforms, irreversibility being associated to
local damage. However, a different assumption will be used
to model the macroscopic behavior.

The time dependence of the behavior was observed first
comparing the maximum stress during constant strain rate
tests (Fig. 5). Linear visco-elastic behavior was character-
ized using DMA experiments. The material was submitted
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Fig. 7 Experimental data recorded during Dynamic Mechanical
Analysis experiments (DMA). Storage modulus (left) and loss
modulus (right) versus the logarithm of 2nf, where f is the frequency

to a sinusoidal load with small amplitude (g, = 107, the
linearity of the behavior being previously controlled.
The range of frequencies goes from 0.004 to 200 Hz and
the quadratic average strain rate range from 2 x 107 to
1 x 107! s71. Visco-elastic storage (Eqor) and 1oss (Ejoss)
modules were determined (Fig. 7).

The broad loops observed on Fig. 6 and the decrease of
the stress (resp. the strain) during the relaxation (resp.
recovery) conditions are attributed to visco-elasticity,
assuming that irreversible mechanisms are locked during
unloading. However, the asymmetry of the response
obtained during a creep-recovery test suggests that another
time-dependent mechanism must be added to linear visco-
elasticity (Fig. 8).

Figure 9 shows a comparison between (1) a constant
strain rate experiment and (2) a test with the same strain
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Fig. 8 Experimental data recorded during a creep-recovery test.
Stress versus longitudinal and transversal strains (leff) and strain
versus time (right)
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Fig. 9 Stress versus longitudinal and transversal strains for a constant
strain rate equal to 3.3 x 1073 s71 (bold lines) and the same test
interrupted by cycles (l/ine). For each test, the two gauges glued on the
lateral surface of the sample provided two longitudinal (respectively
transversal) strain measurements (dashed or not dashed lines)

rate loading/unloading conditions and relaxation/recovery
setup. The result of the second test is embedded below the
first one, which will be referred to as the “cover curve” in
this article. The same observation was done using different
strain rate conditions or cycles without relaxation and
recovery conditions.

In addition, the time-dependent stress can be drawn for
three confining pressures during relaxation. The same
strain amplitude is chosen for each test. Figure 10 shows
the pressure dependence of the time-dependent stress. This
phenomenon is consistent with the pressure dependence of
the initial elastic modulus described later in this article
(Fig. 15).

Viscous stress (MPa)

Longitudinal viscous stress (MPa)

6
1 10 100 1000 -5 -10 -5 0
Time (s) Hydrostatic pressure (MPa)

Fig. 10 Three relaxation curves recorded during compressive tests
with the same strain but different confinements (compressive test: line
or circles; confinement of 5 MPa: dashed line or A; confinement of
10 MPa: bolded line or +). Influence of the pressure on the time-
dependent stress (left) and initial amplitude of the time-dependent
stress (right)
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The same analysis can be done using the recovery
conditions. Figure 11 (left) gives a comparison between
two records obtained for two confining pressures (5 and
10 MPa). These conditions were chosen because the level
of the stress at the end of the relaxation and the residual
strain were approximately the same. However, strain
versus time curves are different. A dependence on the
strain and/or the damage amplitudes is suspected (Fig. 11
right).

A master curve can be drawn for a given confinement
but different strain rates, joining all the stress—strain data
measured at the ends of relaxation times (Fig. 12). This
observation shows that a hardening mechanism is at work.
On the other hand, residual strains are used to observe the
volumic and deviatoric parts of the behavior (Fig. 13).
When the volume increases for tensile tests, a more com-
plicated behavior is deduced from compressive experi-
ments, showing an influence of the confining pressure. This
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Fig. 11 Two recovery curves (leff) recorded during a tri-axial
experiment with a confinement of 10 MPa, for a residual strain after
recovery equal to 0.58% (dashed line) or equal to 0.87% (bold line).
The viscous strain is reported (right) versus residual strains for 5 and
10 MPa of confinement
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Fig. 12 Relaxed stress (circles) for each cycle and different strain
rates (uniaxial compressive tests): 3.3 x 1073 (—), 8.3 x 107
(—-—),and 33 x 1078571 (——)
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Fig. 14 Stress versus strains for a tri-axial experiment with a
confining pressure of 5 MPa of pressure. Data were analyzed using
dots A; to D;. Bolded line highlights a cyclic load involving loading
(A;B;), relaxation (B;C;), unloading (C;D;), and recovery conditions
(DiAi11)

mechanism, called here as the “compaction-dilatancy”
phenomenon, is well-known for rocks, soils, and concrete-
like materials.

Loops observed on Figs. 6, 9, or 12 can be described by
a set of data A;B;C;D;A;, as on Fig. 14. The slope of the
line C;A;;; gives the current elastic modulus when the
stress is relaxed. One can see on Fig. 15 a dependence of
the initial modulus to the confining pressure. It can be due
to the closing of a part of the residual porosity or of micro-
cracks created during the process. Second, a decrease of the
modulus is observed, pointing out to a damage mechanism
usually associated to an increase of the positive strain.
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Many observations of the microstructure confirmed this
deduction and shown that damage develops by micro-
cracking during poorly confined pressure conditions.

This part of the article has shown that the behavior of
pressed energetic materials is complicated. The constitu-
tive law recently proposed for this energetic material was
based on an elastic visco-plastic model. It takes into
account the pressure and the damage dependences [18].
However, if the global trends of the behavior are repro-
duced, this model fails in representing the hysteretic
behavior and the elastic time dependence. In this article,
this constitutive law is modified. The visco-elastic data and
the curve joining the relaxed data for all the strain rates
(Fig. 12) guided us to a Maxwell’s model incorporating an
elasto-plastic component (Fig. 16). For the sake of sim-
plicity, the dependence of the visco-elasticity on the

i1

J\EO/\/
lEl \ U
e e
E o

Fig. 16 A schematic diagram of the visco-elastic plastic model
proposed in this article
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pressure, the damage or the residual strain is omitted. The
constitutive law is now detailed.

Constitutive law

The macroscopic stress tensor ¢ is defined as the sum of the
stress of the first time-independent elasto-plastic compo-
nent (o) and of the time-dependent components (o) using
the following relation:
n
C=0p + Y 0, =z, +& =&+ (1)
j=1
An additive decomposition is assumed for the strain,
denoted ¢, of each component between an elastic part and a
plastic or time-dependent one. The model is now described

in the following paragraphs. An analysis of thermodynamic
requirements is proposed further (see “Annex”).

Elasto-plastic component

A linear elastic behavior is supposed, with a dependence on
the damage level d, using the following equation:

6ep = (1 —d)D : &, (2)

where D' is the initial elastic tensor. C; on Fig. 14 defines
the yield surface of the plastic component because the visco-
elastic part is stress-free. C;A;; gives the elastic modulus
Eep. Ai11G;, whose slope is assumed to be E.p/(1 — 2v),
gives the plastic strain (measurements show a Poisson’s
ratio of 0.3 and a constant bulk modulus). A mean Young’s
modulus equal to 2,900 MPa is determined using uncon-
fined compressive tests on Fig. 15. This assumption has
some consequences on the damage determination (see later).

Due to the lack of data on the hardening mechanism, a
unique isotropic hardening parameter, denoted k, is intro-
duced in the constitutive law. The softening behavior
observed during the compressive tests is ignored (tensile
experiments have shown a brittle failure process). Conse-
quently, a saturation of the hardening mechanism at the
maximum stress is assumed.

A review of the main criteria used to describe isotropic
plasticity was presented in [18]. The chosen non-linear
plasticity criterion is given by the following relation
(Fig. 17):

f(er;Pepvk) = Qgp + b(k)Pep - k7

k—k
X(K) = Xo + (Xm = Xo) (3)
m — RO
where Qcp = /(1/3)60, : 6, is the octahedral stress, oo
is the deviatoric stress and P, is the pressure. The
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following guidelines help for the determination of X(k).
The yield curves must not cross themselves in the P-Q
plane, each one being embedded in those of higher levels,
all of them being embedded in the maximum curve defined
by the maximum relaxed stress recorded for several con-
fining pressures.

Elementary algebra shows that the proposed relation
satisfies the previous requirements. ko, Xy, kn,, and X, are
four material parameters. The two parameters X,, and k,,
are determined using the maximum yield stress curve. The
following values are obtained: X, = 1.62 MPa and
ky = 3.45 MPa.

The hardening parameter k is related to the effective
plastic strain, denoted p. If it could be possible to take into
account a plastic volumic part in p [18, 20], this solution
couples hardening to dilatancy. As a consequence, an
approximation in dilatancy prediction induces error on the
hardening description. Such approach has not been adop-
ted. The cumulated deviatoric plastic strain p is chosen to
drive the hardening parameter k (Fig. 18). For the hard-
ening law, the following hyperbolic empirical relation is
used:

1

b=tk lbn ko) (1~ ) @

The four parameters c;, ¢, ko, and X, are determined
using an optimization process applied to three sets of data:
the response recorded during three-points bend tests, the
compressive tests (with and without confinement) and the
hardening curves shown in Fig. 18. The following values
are obtained: Xo = 1.5 MPa, kg = 1 MPa, ¢; = 450 and
¢ = 1.4 x 10°.

The flow rule is given by:

Hardening k (MPa)

0 0.005 0.01 0.015 0.02 0.025
Effective plastic strain p

Fig. 18 Hardening parameter k versus the effective plastic strain p
[tensile experiment (x), compressive experiment (o), and tri-axial
experiments with a confining pressure of 5 (<) and 10 MPa (+)].
Model is given using dashed line

D -pV
TRy B Y R
- P} 1 P2y — pD

°p 3er 3 (1 =+ ﬁ ), Sle)p ’ (5)
. : . oD .pD
sep;/ = (&), sgl? =/3&, 1 &

where / is the plastic multiplier and égl')) is the deviatoric
plastic strain rate tensor. The parameter f§ is determined
knowing the slopes of the curves shown on Fig. 13.
A dependence on the cumulated deviatoric plastic strain p
and on the pressure P., was observed and taken into
account using the following equation:

B = Co+ai(l+e”"™)+asPe, + bIn(1 + cp), (6)

where Cy, a1, ay, as, b, and c are five parameters.
Visco-elastic components

The damage is assumed to influence all the components of
the constitutive law. Moreover, relaxation times, denoted
7;, are unchanged and the same values are used for spher-
ical or deviatoric visco-elasticity. As a consequence, each
visco-elastic component is described by the following lin-
ear first order differential equation:

. 1 d .
6;° + (Tj + 1_d> a° = (1 -d)Ky : & (7)
where Kpy; is the elastic tensor of each visco-elastic com-
ponent. The Poisson’s ratios of the elastic and time-
dependent part of each component are equal to v*° = 0.42.

For a one-dimensional application of the model (for
example, to use DMA measurements), the material
response can be split into an in-phase part (related to the
storage modulus E,,) and an out-phase part (related to the
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loss modulus Ej.). These modules are related to Young’s
modulus and the visco-elastic parameters using the
following relations:

Egor = E. +zn:E~7<T"w)2
stor — Leep < ]1+(Tj~0))27

n s
Eloss = Z EjM

= (me)

(3)

where t; = 1,/E}, n; are the viscosities and w is equal to 27
multiplied by the frequency. Ten visco-elastic components
are used, the relaxation times t; being linearly distrib-
uted in the logarithmic time domain between 3,720 and
0.0005 s. The modulus Ey previously determined (E, =
2,900 MPa) is lower than the lowest storage modulus mea-
sured (around 4,500 MPa). E, is then supposed to be the
long-term response of the material. Moreover, the relaxa-
tion curves obtained during compressive tests with cycles
have been used to calibrate the short-term response of
the model. Visco-elastic parameters are summarized in the
Table 1.

Damage

Experimental data show that Young’s modulus decreases
as the positive principal strain increases (Fig. 19). The
most probable damage mechanism is the nucleation and the
growth of internal micro-defects (cavities, cracks) with
extension [21-26]. In the proposed constitutive law, the
damage amplitude d is defined as:

Ey— E
d= OEO , d=|d sup | max (g), | + >
time I=1t03
1
X 1 - ) (9)

1+ ds. sup
~

time I=1t03

max (er),

where Ej and E are the initial and current Young’s mod-
ules. An hyperbolic relation is used to relate d to the
maximum positive principal strain, denoted max(e;), . dj,
d,, and dj are three parameters. A comparison between
Eq. 9 and experimental data is shown in Fig. 19. One can
see that the model is determined using the uniaxial

Table 1 Visco-elastic parameters

(Eo-E)/Eo

0 0002 0004 0006 0008 001 0012 0014
Maximum positive strain

Fig. 19 Damage versus the maximum positive strain. Tensile
experiment (x), compressive experiment (0), and tri-axial experiments
with a confining pressure of 5 (A) and 10 MPa (+)

compressive measurements. The pressure dependence of
the initial Young’s modulus is neglected for the sake of
simplicity. We have determined the following values:
dl = 3, d2 = 1, and d3 = 100.

Discussion

The constitutive law has been implemented into MATLAB
software and the finite element code ABAQUS/Standard.
Figure 20 shows a comparison between experimental data,
the one-dimensional model, and simulations using ABA-
QUS. A detailed analysis outlines small differences which
are attributed to the choice of equal Poisson’s ratios for the
elasto-plastic component and the visco-elastic ones. In the
future, the three-dimensional interactions of the compo-
nents should be carefully characterized to improve the
model’s accuracy.

Figures 21 and 22 show that the linear visco-elasticity
is able to reproduce the material behavior for small strain
amplitude. For compressive tests with and without con-
finement and with unloading cycles, relaxation and
recovery conditions, the proposed flow rule is confirmed.
The residual transversal strain is correctly reproduced.
The hardening law and the plastic yield surface have been
accurately fitted using these data. Loading and unloading
behaviors are reproduced in the longitudinal direction but
transversal loops are underestimated; thus, highlighting
the influence of the internal friction or/and the damage.

j 1 2 3 4 5 6 7 8 9 10
7 (8) 5% 107 29 x 1074 168 x 107 0.098 0.567 3.28 19.1 110 641 3,720
E; (MPa) 546 336 240 492 384 492 552 492 288
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Fig. 20 Comparison between DMA data (x) and the model with 10
components (solid line for a Matlab implementation of the model and
squares for Abaqus finite element code implementation of the model)

Stress (MPa)

Strain (%)

Fig. 21 Model (dashed line) versus data (line) for a compressive test

Stress (MPa)

Strain (%)

Fig. 22 Model (dashed line) versus experiment (line) for the
compressive test with 10 MPa of confinement

The choice of an isotropic hardening mechanism is
questionable.

Differences increase with the confinement or the high
plastic strain level. The visco-elastic stress amplitude is

5811
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Fig. 23 Computed constant strain rate loading (bolded line) versus
computed multiple cycled response (dashed line) for a compressive
test

numerically underestimated. Both unloading—loading
conditions and time response during recoveries are poorly
reproduced. Finally, the model does not correctly describe
the data shown on Fig. 9 (Fig. 23). Many parameter values
were attempted to correct the constant strain rate prediction,
but unsuccessfully. Our opinion is that it is now necessary to
(1) characterize the different Poisson’s ratios of the con-
stitutive law, (2) to deduce how non-linear visco-elasticity
could improve numerical results, and (3) to analyze dif-
ferent rheological approaches (for example, a Maxwell’s
model only for the deviatoric part of the behavior).

Conclusion

A new experimental protocol was carried out to charac-
terize in depth the behavior of a pressed plastic-bonded
explosive composition. The influence of the pressure, the
viscosity, and the damage have been observed and dis-
cussed. This material behaves in a similar way than con-
crete-like materials, due to its high volume fraction of
solid.

A visco-elastic plastic constitutive law has been pro-
posed, based on a Maxwell’s model associated to an elasto-
plastic component. Comparisons between data and
numerical results have shown that the material description
proposed in [18] has been improved. However, the fol-
lowing remarks outline future works. The model repro-
duces the relaxed data. However, the constant strain rate
data are not the cover curve of the corresponding cyclic
tests, as was experimentally observed. The shape of the
hysteretic loops, the behavior observed during creep-
recovery experiments, the influence of the pressure on the
material relaxation and the plastic strain dependence
observed during recovery show the need of a non-linear
visco-elasticity and/or a visco-plastic mechanism. It is
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necessary to go into a detail characterization of the
Poisson’s ratios of the constitutive law to understand how
longitudinal and transversal behaviors interact. A pressure
dependence of Young’s modulus must be incorporated as
well as an anisotropic description of the induced damage.
An isotropic plastic hardening mechanism has been pro-
posed which is the simplest assumption. The case of
kinematic hardening must be re-examined using alternating
tensile-compressive tests.

Acknowledgments The authors would like to thank J. L. Brigolle
for the contribution to this study, especially for the realization of the
experiments, and to H. Trumel and P. Lambert for Fig. 1.

Appendix: Thermodynamical requirements

Only small strain amplitude is taken into account, leading
to an assumed constant density of the material. As a con-

sequence, the intrinsic dissipation reads, in a general way:
w=06:6—1>0 Vi V state variables

with lp the per unit volume free energy The following set
of internal variables is proposed: {e, &£, &/, d, p}, given by:

b(satyidin) = (1= ) (3= ) D8 (2ot

ep

Taking the assumption ¢ = O0y/0¢ gives:
o= (1-d)Dj :(e—2): &+ (1—d)

><2:KVel 8—8) ‘p(l’)
+%§n:<s—af>:1<s;':<s—sf> iz0

V(s & 8,8, d, p)

and

. oy -
)+ Yoo~ =0

Gep : a
Plasticity, visco-elasticity, and damage are uncoupled. The
two last terms of the previous equation are positive due to
the quadratic form of . Consequently, only the elasto-
plastic dissipation must be studied. It comes from the
model that:

Ocp + B(p, Pep)Pep — k(p) + ko >0

@ Springer
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Fig. 24 Location of negative plastic dissipation in the (P, Q) stress
plane. Negative dissipation occurs far from the failure stress recorded
during tensile experiments

The analytical demonstration of this equation is hardly
tractable due to the complicated forms of f(p,Pe,) and k(p).
Thereby a numerical method has been chosen. Only a small
negative dissipation zone appears on Fig. 24 in the exten-
sion domain. Failure is reached before this zone.
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