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Polymer-bonded explosives (PBXs) are widely used in various engineering applications. Thus, the safety of
PBXs has received much attention. In this study, dynamic experiments on a typical PBX were conducted and
the mechanical behaviour was studied. Based on the statistical crack mechanics (SCRAM) model, two
constitutive models, the Visco-SCRAM model and the Elastic-Plastic-SCRAM model, were developed. Finite
element simulations have also been carried out by applying the Visco-SCRAM model and the Elastic-Plastic-
SCRAM model in the simulations and good agreement was found between the simulation results and the
experimental results. It is suggested that the Elastic-Plastic-SCRAM model can be used for simulating the
dynamic behaviour of PBXs under high strain rate conditions.
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After some terrible disasters about energetic materials,
clearly, less sensitive monition is in need to avoid these
kinds of accidents in the future. Therefore, accurately
predicting the failure and non-shock ignition responses of
PBXs is critical. Until recently, researchers studying
energetic materials have developed many investigations
on the non-shock ignition responses of PBXs through
experimentations and simulations [1].

Current studies on the safety of energetic materials are
mainly concentrated on their relevant mechanical
properties in relation to loading conditions and application
environment, the emphasis of which is their dynamic
mechanical properties. A great amount of studies has been
carried out on the dynamic compressive mechanical
properties. Rangaswamy et al. [2] obtained the
compressive and tensile mechanical properties of
PBX9501 under different strain rates and temperatures.
Blumenthal et al. [3] studied the compression performance
of PBX110 and explosives based on HTPB through a series
of split Hopkinson pressure bar (SHPB) tests. Rae et al. [4,
5] observed the differences of a PBX’s mechanical
properties before and after temperature aging by using the
digital image cross-correlation. Duncan and Margetson[6]
developed a uniaxial nonlinear viscoelastic constitutive
model to model solid rocket propellants based on a
cumulative damage approach. Luo [7] carried out
researches on the dynamic mechanical properties of JOB-
9003 explosive. Li et al. [8] reported the stress-strain
relations of a PBX under different strain rates through quasi-
static and dynamic compression tests.

The constitutive models of brittle materials, such as
energetic materials, have also received consideration
attentions. A micromechanical material model, the
statistical crack mechanics (SCRAM), was developed by
Dienes and coworkers [9-12]  to model the dynamic
mechanical deformation and fragmentation of brittle
materials based on micromechanical statistical approach.
Because of the physical complex and excessive model
constants for SCRAM, the model application is limited and
many simple models were developed in recent years.
Based on Dienes’ SCRAM theory, a simplified, isotropic

damage model (Iso-SCRAM) was developed by Addessio
and Johnson [13]to study the dynamic responses of brittle
materials. It is assumed in the Iso-SCRAM model that the
micro cracks are isotropic, and the crack radius distribute
exponentially. The number of the physical parameters in
the model was reduced to the minimum by making these
assumptions. However, as for the PBXs, the viscous effects
of binder materials should be considered [14]. To concur
this problem, a Visco-SCRAM model was developed by
Bennett et al. [15] and applied to study the non-shock
ignition and the damage and failure behaviour of
explosives. They assumed that the crack growth rate
depended on the stress intensity, and the uniaxial stress-
strain curves of PBX-9501 were well predicted by
implementing the Visco-SCRAM constitutive equations into
DYNA3D.

In the present study, stress–strain curves under various
strain rates and the fracture parameters of a PBX were
obtained experimentally via MTS and SHPB tests (Section
2). The Visco-SCRAM model was introduced in Section 3.
Based on the experimental results, a novel Elastic-Plastic-
SCRAM model was developed by considering the effects
of plasticity and damage of the binder matrix in the equation
of state (Section 4). Finally, comparisons between the
simulation results based on the Elastic-Plastic-SCRAM
model and the experimental results were carried out
(Section 5).

Experimental Study on the PBX Mechanical Properties
Sample preparation

PBX with aluminized powder can maintain a higher
pressure and long period [16]. The main ingredient of the
PBX explosives used in this paper are RDX explosives, and
binder.  The component and grain size distribution of the
PBX are shown in Table 1. The RDX powder is prepared
according to the eighth category in GJB296A-95[17]. The
size of the specimen is Φ10 mm×20 mm for quasi-static
tests, and Φ16 mm×10 mm for high strain rate tests. The
PBX specimen was pressed in a steel die at the
temperature of 100 oC and the pressure of 100 MPa for 1.5
h. The density of the specimen is 1.8 g/cm3.
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Stress-strain curve measurement
Quasi-static and high strain rate tests are carried out on

the MTS machine and SHPB, respectively. The bars in the
SHPB system are 20 mm in diameter (fig. 1) and the striker
bar is 150 mm long. The length of the incident bar is 1900
mm and a pair of strain gauges is mounted 1048 mm away
from the specimen. The transmission bar has the length of
1100 mm and the strain gauges are mounted 492 mm
away from the specimen. The strain gauge on each bar
was connected to the opposite arms of a Wheatstone
bridge circuits with amplification. As the wave impedance
of the PBX is very low and the signal of the transmitted
wave is too weak, a pair of piezoelectric transducers was
used to measure the loading force directly. The positive
pole of the crystal was glued to the bar, and the negative
pole was glued to a thin aluminum disk, as shown in figure
1. A charge amplifier was used to collect the quartz crystal
signals. The velocity of the striker bar was measured by an
infrared system. All the signals are recorded by a four-
channel DPO5054 (Tektronix) digital oscilloscope.

The loading force of specimen on the transmitted bar-
specimen interface, F, is:

(1)

where k0 is the scale factor of the charge amplifier, UQ is
the signal of quartz crystal embedded in the bar, and kQC =
(2.34±0.05)×10-12C/N is the quartz crystal coefficient[18].

We denote the input, reflected and transmitted strain
pulses as εi(t), εr(t), and εt(t), respectively. Thus,

(2)

where Ui,r,t is the input, reflected and transmitted signal,
respectively. k1 is the scale factor of the pre amplifier, k2 is
the strain gauge coefficient and k2=1.97 in the present
study.

The pulse shaping technique was also used in the
experiments. According to the basic theory of SHPB, we
can obtain the strain rate εs(t), the strain εs (t), and the
stress σs (t) of the specimen as

(3)

where E is the bar’s elastic modulus, c0 is the one-
dimensional longitudinal stress wave velocity propagated
along the bar, A0 is the sectional area of the bar,l0 and As are
the length and the cross area of the specimen.

There are two hypotheses required by this technique,
one is one-dimensional stress wave propagation in the
bars, and the other is stress balance in the specimen for a
uniform deformation. As discussed before, brass is adopted
widely as a pulse shaper material in SHPB[8,19].A constant
strain rate can be achieved using a brass pulse shaper with
certain diameter and length. The 2mm-thick brass
cylinders with variety diameters were adopted as the pulse
shaper in the SHPB tests. The reflected pulse has a plateau
stage before failure, as can be seen from figure 2, which
represents a constant strain rate loading during the test.
Figure 2 shows the oscilloscope signals for a typical test.
The signals from the quartz crystal can enhance the
magnitude of the transmitted signal by four times, and the
signal-to-noise ratio can also be increased obviously. Figure
3 shows the loading histories on both ends of the specimen
for a typical test. The dynamic stress on the left side of the
specimen is calculated by adding the incident stress and
reflected stress waves together (In+Re), and the one on
the right side is calculated by the transmitted stress wave

Table 1
COMPONENT AND GRAIN SIZE DISTRIBUTION OF

THE PBX

Fig. 1.SHPB and data
acquisition systems

(4)

(5)

Fig. 2.Oscilloscope signals for a typical test.

..
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or the signal from the quartz crystal directly. It can be seen
from figure 3 that, the transmitted stress wave obtained by
the strain gauges (Tr) and that obtained from the incident
side (In+Re) are just the same. Thus, the hypothesis of
dynamic stresses equilibrium is achieved during the
loading. When the stress state is uniform throughout the
specimen, the result of 1-wave analysis and the 2-wave
analysis is the same in this condition, we use the results of
1-wave analysis in our tests. In addition, the stress obtained
by the strain gauges (Tr)is the same as that obtained from
the quartz crystal (Quartz), whereas the amplitude of the
quartz crystal is about four times of the one obtained by
the strain gauge.

Figure 4 illustrates the stress-strain curves of the PBX
with the strain rates from 1.67×10-5 s-1 to 500 s-1. A nonlinear
increase of the stress is observed as the strain increases
before the maximum stress point is reached. This is for the
reason that local yielding occurs at a much lower stress. It
is also found that the PBX exhibit significant viscoelastic
effect. The PBX failed at the peak stress, which is denoted
as the compression strength. After that, the stress
decreased rapidly as the strain increases. The PBX also
exhibited significant brittleness. For the test with the strain
rate of 60 s-1, the sample was not destroyed but simply
unloaded until the end of the load. This is because the
micro-cracks in the sample did not fully extend to the
degree that macroscopic failure required in the low strain
rate experiment.

The plastic and brittleness behaviour can be explained
by the PBX complex compositions. The energetic
crystalline particles of the PBX are brittle. However, the
strength of the binder matrix, which plays an important
role in the mechanical responses as a plastic material, is
very low. The mechanical properties of the PBX are affected
by the combined effects of the two materials. Figure 4
indicates that the compressive strength increases with the
increasing of load strain rate. Increasing from ~ 35.8MPa
at the strain rate of 1.67×10-5 s-1 to ~ 47.9 MPa at the strain
rate of 500 s-1, nearly a 33.8% increment in the compressive

strength is found. The relationship of the compressive
strength and the logarithmic strain rate is shown in figure
5.The error bars were obtained by five tests at each
condition. It is found that the compressive strength
increased linearly as the logarithmic strain rate increases
and it showed a strain rate-enhancement effect.

Fig. 3. Dynamic stress equilibrium check of a typical test

Fig. 4. Dynamic compressive stress–strain
curves under different strain rate loading

Fig. 5. Variation in the dynamic compressive strength
with strain rate

Fracture tests
The fracture tests were conducted by the notched semi-

circular bend (NSCB) specimen, as shown in figure 6. The
fracture toughness is obtained by a MTS machine using
the NSCB specimen. The mode-I stress intensity factor
history can be calculated as[20]:

(6)

where F(t) is the load force history, S, B, a, and R are the
geometry parameters of NSCB specimen [21], and Y(a/R)
a dimensionless geometry factor [22,23].The way to obtain
the fracture toughness from the stress intensity factor
following  the ASTM (American Society of Testing and
Materials)standard E1820[24]. The fracture toughness of
the PBX is 0.83MPa m1/2.

The dynamic fracture parameters are obtained by the
newly proposed method –NSCB specimen loaded with
SHPB was used in this study[21]. As reported before,
equation (6) is valid when the force balance is satisfied
during the dynamic test [21]. The pulse shaper technique
is used to in the experiment to achieve dynamic force
balance on two ends of the specimen [25,26]. The dynamic
fracture velocity are measured by the crack propagation
gauge mounted on the specimen [27].The experimental
results of fracture tests are shown in table 2.

Visco-SCRAM Model
Rangaswamy et al. applied the Visco-SCRAM model to

simulate the stress–strain response and the three-point

Fig. 6. Photo of the NSCB specimen: (a) before the test, (b) after the test, and (c) the
fracture surface.
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bending test of PBX9501[2]. In this study, due to the
significant plastic effect of the PBX explosives, the Visco-
SCRAM model is used. In the Visco-SCRAM model, the
stress is decomposed into hydrostatic and deviatoric parts,
where p and s indicate the pressure and stress deviator,
respectively

(7)

The deviatoric parts are considered to be viscoelastic
property, which are used by the generalized deviatoric
Maxwell model, and for the individual elements the strain
is common while the stresses are added up, i.e., [15]

    (8)

where N is the number of elements in the generalized
Maxwell model, G(n) , τ(n) and sij

(n) are the shear modulus,
the relaxation time, and the deviatoric stress component
of the nth element, respectively. If the loading strain rate is
a constant, eij

ve is a constant value and eij
ve=teij

ve.
Considering the initial condition of  sij

ve =0 MPa and  eij
ve=0,

the solution of eq. (8) is derived as

(9)

The corresponding generalized Maxwell model
relationship between the deviatoric stress rate and
deviatoric strain rate is

    (10)

Under uniaxial loading conditions, the three strain
components are (ε, -vε, -vε), and the three stress
components are (σ, 0, 0). The conversion relationship
between the measured stress and strain with the deviatoric
stress and strain is

(11)

Combining eqs. (10) and (11) yields

    (12)

Equation (12) is the generalized Maxwell model
relationship under constant strain rate uniaxial loading.

The relationship between the cracking deviatoric strain
and the deviatoric stress is

(13)

where c is the average crack radius and a is the initial flaw
size.

It is assumed that the crack growth rate depends on the
stress intensity [15]

where K0 is the fracture toughness of PBX, K is the stress

intensity factor and  . The
parameter m=10 is suggested by [15], and vmax = 361m/s
can be fitted by the data of table 2. The total deviatoric
strain can be represented as the sum of the viscoelastic
deviatoric strain and the cracking deviatoric strain.

     (16)

The expression of the deviatoric stress rate for the nth
Maxwell element is given by [15]

(17)

Elastic-Plastic SCRAM Model
In this section, firstly the generalized deviatoric Maxwell

model can be deleted, and the elastic-plastic model
including crack is presented. Secondly, the effects of
pressure are considered in the damage evolution law.

The total deviatoric strain can be divided into three parts,
such as the elastic deviatoric strain, the plastic deviatoric
strain and the cracking deviatoric strain, and the relation is
given by

(18)

As an approximation, over a small time step cracking
deviatoric strain and plastic deviatoric strain are
independent to each other and calculations can be done
separately. That is to say, each step can be divided into two
sub-steps calculation. Firstly the cracking deviatoric strain

cr
ije is calculated by the crack growth Δc and the stress

predicted in the first sub-step calculation in which plasticity
is not involved. Secondly the plastic response can be added
and the final stress of each step can be used to update
(correct) the stress predicted in the first sub-step
calculation [28].

For simplicity, the plastic response can be represented
by the von-Mises theory with rate-independent. The yield
surface in the von-Mises theory is given by

(19)

where σ is the equivalent (von-Mises) stress, and σy is the
yield stress. In general, the yield stress can be taken as a
function of the plastic strain, the strain rate, and the
temperature. Also for simplicity, the yield stress σy is
assumed to vary with the strain rate according to Johnson-
Cook model. The yield stress σy is given by

Table 2
EXPERIMENTAL RESULTS OF FRACTURE TESTS

(14)

(15)

. ..
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(20)

where σy0 is the initial yield stress, C is constant, εp is the
effective plastic strain, and εp=1s-1.

In the Elastic-Plastic-SCRAM model, the pressure
expression was obtained from the porous materials [14]

(21)

(22)

where w is the solidity (the ratio of the specific volume of
the solid constituent to the total specific volume), Γs is
Gruneisen constant of the solid material. s and v are the
entropy and volume of the solid material, respectively. T  is
the temperature.

It is assumed that all inelastic strain contributes to
internal heating and the contributions to the stored internal
energy in the fracture surface are ignored. Therefore, in the
absence of thermal conduction, the production of the
entropy is entirely due to the inelastic strain. Hence

Thus, the pressure–volume response of the material is
expressed as

            (25)

Implementation in Abaqus
Based on the experimental results of the PBX material,

the stress σ can be obtained at the strain of ε0=1.09%. Eq.
(10) can be fitted with the given stress σ and strain rate,
and the fitted data are shown in table 3 and table 4. Note
that we have five valid tests for each strain rate, so there
are 40 samples for the fitting. The value of initial flaw size
a is given by the manufacturer[17].The constant m and
c0are following the one of PBX9501[15]. The parameters
of micro-cracksK0  and vmax are obtained by the fracture
test.

The constitutive model formulations [eqs. (16) and  (21)]
are employed for a user subroutine implemented in the
ABAQUS/explicit finite element code. The uniaxial stress-

strain relationships are obtained by applying the Visco-
SCRAM model and the Elastic-Plastic-SCRAM model in the
simulations. The stress-strain curves predicted by both two
models for different strain rates are shown in figure7. The
trends of the predicted stress–strain responses under
different strain rates are found to be similar to that of the
experimental results. Under low strain rate conditions, the
predicted results of these two models agree well, whereas
the simulated results are found to be more brittle than the
experimental results. Figure8 shows the stress–strain
responses of the PBX predicted by the Visco-SCRAM model
and the Elastic-Plastic-SCRAM model at a loading strain
rate of 500 s-1. It is found that the stress–strain response
predicted by the Visco-SCRAM model is relatively more
brittle than that predicted by the Elastic-Plastic-SCRAM
model. However, the maximum stress predicted by the
Visco-SCRAM model is much higher than the experimental
results, while good agreement is found between the
prediction of the Elastic-Plastic-SCRAM model and the
experimental results. Therefore, the Elastic-Plastic-SCRAM
model is recommended to simulate the dynamic behaviour
under high strain rate conditions.

In the Visco-SCRAM model, the viscoelastic and brittle
deformation is mainly considered, and plastic deformation
is ignored. The stress-strain results show that the stress
increased to the peak which is an over-prediction of the
actual stress at relatively low strain. It is shown that the
crack grows faster in the Visco-SCRAM model than that in

and

(23)

(24)

Table 3
DYNAMIC PARAMETERS OF THE PBX

IN VISCO-SCRAM MODEL

Table 4
DYNAMIC PARAMETERS OF
THE PBX IN THE  ELASTIC-

PLASTIC-SCRAM MODEL

Fig. 7. The stress–strain curves obtained by (a) the Visco-SCRAM
model and (b) the Elastic-Plastic-SCRAM model.

.
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the Elastic-Plastic-SCRAM model. Referring to figure 8 the
maximum stress reaches 70MPa when strain is 0.015,
which in return can lead to a fast growth of the crack and
the start of the material large damage. According to the
test data, plastic bonded explosives undergo the clear
plastic deformation that cannot be neglected in the
constitutive relation. In the Elastic-Plastic-SCRAM model,
the maximum stress cannot exceed 50MPa, which lead to
a relatively slow crack growth, and material begins to soften
until the strain is 0.025. For such applications, as in this
paper, Elastic-Plastic-SCRAM model can be better justified
for the PBX dominated by the plastic and brittle behaviour.

Compared to the constants used in the Visco-SCRAM
model, the initial yield stress σy0 and the rate-independent
constant C need to be obtained beforehand. The current
model including both the damage and the plasticity
contains less material constants and simple calculations
procedure than the Visco-SCRAM model. All in all, the
Elastic-Plastic-SCRAM model is more appropriate to quasi-
brittle materials which may be dominated by plastic
deformation under loading.

Conclusions
Quasi-static and dynamic experiments on a PBX are

conducted, and the stress–strain responses are obtained
under different strain rates. Then, the Elastic-Plastic-SCRAM
model incorporating the plasticity effects and the equation
of state coupled with damage is introduced. FEA
simulations are also conducted by applying the Visco-
SCRAM model and the Elastic-Plastic-SCRAM model. By
comparing the results of the simulations and the tests, it is
found that the Elastic-Plastic-SCRAM model better describe
the dynamic behaviour of the PBX better for high strain
rate loading. Thus, the Elastic-Plastic-SCRAM model can
be used for explosive safety applications. In the future,
Frictional hot-spots and other Hot-spot models will be further
improved by introducing the hot-spot ignition process.
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Notation
a the initial flaw size
A0 the cross-section of the bars
As the initial area of the sample
c the average crack radius

Fig. 8. Comparison of the stress–strain curves between the
simulation results and the experimental data. The dash lines are

the crack length histories of both models. The crack growth in the
Visco-SCRAM model is faster than in the Elastic-Plastic-SCRAM

model

c0 the sound speed of the bars
eij

ve  the viscoelastic deviatoric strain
eij

cr the cracking deviatoric strain
eij the total deviatoric strain
E0 the Young’s modulus of the bars
G(n) the shear modulus for the nth Maxwell element
K the bulk modulus
k0 the scale factor of the charge amplifier
k1 the scale factor of the pre amplifier
k2 the strain gauge coefficient
kQC the quartz crystal coefficient
l0the length of the specimen
p the pressure
Sij the stress deviator
s the entropy of the solid material
sij

(n) the deviatoric stress rate for the nth Maxwell element
UQ the signal of quartz crystal
v the volume of the solid material
w the solidity
εi(t) the incident strain history
εr(t) the reflected strain history
εt(t) transmitted strain history
εp the effective plastic strain
τ(n) the relaxation time for the nth Maxwell element
Γs the Gruneisen constant
σy the yield stress
σ the equivalent (von-Mises) stress
σy0 the initial yield stress
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