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Abstract: To analyze fracture mechanism of propellant grain
and study the mechanical properties of propellant grain, the
press and fracture processes of propellant grain with and
without initial defects are modeled using the discrete element
method. On the basis of the appropriate -constitutive
relationships, the discrete element model of the propellant
grain was established. Compared with experimental
measurements, the micro-parameters of the bonded-particle
model of the propellant grain under unconfined uniaxial
compression tests were calibrated. The propellant grains
without initial defects, with initial surface defects, and with
initial internal defects were studied numerically through a
series of unconfined uniaxial compression tests. Results show
that the established discrete element model is an efficient tool
to study the press and fracture processes of the propellant
grain. The fracture process of the propellant grain without
initial defects can be divided into the elastic deformation
phase, crack initiation phase, crack stable propagation phase,
and crack unstable propagation phase. The fracture mechanism
of this grain is the global shear failure along the direction of
the maximum shear stress. Initial defects have significant
effects on both the fracture mechanism and peak strength of the
propellant grain. The major fracture mechanism of the
propellant grain with initial surface defects is local shear
failure, whereas that of the propellant grain with initial
internal defects is global tensile failure. Both defects weaken
the peak strengths of the propellant grain. Therefore, the
carrying and filling process of the propellant grain needs to
minimize initial defects as far as possible.

Key words: propellant grain; press and fracture mechanism;
initial defect; discrete element method

DOI: 10. 3969/j. issn. 1003 —7985.2019.03.012

T he launch safety of the propellant charge severely re-
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weapons all over the world. Under low temperatures, the
propellant grain has an enhanced brittleness, and the root
cause of bore burst is the fractures of propellant grains
during the collision and press processes in the propellant
bed"’. According to the relevant domestic and interna-
tional studies, no matter how complex the mechanics en-
vironment inside the gun bore is, bore burst will not oc-
cur if there is no fracture of the propellant grains'”. At
present, the relevant studies have mainly focused on the
whole propellant bed, and only a few studies have inves-
tigated individual propellant grains. The press and frac-
ture study of individual propellant grain plays a significant
role in the launch safety evaluation of the propellant
charge.

Due to the complex mechanics environment of the pro-
pellant charge, most studies on individual propellant grain
are still based on physical experiments. Chen et al. '’
studied the damage mechanisms and its evolution of ex-
plosive materials using a long-pulse, low-velocity gas
gun, and then studied the damage properties of polymer
bonded explosives under dynamic loading by drop weight
tests. Zhang et al. ' applied static compression load to
the lateral surface of the propellant granule to study the
mechanical properties of the propellant granule. The press
and fracture processes of the propellant grain are essential-
ly a transformation process from a continuous medium to
discontinuous medium of particle material"’
study of propellant grain based on a physical experiment
is limited by the current experimental techniques and safe-
ty factors, whereas the numerical simulation methods can
provide the important means of conducting fracture study.
The fracture of a single particle can be modeled based on
the extended finite element method (XFEM), but the ini-
tial cracks need to be preset'”. The discrete element
method (DEM) provides an efficient way to model the
fracture process and investigate its effect on the behavior
of particles'” " . Particle fracture has been recently mod-
eled using DEM based on the bonded-particle model,
where a particle is modeled using an agglomerate com-
posed of a large number of smaller particles bonded to-
gether'""!. Robertson et al. ' established a DEM model
of crushable grain by bonding elementary spheres in
“crystallographic” arrays. A discrete element method
model has been developed, in which grains are character-
ized by aggregations of a maximum of 14 elementary
™1 Cil et al. "™ modeled the fracture

. The fracture
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of individual silica sand particles by adopting the bonded-
particle model. Wang et al. "' studied the effects of par-
ticle fracture on the shear failure behavior based on the
bonded-particle model. Wang et al. """ simulated the di-
rect shear tests of irregular ballast stones by constructing
clump particles. For DEM studies of propellant grain,
Hong et al. """ established the fracture model of the pro-
pellant grain and analyzed its mechanical property under

impact load. Jiang et al. '™

simulated the fragmentation
process of the propellant grain impact rigid wall with dif-
ferent initial azimuth angles, and then studied the fracture
mechanisms of the propellant grain during the propellant
charge. However, the initial defects of the propellant
grain have not been considered in current studies, as well
as the effect of the initial defects on the mechanical prop-
erty and the fracture mechanism of the propellant grain.

As an explosive, the initial defects of the propellant
grain cannot be preset due to the material processing and
safety issue. The physical test has no way to be carried
out, so the numerical study is unique. The objective of
this paper is to model the press and fracture process of
propellant grain, and investigate the effects of initial de-
fects on its mechanical properties. The DEM model of
propellant grain is established and then the initial defects
are introduced to it using PFC’”. Through a series of nu-
merical unconfined uniaxial compression tests, the press
and fracture mechanism of the propellant grain with initial
defects are simulated and compared to the propellant grain
without the initial defects.

1 DEM Model

The discrete element method ( DEM) was introduced
by Cundall et al. ™ for the analysis of discontinuous
granular material. In the DEM, the granule is discreted
into an assembly of rigid elements, and the dynamic be-
havior is represented numerically by a timestepping algo-
rithm. The calculations are performed alternately between
the application of Newton’s second law to the particles
and a force-displacement law at the contacts, so that the
overall movements of the granular system are obtained.
The DEM allows relative motions between distinct parti-
cles, and there is essentially no limit to the magnitude of
displacement that can be modeled, making it a suitable
technique for solving large-displacement discontinuous
medium problems.

The PFC™ is a procedure that simulates the movements
and interactions of spherical discrete particles based on the
DEM. The computation of the PFC’” is potentially more
efficient, because contact detection between spherical ob-
jects is much simpler than that between angular objects.
PFC’ is able to model brittle material by allowing spheri-
cal particles to be bonded together as an assembly, and
the resulting synthetic material is capable of fracturing by
utilizing the breakage of bonds to represent the damage.
As it uses the spherical particles to discrete the propellant

grain, the constitutive model must be chosen appropriate-
ly, and the bonded-particle model after the model param-
eters calibration process is used to establish the DEM
model of the propellant grain.

1.1 Constitutive model

In DEM, the mechanical response of a material is gov-
erned by interactions at its contacts between the constitu-
ent particles and between particles and boundaries'™ . In
the PFC’”, the mechanical properties of the macroscale
material are reproduced through the constitutive character-
istics of the microscale particles. The constitutive behav-
ior of a material is described by the constitutive model,
which consists of three parts: a contact-stiffness model, a
slip and separation model, and a bonding model.

The contact model describes the physical behavior oc-
curring at a contact. This paper uses the default stiffness
model and the linear-spring model, in which the contact
stiffness provides an elastic relationship between the con-
tact force and the relative displacement. The slip behavior
is defined by the friction coefficient, which forces a rela-
tionship between shear and normal forces, such that the
two contacting entities may slip relative to one another.
As for the bonding model, the parallel-bond model that
can transmit both force and moment between particles is
chosen to set up the bonded-particle model.

1.2 Bonded-particle model

The unconfined uniaxial compression physical test of
the propellant grain is shown in Fig. 1. As can be seen,
the geometric shape of the propellant grain is a regular
hexagonal prism with seven small holes, and the side sur-
faces of the propellant grain have a plum pattern caused
by the material processing. In this paper, the bonded-par-
ticle model represents the propellant grain by a bonded
regular hexagonal assembly, which is generated by a ran-
dom distribution of the bonded particles with a given po-
rosity. In the resulting assembly, the holes between parti-
cles and the irregularity of the side surfaces can partially
cancel the difference between the simplified model and
actual specimen. To balance the calculation accuracy and
efficiency, a suitable discrete number of 10 887 spherical
particles were selected to establish the assembly. The rel-
evant parameters are shown in Tab. 1.

Fig.1 Unconfined uniaxial compression physical test
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Tab.1 Bonded-particle model parameters

Parameter Value
Density of propellant grain/(kg - m~%) 2 000
Height of propellant grain/mm 11.40
Length of hexagon side/mm 5.70
Porosity of particle model/ % 25.95
Particle minimum radius R, ;,/mm 0.20
Particle ball-size ratio R,,,/R i, 1.50
Friction coefficient 0.50

The bonded-particle model ( BPM) is classically built
considering initially intact media'*". The propellant grain
material is simulated as an assembly of the bonded spheri-
cal particles. To establish a compacted assembly with a
small porosity, the most robust modeling approach is the
radius-expansion scheme. As shown in Fig.2, a popula-
tion of particles with artificially small radii was initially
created within a specified container by confining walls.
Then, the radii of all the particles were expanded until the
desired porosity was obtained and they were allowed to
move freely until they reached the initial equilibrium
state, and finally parallel bonds were installed throughout
the assembly. With this method, the condition throughout
the synthetic assembly was isotropic and can be subjected
to material testing. The bonded-particle model of the pro-
pellant grain is shown in Fig. 3.

(a) (b)
Fig.2 Radius-expansion scheme. (a) Initial diagram; (b) Final

diagram

Fig.3 Bonded-particle model

In this paper, the unconfined uniaxial compression test
was used to simulate the press and fracture processes of

the propellant grain. After the bonded-particle assembly
was generated and compacted within a set of confining
walls, the confining walls were removed, while the top
and bottom walls continued to act as loading plates. The
unconfined compression test model is shown in Fig.4, in
which all walls are frictionless. The loading process was
applied by moving the top and bottom walls toward one
another at the velocity of 5.7 x 10 ~ m/s, which was
slow enough to ensure a quasi-static response. The force
on the plate was the external load on the propellant grain,
and the loading phase continued until the specified test-
termination criterion was reached.

Fig.4 Unconfined uniaxial compression test model

1.3 Calibration of the model parameters

The model parameters cannot be related directly to a set
of relevant material properties in the PEC’®. The corre-
spondence between the synthetic material and a particular
physical material must be established by simulated materi-
al testing, which means that the relationship between the
model micro-parameters and the material macro-properties
must be determined first by means of a calibration
process. In a calibration process, the responses of the
PFC synthetic material were compared directly with the
relevant measured responses of the intended physical ma-
terial, and then the appropriate model parameters were
chosen to reproduce the relevant material properties as
measured in laboratory tests.

The material properties of propellant grain are shown in
Tab. 2. Through the calibration process, the complete set
of micro-parameters of unconfined uniaxial compression
test is listed in Tab. 3. In addition, the simulated results
Young’s modulus E = 586. 90 MPa,
Poisson’s ratio » =0. 182, the peak strength ¢, = 15. 21

are as follows:

MPa. By comparing the stress-strain curves of the numer-
ical test and the physical test shown in Fig. 5, it can be
seen that the simulated results basically correspond with
the laboratory results.

Tab.2 Material properties of the propellant grain

Parameter Value
Environment temperature/ C -40
Young’s modulus E/MPa 585.09
Poisson’s ratio v 0.181
Peak strength o;/MPa 15.10
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Tab.3 Micro-parameters of DEM model

Parameter Value
Contact modulus/MPa 424.00
Stiffness ratio 1.175
Parallel-bond radius multiplier 1.0
Parallel-bond modulus/MPa 424.00
Parallel-bond stiffness ratio 1.175
Parallel-bond normal strength/
11.20
MPa
Parallel-bond shear strength/MPa 11.20
16
—— Physical test
14  —— Numerical test
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£
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Fig.5 Stress-strain curves of the unconfined compression test

To reproduce the macroscale material behavior of the
propellant grain, a calibration process to determine the
microscopic parameters of the bonded-particle model was
carried out by a set of numerical experiments of uncon-
fined uniaxial compression tests. The calibration conclu-
sions are summarized as follows.

1) The modulus and peak strength measured during the
numerical test are only slightly affected by packing varia-
tions in an arbitrary assembly composed of arbitrarily
packed particles joined by parallel bonds.

2) The initial Young’s modulus of the material is line-
arly related to the value of the contact stiffnesses. Parallel
bonds increase the contact stiffness, and its increase rate
is approximately 50% , whereas the bond strength has lit-
tle effect on Young’s modulus.

3) For a certain assembly geometry, the Poisson’s ratio
of the material depends on the ratio of the shear contact
stiffness to the normal contact stiffness.

4) The peak strength of the material depends both on
the friction coefficient and the bond strength. For a fixed
friction, as bond strength is increased, the material exhib-
its greater peak strength, but much smaller axial strain.

2 Press and Fracture Processes
2.1 Fracture mechanism

Micro-cracks in a synthetic material may only form be-
tween the bonded particles. The formation mechanism of
the micro-crack is determined by the bond failure type,
which indicates whether the bond failed as the result of its
normal or shear strength being exceeded. During a com-
pression test, the parallel bonds break in a progressive
manner, which means that the compression-induced mi-

cro-cracks gradually coalesce into macro-cracks or frac-
tures as the axial load increases. After the unconfined
compression test was completed, the micro-cracks of the
propellant grain were monitored and visualized. As
shown in Fig. 6, the fracture is represented directly by the
formation and tracking of a large number of micro-
cracks, in which the red indicates normal bond failure and

the blue indicates shear bond failure.

(a) (b)
Fig. 6 Bond failure distribution without initial defect. (a) Front
view; (b) Top view

The fracture mechanism of the propellant grain under
compression is governed by the formation, growth, and
eventual interaction of the micro-cracks. From the crack
monitoring in Fig. 6, it can be seen that micro-cracks first
initiate on the top and bottom surfaces of the propellant
grain, and the bond failure is mainly normal failure. The
macroscopic failure mechanism of the compression-in-
duced micro-cracks forms a single fracture surface at a 45-
degree angle throughout the propellant grain, and the
bond failure near the fracture surface is mainly shear fail-
ure. According to the propagation direction of the fracture
surface, the fracture mechanism of the propellant grain
under the unconfined uniaxial compression is the global
shear failure.

During the compression test, the parallel bonds break
in a progressive manner. The appearance of the narrow
region of the intense micro-cracking ahead of macro-
cracks, which means that the compression-induced micro-
cracks gradually coalesce into macro-cracks or fractures
with the increase in axial load. The micro-cracks general-
ly form in locations where the minimum principal stress
exceeds the local tensile strength of the material, and thus
preferentially propagate along the maximum principal
stress direction. The fracture mechanism of the propellant
grain under compression is governed by the formation,
growth and eventual interaction of the micro-cracks.

2.2 Fracture process analysis

According to the stress-strain curves and the corre-
sponding bond failure number in Fig. 7, the process can
be divided into four ordinal phases: the elastic deforma-
tion phase, crack initiation phase, crack stable propaga-
tion phase, and crack unstable propagation phase.

1) Elastic deformation phase: During the early loading
stages of the compression test, the axial stress increases
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Fig.7 Stress-strain curves and bond failure number

linearly with the axial strain, and the elastic constants are
determined from the linear portion of the stress-strain
curves. During this phase, there is no compression-in-
duced crack form, indicating that the material is undam-
aged during the elastic deformation phase.

2) Crack initiation phase: When the axial stress reaches
about 65% of the peak strength, micro-cracks begin to
initiate at the top and bottom surfaces of the propellant
grains. The initiation of the micro-crack indicates that the
mechanical properties of the propellant grain begin to
transform from the linear elasticity to nonlinear elastoplas-
ticity. During this phase, the increase in the number of
compression-induced cracks is very slow.

3) Crack stable propagation phase: When the axial
stress reaches about 80% of the peak strength, the growth
rate of the compression-induced crack is relatively faster,
and the bond failure is mainly shear failure during this
stage. As the damage develops gradually, the micro-
cracks begin to steadily expand from the top and bottom
surfaces to the interior of the propellant grain.

4) Crack unstable propagation phase: After the axial
stress reaches peak strength, the axial stress exhibits a
drop rapidly, whereas the total number of cracks increases
suddenly. Until the axial stress drops to 80% of the peak
strength, the crack propagates throughout the propellant
grain with a shear fracture surface. At this point, the pro-
pellant grain loses compressive capacity and begins to
show fracture.

From the above analysis, it can be concluded that the
press and fracture processes of the propellant grain essen-
tially are the processes of crack initiation and propaga-
tion.

3 Effects of the Initial Defects
3.1 Introduction of the initial defects

The material heterogeneity should be taken into account
when realistically modelling the material behavior'*. To
pursue a more realistic model, the joint plane assigned to
the smooth-joint contact model can be used to model the
initial defects of the synthetic material in the PEC’". The
contacts between balls across the joint plane are changed

to non-bonded smooth-joint contacts, in which the fric-
tion coefficients are smaller than those in the default con-
tact model. Thus, the joint plane can represent the weak-
ness plane of the physical material, and these introduced
initial defects resemble the pre-cracks in the microstruc-
ture.

A joint plane can be defined with a prescribed position
and orientation, and the number of initial defects can be
controlled by specifying the activated ratio of the smooth-
joint contact model on the joint plane. In this paper, two
types of initial defects, initial surface defects and initial
internal defects, are introduced into the DEM model. The
pre-crack distribution of the initial surface defects is loca-
ted in the two joint planes near the top and bottom sur-
faces, as shown in Fig. 8. The initial internal defects are
distributed in the joint plane arranged along the axial di-
rection of the propellant grain, as shown in Fig. 9. The
black part denotes the location of the joint plane, and the
initial defects are randomly distributed in the joint plane
within a prescribed percentage.

(a) (b)
Fig.8 Diagram of the initial surface defects. (a) Front view;
(b) Top view

(a)
Fig.9 Diagram of the initial internal defects. (a) Front view;
(b) Top view

3.2 Effects on the fracture mechanism

For the two types of initial defect models, a range of
0% to 25% initial defects were selected for the uncon-
fined uniaxial compression test. According to the press
and fracture processes discussed above, the crack initia-
tion and propagation are the key to determining the frac-
ture mechanism of the propellant grain. Thus, the num-
ber and location of the potential micro-cracks are limited
by the number and location of the initial pre-cracks in the
initial specimen.

Fig. 10 shows the change trend of the total number of
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bond failures versus the percentage of initial defects,
when the axial stress of the propellant particles drops to
80% of the peak strength under the unconfined compres-
sion test. As the total number of initial defects increases,
the bond failure number of the propellant grain with initial
surface defects decreases gradually. As for the initial in-
ternal defects, the bond failure number slightly fluctuates
near the bond failure number without initial defects.

3500~
- ln@t@al _surface defect
3000 -+ Initial internal defect
2
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22500
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3
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=
5
m 1500
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. 0000 5 10 15 20 25

Initial defect percentage/%

Fig.10 Bond failure number vs. initial defect percentage

Due to space limitations, Figs. 11 and 12 only show the
bond failure distribution of the propellant grain with
17.5% initial surface and internal defects, respectively.

(a) (b)
Fig. 11  Bond failure distribution with initial surface defect.
(a) Front view; (b) Top view

(b)
Fig.12 Bond failure distribution with initial internal defect.
(a) Front view; (b) Top view

By analyzing the bond failure distributions of 0% to
25% initial surface defects, it can be concluded that the
fracture mechanism of the propellant grain with initial sur-
face defects is local shear failure. Specific details are as
follows: 1) As initial surface defects increase, the propel-
lant grain is highly likely to show local failure; 2) The
crack propagation of local failure is on a relatively small

scale, and as a result, the total number of compression-
induced cracks is gradually reduced, as shown in Fig. 10;
and 3) The bond failure distribution mainly exists near the
top and bottom of the propellant grain, finally forming
two fracture surfaces at each joint plane.

According to the bond failure distributions of 0% to
25% 1initial internal defects, the fracture mechanism of
the propellant grain with initial internal defects is global
tensile failure. Specific details are as follows: 1) As the
initial internal defects increases, the fracture surface of
the propellant grain is approaching closer to the joint
plane; 2) The total number of compression-induced
cracks remains basically unchanged, indicating that the
fracture mechanism of the propellant grain is global fail-
ure; and 3) The bond failure mechanism corresponding to
initial internal defects is mainly normal bond failure.

In the DEM model of the propellant grain, most of the
compression-induced cracks nucleate at the initial defects,
which can reproduce many of the essential features of the
brittle fracture phenomenon. Under external force, the in-
itial defects interact with each other, which may promote
the earlier onset of distributed damage formation. Then,
the localized damage induces global stress redistribution
and the crack propagation direction, thereby changing the
fracture mechanism of the propellant grain.

Indeed, the growth and propagation of the tension and
shear fractures in the brittle material result from the nucle-
ation and coalescence of micro-cracks within the fracture
process zone'”’
grain, most of the compression-induced cracks nucleate at
the initial defects, which can reproduce many of the es-
sential features of the brittle fracture phenomenon. Under
the external force, the interaction and coalescence of mi-
cro-cracks may promote the earlier onset of distributed

. During the fracture process of propellant

damage formation, and then the localized damage induces
global stress redistribution. Fracture propagation is most
likely influenced by the amount and orientation of pre-mi-
cro-cracks. The pre-micro-cracks may affect the propaga-
tion of fractures and might thus have non-negligible im-
pacts on the mechanism fracture mechanism of propellant
grain.

3.3 Effects on peak strength

The peak strength is one of the significant factors repre-
senting the mechanical properties of propellant grain. The
line chart of peak strength under unconfined compression
test is shown in Fig. 13.

As shown in Fig. 13, no matter whether the initial sur-
face defects or the initial internal defects, the peak
strength of the unconfined compression test both exhibit a
nearly linear decline trend. The existence of two types of
initial defects both weakens the material strength. At
25% initial defects, the peak strength corresponding to
the initial surface defects is reduced to 10. 82 MPa ( which
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Fig. 13 Peak strength vs. initial defect percentage

is about 71.1% of the peak strength without initial de-
fects), whereas the peak strength corresponding to the in-
itial internal defects is reduced to 13. 34 MPa ( which is
about 87. 7% of the peak strength without initial de-
fects). By comparing the rates of the two decline lines, it
can be concluded that the initial surface defects contribute
more strongly to weakening the peak strength of the pro-
pellant grain than the initial internal defects. Further-
more, the propellant grain with initial surface defects may
be weaker due to its local fracture mode, in which the
overall compressive capacity of the propellant grain can-
not be fully utilized. At a large scale, the fractures con-
trol the strength and deformation properties of the propel-
lant grain. At a smaller scale, micro-cracks affect both
the mechanical properties of the propellant grain, and
thus have direct consequences on the stability of frac-
tures.

4 Conclusions

1) The DEM model of propellant grain is capable of
satisfactorily reproducing the fracture process and typical
characteristics of propellant grain including, linear elastic
behavior at small deformations, nucleation of stress in-
duced micro-cracks before failure, and the development
of macroscopic failure surfaces through the coalescence of
these micro-cracks.

2) The fracture mechanism of the propellant grain de-
pends on the propagation direction of the fracture surface,
and the fracture mechanism under the unconfined uniaxial
compression is the global shear failure.

3) The presence of initial defects may change the frac-
ture mechanism of the propellant grain. The fracture
mechanism of the initial surface defects is the local shear
failure on the top and bottom of the propellant grain,
whereas the fracture mechanism of the initial internal de-
fects is the global tensile failure along the weakness
plane.

4) The initial defects weaken the peak strength of the
propellant grain, and the initial surface defects have a
stronger weakening effect than initial internal defects.
Thus, the carrying and filling process of the propellant

grain needs to minimize the initial defects as far as possi-
ble.
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