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Abstract

In polymer-filled granular composites, damage may develop in mechanical loading prior to material failure. Damage
mechanisms such as microcracking or plastic deformation in the binder phase can substantially alter the material’s
mesostructure. For energetic materials, such as solid propellants and plastic bonded explosives, these mesostructural
changes can have far reaching effects including degraded mechanical properties, potentially increased sensitivity to further
insults, and changes in expected performance. Unfortunately, predicting damage is nontrivial due to the complex nature
of these composites and the entangled interactions between inelastic mechanisms. In this work, we assess the current
literature of experimental knowledge, focusing on the pressure-dependent shear response, and propose a simple simulation
framework of bonded particles to study four limiting-case material formulations at both meso- and macro-scales. To
construct the four cases, we systematically vary the relative interfacial strength between the polymer binder and granular
filler phase and also vary the polymer’s glass transition temperature relative to operating temperature which determines
how much the binder can plastically deform. These simulations identify key trends in global mechanical response, such as
the emergence of strain hardening or softening regimes with increasing pressure which qualitatively resemble experimental
results. By quantifying the activation of different inelastic mechanisms, such as bonds breaking and plastically straining,
we identify when each mechanism becomes relevant and provide insight into potential origins for changes in mechanical
responses. The locations of broken bonds are also used to define larger, mesoscopic cracks to test various metrics of
damage. We primarily focus on triaxial compression, but also test the opposite case of triaxial extension to highlight
the impact of Lode angle on performance.

Keywords: polymer-bonded explosive (PBX), propellant, damage, failure, triaxial compression, bonded particle
method

1. Introduction we focus on polymer bonded energetic materials while not-
ing that the insights presented here are also meaningful for
general particulate polymer composites and could possibly
extend to granular composites such as concrete or asphalt.

It is well known that violent chemical reactions can be
accidentally triggered in energetic materials through me-
chanical insults at much lower impact speeds than those
required for intentional detonation [2, 3]. Additionally,
even if the material does not undergo substantial reaction,
a mechanical insult may permanently change the mate-
rial’s internal structure such that subsequent insults may
induce violent reactions in unknown or unexpected condi-
tions. For example, it has been observed in PBX materials
that ratcheted uniaxial stress loading reduces the stiffness
of the materials on reloading [4, 5]. These observations are
direct evidence that damage accumulates in PBX and pro-
pellant materials even at loads well below their ultimate
mechanical failure point or reaction threshold. Thus, for
robust safety assessments of energetic materials, we must
be able to predict the material’s mechanical response to
a general three-dimensional loading insult and specifically

Many energetic materials, such as propellants and plas-
tic bonded explosives (PBX), belong to the broader class
of materials known as highly filled polymer composites.
Such composite materials are generally tailored to per-
form a specific function while also meeting other design
requirements, which often results in complex, heteroge-
neous material structure. For example, in electronics pack-
aging applications, filled polymer composites are used to
minimize coefficient of thermal expansion mismatch with
printed circuit boards as well as to confer electrical or ther-
mal conductivity [1]. For propellants and PBX, the con-
tent of the energetic filler grains is of primary concern for
applications, and the polymer binder is crucial to provide
a structural matrix that enables net shape manufacturing.
In addition, the polymer binder reduces explosive sensitiv-
ity to inadvertent mechanical insults during manufactur-
ing and the service lifetime of components. In this work,
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composite mesostructure.

The mechanical behavior of PBX and propellant ma-
terials is complex. There are known strain rate and tem-
perature dependencies, viscoelasticity due to the polymer
binder, damage evolution causing loss of stiffness, tension-
compression asymmetry, and pressure-dependent inelastic
behavior. An excellent review of the quasistatic mechani-
cal behavior of HMX (1,3,5,7-tetranitro-1,3,5,7-tetrazocane)
and TATB (triaminotrinitrobenzene or 2,4,6-triamino-1,3,5-
trinitrobenzene) based PBX materials with relevant exper-
imental references is given by Plassat et al. [4]. Other PBX
materials [6] and propellants [7, 8] also demonstrate sim-
ilar features in their mechanical responses. The authors
deem pressure-dependent inelasticity to be of particular
interest because energetics are frequently used in partially
or highly confined environments, and because energetics
may be loaded under inertial confinement conditions (uni-
axial strain) in accident scenarios due to the intermediate
to high strain rates involved.

Despite its applicability, the pressure-dependent response

of energetic composites has not been as widely studied
in the literature as other mechanical behaviors. The au-
thors know of the following papers containing data that
explores pressure-dependent mechanical behavior through
triaxial compression testing [5, 9, 10, 11, 12, 13, 14, 4, 15].
Weigand and Reddingius [5] studied a surrogate of PBX
9501 under triaxial stress conditions in which the surro-
gate material was subjected to varying confining pressure
at room temperature and then axially strained to failure
in compression. They observed two distinct regimes of
mechanical behavior in the axial stress versus axial strain
signal, a brittle regime with strain softening and local-
ized deformation at low confining pressures and a ductile
regime with strain hardening and no clear failure at high
confining pressures. As the confining pressure increased,
the material response continuously transitioned from the
brittle to ductile behavior. Later, Weigand, Leppard, et
al. [13] studied additional HMX-based PBX materials un-
der the same triaxial loading setup and largely arrived at
the same observations and conclusions.

Rangaswamy et al. tested PBX 9501 under a triax-
ial compression setup in which both the axial and radial
strains were captured under different confining pressures
[11]. These studies found that the net volume strain was
positive (increase in volume) despite the fact that the ma-
terial was under a confining pressure and axial compressive
load. The HMX-based PBX material M1 has been exten-
sively characterized by the CEA (Commissariat & 1’Energie
Atomique et aux Energies Alternatives) and the Gabriel
LaMé Laboratory, including various triaxial compression
tests with cyclic loading/unloading [10, 9, 12, 14]. These
tests include measurements of both axial and radial strains
and also showed a transition from strain softening to strain
hardening, pressure-dependent Young’s modulus, positive
volume strains (i.e. compaction dilation), and the accumu-
lation of plastic (permanent) strains between cycles. The
recent review paper by Plassat et al. [4] includes new

data on the TATB-based material M2 and demonstrates
its behavior under axial confining pressures up to 10 MPa.
Lastly, Chatti et al. have tested a PBX-simulant material
in triaxial compression up to 10 MPa as well as other mul-
tiaxial tests to investigate failure mechanisms [15]. At this
time, the authors do not know of any triaxial compres-
sion studies on propellant materials, but we expect their
behavior to be generally similar since they also fall into
the class of highly filled polymer composites and exhibit
similar mechanical properties in other uniaxial tests [7, 8].

It is also noteworthy that most of the above studies
on pressure dependence were for PBX materials where the
binder glass transition is well below room temperature, so
that the binder was in its rubbery state during room tem-
perature loading. The only known exception to this is the
studies on the TATB-based material M2, which has a glass
transition temperature T, of approximately 60°C [4] and
thus was well into its glassy state during the reported tri-
axial tests. Since the stiffness of the binder material has
been shown to significantly influence mechanical deforma-
tion mechanisms [16], it is of keen interest to better un-
derstand the regime of behavior where the binder material
is loaded in the glassy state. We note that this regime is
also relevant to materials with T, less than room temper-
ature as components may see both cold and hot extreme
temperatures during their service life.

The observed macroscale effects of damage accumula-
tion (loss of stiffness), permanent plastic strains, volumet-
ric dilation, and their dependence on confining pressure
are tied to inelastic mechanisms occurring at the meso-
scopic length scale of interactions between the composite
PBX material constituents. A key mechanism of micro-
crack formation that has been observed under uniaxial
compression and Brazil tests is delamination between the
binder phase and granular filler phase [17, 18, 19, 20]. It
can also be inferred that the permanent positive volume
strain observed during triaxial compression must be re-
lated to opening of void space (porosity) in the PBX ma-
terial microstructure. This opening of volume strain or
shear-induced dilation [21] is a signature of granular ma-
terials and soils, which will be important in modeling con-
siderations for both quasistatic [4, 22, 23, 24] and higher
strain rate loadings [25, 10, 14]. Material properties that
govern the interplay between these mechanisms include in-
terfacial strength between the energetic filler and binder
phases and the properties of the binder itself, including
its glass transition temperature and any nonlinearities in
its viscoelastic behavior [16]. A good example of such
a binder is HTPB (hydroxyl-terminated polybutadiene),
which exhibits strong nonlinearity and some plastic defor-
mation behavior due to its hard and soft polymer segments
(26, 8, 7].

For general three-dimensional loading of polymer bonded
energetic materials, any or all of the above mechanisms
may be active [25, 23, 4]. Thus, a predictive macroscale
constitutive model must be able to accurately represent
each of the observed inelastic mechanisms (viscoelasticity,



damage, and accumulation of permanent strain) as well
as their complex interplay. Current constitutive models in
the literature have tried to represent each of these three
main mechanisms with varying degrees of complexity and
predictive fidelity [4]. However, the pressure-dependent in-
elastic responses of these models are the least well defined
and characterized of the different inelastic mechanisms for
existing constitutive models today. To the authors’ knowl-
edge, constitutive models in the literature have assumed
that the pressure-dependent inelastic behavior can be rep-
resented by a viscoplastic Drucker-Prager type yield sur-
face [22, 23, 10, 25], a Mohr-Coulomb yield surface [27,
28, 29], the Karagozian & Case model [30], or a Bodner-
Partom viscoplastic model [31, 32]. Other constitutive
models do not include plasticity [7, 8, 33, 34, 35]. How-
ever, with the limited data available, the validity of these
model choices for arbitrary materials and stress states is
unknown, especially when one considers the broad range
of binders and their corresponding glass transitions avail-
able in different energetic composites as well as the range
of energetic filler volume fractions. The review work in
[4] recognized the need for micromechanics simulations to
elucidate the correlations between mesoscale mechanisms
and macroscale behaviors. There have been many excel-
lent mesoscale models of PBX, but most of these have
focused on hot spot formation under impact loads (e.g.
Refs.[36, 37, 38, 39]) or detailed studies of crystal and in-
terface properties containing a small number (< 100) of
grains (e.g. Refs. [40, 26]) rather than computational ho-
mogenization of behavior across large, representative vol-
ume elements.

To address these knowledge gaps, we present a bonded
particle model (BPM) that enables us to directly correlate
the activation of inelastic mechanisms on mesoscopic scales
with macroscale constitutive behaviors across a broad range
of composite material design parameters. The advantage
here lies in the computational efficiency of the BPM and
avoidance of the mesh-generation bottleneck that is faced
through more traditional finite-element-based mesoscale
approaches. As in other particle-based methods, disconti-
nuities due to cracks or free surfaces are naturally handled
in a BPM. Using BPMs, we are able to explicitly model the
individual polymer binder and granular filler constituents
in fully three-dimensional mesoscale simulations contain-
ing 1,024 filler grains. The scale of such simulations en-
ables novel studies that can rigorously link microscale de-
formation mechanisms with emergent macroscale mechan-
ical behavior.

In this work, we systematically study the effects of
polymer binder behavior and interfacial filler-binder ad-
hesive strength on the triaxial response of idealized highly
filled polymer composites representative of propellant and
PBX materials. Limiting case properties are used to ex-
plore the wide material design parameter space rather than
focusing on a single, specific material formulation. This al-
lows us to provide a broad, unified perspective that holds
across the diverse range of polymer bonded energetic mate-

rials and potentially extend to other classes of highly filled,
bonded granular composites. In Section 2 we describe the
BPM used to conduct mesoscale simulations, define the
limiting cases of various binder and filler-binder interface
properties, and discuss the deformation protocol. Results
are presented in Section 3, with discussion of predicted
global stress-strain behavior in Subsection 3.1, discussions
of inelastic mechanisms in Subsections 3.2 and 3.3, and an
exploratory study on the effects of Lode angle comparing
triaxial compression with triaxial extension stress states
in Subsection 3.4. Several conclusions that will be useful
to guide macroscale constitutive model development, ex-
perimental characterization strategies, and future material
design from a mechanical behavior perspective are given
in Section 4.

2. Method

2.1. Model Description

To simulate the loading and failure of polymer bonded
granular composites, we use a bonded particle model (BPM)
which, at its core, is a breakable spring network. This
model was implemented in LAMMPS [41] using a publicly
available BPM package developed at Sandia National Lab-
oratories. Solids are represented by a set of point particles,
akin to the BPM studied in Ref. [42], each with mass m
and diameter d. Note that our use of the word particle
only refers to the fundamental simulation unit in this pa-
per and not the granular filler phase of a composite. To
create a foundation for a composite solid, a cubic box with
a side length of 200d and periodic boundary conditions is
randomly filled with nearly 10 million particles such that
their cumulative volume is 64% of the total system vol-
ume. Large overlaps are then removed by applying a soft
repulsive force between particles and running overdamped
dynamics. This protocol yields an isotropic packing near
the zero pressure jamming limit. All numerical integration
uses the velocity-Verlet algorithm.

Within this system, all pairs of particles within a dis-
tance of 1.5d are then connected with bonds resulting
in approximately 15 bonded neighbors per particle. The
equilibrium length 7.4 of each bond is set to the initial
distance between the two particles ry creating a stress-
free reference state. Note that this system does not yet
have any mesostructure: there is no distinct filler or binder
phase.

If a bond is stretched or compressed from its initial
state, one component of the force between the two particles
separated by a displacement 7 is given by

0.5kpTeq ([req/r]2 - 1) e<0
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Figure 1: Magnitude of the bond force as a function of r/rg for
kp = 1, €max = 0.5, and €p equal to (a) 0.5 or (b) 0.05. In panel (b),
the force depends on the loading history as req evolves. The bond
starts at r/rp = 0.9 and is loaded in tension up to r/ro = 1.3 (solid,
blue). The bond is then unloaded back to r/rg = 0.9 in compression
(dashed, green) before reloading in tension up to r/ro = 1.6 causing
it to break (dotted, red).

where r is the magnitude and 7 is the unit vector of 7,
ky is a stiffness, € = r/req — 1 is a strain, ¢, is a plastic
onset strain, and €p,x is the limiting strain for a bond
to break. In compression, fB(F, Teq) 1S repulsive and is
approximately linear with a stiffness k; at small displace-
ments but diverges as r — 0 to ensure particles can never
fully overlap. In extension, the force is attractive and is
also linear up to a strain of ¢, (if €, < €max) at which point
it plateaus until the bond breaks at € = €. .

To model elastic bonds, we set €, = €max such that
bonds have no plastic component as illustrated in Fig.
1(a). In these elastic bonds, the equilibrium length req
never evolves. To add plasticity, we set €, < €max such
that the bond has a perfectly plastic regime. Plasticity is
first activated when e reaches €, in tension after which req
will track the current value of the strain in both extension
and compression, lagging it by +¢, depending on the load-
ing direction. However, rq, is not allowed to drop below
ro even if the bond compresses to r < rg. In this limit,
the diverging repulsive force in Eq. (1) will be vertically
shifted by the last value of the force to maintain continuity
as illustrated in Fig. 1(b). Similar bond models have also
been proposed to simulate plasticity [43] based on a more
common type of BPM where particles have rotational de-
grees of freedom as in the discrete element method [44].

To remove excess kinetic energy produced during de-
formation, bonds also exert a drag force. This drag force
does not depend on the history of the bond and is given
by

fB.0(7, AT) = =T'(7 - 60)F (2)

where I' is a damping strength and §v is the relative ve-
locity of the particles. Only the radial component of §v
is damped to conserve linear and angular momentum of
solid bodies [45]. Without this damping term, the kinetic
energy of the system would continue to rise during shear
and could thermalize particles.

When a bond irreversibly breaks in tension, it can be
thought of as the nucleation or growth of a crack. If two

unbonded particles, either on opposite sides of a crack or
from separate solid bodies, come into contact such that
r < d, they experience an additional purely repulsive force:
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where k), is a stiffness and r. = 0.95d is the cutoff of the
interaction. We choose a contact cutoff slightly smaller
than the defined particle diameter to ensure there are
no contacts in the initial system if bonds were removed.
As before, the repulsion approximates a linear spring of
stiffness k, at small overlaps but diverges with increas-
ing overlap to prevent particles from ever collapsing under
large stresses. However, the damping now applies tangen-
tial forces and the multiplicative factor on the damping
smooths the strength of the damping force to zero as par-
ticles come out of contact. We refer to this as a pair in-
teraction as opposed to a bond interaction based on the
standard LAMMPS nomenclature. Pair interactions are
not applied between bonded particles.

2.2. Mesostructure and Model Parameters

To create the mesostructure of composites, we first gen-
erate five different packings of 1,024 frictionless, monodis-
perse spheres at 64% volume fraction using a protocol sim-
ilar to that described in Sec. 2.1. These smaller packings
serve a geometric template or stencil representing the gran-
ular filler phase in a representative volume (RV) of the
composite system. The stencil is scaled and overlaid on
the original large packing to identify whether each particle
belongs to the granular filler or binder phase (whether or
not a particle resides within one of the scaled up spheres).
Bonds that connect two particles in different spheres are
broken to remove any cohesive forces between separate
bodies in the granular filler. An example of a resulting
two-phase system is rendered in Fig. 2. Statistical anal-
ysis of these representative volume (RV) mesostructures
is provided in Appendix A to establish isotropy and to
show that the RVs are sufficiently large such that fluctu-
ations in homogenized behaviors among them are mini-
mal compared to the mean of those quantities of interest.
While the volume fraction of granular filler is relatively
low compared to typical PBXs or propellants, a random
close packing of monodisperse spheres serves as a simple
and easily reproducible starting point. In future work, this
procedure could be adjusted to use aspherical or polydis-
perse granular bodies with different binder fill fraction to
more accurately represent specific material formulations.

Based on the identity of two interacting particles, dif-
ferent interaction parameters are used to model differ-
ent material responses. There are three bond stiffnesses,
kv.BB, kb, BG, and kp ¢, and three pair stiffnesses, kp g,
kp.Ba, and k, gg corresponding to binder-binder, binder-
grain, and grain-grain interactions, respectively. Recall
that bond stiffnesses correspond to cohesive material re-
sponses while pair stiffnesses correspond to contact inter-
actions between distinct solid bodies. We base the units



Figure 2: Renderings of the (left) granular filler and (right) binder
phases of a system at initialization. Each phase is represented by
many particles with over 5,000 particles per filler grain.

of the simulation on the solid binder phase and there-
fore define k = ky pp. Using this definition, we then set
ky.BB = kv, Bg = k and ky gg = 10k such that the gran-
ular filler phase is ten times stiffer than the binder phase
and grains can be approximated as rigid bodies that trans-
late and rotate. We note that this assumption minimizes
deformation and prevents cracking within filler grains in
our model. While this mechanism has been observed in
some energetic materials, it is the least common mecha-
nism seen in quasi-static experiments [20, 19, 17, 46, 16],
which is the regime of interest in this article.

For pair forces, we set k, pp = kp.ga = kp,Bc = k,
noting that grain-grain bonds do not break such that pair
forces are never exposed. The fundamental units of our
simulations are then &k, m, and d from which a unit of time
can be defined 7 = \/k/m. We use a time step of At =
0.057 and a constant damping strength of I' = m/(107)
for all interactions.

Similarly to the stiffness, there are distinct values of
the strains at which a bond breaks, €.y, and plastically
activates, €,, for the three types of bonds. In the granular
filler phase, we set emax,cg sufficiently high that bonds
never break and set €, cg = €max,cg S0 bonds are al-
ways elastic although future work could consider inelas-
ticity in the grains. We also choose to fix emax,p = 0.5
and €, g = €p, B leaving two free parameters, €, pp and
€max,BG. luning €, pp controls the onset of plasticity in
the binder phase while tuning €max, g sets the interfacial
strength between the binder and the grains.

To represent the material design cases with varying
binder T}, and filler-binder interfacial strength, we consider
four sets of parameters listed in Table 1. First are the two
elastic binder cases which are representative of a binder
with a low glass temperature T, relative to the operating
temperature of the composite. Here the binder is fully
elastic (representing elastomer-like behavior), but the in-
terface is either just as strong as the bulk (elastic/strong),
or the interface is much weaker than the bulk and fails at
strains of 5% (elastic/weak). Next there are two elastic-
plastic binder cases which idealize composite behavior op-

Elastic binder Plastic binder

€p,BB — 0.5 €p,BB — 0.05
Strong interface  emax,pg = 0.5 €max,BG = 0.5
€p,BB = 0.5 €p,BB = 0.05

Weak interface €max,BG = 0.05  €max,pg = 0.05

Table 1: Values of cohesive failure strain, €max, for binder-grain
bonds and plastic onset strain, €p, for binder-binder bonds used in
the four material models.

erated well below Tj; of the binder. The simplest descrip-
tion of glassy polymer behavior is that of elastoplasticity
[47]. The elastic-plastic binder bonds idealize this behav-
ior. Here the binder experiences plasticity at 5% strain
and the interface is either strong (elastic-plastic/strong)
or weak (elastic-plastic/weak).

To calibrate the small-strain, linear-elastic material prop-
erties of the system, we generate a bulk sample of binder
which is isotropically compressed and expanded to calcu-
late a bulk modulus of B & 1.24k/d. Analogously, this
implies the granular phase will have a bulk modulus of
12.4k/d. In the remainder of the text, all reported pres-
sures and stresses are normalized by the bulk modulus
of the binder phase. Since our model is built on central,
pairwise forces acting between an isotropic set of particles,
both phases have a Poisson’s ratio of 1/4 [48]. While this
Poisson ratio is low for both the polymer binder glass and
elastomer limits, the focus of this work is on the role of in-
elastic mechanisms of plasticity and interfacial failure, and
so this error in binder cohesive compressibility is tolerated
to enable pursuit of a relatively simple but flexible model.
In the future, we hope to use a non-local bond model to
allow independent control of Poisson’s ratio, which will al-
low us to explore the importance of binder compressibility
relative to the other deformation mechanisms.

2.8. Deformation Protocol

For theoretical simplicity, we consider loading paths at
a constant mean pressure P = —Tr(0)/3 where o is the
stress tensor. Therefore, all loading paths reside in the 7
plane in stress space with a normal vector along the line
of constant mean pressure and an intersection at P. The
stress tensor is calculated as the sum of the kinetic and
virial components using the volume of the simulation box
as a normalization. This measure of the stress has been
found to reproduce the continuum Cauchy stress [49]. As
we are interested in pre-fracture behavior, we do not worry
about the disconnect that emerges between the volume of
the simulation cell and the material volume when the sys-
tem breaks apart and creates void space. However, as
identified in Subsection 3.1, the elastic/weak case can di-
late post-yield due to pores opening up at granular-binder
interfaces which does affect our stress metric.

To maintain a constant mean pressure during defor-
mation, we use a linear pressure control that isotropically
scales the lengths of each dimension of the simulation box



by a dilation factor D proportional to the deviation from
the target pressure Pr. This factor is calculated at every
increment of time ¢ as

D(t) = (1 + ¢ [P(t) — Pr]At)'/® (4)

where ¢, = 1073d/(kT) is a gain coefficient which is capa-
ble of maintaining the target pressure within a factor of
~ 0.003 in all simulations up until the system fractures.
Note that the true stress tensor is used for the prescrip-
tion of pressure control as well as for the extraction of
other stress components described later in the text.

To generate shear in triaxial compression (TXC), the
z dimension is additionally compressed at a strain rate
€, = —2¢/ v/3 while the z and y dimensions are extended
at rates of é; = é, = —¢,/2 where € is the square root of
the second invariant of the deviatoric strain rate tensor:
\/€2 + €2 + é2/v/2. The shear strain of the system is then

defined as the product ét. The true (logarithmic) strain
tensor is used for the prescription and extraction of strain
tensor components. In Sec. 3.4, we consider the opposite
case of triaxial extension (TXE) where the strain rate on
each dimension is simply inverted.

Combining the pressure control with the shear strain,
the size of the simulation box L along a direction « evolves
according to:

La(t+ At) = Lo (D(t) + Atéy) (5)

where we set ¢ = 107%/7 to minimize finite rate effects and
represent quasistatic strain. As the box deforms, particle
positions are affinely shifted every timestep to track the
deformation. To accomplish this, the particles’ x, y, and
z coordinates are simply scaled to match the expansion or
contraction of each box dimension so a particle’s relative
position in the box is unchanged by the deformation proto-
col. This allows us to deform the periodic system without
defining boundaries. Forces between particles then induce
nonaffine particle motion. A similar protocol was used in
Ref. [50] to study the steady-state rheology of dry granu-
lar materials. For each of the five RVs, simulations were
run under both TXC and TXE for all four of the material
models in Table 1 at constant mean pressures of 0, 4, 8,
16, 24, and 32% of the binder bulk modulus.

3. Results and Discussion

3.1. Macroscopic Stress Response

In this section, we focus on the global stress response of
systems in TXC to identify how and when the four material
models deviate from elastic loading under increased con-
fining mean pressure. In the following two sections, we will
then delve into the microscopic and mesoscopic behavior
of the system and compare it to the macroscopic behavior.
For this discussion, we define macroscale as the full sys-
tem (the whole RV), mesoscale as the size of filler granules,
and microscale as subgranular length scales based on the

underlying particles of our simulation. Finally, in Sec. 3.4
we will briefly discuss the mechanical responses to TXE
loading in contrast to TXC.

As the pressure P is held constant, we focus on the
deviatoric stress tensor with components s;; = 05 — Pd;;
where o is the full stress tensor and §;; is the Kronecker
delta. Two important metrics that define the stress state
of the system are then the second,

1
Jy = 3 (s% + 82+ sg) , (6)
and the third,
1
J3 = 3 (st+s5+s3) (7)

invariants of s where s1, so, and s3 are its principal compo-
nents. We quantify the magnitude of the deviatoric stress
as the square root of Jy, which we refer to simply as the
shear stress, and measure the directionality of shear in
terms of a Lode angle 6:

1 (a3
6= 3 arcsin (2 {&72] . (8)

In this definition, a TXC stress state corresponds to 6 =
—m/6 while TXE corresponds to 4+ /6.

In an analogous fashion, one can define a Lode angle
for the strain tensor of the system which is kept fixed in
a strain-imposed deformation protocol. While the stress
and strain tensors may not have equivalent Lode angles
under general loadings, as seen in dry granular loading
[61], we find agreement in the two extremes of TXC and
TXE where deformation is cylindrically symmetric noting
that the studied mesostructures are statistically isotropic.
During loading, 6 rapidly approaches the expected value
of —7/6 in TXC (or 7/6 in TXE) and fluctuations do not
exceed a few percent until the system fails.

More informative is the magnitude of the shear stress.
In Fig. 3, the shear stress is plotted as a function of
strain for each material model listed in Table 1 at differ-
ent mean pressures P. Stress-strain curves are based on
a single representative mesostructure realization, however,
minimal deviations in the mechanical response were found
across the five mesostructure realizations as discussed in
Appendix A. At small strains, all curves exhibit the same
linear increase in stress. We denote the end of the lin-
ear regime as yield, which can depend heavily on confin-
ing mean pressure and is marked by a symbol on Fig. 3.
Specifically, we define yield by fitting a linear regression to
the first 1% strain and identifying when the extrapolation
deviates from the data by 10%. Yield is also restricted to
be less than or equal to the peak stress. This definition
of yield is similar to those used in other studies of poly-
mer bonded energetic materials (see, for example, [13]).
Between yield and failure, the latter defined as the peak
stress and designated using an outlined symbol, one can
identify a wide range of phenomenologies including brittle



0.21 F
(a) (b)
06 r 0.18 |
0.15
0.4 | 012 |
0.09 E \ ‘ ‘
0.050 0.075 0.100
02 -
N
=
1
< 00 ; 1 | C
®
5 6 (©) O o0 004 Aoos<oic X 024 032 (d) 015
g .
(%) 0.10 F
04 - o 0.05
Il Il Il
0.02 0.04 0.06
02 - :
00 ; | | | 1 O 1 1 | |
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20

Shear strain

Figure 3: Example curves of the shear stress as a function of strain in TXC under pressures P indicated in the legend using the (a)
elastic/strong, (b) elastic-plastic/strong, (c) elastic/weak, and (d) elastic-plastic/weak material models listed in Table 1. The location of yield
(no outline) and peak stress (black outline) are indicated by symbols on each curve.

failure, strain hardening, and strain softening depending
on the binder behavior and interfacial strength. As with
all other values of stress and pressure included in the text,
shear stresses in Fig. 3 are normalized by the bulk modulus
of the binder. Unless otherwise noted, all figures in this
article are based on the same mesostructure realization
and use the same symbols to designate yield and failure
strains.

Simulations of elastic/strong systems (Fig. 3[a]) dis-
play typical brittle behavior under small pressures where
both yield and failure nearly coincide and are followed by
a rapid drop in stress. Failure occurs by the rapid growth
of a percolating crack that spans the length of the RV in
the dimension of axial compression. With higher mean
pressures, the system strengthens and is able to support
higher peak stresses. In addition, there is a slight splay in
stress-strain curves at intermediate strains with increas-
ing P introducing a pressure dependence to yield which
is highly sensitive to the 10% deviation threshold used in
the definition. While we do not know the exact origin of
this effect, it may be due to binder bonds breaking ear-
lier in the interstitial region between two relatively stiff
filler granules which may induce excess nonaffine particle
rearrangement and deviation from linear behavior.

In the more interesting elastic-plastic/strong case where
the binder allows plastic deformation (Fig. 3[b]), yield oc-
curs much earlier at strains slightly less than 5% (the bond
criteria to induce plasticity). Above yield, the stress-strain
curve slope is gradually reduced until peak stress and fail-
ure occurs. With increasing P, this regime extends to
larger strains before a less abrupt decrease in stress at
failure. At low P, the system dilates with shear (posi-

tive volume strain) while at higher P the system initially
contracts before dilating as seen in Fig. 4(b).

If the binder is poorly adhered to filler granules, there
is an expected reduction of the maximum strength of the
composite under all conditions. In the elastic/weak system
(Fig. 3lc]), yield occurs at a significantly smaller strain
associated with the breakage of binder-grain bonds and
subsequent separation of granules from the binder. At
small P, the post-yield behavior shows a strain-softening
regime followed by a gradual strain-hardening regime. As
P increases, there is less post-yield strain softening, and
failure is delayed until a larger strain. This continues until
reaching a mean pressure of P ~ 0.24 at which the strain-
softening regime disappears and the strain of failure no
longer has a significant dependence on increasing P. The
intermediate loading regime between yield and failure is
associated with dilation even at high P as seen in Fig.
4(c).

With an elastic-plastic/weak binder (Fig. 3[d]), a tran-
sition with increasing P is also seen. At low confining pres-
sure, failure coincides with or quickly follows yield while
a hardening regime emerges at high confining P. Similar
to the elastic-plastic/strong case, dilation before failure is
only seen at low confinements (Fig. 4).

Yield and peak stresses in all systems are aggregated
in Fig. 5 and plotted as a function of P. Stress values
are averaged across all RV mesostructures and error bars
indicate the standard deviation of each metric across RVs
emphasizing minimal variations and suggesting there are
sufficiently many granules. Both metrics generally increase
with P with the exception of yield in the elastic/strong
case where yield is heavily dependent on the definition as
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Figure 4: Volumetric strain, calculated using the ratio in the current
volume V' to initial volume Vj of the system, as a function of shear
strain at different P. Note that the horizontal axes are not consistent
across columns. Systems correspond to the (a) elastic/strong, (b)
elastic-plastic/strong, (c) elastic/weak, and (d) elastic-plastic/weak
binder models listed in Table 1. The location of yield (no outline) and
peak stress (black outline) are indicated on each curve by symbols.
Insets highlight data near yield in elastic-plastic cases.

discussed above.

Independent of any particular material calibration, the
simulated behaviors in Figs. 3 and 4 still demonstrate a
good qualitative resemblance to high and low T, (relative
to room temperature) plastic bonded explosives data in the
literature. Here, we reproduce triaxial compression data
for a high glass transition composite, M2 from Ref. [4], in
Fig. 6(a-b), and for a very low glass transition composite,
EDC37 from Ref. [13], in Fig. 6(c). Before drawing qual-
itative comparisons, however, we must note a few caveats
to aid interpretation. In both sets of experiments from the
literature, the boundary conditions were slightly different
from our methods here. Experimentally, the radial (also
called the lateral) pressure was held constant while the
axial stress was independently varied. Consequently, the
mean pressure varied throughout the test as one can see in
the M2 material in Fig. 6(a). In contrast, all simulations
in this article occurred under a constant mean pressure
P up to failure. Moreover, we do not know the strength
of the interface between the binder and particle phases
in the literature materials but assume that these would
be bounded by the “strong” and “weak” cases explored
here. We also presume that the high T, binder in M2
would be most similar to an elastic-plastic response while
the low T, EDC37 binder would be most-similar to our
simplified linear-elastic binder systems. However, there is
an important implication of our modeling choice of fixing
a constant bond stiffness in the elastic regime across all
cases that must be considered when comparing to specific
materials. The behavior of polymers is known to be vis-
coelastic and thus the material’s stiffness will vary above
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Figure 5: Average (a) yield and (b) peak stress as a function of mean
pressure P for the binder models indicated in the legend. Error bars
represent standard deviations across mesostructure realizations.

and below the glass transition, with stiffer behavior below
T, and softer, more rubbery, behavior above T,. This ac-
counts for the much higher magnitude of pre-yield stresses
supported by the M2 material than EDC37 at compara-
ble pressures (Fig. 6). Since the elastic stiffness in all
simulations is the same, the magnitude of stresses is only
affected by the inelastic deformation mechanisms and is
much closer between our elastic-plastic and elastic binder
cases.

Even with these assumptions, one can see similar trends
between the elastic-plastic/weak case, Fig. 3(d), and the
M2 material, Fig. 6(a-b). The corresponding simula-
tions at constant mean pressure show first compressive
volume strain followed by dilation post-yield (Fig. 4[d])
which is conceptually similar to the transitions from vol-
ume compression to volume dilation seen in the M2 mate-
rial at its yield point (Fig. 6[a]). Moreover, for both the
elastic-plastic/weak modeling and M2 experiments, the
yield stress clearly increases with mean pressure. Inter-
estingly, the deviatoric stress versus deviatoric strain from
M2 shows little change with increasing confining pressure
in contrast to the the transition from softening to hard-
ening behavior post yield as the mean pressure increases
for the elastic-plastic/weak simulations (Fig. 3[d]). This
latter difference may be due in part to the difference in
boundary conditions, and future work must investigate
the difference between mechanical responses at constant
mean pressure versus constant radial pressure. Addition-
ally, since the grain-binder interfacial strength in M2 is un-
known, it is reasonable to hypothesize that the materials
response would likely be somewhere between our elastic-
plastic/weak and elastic-plastic/strong cases where only
strain-hardening behavior is seen.

For the elastic/weak case, Fig. 3(c), the simulation re-
sponses are relatively straightforward to compare to the
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low T, binder PBX material EDC37 in Fig. 6(c). At
low confining pressures, both experiments and simulations
yield and then soften and fail abruptly. However, as the
confining pressure increases, the behavior transitions from
strain softening to a strain plateau to substantial strain
hardening. The simulations clearly show that the post-
yield behavior is associated with substantial dilation (Fig.
4[c]), which also is evident by pictures of post-mortem
specimens from the EDC37 TXC experiments in [13] (not
shown). Similar behavior is seen in other low T, PBX
materials, such as PBX 9501 [11] and mock PBS 9501 [5]
confirming that our simulations are producing behavior
that is qualitatively representative of experimental data.

3.2. Microstructural Response

In the previous section, we demonstrated that these
four abstract materials with limiting-case polymer binder
and grain-binder interface behaviors have remarkably dif-
ferent stress responses which qualitatively compare to real-
world materials. The differences in macroscopic response
in these four materials at different mean pressures P ulti-
mately stem from differences in the underlying microstruc-
tural dynamics on length scales smaller than the filler
grains. While tracking dynamics on this subgrain length
scale can be challenging experimentally, this information
is readily available from simulations. In this section, we
therefore identify how key features in stress-strain curves
map to the activation of different inelastic mechanisms on
the particle scale, namely bonds breaking and plastically
deforming. These metrics are used to contextualize results
from the previous section.

In Fig. 7, the fraction of both binder-grain and binder-
binder bonds that break are plotted as a function of strain
for all material models in Table 1. All four systems show
broken bonds of both types, with binder-grain interface
bonds breaking first at the lowest strains, followed by some
smaller fraction of binder-binder bond breakage. This
is consistent with experimental observations under quasi-
static, unconfined conditions of the various mesoscale de-
formation mechanisms which include cracking along grain-
binder interfaces and ruptures within the binder [20, 19,

Fraction of bonds broken

000 005 0.10 0.5 0.20 0.00 0.05 0.1C
Shear strain

Figure 7: Fraction of interfacial binder-grain (solid lines) and binder-
binder (dashed lines) bonds broken as a function of strain at the
indicated pressures for the same system in Fig. 3. Symbols indi-
cate approximate locations of yield (no outline) and failure (black
outline) within an accuracy of 0.25% strain. The horizontal dashed
line represents 100% of bonds. Data is truncated below a fraction
of 5 x 107° for visibility. Note that binder-grain bonds constitute
approximately 14.5% of all bonds in the binder. Systems correspond
to the (a) elastic/strong, (b) elastic-plastic/strong, (c) elastic/weak,
and (d) elastic-plastic/weak binder models listed in Table 1

17, 46, 16]. In all of these cases, cracks following the en-
ergetic grain-binder interfaces were most common. Rup-
tures within the binder were also observed to a lesser de-
gree. Intra-granular cracking, which is not included in our
model, is noted as the least common mechanism seen in
Refs. [20, 19, 17, 46, 16].

In systems with elastic binders, the only inelastic mech-
anism is the failure of bonds. The simplest case of an
elastic/strong system demonstrates typical brittle fracture
(Fig. 7[a]). Few bonds break at small strains, consisting
mostly of binder-grain or interfacial bonds representing



small microcracks near granular contacts, up until a rapid
increase in the number of broken bonds at failure as cracks
span the system causing fracture. The most salient trend
for this case is that the strain-to-failure is correlated with
the mean pressure P in Fig. 5(a). Increasing P slightly
broadens the domain of strains where bonds break, which
may explain the mild nonlinearities before failure in Fig.
3(a).

In elastic/weak systems, richer behavior is seen in Fig,.
7(c). While only a small fraction of binder-binder bonds
break preceding failure, significantly more interfacial bonds
break at small strains compared to the well adhered sys-
tem. At low confinement, nearly all interfacial bonds break
within a few percent strain after yield as filler granules
completely separate from the binder during the strain-
softening regime seen in Fig. 3(c). This allows voids to
open between granules and the binder, leading to the vol-
umetric expansion seen in Fig. 4(c). With increasing con-
finement, this effect is muted as grains do not fully separate
from the binder until a strain of ~ 10% at P = 0.24. This
behavior matches the mechanisms hypothesized by Wie-
gand et al. [13] to explain the transition from post-yield
strain softening to strain hardening observed in EDC37.

More insight is gained through the spatial distribu-
tion of broken bonds visualized in Fig. 8. At yield with
P =0, the broken interfacial bonds are aligned in system-
spanning planes that wrap binder-granular interfaces in
Fig. 3(a). While the material can still hold a load and
has not failed, such structures can explain the strain soft-
ening observed after yield as a network of cracks now
spans the material microstructure, and localized defor-
mation will ensue on continued loading at this percolated
weakness. It is also noteworthy that this network of cracks
is anisotropic from the standpoint of generalized (or non-
monotonic) loading beyond yield, which has important
ramifications for homogenized constitutive modeling of such
materials. In contrast by yield at P = 0.24, bonds still
break near grain interfaces but these are found in smaller
clusters across the system (Fig. 3[c]) explaining the disap-
pearance of a strain-softening regime with increasing P.

Near failure, a similar state is seen at both pressures
in Fig. 3(b) and (d) where essentially all grains have bro-
ken free from the binder. This observation of widespread
bond breakage agrees with the saturation of curves of bro-
ken interfacial bonds seen in Fig. 7(c). In the uncon-
fined system, P = 0, failure coincides with a visible crack
through the binder separating the system. Under confine-
ment, P = 0.24, no similarly dramatic behavior is seen
which is consistent with the relative rate at which stress
decreases in both systems.

In elastic-plastic binder systems, both broken bonds
and plastic flow of bonds contribute to the inelasticity.
To quantify the extent of plastic deformation, we calcu-
late the fraction of binder bonds that have plastically ac-
tivated, stretching at least e,q = 5% beyond their initial
length in tension as plotted in Fig. 9(a) and (c). Addition-
ally, we also calculated the fraction of plastically activated
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Figure 8: Rendered images of binder particles in the elastic/weak
case at a confining pressure of (a-b) P = 0 and (c-d) P = 0.24.
Panels (a) and (c) are just after yield and panels (b) and (d) are
just after failure, within a strain of 0.5%. Particles are colored by
the number of broken bonds with dark blue corresponding to no
broken bonds and tan corresponding to all bonds broken. Images are
oriented such that compression is applied vertically while expansion
occurs horizontally and into the page.

bonds that broke, seen in Fig. 9(b) and (d), to estimate
how many of these bonds utilized the full extent of their
plastic elongation. In the elastic-plastic/strong scenario,
these metrics include plasticity in both binder-binder and
binder-grain bonds. However, in the elastic-plastic/weak
scenario, binder-grain bonds break before any plastic de-
formation (using either definition) such that these metrics
only includes binder-binder bonds.

In the elastic-plastic/strong case, both binder-binder
and grain-binder interface bonds generally begin breaking
before yield and continue to break as the system loads at
all P. More interesting trends can be identified in the
onset of plasticity in bonds. In Fig. 9(a), fewer bonds
have plastically activated with increasing mean pressure.
However, in Fig. 9(b), generally more of the plastically ac-
tivated bonds undergo substantial plastic deformation and
break with increasing mean pressure. This suggests that
at low P some plastic flow is seen in a much larger fraction
of the binder than at high P but significant plastic defor-
mation and failure ends up localizing to a small fraction
of these bonds. At high P, a smaller volume of the binder
experiences any plastic deformation but the areas that do
plastically deform absorb a greater amount of strain and
are much more likely to fail than at low P.

During failure, additional insights can be garnered from
images of the elastic-plastic/strong system in Fig. 10. At
low pressure, bond failure localizes into a few distinct,
system-spanning cracks in Fig. 10(a), consistent with the
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Figure 9: (a,c) Fraction of binder bonds that have plastically de-
formed by reaching a strain of 5% as a function of shear strain at
the indicated pressures. (b,d) The fraction of these plastically ac-
tivated bonds that broke versus shear strain. Data in the top row
corresponds to the (a,b) elastic-plastic/strong case and in the bot-
tom row (c,d) to the elastic-plastic/weak case. Symbols representing
yield (no outline) and peak stress (black outline) are placed with an
accuracy of 0.25% strain. Data is truncated at fractions of 5 x 102
The horizontal dashed line represents 100%.

rapid stress drop at failure. In addition to its presence
around cracks, plastic flow is also widely dispersed through
out the binder, as seen in Fig. 10(b). In contrast at high
pressure, the inelastic mesoscale changes manifest through
many smaller cracks that span a few grains as seen in 10(c).
Plastic activity is concentrated in these small interstitial
regions which allows the system to accommodate strain
in these small regions and gradually weaken without dra-
matic failure. These figures are therefore consistent with
our above interpretation

The final case to consider is elastic-plastic/weak sys-
tems. At high pressures, P 2 0.16, behavior is quali-
tatively similar to the elastic-plastic/strong system. With
increasing P, the number of plastically activated bonds de-
creases (Fig. 9[c]) while the fraction of plastically activated
bonds that break increases at earlier strains (Fig. 9[d]). It
appears that the pressure is able to hold together grain-
binder interfaces such that separation of grains from the
binder does not fully dominate the dynamics of failure, al-
though the weak interface still reduces the overall strength
of the material compared to the elastic-plastic/strong case
(Fig. 5[b]).

In contrast, at lower pressures of P < 0.16 different
behavior is observed. While the number of plastically ac-
tivated bonds still slightly decreases with increasing P,
the fraction of these that break have an inverted trend
to the elastic-plastic/strong case. A greater fraction of
plastically activated bonds break at earlier strains with
decreasing P. Looking at the fraction of broken bonds,
at small pressures the weak interface leads to a rapid rise

11

Figure 10: Rendered images of binder particles in the elastic-
plastic/strong case at a mean pressure of (a-b) P = 0 and (c-d)
P = 0.24. All panels are just after failure, within a strain of 0.5%.
In panels (a) and (c), particles are colored by the number of bro-
ken bonds with dark blue corresponding to no broken bonds and
tan corresponding to all bonds broken. In panels (b) and (d), color
corresponds to the number of bonds that have plastically activated
(stretched by at least 5%) with dark blue indicating no bonds have
become plastic while tan corresponds to all bonds are plastic.

in the number of broken interfacial bonds at small strains
(Fig. 7[d]) in a similar fashion to the elastic/weak case.
These cracks at the grain-binder interface place a load on
the nearby binder which plastically deforms but ultimately
cannot sustain the load causing the system to fracture.
This process would explain the brittle-like failure seen in
Fig. 5(d) at low pressures and the minimal dilation before
failure in Fig. 4(d).

8.8. Mesoscopic Damage: Crack Network Evolution

In continuum modeling of PBX and propellant materi-
als, a damage metric is often used to degrade material stiff-
ness as deformation is incurred (see for example, [35, 7]).
The form of this damage metric and its evolution remains
an open research question, and it is treated with varying
levels of complexity among existing macroscale material
models. A detailed discussion of these continuum damage
formulations is given in [4], with the conclusion that mi-
cromechanical models will have to lead the way and guide
our understanding of how the various microcrack systems
evolving at the mesoscale interact to drive the overarch-
ing macroscale behavior. To this end, we present here an
initial analysis of crack network evolution that can be ex-
tracted from the BPM simulations.

In addition to monitoring the number of bonds that
fail during each simulation, we also record the location
and time that they break. This data can then be aggre-
gated to construct the approximate geometries of cracks



Figure 11: Broken bonds rendered as points in an elastic/strong system at P = 0. (a) A cross-section with a width of one quarter of the
simulation cell is rendered near failure. Bonds are clustered into distinct cracks each of which is assigned a random color. (b-d) The entire
simulation cell is rendered for the same system (b) right before, (c) during, and (d) right after failure where color corresponds to the log of

the number of broken bonds in a crack.

in the system at any point in time to provide a mesoscopic
perspective on failure that is easier to relate to continuum
modeling efforts. This analysis also will provide further
insight into spatial correlations of broken bonds, briefly
considered in the previous section, to inform the construc-
tion of continuum damage models.

To identify distinct cracks, we take the set of all bonds
that have broken at a given instant of time and define
a spatial location for each bond as the center of mass of
the two constituent simulation particles in the undeformed
solid. These locations are then discretized onto a cubic
grid of cells with side lengths of d, the diameter of a parti-
cle. If a cell contains a broken bond, it is flagged. Flagged
cells are clustered with their first and second nearest neigh-
bors into connected regions. Each connected region with
more than one broken bond is then considered a distinct
crack and all constituent bonds are given a shared label.
As demonstrated in Fig. 11, which shows the spatial evo-
lution of crack networks in one of the RVs, this allows us
to track the nucleation, growth, and coalescence of cracks
on a mesoscopic scale as systems load and fail. While this
technique is simple, it is prone to overestimate the size of
cracks as it fails to account for the orientation of bonds.
For instance, if two physically distinct cracks happened
to run parallel to each other while separated by a single
particle at some location, this method might combine the
cracks into a single unit. While it would be useful to de-
velop more sophisticated crack identification techniques in
future work, this technique still provides a useful initial
interpretation of the large datasets generated during each
simulation.

The total number of cracks as a function of shear strain
is shown in Fig. 12 for each of the four cases. In the elas-
tic/strong case, this number continues to increase up until
failure. In comparison, in the elastic/weak scenario the
number of cracks peaks (at smaller strain at smaller P)
before decaying up until failure as cracks coalesce. This
suggests a relatively small fraction of cracks coalesce in
the elastic-strong case until the system actually fails as
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Figure 12: Total number of cracks in the system as a function of
strain at the indicated pressures for the same system in Fig. 3.
Symbols indicate approximate locations of yield (no outline) and
failure (black outline) within an accuracy of 0.5% strain. Systems
correspond to the (a) elastic/strong, (b) elastic-plastic/strong, (c)
elastic/weak, and (d) elastic-plastic/weak binder models listed in
Table 1.

seen in Fig. 11. Before failure, presumably cracks are well
dispersed and do not grow sufficiently large to intersect
with neighboring cracks minimizing any deviations from
brittle-like behavior. For elastic-plastic binders, the num-
ber of cracks also rises with strain in both the strongly-
and weakly-adhered systems, however, a peak followed by
a significant decay in the number of cracks is only seen at
large P.

In many continuum models, the primary quantity of
interest is a length scale of a crack as in the viscoSCRAM
model [35]. Therefore, for each set of broken bonds in a
crack, we find the minimum bounding box, mapping across
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Figure 13: Average length of cracks in the system normalized by
200v/3d, the maximum length scale in the undeformed system. Sym-
bols indicate approximate locations of yield (no outline) and failure
(black outline) within an accuracy of 0.5% strain. Systems corre-
spond to the (a) elastic/strong, (b) elastic-plastic/strong, (c) elas-
tic/weak, and (d) elastic-plastic/weak binder models listed in Table
1.

periodic boundaries as necessary, and estimate length of
the crack as the maximum diagonal distance across the
box. During shear, large clusters of broken bonds will
eventually span the entire system as systems fracture. Due
to periodic boundary conditions, defining the length of

these percolating cracks (which may or may not self-intersect

across a period boundary) is ambiguous so we simply cap
the maximum length of a crack at 200v/3d, the maximum
distance across the initial system. Using this definition,
the average length of a crack normalized by this maximum
allowed crack length is plotted in Fig. 13.

As expected, the average normalized crack length ini-
tially grows in all systems at small strains. In the elas-
tic/strong case, this growth continues up until failure. The
average never grows very large due to the presence of
many small cracks seen in Fig. 11. In other cases, this
metric peaks and then slightly decays before, in some in-
stances, rising again. This decrease is not caused by an
increase in the number of small cracks as it coincides with
a reduction in the total number of cracks. Alternatively,
this effect appears to be due to the coalescence of larger
cracks. Unless cracks are aligned on a plane, the length
of the coalesced pair is less than the sum of their initial
lengths. This causes an apparent reduction in the average
crack length as a consequence of defining length using a
minimum-bounding-box. Once a crack spans the diagonal
of the system, no amount of coalescence will increase its
length.

This effect is fundamentally a restriction from reduc-
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Figure 14: The average area of a crack quantified by the number
of broken bonds in a crack as a function of strain. The average
area is normalized by the total number of binder bonds, ~ 5 x 107.
Symbols indicate approximate locations of yield (no outline) and
failure (black outline) within an accuracy of 0.5% strain. Systems
correspond to the (a) elastic/strong, (b) elastic-plastic/strong, (c)
elastic/weak, and (d) elastic-plastic/weak binder models listed in
Table 1.

ing a crack to a linear measure: it neglects that cracks
have a length and a width and can branch through a com-
plex heterogeneous system. Therefore, we also calculate
the number of broken bonds in a crack which, for sim-
ple geometries, will be proportional to the total area of a
crack. This metric will combine additively as cracks co-
alesce. The average area of a crack using this definition,
plotted in Fig. 14, generally grows with strain in all sys-
tems. As before, the finite system size places a maximum
limit on the area of a crack as the total number of bonds
that can break in the binder or ~ 5 x 107. This limit is
used as a normalization. Note that in this extreme limit
where a crack constitutes nearly all of the bonds in the
binder, this definition will no longer correspond to an area
so the terminology is not perfect.

Using either metric, one can identify a few important
results. First and foremost is that pressure does gen-
erally suppress crack growth in all cases except for the
elastic/strong case. At small pressures, the average crack
length and area tend to grow faster with increasing strain,
leading to failure. This is reinforced by the finding from
the previous section that bond breakage is more prevalent
at lower mean pressures, while higher pressures generally
limit the number of bonds that break with shear. Secondly
in systems with elastic-plastic binders, Figs. 13 and 14
suggest there may be some standard, pressure-independent
evolution of the average length and area of cracks that ex-
tends to larger strains with increasing P. Lastly in the
elastic/weak case, very large cracks are observed before
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Figure 15: Example stress-strain curves in TXE. Symbols indicate locations of yield (no outline) and failure (black outline).

Systems

correspond to the (a) elastic/strong, (b) elastic-plastic/strong, (c) elastic/weak, and (d) elastic-plastic/weak binder models listed in Table 1.

failure. These are clusters of filler grain surfaces that have
separated from the binder seen in Fig. 8 which constitute
a significant portion of the system.

Of course, this mesoscopic dataset provides far more in-
formation than the brief analysis provided in this section
as one has access to the full evolution of crack size distribu-
tions with strain. These time-dependent distributions also
contain information on the rate of crack growth and coa-
lescence as a function of crack sizes. Finally, cracks have
complex orientations and shapes which may provide more
predictive information than simple scalar metrics of size.
This may be particularly relevant given the anisotropic
treatment of damage evolution in many macroscale mod-
els [4].

In future work, similar datasets will be a valuable tool
to test various metrics describing crack evolution and iden-
tify which are most valuable to continuum damage for-
mulations and failure criteria. Such studies will augment
the many existing finite-element-based mesoscale models,
and the relatively few experimental datasets that contain
detailed mesoscopic information. As many finite element-
based studies use cohesive zones to represent cracking along
filler-binder interfaces [40, 26, 52] but include no mecha-
nisms for localized ruptures within the binder, compar-
isons could provide useful insights on the role of binder
behavior that will be important to include in future mod-
els and can guide new experiment designs. Additionally,
since mesoscale crack evolution may play a prevalent role
in hot spot formation under higher strain rate loadings
[37, 36], further studies should also explore ways to quan-
tify the energy dissipation pathways associated with crack
nucleation and growth.
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8.4. Dependence on Lode Angle

The mechanical response of a material often depends
on the Lode angle of deformation. Accurate predictions of
the performance of highly filled polymer composites in ar-
bitrary environments therefore require insight into the rel-
evance of different physical mechanisms at different Lode
angles. Despite the impact Lode angle has on performance,
such information is unfortunately scarce [4]. In this sec-
tion, we model the strength of granular composites under
triaxial extension (TXE) to identify qualitative differences
in the mechanical response and quantify relative differ-
ences from TXC.

In Fig. 15, stress-strain curves under TXE loading gen-
erally resembles those found in TXC, however, there are a
few key differences. In the elastic/strong case (Fig. 15[a]),
curves still well-approximate a brittle system. However, as
opposed to becoming slightly less stiff with strain as seen
in TXC, the system becomes slightly stiffer. The slight
pressure-dependent splay in curves then inverts the rela-
tion between yield and pressure. Systems at low P yield
earlier in TXE. In the elastic/weak scenario (Fig. 15[c]), a
strain-hardening regime still appears at all pressures but
is less pronounced than in TXC. Furthermore, the strain-
softening regime at low mean pressures almost disappears.
In the elastic-plastic/strong case (Fig. 15[b]), yield has a
considerably stronger dependence on P creating a larger
splay between curves before failure. Failure also occurs
in a narrower window of strain across pressures compared
to TXC. In the elastic-plastic/weak system (Fig. 15[d]),
strain-hardening is no longer seen as failure quickly follows
yield at all P.

These changes between TXC and TXE in the shape of
stress-strain curves suggests there are fundamental shifts



in microscopic behavior. While a complete dissection of
these phenomena is beyond the scope of this work, the
evolution of microscopic properties under TXE is briefly
explored in Appendix B. This data exhibits important
qualitative differences between TXE from TXC. To quan-
tify the relative importance of Lode angle, the ratios of the
yield and peak stresses averaged across the five RVs under
TXE relative to TXC are plotted as a function of pressure
for the four material property cases in Fig. 16. Unsur-
prisingly, yield in the elastic/strong case exhibits a strong
dependence on Lode angle that varies considerably with
pressure. As the location of yield in this case is highly
sensitive to the definition, the error bars may not accu-
rately convey uncertainty so we avoid drawing conclusions
on this data.

In the other three cases, we find the ratio of yield
stresses in TXE relative to TXC increases almost linearly
with P. Thus, the ratio crosses unity as the yield stress
is higher in TXC at low pressures but becomes larger
in TXE at high pressures. This observation highlights a
novel dependence on Lode angle that would have reper-
cussions in designing an accurate continuum model. We
note that the yield discussed here, refers to the yield stress
extracted from the shear stress-shear strain curves at the
end of the linear regime (see Subsec. 3.1). This is not
necessarily analogous to the onset of permanent, plastic
deformation defined by a traditional yield surface, as the
inelastic damage mechanisms that reduce material stiff-
ness also contribute to loss of linearity in the stress-strain
curve. Without further simulations that include both load-
ing and unloading, it is impossible to differentiate the on-
set of these two phenomena and determine which is driving
the unique anisotropic behavior presented here. However,
what is clear is that the combination of these two mecha-
nisms results in a marked tension-compression asymmetry,
which is consistent with observations of various PBX ma-
terials in the literature [4]. An additional contribution of
this work is to demonstrate that this tension-compression
asymmetry also depends strongly on confining pressure
for all binder and grain-binder interface properties studied
here. These results suggests that both the damage formu-
lation and the plastic yield surface in continuum models
should consider anisotropic dependence on Lode angle and
the mean pressure, and that a comprehensive suite of tests
in multi-axial stress states is necessary to fully characterize
a particular material’s behavior.

The ratio of peak stresses in TXE to TXC, which we
refer to as the failure strength ratio, can be thought of as a
measure of the importance of Lode angle on the material’s
ultimate strength. The failure strength ratio is expected
to be less than or equal to unity and is often used when
calibrating failure surface models [53]. A failure strength
ratio of unity suggests the material’s strength does not de-
pend on the direction of shear such that a Drucker-Prager
failure surface (a circle on a 7 plane) is a reasonable ap-
proximation. However, we find that the strength ratio
in Fig. 16(b) is always less than one implying TXC al-
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indicated systems.

ways exhibits a higher peak stress. This data implies that
a Drucker-Prager failure surface never correctly describes
behavior in these simulations since failure always has some
dependence on Lode angle or the J3 invariant [54]. How-
ever the data in Fig. 16(b) is insufficient to suggest an
alternative choice. Further study of this topic is clearly
needed.

When studying the pressure dependence of the failure
strength ratio, a monotonic increase is observed with in-
creasing pressure in systems with elastic binders. This sug-
gests Drucker-Prager will become a more accurate approxi-
mation (although still insufficient) with increasing pressure
as systems display a softer dependence on Lode angle. For
plastic binders, an interesting non-monotonic trend is seen
in both cases where the failure strength ratio initially in-
creases before peaking and dropping at higher pressure -
possibly due to a less substantial strain-hardening regime
at high pressures in TXE relative to TXC. This behavior
is unusual, and its origin will need to be explored in future
work.

Although this brief investigation only scratched the
surface of various multiaxial stress states, it unveiled a
wide array of behavioral changes that has significant ram-
ifications on continuum constitutive model development
for highly filled polymer bound granular composites. Not
only does the failure strength exhibit tension-compression
asymmetry under all binder properties and pressures, but
the shape of stress-strain curves also varies exhibiting yield
stresses that depend on Lode angle. These findings fur-
ther motivate the need for both experimental and com-
putational studies of polymer bonded composite materials
that systematically vary Lode angle as argued in Ref. [4].



4. Summary and Outlook

Polymer bonded granular composites constitute a wide
range of materials and have many applications which re-
quire predictive modeling capability of their mechanical
response, such as the safety of energetic components. Due
to their complex, heterogeneous structure, the develop-
ment of predictive models is a challenge as the mechanical
response depends on the interaction of multiple physical
mechanisms which further depend on the loading history
and stress state of the system. In this work, we leveraged
the flexibility and fully exposed dynamics of BPM simu-
lations to probe the behavior of sheared polymer bonded
granular composites at varying pressures, binder constitu-
tive behaviors, and grain-binder interface strengths. Key
findings of this approach include:

e Using a bonded particle model gave flexibility to
easily study abstract changes in material properties
or loading conditions through simple changes in the
bond force model. Computationally efficient simula-
tions of large systems can also provide access to in-
formation across length scales: macroscopic behavior
of a representative volume, mesoscopic damage and
crack growth on the length scale of grains, and mi-
croscopic activation of inelastic mechanisms at the
subgrain resolution of particles.

e Two different models of binder-binder bond proper-
ties were used to approximate the behavior seen in
polymers: 1) well below their glass transition tem-
perature (elastic-plastic binder bonds) and 2) well

above their glass transition temperature (elastic bonds).

These two cases represent limiting scenarios that a
polymer bonded energetic material may see if loaded
across a wide temperature range during its lifetime.
Two different sets of filler grain-binder bond prop-
erties were also used to explore the limiting cases of
“weak” and “strong” interfacial adhesive strengths.

e Increasing the confining pressure generally strength-
ens the material in all cases. It also introduces many
other changes in the mechanical response. Examples
seen here include transition from a strain-softening
regime to a strain-hardening regime in the elastic/weak
case, lengthening of strain-hardening regime to larger
strains in the elastic-plastic/strong case, and less
brittle failure in the elastic-plastic/weak case.

e While not a direct representation of any specific ma-
terial formulation, the findings of this study are con-
sistent with trixial test data for PBX materials loaded
both above (EDC37 [13]) and below (M2 [4]) their
glass transition temperatures. We show that both
binder and binder-grain interface properties strongly
affect the pressure-dependent response of such ma-
terials.
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e We know that yield and the emergence of strain-
softening/hardening regimes in the mechanical re-
sponse of polymer bonded composites is due to in-
elastic mechanisms in the material that are different
than the dislocation-based plasticity characteristic of
metals. By considering the global RV response and
concurrently tracking the microscopic activation of
the available inelastic mechanisms in our simulations
(broken bonds or binder plasticity), we can begin to
probe these linkages between microstructure evolu-
tion and macroscale mechanical behavior.

e By considering the spatial correlations of broken bonds,
one can aggregate this data into cracks and acquire
more insight into the damage accumulation and fail-
ure of these materials. Different crack descriptor
metrics can produce very different results. However,
further work is needed to determine the most useful
quantities to inform continuum damage and failure
models.

e Material yield and ultimate failure strength can vary
up to ~ 40% with the Lode angle depending on
the confining pressure and material properties. The
strain at which yield occurs also changes significantly
when comparing triaxial extension (TXE) to triax-
ial compression (TXC). Yield occurs later in TXE
at low pressures but later in TXC at high pressures.
This behavior is likely emergent from the complex
interplay between the various inelastic mechanisms
at the mesoscale, which are affected by the increase
in confining pressure.

e Consideration of these pressure-dependent behaviors
is necessary for continuum models to be predictive
in arbitrary, complex loading scenarios. Correspond-
ingly, standard material characterization paradigms
should include tests that probe multiaxial stress states
(e.g. triaxial compression, channel die tests, equibi-
axial tests) at a variety of hydrostatic pressure con-
ditions.

While these results begin to address the dearth of in-
formation on what drives the mechanics of these complex
composites, there is far more that should be considered
in future studies. For instance, these simulations have
a relatively high fraction of binder as a consequence of
the monodisperse, spherical grains. The effect of filler
grain morphological factors including polydispersity and
asphericity, which can lead to the denser packings that are
seen in many PBX materials, are as yet unexplored. Fur-
thermore, only the two extreme Lode angles were tested
here providing insufficient data to identify potential fail-
ure surface models that could be implemented in a con-
tinuum description. Our brief analysis of mesoscopic dy-
namics clearly illustrates the complex micromechanical in-
teractions that govern the macroscale material response,
but merely scratched the surface of information that could



be used to inform macroscopic damage models and fail-
ure criteria. Nonetheless, the findings shown here clearly
demonstrate the importance of confining pressure on the
mechanical response of polymer bonded granular compos-
ites across a wide range of binder and grain-binder inter-
face behaviors relevant to energetic materials. We hope
that both the conclusions drawn and questions raised in
this work continue to drive future research on their me-
chanical behavior under multiaxial stress states.
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Appendix A. Representative Volume Convergence
Assessments

As we extract homogenized (volume averaged) stress
and strain invariants of the representative volumes (RV)
[55], we must establish that the RVs are large enough
such that our volume averaged results are independent of
RV size [56]. First, we show that fluctuations in volume
fraction with respect to larger subdomain sampling has
converged with respect to the mean filler volume fraction.
This establishes that the filler volume fraction is size con-
verged for the RVs. Then, we examine properties of the
filler-particle phase autocorrelation and establish that the
RVs are isotropic. With these results in hand, we exam-
ine the collection of stress invariant responses from all five
RVs together for select material property cases and estab-
lish that fluctuations in the mechanical response are very
small across the five RVs and finally test convergence with
the number of particles in a system.
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The five RVs studies are two phase structures of monodis-
perse spherical filler grains in an otherwise uniform binder
with a filler volume fraction near 64%. Each RV is voxel-
lated into 200 x 200 x 200 cells taking for each cell the
material identification, 1 for the filler or 0 for the binder
at the centroid of the cell. Slices about the midplane of the
voxellated first RV are shown in Fig. A.17 demonstrating
that the voxel resolution is sufficient.

To establish that the RVs are size converged with re-
spect to first order metrics such as volume fractions, we
compute the density coarseness measure [57]. Here, pro-
gressively larger and larger subdomains starting at 2 x
2 x 2 (1% of the RV edge length on a subdomain win-
dow side) and ending at 32 x 32 x 32 (16% of the RV
edge length on a subdomain side) voxels are considered.
The filler volume fraction and its standard of deviation are
computed on a 1000 random subdomains for each of the
subdomain sizes. We plot this density coarseness measure
in Fig. A.18, which indicates that the filler volume frac-
tion converges statistically quickly with RV size, and that
our RVs do not fluctuate in filler volume fraction. Note
that this analysis does not address the related question
of whether results are converged in terms of the number
of particles. In other words, whether a sufficient number
of particles are used to resolve the mesostructure. This
analysis is discussed at the end of this appendix.

Next, we seek to establish if our mesostructures are
isotropic. We compute the filler-filler spatial autocorrela-
tion. Slices of that autocorrelation for the representative
RV number one are shown in Fig. A.19. The other four
RVs exhibit nearly identical filler-filler spatial autocorre-
lations by eye. To establish isotropy, we plot rays of the
filler-filler autocorrelations in each Cartesian direction and
compare the autocorrelation value against autocorrelation
distance in Fig. A.20. These results establish that the au-
tocorrelations along the three Cartesian axes are similar
across directions and RVs which establishes no statistical
preference in filler spatial layout along these three direc-
tions.

Next, we demonstrate that the five RVs exhibit min-
imal fluctuations in their mechanical response to shear.
Average stress-strain curves are calculated using data from
the five RVs and plotted in Fig. A.21. At every instance of
strain, the standard deviation is indicated using a lightly
filled area. The response of the five RVs are extremely
consistent with minimal variations in the mechanical re-
sponse up until failure. All RVs exhibit the same loading
regimes discussed in Subsec. 3.1. At failure, there is some
deviation between curves as the exact location of failure
depends on the specific RV (particularly when the system
fails in a brittle manner). Despite this splay, the peak
stresses of the five RVs are still quite similar as indicated
by the error bars in Figs. 5 and 16. After failure, RVs
may diverge which is not surprising as the exact path of
cracks will depend on the locations of grains introducing
variation in the structure and surface morphology of the
fractured system.
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Figure A.18: Filler volume fraction coarseness measure demonstrates
that the volume fraction does not fluctuate beyond a fraction of the
RV sizes considered in this work.

Finally, we consider the related problem of whether our
simulations are converged in terms of resolution. On other
words, are enough simulation particles used to represent
the mesostructure of a given RV. In Fig. A.22, stress-strain
curves are included for different resolutions at zero mean
pressure. The value in the legend corresponds to the di-
ameter of the filler grains in units of d, i.e. the number of
particle diameters that span a grain diameter. At the low-
est resolution, 2.6125d, the system has a total of ~ 150, 000
particles (or around 100 particles per grain) while at the
highest resolution, 10.5d, the system has almost 10 million
particles. This maximum resolution was used for all other
results in this paper. Higher resolutions were not tested
due to the increased computational costs. In all cases,
failure occurs earlier with increasing resolution. However,
curves appear to be converging and differences between the
two highest resolutions are relatively minor and the same
strain-softening and -hardening regimes are still seen at
lower resolutions. Therefore, we expect minimal error due
to the finite resolution of the mesostructure in terms of
particles.
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Appendix B. Microscopic Results in TXE

In Subsection 3.4, the impact of Lode angle was briefly
touched upon by studying stress-strain curves under triax-
ial extension (TXE). Some notable differences were found
in the shape of curves as well as the yield and peak stresses.
In this appendix, we briefly look at the evolution of micro-
scopic quantities as a function of shear to provide some ini-
tial context on which quantities may be relevant to changes
in the mechanical response. However, identifying concrete
links between changes in the macroscopic and microscopic
behavior in TXE is beyond the scope of this work.

In Subsection 3.2, we considered two primary mea-
sure of inelastic activity in TXC: the fraction of broken
bonds and the fraction of plastically deformed bonds in
the binder. The fraction of broken bonds is plotted versus
strain in Fig. B.23, the TXE equivalent to Fig. 7. While
most data is qualitatively similar, we identify two primary
differences. First in the elastic/strong system, the frac-
tion of broken binder-binder and binder-grain bonds dis-
plays a significantly stronger dependence on pressure. The
increase in the number of broken bonds is delayed with in-
creasing pressure. In TXC, little pressure dependence was
seen (Fig. 7[a]). Secondly in the elastic/weak system,
there is a notable reduction in the rate at which binder-
grain bonds break with strain under low confinement. This
behavior may be linked to the diminished strain-softening
regime at low P in Fig. 15(c). Furthermore, curves sat-
urate at a slightly lower value such that a non-negligible
number of interfacial bonds survive up to failure.

While there are no stark differences between the rate
of bond breakage in elastic-plastic binders under TXE rel-
ative to TXC, differences are apparent in the fraction of
plastically active bonds seen in Fig. B.24. With both
strong and weak interfacial bonds, the onset of plasticity
has a larger dependence on pressure in TXE than TXC
(Fig. B.24[a] and [c]). This may be connected to the larger
strain-hardening regimes seen in the elastic-plastic/strong
case under TXE. Additionally in the well-adhered case, the
fraction of plastic bonds that break displays an inverted
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Figure A.19: Slices about the center of the filler-filler spatial autocorrelation for RV1
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Figure A.20: Rays along the three Cartesian directions of the filler-
filler spatial autocorrelations for each of the five RVs.

trend with pressure. Instead of having a higher fraction of
plastic bonds break at higher P in TXC seen in Fig. 9(b),
in TXE a higher fraction is seen at lower P.
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Figure A.21: Stress strain curves averaged across five mesostructure
realizations, or RVs, in TXC at pressures of 0 (dotted, blue), 0.08
(solid, green), and 0.24 (dashed, red) for the (a) elastic/strong, (b)
elastic-plastic/strong, (c) elastic/weak, and (d) elastic-plastic/weak
models. Ribbons correspond to one standard deviation and only
become significant around failure.
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Figure B.23: Fraction of interfacial binder-grain (solid lines) and
binder-binder (dashed lines) bonds broken as a function of strain
at the indicated pressures under TXE. Symbols indicate approxi-
mate locations of yield and failure to within an accuracy of 0.25%
strain. The dashed line represents 100% of bonds broke. Data is
truncated at a fraction of 5 x 1072, Systems correspond to the (a)
elastic/strong, (b) elastic-plastic/strong, (c) elastic/weak, and (d)
elastic-plastic/weak binder models listed in Table 1.
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Figure B.24: (a,c) Fraction of binder bonds that have plastically de-
formed by reaching a strain of 5% as a function of shear strain at the
indicated pressures in TXE. (b,d) The fraction of these plastically
activated bonds that broke versus shear strain. Data in the top row
corresponds to the (a,b) elastic-plastic/strong case and in the bot-
tom row (c,d) to the elastic-plastic/weak case. Symbols representing
yield (no outline) and peak stress (black outline) are placed with an
accuracy of 0.25% strain. Data is truncated at fractions of 5 x 102
The horizontal dashed line represents 100%.
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