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Abstract 
 

Data on the macroscopic quasistatic mechanical behavior of pressed HMX- and TATB-based 
plastic-bonded explosives (PBXs) are listed in this paper. This review shows that (1) few 
characterizations are available for TATB-based PBXs. This gap is filled in this paper. An extensive 
database is detailed for the CEA M2 explosive composition. The HMX and TATB database then 
enables selection of the deformation mechanisms to be considered: viscoelasticity, damage-induced 
anisotropy and its effectivity (i.e.: whether or not the damage is influenced by the loading direction), 
plasticity with kinematic and isotropic hardenings, pressure and temperature dependencies and 
asymmetric failure threshold. The review also shows that (2) HMX- and TATB-based materials share 
close elastic and ultimate properties when the compositions (binders, solid volume fractions) and the 
mechanical behavior of the two crystals differ. The constitutive laws proposed in the literature are 
reiterated. In our opinion, a universal law could be proposed in the near future, each material being 
considered by its own set of parameters. The objective of this paper is to draw up the guidelines for 
model improvement. 
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1. Introduction 
 
When designing a pyrotechnic structure, simulations must be performed to assess mechanical 

strength. This step consists, in particular, in developing and implementing a constitutive law for the 
energetic material. In addition, the thermomechanical stresses that such a material undergoes during its 
life cycle can alter its microstructure and potentially modify its mechanical and/or reactive behavior. 
To guarantee the safety and reliability of pyrotechnic structures, understanding and modelling the 
thermomechanical behavior of these materials is essential.  

Among the existing energetic materials, pressed explosives are granular materials with a small 
amount of polymeric binder. This paper focuses on the thermomechanical characterization of some 
pressed explosives, from experimental study to modelling, highlighting the state of the art in this field. 
Our objective is to determine if a unified model could be proposed in the near future for plastic-
bonded explosives (PBXs). This study is limited to the quasistatic domain with strain rates of 10-6 to 
10-3 s-1 and strains in the order of one percent, which justifies the small strains assumption. The 
temperature ranges between -30°C and +80°C and the confinement pressure between 0.1 and 10 MPa. 
The post-peak behavior is outside the field of this study, with safety margins requiring the stress path 
to remain below the maximum stress.  

The plastic-bonded explosives of interest are made of HMX (octahydro-1,3,5,7-tetranitro-1,3,5,5,7-
tetrazocine) or TATB crystals (1,3,5-triamino-2,4,6-trinitrobenzene). The CEA (Commissariat à 
l’Energie Atomique et aux Energies Alternatives - French Alternative Energies and Atomic Energy 
Commission) has developed several explosive compositions such as M1 and M2, composed 
respectively of more than 95 wt% HMX or TATB, mixed with polymeric binders and densified by hot 
isostatic compression. The residual porosity is less than 5%. Other TATB- and HMX-based PBXs 
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frequently mentioned in the literature are PBX-9502 (95 wt% TATB, 5 wt% Kel-F 800 binder), LX-
17-1 (92.5 wt% TATB, 5 wt% Kel-F 800 binder), PBX-9501 (95 wt% HMX, 2.5 wt% Estane binder 
and BDNPA/F), LX-14 (95.5 wt% HMX, 4.5 wt% Estane binder) and EDC-37 (91 wt% HMX, 1 wt% 
NC binder and DNEB/TNEB). These explosives are formed by isostatic compression at relatively high 
temperatures and pressures (Picart, 1993; Thompson and Wright, 2004). They are isotropic in their 
initial state with a low residual porosity. The literature reports that, until the 1980s, PBX-9502 could 
be densified by uniaxial compression (Blumenthal et al., 1999; Skidmore et al., 1998), leading to an 
initial anisotropic macroscopic behavior caused by the perpendicular alignment with the pressing 
direction of the TATB crystals (Schwarz et al., 2013).  

The mechanical properties of PBXs have been studied since the 1980s and quasistatic constitutive 
laws have been developed. The characterization of the material being the first step, phenomena must 
be isolated and identified from data. A review of the various tests carried out on these materials is 
proposed in section 2 of this paper. Published experimental data on PBXs are essentially limited to 
uniaxial compression or tension tests, at various temperatures, in which only longitudinal strains are 
measured (Blumenthal et al., 1999; Browning et al., 1984; Buechler, 2012a, 2012b; Buechler et al., 
2013; Ellis et al., 2005; Funk et al., 1996; Gagliardi and Cunningham, 2007; Gray et al., 1998; 
Skidmore et al., 1998; Thompson, 2002; Thompson et al., 2010; Zubelewicz et al., 2013). Some 
compression tests on an HMX-based PBX under various confinement pressures can be mentioned 
(Wiegand et al., 2011) as well as a torsion test on PBX-9501 (Gagliardi and Cunningham, 2009). 
Dynamic Mechanical Analysis (DMA) has been performed on PBX-9501 and PBX-9502 (Thompson 
et al., 2012). The database on M1 is much more complete (see section 2 and Benelfellah, 2013; 
Benelfellah et al., 2017; Caliez et al., 2014; Le et al., 2010; Picart et al., 2014; Picart and Brigolle, 
2010; Picart and Pompon, 2016). 

The constitutive laws of PBXs can be divided into macroscopic and micromechanical models. To 
the authors’ knowledge, the first macroscopic models appeared in the 1980s in France and in the 
United States. A first model of non-linear viscoelastic behavior, pressure- and temperature-dependent, 
was established by Belmas et al. (1982). This model is limited to monotonic loadings. Peeters and 
Hackett (1981) have reproduced the time-dependence of the behavior of pressed explosives. They 
developed two unidimensional models: a law for compression and creep for monotonic loadings, and a 
linear viscoelastic model able to simulate unloading and reloading (see also Browning et al., 1984). A 
famous macroscopic model is the SCRAM (Statistical CRAcks Mechanics) model (Dienes, 1978, 
1996; Dienes et al., 2006). SCRAM is based on the strain rates additivity and contains an elastoplastic 
part with kinematic hardening describing the behavior of the matrix, plus anisotropic damage 
describing the microcrack network (nucleation, growth and coalescence). IsoSCRAM (Addessio and 
Johnson, 1990) is a simplified version of SCRAM with isotropic damage and without microcracks 
coalescence. The reader will also find the ViscoSCRAM model (Bennett et al., 1998; Hackett and 
Bennett, 2000) based on IsoSCRAM with a viscoelastic part. Recently, Liu et al. (2019) have modified 
the ViscoSCRAM model adding a Bodner-Partom viscoplasticity and changing the microcracking 
kinetics. Most of the other models focus on the viscosity of these polymer-bonded materials, and all of 
them include damage. Le et al. (2010) have developed a Maxwell viscoelastic model coupled with 
isotropic damage and pressure-dependent plastic behavior with isotropic hardening and non-associated 
flow. Buechler (2012b, 2013) has added combined isotropic/kinematic hardening to the 
viscoplasticity. Zubelevicz et al. (2013) have introduced different damage rates in tension and 
compression coupled with viscoplasticity. Lastly, a microplane model with anisotropic damage added 
to non-associated plasticity with isotropic hardening was proposed by Benelfellah et al. (Benelfellah, 
2013; Benelfellah et al., 2014, 2017; Picart et al., 2014).  

The micromechanical models help us understand the influence of the different components on the 
macroscopic behavior since they capture the mechanisms at the grain scale (Ambos et al., 2015; Arora 
et al., 2015; Clements and Mas, 2004; Gasnier et al., 2018; Tan et al., 2005, 2007; Wu and Huang, 
2009). However, at the engineering level, these models cannot yet be used to simulate the explosive 
behavior in a pyrotechnic structure due to a huge calculation cost. This paper focuses exclusively on 
macroscopic models of the quasistatic behavior of pressed explosives. 

Firstly, the state of the art of experimental characterization of the quasistatic behavior of PBXs is 
presented in section 2 of this paper. This review provides an opportunity to consider all the data 
already available for the widely characterized M1 composition. In section 3, an extensive experimental 
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campaign performed on the M2 TATB-based PBX is presented, and the data is exploited in section 4. 
A list of the deformation mechanisms to be considered in a constitutive law can be provided based on 
these three previous sections. Already published macroscopic thermomechanical models are detailed 
and compared in section 5. The discussion allows conclusions to be drawn on the relevance of these 
models for HMX- and TATB-based PBXs. Guidelines are proposed for future model improvements. 
 
 
2. State of the art in experimental characterization of PBXs 
 

2.1. HMX-based PBXs 
 
Since 2000, the CEA and the Gabriel LaMé Laboratory have undertaken an extensive experimental 

campaign to characterize the various behavioral features of the material M1. This database includes 
monotonic and cyclic compressions at 20°C and under atmospheric pressure, for four strain rates from 
10-6 s-1 to 10-3 s-1 ; monotonic and cyclic compressions at 20°C under 5 and 10 MPa, at 10-5 s-1; 
monotonic and cyclic tension tests at 0°C, 20°C, 35°C and 50°C under atmospheric pressure, at 10-5 s-1 
(Benelfellah, 2013; Caliez et al., 2014; Gratton et al., 2009; Le, 2007; Le et al., 2010; Picart and 
Brigolle, 2010; Rja Fi Allah, 2006); cyclic compressions at 0°C, 35°C and 50°C under atmospheric 
pressure, at 10-5 s-1 (Le, 2007); heterogeneous tests such as the Brazilian test, biaxial tension (plate 
bending), channel-die test, Iosipescu test and three-point bending, at 20°C under atmospheric pressure, 
at a strain rate of about 10-5 s-1 (Benelfellah, 2013; Le, 2007; Picart and Pompon, 2016); alternate 
tension-compression and compression-tension at 20°C under atmospheric pressure, at 10-5 s-1 
(Benelfellah, 2013; Picart and Brigolle, 2010); as well as a dynamic mechanical analysis (DMA) 
campaign (Picart and Brigolle, 2010). For each uniaxial or triaxial test of these papers, the longitudinal 
and transversal strains are given. Furthermore, each cycle of cyclic tests consists of four steps: a 
loading, a stress relaxation of at least 30 minutes, an unloading to zero stress and a strain recovery of 
at least 30 minutes. The authors studied the influence of temperature, pressure and loading rate. In 
particular, the elastic modulus increases with pressure up to 10 MPa and then remains constant (highly 
confined tests are presented in Vial, 2013). This highlights the influence of the initial porosity, 
completely closed under a 10 MPa pressure. Thus, the elastic modulus calculated under this 
confinement appears as the intrinsic Young’s modulus of the material. The viscoelasticity of M1 has 
been characterized and the failure criterion has been obtained by multiaxial tests and conventional 
tension and compression tests. Cyclic compression tests revealed the inelastic strains and a load-
induced anisotropy, resulting in a unilateral effect observed during the alternated tests.  

For other HMX-based PBXs, such as the well-known PBX-9501, the literature shows monotonic 
uniaxial compression tests at room temperature and 60°C for strain rates from 10-6 s-1 to 10-3 s-1 
(Buechler, 2012a; Ellis et al., 2005; Funk et al., 1996; Gray et al., 1998) as well as tests with load-
unload-recovery cycles at -15°C, 23°C and 50°C with rates in the range of 10-5 s-1 and 10-4 s-1 during 
loading and 10-3 s-1 during unloading (Buechler, 2012b; Buechler et al., 2013). Monotonic tension tests 
are also mentioned at -18°C and 10-4 s-1 (Thompson, 2002) and at room temperature at 2x10-5 s-1 (Ellis 
et al., 2005) as well as load-unload-recovery cyclic tests at 23°C and about 10-4 s-1 (Buechler et al., 
2013). For all these tests, only longitudinal strains are represented as a function of stress. A DMA 
campaign has been conducted on PBX-9501 (Thompson et al., 2012a). Torsion tests, with and without 
axial stress, have been performed at 25°C and 0.08 deg.s-1 (Gagliargi and Cunningham, 2009). A 
three-point bending test at a displacement rate of 0.0212 mm.s-1, for a specimen measuring 
75x15x10mm (Hackett and Bennett, 2000) and another at 0.2 mm.s-1 for a specimen measuring 
114x102x12mm (Ellis et al., 2005) are also mentioned. Furthermore, several publications are related 
to Brazilian tests and the failure mode of the material (intergranular or transgranular) (Chen at al., 
2007; Liu and Thompson, 2010; Rae et al., 2002; Williamson et al., 2007).  

From the DMA measurements (Thompson et al., 2012a), PBX-9501 is very viscous from -30°C. 
The influence of the loading rate and the asymmetry between tension and compression were also 
highlighted. Tests at several temperatures were carried out by the various authors, but none of them 
presents a comparison of the behavior under various temperatures. 

The influence of confinement pressure up to 140 MPa on EDC-37 has been studied by Wiegand et 
al. (2011) (monotonic compressions under confinement). The stress-strain curves show that the more 
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the containment increases, the higher is the peak stress and the more the post-peak phase disappears. 
At high confinement (above 7 MPa), a long almost horizontal plateau appears. The authors calculate 
an elastic modulus at the beginning of the stress-strain curve (no details are given). The evolution of 
this module according to the confinement follows two regimes: it doubles between 0 and 7 MPa but 
varies very little beyond that. Tests with load-unload-reload were also carried out under various 
confinements. The authors say that at low confinement (up to 7 MPa) a decrease of the elastic modulus 
is observed when reloading. At high confinement, the modulus does not evolve. In addition, from a 
test conducted at a pressure above 30 MPa, the authors show that the yield strength (estimated for a 
2% strain) has almost doubled. However, doubts can be expressed about calculating a plasticity 
threshold at 2% strain on a quasi-brittle material. According to the authors, over the pressure range of 
0 to 7 MPa, a damage mechanism would be predominant, while beyond that a plastic flow would 
govern the behavior. 

Lastly, acoustic emissions measurements have been made by Ellis et al. (2005) during 
compression, tension and three-point bending tests on EDC-37. In this method, the appearance of a 
crack generates an elastic wave which can be measured and analyzed. For EDC-37, the measured 
cracking remains very low or even zero as long as the stress/strain response is linear. The non-linearity 
that appears in compression is very progressive and cracking is observed. In tension/flexure, the 
response is practically linear (brittle fracture), so cracking only occurs during fracture.  

Post-failure microscopies on a PBX-9501 sample subjected to a Brazilian test (Chen at al., 2007; 
Rae et al., 2002; Williamson et al., 2007) show that the predominant cracking mode is intergranular, 
by decohesion of grain interfaces. However, Williamson et al. (2007) note that for tests performed 
below the glass transition temperature of the binder (about -40°C), the failure is transgranular. 

The asymmetric nature of the behavior between tension and compression has been observed, but no 
alternating loading has been achieved. Measurements of transversal strains are never given, which 
means that no conclusions can be made about a possible induced anisotropy of these materials. 

Recently, Buechler and coworkers (Buechler, 2012b; Buechler et al., 2013) applied the 
experimental procedure used on M1 to characterize PBX-9501, but only longitudinal strains are 
recorded. From load-unload-reload cycles, irreversible strains are detected. Assuming isotropic 
hardening due to lack of data, the longitudinal plastic strains are plotted as a function of the cycle 
maximum stress, and then these values are subtracted from the overall curves. The loading curves thus 
reconstructed can be considered elastic. Since they are not superimposed due to softening at each 
cycle, the authors assume the effect of the damage. Thus, this work on damage is more a matter of 
modelling than characterization. 

 
2.2. TATB-based PBXs 

 
Some data obtained on our TATB-based material M2 have already been published. The stress-

strain curve of a cyclic uniaxial compression test, performed at 10-5 s-1 at room temperature, is 
presented in two papers (Ambos et al., 2015; Gasnier et al., 2018). Let us note that the ratchet growth 
phenomenon (cycles of temperature without mechanical loading yields irreversible strain) has never 
been observed for this material. For other TATB-based PBXs, the experimental database mainly 
includes monotonic uniaxial compression tests performed between 10-5 s-1 and 10-3 s-1 for temperatures 
from -52°C to 74°C (Blumenthal et al., 1999; Skidmore et al., 1998; Thompson et al., 2010; 
Zubelewicz et al., 2013), with creep phase (Gagliardi and Cunningham, 2007) or with load-unload 
cycles (Browning et al., 1984). There are also data on the tension behavior, in monotonic loading from 
10-5 s-1 to 10-3 s-1 for temperatures from -52°C to 74°C (Thompson, 2002; Thompson et al., 2010; 
Zubelewicz et al., 2013) and two papers provide tension failure data for different temperatures and 
strain rates (Idar et al., 2000; Thompson et al., 2012a). In these papers, only longitudinal strains are 
given, as a function of stress or time. There are also in the literature some monotonic (Cunningham et 
al., 2013) and cyclic (Thompson et al., 2012b) thermal expansion tests, as well as a DMA campaign 
(Thompson et al., 2012a). The compression of a perforated plate in its center has been performed (Liu 
and Thompson, 2014) with measurement of the strain field by digital image correlation. Finally, it 
should be mentioned that an internal report from the Los Alamos laboratory written by Shunk in 2013 
reviews the tests performed on the PBX-9502. Unfortunately, the majority of the references have not 
been published in the open literature.  
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The DMA test performed by Thompson et al. (2012) shows that the viscosity of the PBX-9502 
increases significantly from +25°C. For this material, temperature tends to make it more ductile while 
the strain rate 10-3 and 10-5 s-1 has very little influence on its behavior at -52°C (Zubelewicz et al., 
2013). Asymmetry of the behavior between tension and compression is also observed. 

 
The experimental data on HMX- and TATB-based PBXs are summarized in Table 1. 
 
Table 1. Mechanical tests performed on HMX- and TATB-based PBXs in the literature. The last 

column CEA-M2 is a list of the data provided in this paper.  

  

PBX-9501 
LX-14 

EDC-37 
(HMX-based) 

PBX-9502 
LX-17 

 
(TATB-based) 

CEA-M1  
 
 

(HMX-based) 

CEA-M2  
 
 

(TATB-based) 

Uniaxial 
compression 

Long. / transv. strains √ / no √ / no √ / √ √ / √ 
Temperature -15°C to 60°C -52°C to 74°C 0°C to 50°C -30°C to 80°C 
Strain rate 10-6 s-1 to 10-3 s-1 10-5 s-1 to 10-3 s-1 10-6 s-1 to 10-4 s-1 10-6 s-1 to 10-4 s-1 
Creep / relaxation 

 
√ √ √ 

Load – unload cycles √ √ √ √ 

References 
[15,16,18,31,32, 

38] 
[12,14,32,58,64, 

72]  
[7,20,37,42,43,55]   

Uniaxial 
tension  

Long. / transv. strains √ / no √ / no √ / √ √ / √ 
Temperature -18°C and 20°C -52°C to 74°C 20°C -30°C à 80°C 
Strain rate 10-5 s-1 to 10-4 s-1 10-5 s-1 to 10-3 s-1 10-5 s-1 10-6 s-1 to 10-4 s-1 
Creep / relaxation 

 
 √ √ 

Load – unload cycles √  √ √ 

 References [18,31,62]  [62,64,72]  
[7,20,37,42,43,51,

55] 
 

Torsion 

Shear strains √   √ 
Temperature 25°C   20°C 
Strain rate 0.08 deg/s   0.01 deg/s 
Creep / relaxation 

 
   

Load – unload cycles 
 

  √ 
References [34]     

Triaxial 
compression 

Long. / transv. strains √ / no  √ / √ √ / √ 
Pressure 0.6 to 140 MPa  5 and 10 MPa  
Temperature 20°C  20°C 20°C 
Strain rate 5x10-4 s-1  10-5 s-1 10-5 s-1 
Creep / relaxation 

 
 √ √ 

Load – unload cycles 
 

 √ √ 
References [68]   [7,20,37,42,43,55]  

Alternative 
loadings 

Long. / transv. strains 
 

 √ / √ √ / √ 
Temperature 

 
 20°C 20°C 

Strain rate 
 

 10-5 s-1 10-5 s-1 
Creep / relaxation 

 
  √ 

Load – unload cycles 
 

  √ 
References   [7,51]   

Other tests 

DMA 
-30°C to +70°C 

[65] 
-25°C to +116°C 

[65] 
-100°C to +100°C 

[51]  
0°C to +90°C 

Multiaxial tests 
Brazilian test 
[25,44,53,69]  

Compression of 
perforated plate 

[45]  

Brazilian test, 
channel-die, plate 

bending 
[7,42,52]  

Brazilian test, 
channel-die, 

equibiax. comp. 
bending test 
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3. Characterization of the TATB-based material M2 

 
A substantial experimental database is necessary to characterize the complex behavior of the PBXs 

and to justify the modelling choices. While the HMX-based material M1 was extensively 
characterized (see section 2), data will now be provided for a TATB-based explosive composition. The 
tests performed on M2 are described in the current section, the analysis of the various curves being 
reported in the next section. 

 
3.1. Material 
 
M2 is composed of about 95% by weight of TATB grains bonded by a thermoplastic binder. The 

M2 fabrication has two successive steps. In the first, the explosive crystals are coated with a thin layer 
of polymeric binder. The mean diameter of TATB grains is about 50 µm and millimetric meta-grains 
are obtained by granulation. Next, the granules are vacuum-packed in a tight elastomer bag, before 
being submitted to several cycles of isostatic compression at a temperature of about 150°C and a 
200 MPa pressure cycle (Picart, 1993). The temperature is chosen to soften the binder. After cooling, a 
coherent material is obtained which enables machining samples to be taken. The compaction process 
eliminates most of the initial porosity, the residual porosity being of only a few percent. Figure 1 
shows a micrograph of the material M2. The color variations are due to the strong anisotropy of the 
TATB grains. However, the orientation of the grains and the binder being randomly distributed, the 
material is initially isotropic on a macroscopic scale. All the tests described in this paper have been 
performed on the same batch.  

 
Figure 1. Micrograph of material M2. The color variations are due to the strong anisotropy of the 

TATB crystals. Porosity is mainly located inside the grains (small black dots) and at the grain/grain 
interfaces. 

 
3.2. Experimental procedure 
 
A list of the tests carried out on M2 in the quasistatic range is given in Table 1 (right column). 

Unless otherwise stated, the operating procedure of the tests is as follows. The test machine used was a 
Zwick Z100, a compression/traction machine with a 100 kN load cell. Two other machines were on 
occasion used: a Metravid DMA instrument, and an Instron compression/torsion machine 
ElectroPulsTM E10000 whose capacities are ±100 Nm and ±7 kN. The geometry of the specimens was 
in the centimeter range. Consequently, the applied force rarely exceeded ±10 kN. Since the strains 
never reached 2%, the variation in cross-section during the test was negligible and the infinitesimal 
strain theory was available. Thus, the stress was calculated from the force and the initial effective area 
of the specimen. For compression and tension tests, two strain gauge rosettes were glued opposite each 
other in the center of the specimen (Vishay M-Bond 200 adhesive). Each rosette had two measuring 
grids arranged at an angle of 0°/90° (Kyowa KFGS-2-120-D16-11). For torsion tests, three rosettes 

50 µm

Grain interface 

Porosity 
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were glued at 120° around the central diameter of the specimen. Each rosette had three measuring 
grids arranged at an angle of -45°/0°/+45° (Kyowa KFGS-2-120-D17-11). The grids of each gauge 
were two millimeters long, so the strain was measured on a large surface compared to the grain size 
and small enough compared to the specimen size. The strains correspond to the average of the two 
opposite gauges. The tests were strain-controlled from one gauge at the reference rate of 10-5 s-1, at 
room pressure and temperature (unless otherwise stated). Each test was repeated three times to ensure 
a minimum repeatability of the results. Among the three curves, the test representing the mean 
response was selected and plotted on the graphs discussed in this paper. The results scatter is shown on 
the curves by the dispersion at the maximum stress. The mean of the maximum stress and the 
corresponding strains are represented by a point and the tests dispersion is represented by a line. 

On the graphs, the stress is represented in absolute value, except for alternate loading tests for 
which the usual convention is used (negative stress in compression). The nomenclature used is as 
follows: σ11 is the tension/compressive stress calculated from the force cell and the initial dimensions 
of the specimen; σ12 is the shear stress calculated on the external radius of the specimen from the 
measured torque because that is where the gauges were glued but also where the stress was the 
greatest; ε11, ε22 and ε12 are respectively the strains in the longitudinal (negative in compression), 
transversal (positive in compression) and shear directions; they correspond to the average of the gauge 
measurements. 

 
3.3. Dynamic mechanical analysis (DMA) 
 
Dynamic mechanical analysis (DMA) tests were carried out in the temperature range from 0°C to 

90°C to characterize the material. The samples were 8x8x8mm rods glued on the machine plates. A 
sinusoidal strain of 0.016% amplitude was imposed, to subject the specimen to tension/compressive 
cycles with a null average stress at a frequency of 2 to 60 Hz. Measurements had shown that over 
these frequency and temperature ranges the material behavior is reversible and linear.  

The difference in the stress and strain signals amplitude leads to (1) the amplitude |E*| of the 
complex elastic modulus and (2) a phase shift (loss factor tanδ). The real and imaginary elastic 
moduli, E' and E'', are evaluated as follows: E’=|E*|cosδ  and  E’’=|E*|sinδ. Considering the high 
stiffness of this material, measurements were corrected by removing the machine stiffness. The 
uncertainty on the measurement of E' is 4% while that of E'' rises to 40% due to the low viscosity of 
such material. 

These moduli are plotted as a function of the logarithm of the inverse of the frequency f for each 
temperature. A reference temperature is defined (here 0°C) and, from the time-temperature 
equivalence principle, the other temperature curves are shifted by a coefficient atθ in order to form the 
master curves. The shift function is a polynomial function determined automatically by minimization 
of the gap between two consecutive isotherms (T is the temperature in Celsius): 

 log10 � 1

atθ
�  = 8.031x10-4 T2 + 4.930x10-2 T + 4.631x10-2 (1) 

Thus, in Figure 2, the lowest reduced times correspond to the lowest temperature (0°C) and the 
longest times to the highest temperature (90°C).  
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Figure 2. Real (E’) and imaginary (E’’) elastic moduli of M2 with respect to the reduced time 

where f is the frequency of the sinusoidal loading. Master curves (black dots) show a relative strain 
rate- and temperature-independence while the temperature does not exceed 50-60°C.  

 
3.4. Uniaxial monotonic loadings 
 
Monotonic uniaxial compression, tension and torsion tests were performed at ambient temperature 

and pressure. The stress-strain curves are given in Figure 3. The compression samples (cylinders 
20 mm high and 10 mm in diameter) were placed between two lubricated compression plates. The 
tension samples (150 mm high and dog-bone-shaped), with a 10 mm-sided square base, were held by 
two clamping jaws. For the torsion tests, the samples were hollow dog-bones, 60 mm high, 18 mm in 
outer diameter and 9 mm in inner diameter. These tests were controlled at 0.01°.s-1, which corresponds 
to a shear strain rate of around 10-5 s-1. No axial force was applied. The maximum stress dispersion 
was around 1 MPa. The spread observed at the peak of the compressive test is due to the flat response 
(plateau) of the material. 

 
3.5. Alternating tension and compression loadings 
 
An experimental campaign of alternative tension/compressive tests was performed on M2. Two 

tests were conducted: (1) a compression up to 30 MPa (~ 0.95 σmax, where σmax is the maximum 
compressive stress) followed by a tension loading to failure, and (2) a traction up to 7 MPa (~ 0.95 
σmax, where σmax is the maximum tension stress) followed by a compressive loading to failure. Dog-
bone-shaped samples with a cylindrical base 10 mm in diameter and 20 mm in height were used.  

The experimental data show that the failure stress is the same for alternative tests as it is for 
monotonic tests. The curve of the compression/tension test is given in Figure 4. There is a defect on 
the curve linked to the machine software when the force sign changes. Concerning the 
tension/compression test (not presented here), the tension unloading curve was similar to the loading 
curve. The global curve of the test overlaps with the tension and compression monotonic curves.  
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Figure 3. Stress-strain curves of compression 
(black solid lines), tension (black dashed lines) 
and torsion (green solid lines) tests showing a 
nonlinear response and an asymmetric behavior. 

 

Figure 4. Alternating compressive/tension test 
(solid lines) compared to monotonic 
compression and tension curves (dashed lines). 
The compression loading changes the tension 
response. 

 
3.6. Pressure-, temperature- and strain rate-dependence 
 
Compression and tension tests at several temperatures and strain rates are presented in Figure 5 and 

Figure 6. The procedure was identical to the simple compression and simple tension tests at room 
temperature as already described. To guarantee the temperature setting, specimens were conditioned 
for at least two hours before the test. In Figure 6, the tension tests at 20°C at 10-6 and 10-4 s-1 are not 
represented despite having been performed, because the rate effect is negligible at this temperature. 

To study the influence of the confinement, monotonic triaxial compressive tests at various 
confinements (2.5 MPa, 5 MPa and 10 MPa) were carried out. Cylindrical specimens 50 mm in 
diameter and 100 mm in height were used, on which two strain gauge rosettes were glued at 0°/90°. 
The sample was placed in a confinement chamber installed inside a sealed elastomer bag. Then, the 
chamber was filled with water until the desired confinement pressure was reached. Afterwards, a 
uniaxial stress was applied at the reference strain rate of 10-5 s-1 until failure. The influence of the 
pressure is shown in Figure 7.  
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Figure 5. Temperature- and strain rate-
dependencies in compression. Only one strain 
rate has been experienced at 50°C. Decrease of 
the stress and increase of the strain rate 
influence as the temperature increases above 
50°C. 

 

Figure 6. Temperature- and strain rate-
dependencies in tension. Only one strain rate 
has been experienced at 50°C. Decrease of the 
stress and increase of the strain rate influence as 
the temperature increases above 50°C. 

 
3.7. Cyclic loadings 
 
Cyclic compression and tension loadings were performed on M2 (for cyclic tension data, see 

supplementary materials). The loading cycles had four phases: 1) load at a controlled strain rate, 2) 
stress relaxation at fixed longitudinal strain, 3) unload at a controlled strain rate, 4) strain recovery at 
rest. These tests are inspired by those performed on the material M1 (Gratton et al., 2009; Le et al., 
2010). The experimental set-up was the same as for the monotonic tests. The relaxation and strain 
recovery lasted 8 hours, 1 hour and 10 minutes respectively for the uniaxial compression, the tension 
and the triaxial compression (Figure 7). Evolutions of stress and strain recorded during the relaxation 
and recovery parts of these experiments are plotted with respect to the time (see supplementary 
materials). 
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Figure 7. Stress-strain curves for uniaxial tension (left), uniaxial compression (right, solid line; 
negative stress) and triaxial compression at 10 MPa pressure (right, dashed line; negative stress). 

This figure shows the pressure-dependence of the behavior. 
 
3.8. Double compression tests 
 
An experimental campaign, inspired by Cambou and Lanier (Cambou and Lanier, 1988; Lanier et 

al., 1991) was carried out to highlight a possible loading-induced anisotropy, the latter being observed 
during a second loading in a different direction. Cubes with 20 mm sides were used. Here, only one 
bidirectional rosette was glued to the sample surface. The opposite side was covered with a pattern to 
perform a digital image correlation. The displacement rate was controlled by the mobile crosshead at 
10-2 mm.s-1 corresponding to the reference strain rate up to a given stress. During the stress relaxation, 
the crosshead deforms even if its position (imposed at its ends) is fixed. This leads to an additional 
small compression of the sample. To avoid friction at the interfaces, lubricated Teflon was used. The 
displacement homogeneity was checked by digital image correlation. 

First, the sample was compressed up to 30 MPa (0.95 times the maximum stress). After a one-hour 
relaxation, unloading and a night of recovery, the sample was submitted to a second compression, 
either in the same direction (test called “0°-0° compression”), or in an orthogonal direction by turning 
the cube (test called “0°-90° compression”). During this second loading, the sample was again 
compressed up to 30 MPa. Two representative tests (out of three of each kind) are illustrated in Figure 
8 and Figure 9. The dispersion at the peak-stress of each cycle is also plotted. In these graphs, σ is the 
stress in the loading direction, ε11 (respectively ε22) is the strain which is longitudinal (respectively 
transversal) during the first load.  

 

Figure 8. Two compressions consecutively 
applied in the same direction (0°-0° 
compression). Strain set to zero at the beginning 
of the second load. 

 

Figure 9. Two compressions successively 
applied in two orthogonal directions (0°-90° 
compression). Strain set to zero at the beginning 
of the second load. Comparison with Fig. 8 
shows the influence of the direction of the 
second loading. 

 
3.9. Fatigue test 
 
The samples used were 20 mm high and 10 mm diameter cylinders. The loading rate was 

controlled by the crosshead at 0.025 mm.min-1, which is approximately the reference strain rate. Two 
linear variable differential transformers (LVDT) were used to record the longitudinal strains of the 
specimen. The test was carried out with cycles between 1 and 30 MPa and until failure. The stress-
strain curve – not reported here – shows the same hysteresis loop progressing on the strain axis for 
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each cycle. The evolution of the strain amplitude Δε11 between two consecutive cycles at the 
maximum stress (in red) and at the minimum stress (in blue) is given in Figure 10.  

A repeated torsional cyclic test was also performed, using the same procedure as the monotonic 
test. The torsion cycles were applied between +8 MPa and -8 MPa. This test shows an immediate 
accommodation of the material, the second and twentieth hysteresis cycles being the same. 

 
Figure 10. Evolution of the strain amplitude Δε11, recorded between two consecutive σmin (crosses) 

and σmax (circles) of a compression fatigue test. 
 
3.10. Multiaxial failure tests 
 
Three multiaxial tests were performed on M2: a Brazilian test, a channel-die test and an equibiaxial 

compression test.  
For Brazilian tests, cylinders were compressed between two horizontal surfaces. The specimens 

were 15 mm diameter and 30 mm high cylinders. Latex 1.5 mm thick was placed on the interfaces to 
avoid a localized failure in the contact zone. A pattern was deposited on the circular surface of the 
cylinder to enable digital image correlation. The test was controlled by the displacement of the 
crosshead of the machine at a rate of 0.2 mm.min-1. The specimen failed by traction along the 
transversal direction (centered and vertical macro-crack). The tension stress σ1 and compressive stress 
σ2 (at the center of the face) are estimated from the measured force F and the specimen dimensions as 
follows: σ1 =2F/π∅h and σ2 = - 3σ1 (Picart and Pompon, 2016). The reader should be aware that the 
latter equations come from an elastic interpretation of the Brazilian test measurements, which could be 
discussed in light of the global behavior of M2. 

A channel-die test is the compression of a cube for which one of the transversal directions is 
blocked. A picture of the set-up is given in Picart and Pompon (2016). The specimen used for these 
tests were a 20 mm-sided cubes whose faces were lubricated using 0.7 mm thick Teflon on the walls. 
The displacement field was measured by digital image correlation and a loading rate of 
1.4x10-3 mm.s-1 (equivalent to a strain rate of about 3x10-5 s-1) was applied using the crosshead. The 
longitudinal stress σ2 is determined from the axial force applied to the sample. Since the transversal 
stress σ1 is not measured, an estimation is proposed here using (1) the relation σ1=υσ2 and (2) a secant 
“Poisson’s ratio” (here, the ratio of the transversal strain to the longitudinal) at failure of υ=0.5 as seen 
in Figure 3. 

Equibiaxial compression tests were carried out on 20 mm-sided cubes (Figure 11). For the 
Brazilian and channel-die tests, the displacement field was measured by digital image correlation and 
the loading rate was controlled by the crosshead at 2.8x10-3 mm.s-1, which is equivalent to about 
1.5x10-5 s-1 in strain. 0.7 mm-thick Teflon, previously lubricated, was placed at the interfaces to limit 
friction. The main stresses are determined from the applied force F: σ1=σ2=F/√2�, with S the surface 
of a face of the cube. 

The maximum principal stresses and strains recorded during these tests are given in Table 2. 
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Figure 11. Photograph of the equibiaxial compression test setup placed between the plates of the 

testing machine. 
 

Table 2. Maximum principal stresses and strains recorded from the three tests. Data obtained using a 
model (elastic behavior or a secant “Poisson’s ratio”) are given in italics. 

 
σ1 (MPa) σ2 (MPa) ε1 (%) ε2 (%) 

Brazilian test 7.35 ± 0.13 -22.07 ± 0.23 0.34 ± 0.07 -0.33 ± 0.11 

Channel-die test -6.81 ± 3.49 -34.45 ± 0.57 0.50 ± 0.17 -1.50 ± 0.38 

Equibiaxial compression -32.57 ± 0.15 -32.57± 0.20 -0.68 ± 0.06 -0.62 ± 0.24 

 
 
4. Main features of M2 behavior 

 
The DMA measurements highlight a linear viscoelastic behavior verified using a displacement 

sweep study. Between 0°C and 60°C (reduced time lower than 6), the real modulus E’ shows a slight 
decrease with an average value of about 8000 MPa and the imaginary modulus E’’ reveals that the 
material is slightly viscous. From about 60°C, E’ drops down to reach about 5000 MPa at 90°C, while 
E’’  reflects a significant material viscosity. However, this does not prove that viscoelasticity will 
remain linear at higher stress levels. Unfortunately, our Metravib apparatus does not allow us to 
investigate this question. 

 
The comparison of the compression, tension and torsion curves (Figure 3) reveals a non-linear 

behavior and dependence on the loading direction. The tension and torsion curves show a brittle 
fracture at around 7.1 ±0.7 MPa in tension and 10.5 ±0.6 MPa in torsion. The compression shows 
increasing softening as the stress increases, until failure at 30.6 ±0.5 MPa. The compression failure is 
relatively more ductile but occurs at still low strains (1.50 ±0.2%). The asymmetry of the material 
behavior is highlighted. M2 is thus defined as a quasi-brittle material.  

Let us note that, in torsion, the same maximum stress at failure is expected as for the tension test 
(failure in tension mode). An overestimation of the failure stress in torsion may result from a size 
effect: the effective area of a torsion sample is smaller than during a tension experiment, which 
decreases the probability of finding a defect (see for example Bazant and Planas, 1997). This effect 
has already been recorded on M1 and M2 when comparing data from tension test and three-point bend 
experiments (Picart and Pompon, 2016). 

 
Figure 7 highlights a confinement-dependence of the material strength. Concerning the 

temperature-dependence, the material strength in compression (Figure 5) increases as the temperature 
decreases but there is little variation between 20°C and -30°C. In tension (Figure 6), a relative 
temperature-independence is noticed between -30°C and 50°C. At 80°C, in compression as in tension, 

sample 
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a more ductile behavior is observed, probably related to the glass transition of the explosive 
composition. Clear strain rate dependence is observed at 80°C. In the near future, some other tests will 
be made for a better description of the response of the material in the +50°C/+80°C thermal range. 

 
The influence of loading conditions such as pressure, temperature, strain rate and stress sign on the 

Young's modulus and the Poisson’s ratio is studied in detail. Since the curves do not show a clear 
transition to plasticity, an elastic longitudinal modulus is calculated by linear regression over a 
window of 0.05% longitudinal strain, while the Poisson’s ratio is determined by the ratio of 
longitudinal and transversal strains at 0.05% longitudinal strain. The variations of the Young’s 
modulus (respectively the Poisson’s ratio) are given in Figure 12 and Figure 13 (respectively Figure 
14 and Figure 15). 

The Young’s modulus appears to be independent of stress sign, strain rate, and temperature in the 
ranges from 0 to 10 MPa and between 0°C and 20°C. There is a slight decrease of the modulus at 
50°C. At 80°C, it is halved, and its value increases with rate. The Poisson’s ratio is independent of 
temperature, strain rate and stress sign on the range from 0°C to 80°C.  

Let us discuss the observations made between 0°C and -30°C. From 0 to -30°C, DMA had shown a 
constant E’ and a decrease of approximately 6-8% of E’ after returning to 20°C. This observation is 
correlated on Figure 12 on the longitudinal modulus EL. A linear extrapolation of data obtained 
between 0°C and 50°C yields EL between 8500-9000 MPa (Figures 2 and 12) at -30°C when less than 
8000 MPa was measured (Figure 12). This phenomenon is observed in both compression and tension 
modes. The Poisson’s ratio also shows a curious evolution at the coldest temperature. Furthermore, a 
loss of linearity has been observed on M2 on its dilation coefficient under 0°C (decrease of the 
coefficient). This phenomenon seems different than the known ratchet-growth observed for PBX-9502 
(Thompson et al., 2010) when the glass transition temperature of the material is crossed during 
thermal cycles. It could be attributed to “thermally activated damage” and possibly linked to the 
traction applied to the binder at the binder/grain interfaces. This damage was also observed on M1, for 
which glass transition is far less than for M2 (Picart and Brigolle, 2010). Since an in-depth analysis is 
required to determine the reasons of such an inelastic behavior, this phenomenon is beyond the scope 
of this paper. 

The pressure-dependence of the elastic modulus is negligible since the values at 2.5, 5 and 10 MPa 
are included in the dispersion of the point at 0 MPa. This behavior is different from what Wiegand et 
al. (2011) and Picart et al. (2014) observed on two pressed HMX-based explosives. The pressure effect 
on Poisson’s ratio is quite strange, showing a decrease of between 0 and 5 MPa in pressure before an 
increase for a 10 MPa confinement. The authors would like to point out that the phenomena (low 
modulus at 5 MPa) has been observed on other materials using different solid phase and binder (for an 
HMX-based PBX, see Benelfellah, 2013; Benelfellah et al., 2014, 2017 and Chatti, 2018; Chatti et al., 
2017 on a mock material) and for experiments made by two different teams and set-ups. Further study 
of this point will be provided in future work. 

The influence of loading conditions on stresses and strains at the peak have also been studied. 
Graphs can be found in the supplementary materials. The maximum tension stress is constant between 
-30°C and 50°C and decreases at 80°C. In compression, it regularly decreases between -30°C and 
50°C and falls by half at 80°C. As for the Young’s modulus, the strain rate influence is only observed 
at 80°C, for which the maximum stress increases with rate. Pressure increases the maximum stress, as 
is the case for granular materials. The maximum strains are constant while a slight increase is 
observed in compression in absolute values as the temperature rises. Furthermore, a small evolution of 
the maximum strains is recorded as the pressure rises. Temperature and pressure increase the peak-
strain but not for the same reasons: the higher the temperature, the greater is the plastic flow of the 
material whereas the higher the pressure, the stronger is the material due to the internal friction. 
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Figure 12. Young’s modulus in tension (in red) 
and compression (in grey) versus temperature for 
three strain rates at ambient pressure. A 
decrease is observed above 60°C. 

 

Figure 13. Constant Young’s modulus in 
compression versus confinement at a strain rate 
of 10-5 s-1 and ambient temperature. 

 

Figure 14. Poisson’s ratio in tension (in red) and 
compression (in grey) versus temperature for 
three strain rates at ambient pressure. Poisson’s 
ratio is constant except a sudden decrease below 
0°C. 

 

Figure 15. Poisson’s ratio in compression 
versus confinement at a strain rate of 10-5 s-1 
and ambient temperature. A non-monotonic 
evolution (not explained) is observed as the 
pressure increases. 

 
An asymmetry between the tension and compressive responses is often observed for quasi-brittle 

granular materials (see Mazars et al., 1990 for concrete; Thomson et al., 2010 for PBX-9502; Buechler 
et al., 2012a for PBX-9501; and Picart et al., 2014 for M1). When these materials are submitted to 
alternating tension/compression loading, a stiffness recovery is observed at the beginning of 
compression (Mazars et al., 1990; Picart et al., 2014). This phenomenon is called unilateral effect and 
is classically related to damage. During the traction, cracks are created, the damage inducing a loss of 
stiffness. Then, during compression, these cracks close and a stiffness recovery is obtained. This 
interpretation also justifies that the material is more brittle in tension than in compression. For M2, the 
alternating tension/compression and compression/tension tests do not reveal any stiffness recovery 
when the sign of stress changes. However, it is possible that the material viscosity smooths the curves 
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and hides the phenomenon. The unilateral effect of M2 is in any case negligible compared to other 
strain mechanisms. Furthermore, it has been noticed that the failure point in tension and in 
compression is not influenced by the previous loading. 

The cyclic tests carried out on M2 and shown in Figure 7 provide a lot of information on the 
mechanical behavior of the material. The relaxation and recovery steps enable the viscous effects to be 
removed. The strains at the end of the recovery step highlight the irreversible strains suffered by the 
material. Moreover, the comparison between the cyclic and monotonic curves shows that the cyclic 
test envelope corresponds to a monotonic test, so the addition of the cycles does not influence the 
overall behavior of M2. Assuming the stress state remains elastic during unloading, an elastic tangent 
modulus can be calculated at the beginning of each load and unload. They are determined by linear 
regression over a strain window of 0.05%. In doing so, constant moduli are observed during tension, 
uniaxial compression and triaxial compression tests (blue and red lines in Figure 16 for a uniaxial 
cyclic compression test). Consequently, damage is negligible on M2 up to 95% of the failure stress 
(peak-stress of the last cycle). Moreover, let us now suppose there is elastic unloading. Consequently, 
for each cycle, the secant modulus between the end of the relaxation and the end of the recovery is 
elastic (green lines in Figure 16). This assumption, made in previous papers (Gratton et al., 2009; Le et 
al., 2010; Picart et al., 2014) on M1, is commonly used for estimating the damage evolution of 
concrete (Benouniche, 1979; Gotuwka, 1999). Tangent and secant moduli are compared in Figure 16. 
The two methods give very different results: whereas tangent moduli (in blue and red) are constant, 
secant moduli (in green) decrease. Since the variations of the secant moduli cannot be imputed to 
damage, the observation demonstrates that some plasticity may develop during unloading. The same 
observations were made for cyclic compression under 10 MPa of confinement and cyclic tension, on 
both the longitudinal and the transversal strains. So, no induced anisotropic damage has been detected. 
However, theses cyclic tests highlight that the transversal strains grow faster than the longitudinal 
ones. Therefore, M2 develops a load-induced anisotropy. 

The 0°-0° and 0°-90° compression tests have been performed to test the load-induced anisotropy of 
M2. To do this, the curves of the three kinds of loading of this campaign are compared in Figure 17, as 
conducted by Cambou and Lanier on Hostun sand (Cambou and Lanier, 1988). The strains are 
reinitialized at the beginning of each loading. The unloading curves are also shown in this graph. They 
have been inverted so that they read in the direction of their evolution and can be compared to the 
loadings curves. Figure 17 shows the first compression in red, the 0° reloading in blue, the 90° 
reloading in green and all the unloadings in grey. Since the strains are measured by only one gauge in 
each direction, the measured curves are more scattered than for the other experimental campaigns, the 
discrepancy being highlighted using a colored area.  

Figure 17 shows different blue and green curves. One is stiffer than the initial compression (beyond 
15 MPa), while the other is softer. The anisotropy induced by the first load is obvious. The direction of 
the sample which has undergone an expansion (the 90° direction, in green) is more ductile than 
initially. Conversely, the direction previously compressed (the 0° direction, in blue) is more rigid 
beyond a stress level of 15 MPa. This induced anisotropy cannot be attributed to damage since we 
have shown that this was negligible. This observation is confirmed by the fact that all the curves 
beginnings are superimposed: the elastic moduli have not been influenced by the first load. 
Furthermore, according to Figure 17, the unloading curves (in grey) are the same and match with the 
0° reloading. It should also be noted that the 0° reloading (in blue) and the initial loading (in red) have 
overlapping areas up to 15 MPa. The same observations were made by Cambou and Lanier on a 
Hostun sand. The behavior of our material can be interpreted using a kinematic strain-hardening 
plasticity model, as described by the schemes in Figure 18. During a 0°-0° compression, the initial 
loading moves the plasticity surface up to 30 MPa. Then, the unloadings and the 0° reloading remain 
within this surface yielding an elastic response. During a 0°-90° compression, the initial loading 
moves the plasticity surface so that the yield strength decreases in the 90° direction. Thus, reloading at 
90° yields more plasticity than during the first load. The plasticity surface is brought up to 30 MPa in 
the new direction, so the last unloading is then elastic.  

To properly apply this interpretation to our case, the zero-stress point must stay within the plasticity 
surface, implying an initial yield stress higher than σmax/2 = 15 MPa. If this condition is not satisfied, 
unloading at 90° would be different from the other unloading curves. However, the assumption of 
elastic unloading has been previously refuted. Nevertheless, if unloadings from cyclic compression of 

Jo
urn

al 
Pre-

pro
of



 
17 

cylindrical samples get some plastic flow, it may be possible that for cubes an artificial confinement 
induced an artificial increase of the yield stress even if the interfaces were lubricated. 

The analysis of the compression, tension and torsion curves (Figure 3) shows that the behavior is 
non-linear starting from about 4 MPa. From the compression tests performed at 2.5, 5 and 10 MPa, the 
equivalent Von Mises yield stress is also about 4 MPa. These observations let us assume that the initial 
yield surface of M2 is a tube centered on the pressure axis, with a deviatoric 4 MPa radius. 
Furthermore, from the compression tests performed in temperature at various strain rates, non-linearity 
appears at about 4 MPa for tests at -30°C to 50°C, independently of the strain rate. At 80°C, the non-
linearity appears from 2 MPa, whatever the strain rate. An in-depth study of the yield stress must be 
performed to complete these observations, but the initial plasticity criterion of M2 is independent of 
the pressure, the temperature up to the glass transition, and the strain rate. 

For the fatigue test, the strain amplitude Δε11 between two cycles represented on Figure 10 rapidly 
decreases during the first twenty cycles before becoming constant. A few cycles before failure, a rapid 
increase of Δε11 is observed. These observations can be interpreted by assuming that two mechanisms 
with opposite effects add up: a plastic accommodation yielding a decrease of the strain amplitude and 
late damage which will increase the strain amplitude. The plastic accommodation – also called 
ratchetting effect – can be modelled by a combined kinematic-isotropic hardening. Furthermore, let us 
recall that the torsion fatigue test with zero mean stress has shown an immediate accommodation of 
the material. This phenomenon should be taken into account for the hardening modelling. 

 

Figure 16. Secant and tangent longitudinal moduli 
for a cyclic compression test. Secant moduli 
decrease is interpreted as a damage effect when 
the tangent moduli do not show any evolution.  

 

Figure 17. Comparison of the loading and 
unloading curves of the 0°-0° and 0°-90° tests. 
The response depends on the reloading 
direction highlighting an induced-anisotropic 
during the first loading. 
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Figure 18. Sketch illustrating the material response during the 0°-0° (top) and 0°-90° (bottom) 

compressions by a kinematic strain-hardening plasticity model. The displacement of the yield surface 
due to the first load induces a different response depending on the reloading direction. 

 
From the longitudinal strain ε11 and transversal strain ε22 measured during uniaxial compression and 

tension tests, the volumetric strains εV and deviatoric strains εD can be plotted with respect to the mean 
stress P and the equivalent Von Mises stress Q: 

 � 
εV = ε11 + 2 ε22

εD = | ε11 - ε22 |       and     


��
�

 

P = 
1

3
tr �σ�  = 

σ11

3
 + σ22

Q =� 
3

2
 σD:σD  = |σ11-σ22|

 (2) 

The volumetric curves of the compression tests at various strain rates, temperatures and pressures 
(Figure 19 and Figure 23) show an almost linear compacting behavior up to a stress level of about 
70% to 90% of the peak stress. Beyond that, the material develops a dilatant behavior, which reflects a 
rapid increase of the transversal strains compared to the longitudinal ones. This dilatancy is often 
attributed to anisotropic damage (see what is done in the concrete community for example), but this 
interpretation is not possible for M2 since the damage independence has been highlighted under these 
stress levels (no variation of elastic moduli). The simplest interpretation is to attribute this 
phenomenon to a volumetric plastic flow, as this is often the case for geomaterials, for example [36].  

For tension tests, while the deviatoric behavior is temperature-independent between -30°C and 
50°C (Figure 22), the volumetric behavior reveals temperature dependence (Figure 21). Given the 
measurement dispersion, the tests performed at 20°C and 50°C can be considered as identical, but the 
tests at 0°C and -30°C show some differences. The colder the temperature, the more the non-linearity 
of the stress - volumetric strain curve increases, leading to higher failure strains. This phenomenon 
correlates the observations in DMA, which suggest the existence of thermal isotropic damage. 
Moreover, according to the dispersion and the curves ordering, there is no strain rate effect at -30°C in 
tension. The 20°C curves at 10-6 s-1 and 10-4 s-1 are close to the curve recorded at 10-5 s-1, and thus not 
shown. 

The deviatoric behavior (Figure 20, Figure 22 and Figure 24) seems to be independent of strain 
rate, temperature between -30°C and 50°C, pressure and stress sign up to an equivalent stress of about 
10 to 15 MPa. For compression tests (Figure 20 and Figure 24), a pronounced non-linearity appears 
beyond this, tending towards an asymptotic behavior. By imputing these volumetric and deviatoric 
behaviors to the plastic flow, this would point to a non-linear strain-hardening. 

Figure 21 shows more flexible behavior at -30 and +80°C than the mild temperature response. The 
measurement made at +80°C could be related to the decrease of the viscosity of the material with the 
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temperature as in Figures 19, 20 and 22. At -30°C, the DMA measurements point to “damage” 
thermally activated below 0°C. This “damage” has a negligible influence during compressive loading 
when its influence is enhanced for tension loadings. More in-depth study is needed to identify its 
causes. 

 

Figure 19. Mean stress evolution with 
volumetric strain for simple compression tests 
performed between -30°C and 80°C for three 
strain rates. Whatever the loading conditions, a 
compaction is first followed by a positive volume 
change. 

 

Figure 20. Equivalent stress evolution with 
deviatoric strain for simple compression tests 
performed between -30°C and 80°C for three 
strain rates.  

 

Figure 21. Mean stress evolution with 
volumetric strain for simple tension tests 
performed between -30°C and 80°C for three 
strain rates. Whatever the loading conditions, 
the volume of the sample increases. 

 

Figure 22. Equivalent stress evolution with 
deviatoric strain for simple tension tests 
performed between -30°C and 80°C for three 
strain rates. 
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Figure 23. Mean stress evolution with 
volumetric strain for triaxial compression tests 
performed between 0.1 and 10 MPa at a strain 
rate of 10-5 s-1. Compaction is first observed 
followed by a positive volume change.  

 

Figure 24. Equivalent stress evolution with 
deviatoric strain for triaxial compression tests 
performed between 0.1 and 10 MPa at a strain 
rate of 10-5 s-1. 

 
For the tests with the third principal stress as null, the M2 failure points can be represented in the 

principal stress plane (σ1;σ2), as Picart and Pompon (2016) have done for the material M1. This 
indicates that the failure criterion developed for M1 could potentially be adapted to M2 (see Table 2). 

 
5. Guidelines for model improvement 

 
The experimental data on HMX- and TATB-based PBXs have been summarized in Table 1 and in 

sections 3 and 4 of M2. HMX- and TATB-based PBXs are made of a very high solid fraction of 
organic crystals. If the behaviors of the TATB and HMX crystals differ (anisotropy, elastic constants, 
etc.), the stiffnesses of the latter remain of the same order of magnitude. Adding a few percentage of a 
polymeric binder gives different viscous responses for the explosive compositions. For pressed PBXs 
studied here, the residual porosity is of the same order (a few percent) and the Young’s moduli, the 
Poisson’s ratios and the maximum stresses (and associated strains) are comparable. As an example, in 
uniaxial compression or tension loadings, the peak stresses and the strain differ by a factor of 2 only. 
Therefore, in the authors’ opinion, a “unified constitutive law” could be proposed for this class of 
materials, taking into account an in-depth characterization of the behavior. If mechanisms 
implemented in this future law could be the same, each explosive composition would have its own set 
of parameters, like the von Mises threshold for metals and the different initial yield stresses depending 
on the materials.  

The aim of this section is to provide guidelines to model improvement. A constitutive law for the 
state of the art is first proposed, highlighting data used to calibrate or validate each model. There then 
follows a discussion, to determine what future work needs to be done. 

 
The following nomenclature is adopted for splitting the stress σ and strain ε tensors into mean 

(denoted .V) and deviatoric (denoted .D) parts using the second order unit tensor 1: σV= tr �σ� /3 and 

σD=σ-σV1; εV =tr �ε� and εD=ε- 1

3
εV 1. 

 
5.1. SCRAM model 
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The SCRAM model, sketched by Dienes in 1978 (Dienes, 1978), is particularly well-detailed in a 
2006 paper (Dienes et al., 2006). This model was developed in order to understand anomalous 
behavior of some energetic materials: low-speed impact can lead to violent reactions in a seemingly 
random and unpredictable way. The commonly accepted theory is that a low-speed impact can involve 
the formation and coalescence of hotspots, which can lead to a deflagration or a detonation. The 
SCRAM model links damage to the formation of hotspots and the initiation (thermal explosion) of the 
explosive. For the present study, we are interested in the quasistatic declination of this model. The 
theory is based on the strain rates additivity at the macroscopic scale. The deformation mechanisms 
are as follows: matrix elasticity; anisotropic crack nucleation, growth and coalescence; friction of 
shear-closed cracks; and plasticity. The model is written, in small strains, from the addition of the 
strain rates: 
ε� tot = ε�el + ε�pl + ε�c + ε�g (3) 

where ε� tot is the total strain rate, ε�el the matrix elasticity, ε�pl the matrix plastic flow, ε�c the 

microcracks opening and shearing, and ε�g the microcracks growth and coalescence. The elastic 

contribution is defined by Hooke’s law. The plastic response of the material is described by a 
deviatoric linear kinematic hardening and an associated flow. The model takes the following general 
form: 

σ�  = �ℂ-1 + ℱc�-1

:  �
�ε� tot - ℱg : σ - λ� σD - XD

��σD - XD� : �σD - XD��
� (4) 

where σ is the global stress tensor and ℂ is the elastic stiffness matrix. XD is the deviatoric 

kinematic hardening tensor and λ� is the plastic multiplier. The plasticity criterion is written as follows 
(σY is the initial yield stress): 

 f = �σD - XD� : �σD - XD�  - σY
2  (5) 

The 4th-order tensors ℱc and ℱg respectively refer to crack opening/shearing and to crack growth. 

The solid angle associated with the hemisphere is discretized into Δψ. This corresponds to the sum of 
the contributions of each crack network defined by its normal (vector n) orienting the solid angle 
portion Δψ. 

ℱc = β � F�n �H!σn" Co�n  + H!-σn" 〈1-η�n 〉 Cs�n �  Δψ
hemi-
sphere

 (6) 

ℱg = β � F� �n �H!σn" Co�n  + H!-σn" 〈1-η�n 〉 Cs�n �  Δψ
hemi-
sphere

 (7) 

where H(σn) is the Heaviside function of the normal stress σn =  n  σ n. H(σn) is zero for opened 

microcracks and one for closed microcracks. The term 〈1-η�n 〉, with 〈 . 〉 denoting the Macaulay 
brackets, corresponds to the microcrack sliding criterion: this term is equal to zero when the crack is 
blocked (no shear) and is one when it is sliding-free. The coefficient η is defined from the friction state 

of the family of cracks oriented by n and the friction coefficient µ: η= µ 〈-σn〉
sn

, with sn =� n  σ σ n - σn
2. 

Thus, whereas the pressure is not involved in the plasticity criterion, damage evolution and effectivity 
(defined as how the damage of a given network does or does not affect the behavior depending on the 
loading direction) as well as frictional sliding are pressure-dependent since they depend on the sign of 
σn. The tensors Co�n  and Cs�n  of equation (4) describe the opening and shearing directions of the 

microcrack. β [MPa-1] is a constant coming from analytic solutions for penny-shaped cracks. The 
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function F�n  = % n(c,n) c3 dc
∞

0
 describes the crack distribution, with n(c,n) representing the 

distribution of the microcracks of length c and normal vector n. The crack growth rate c� is controlled 

by the rate of dissipated energy  g �σ,n,c� :  


��
�
�� c� �σ,n,c�  = &�'() 1

1+m
� g�σ,n,c�

�1+
1
m� gc

�m   if g �σ,n,c�  ≤ �1+
1

m
� gc  

c� �σ,n,c�  = &�'() �1 - 
gc

g�σ,n,c��           if g �σ,n,c�  ≥ �1+
1

m
� gc

 (8) 

where m is an exponent greater than one. In this model, the maximum crack growth rate c�max is 
assumed to have the magnitude of the Rayleigh wave speed and gc is the critical rate of dissipated 
energy. The function g is written as follows:  g�σ,n,c�  = 

4

π
 1-ν

1-
ν
2

 
c

2G
 *H!σn" *�1-

ν

2
� σn

2 + sn
2+ +  H!-σn" 〈 µσn + sn 〉+  (9) 

where ν and G are respectively the Poisson’s ratio and the shear modulus. 
It can be seen that g – and so c�  – is greater in tension (σn positive) than in compression (σn 

negative). In addition, for a closed microcrack (σn negative) whose frictional sliding is blocked (factor 〈1-η〉 null): η≤1 ⟹ sn≤ µσn ⟹ g=0 ⟹ c�=0; the microcrack cannot grow. Apart from this particular 
case, as soon as the stress state of a microcrack is not zero, it expands. 

The mechanical parameters of this model are determined for PBX-9501 from only one monotonic 
uniaxial compression test performed at 10-2 s-1 without transversal strain measurements. The fit of the 
parameters is not detailed. The validation of SCRAM on the quasistatic domain is missing. Dienes 
compares the simulation, calibrated on a compression at 10-2 s-1, to experimental compression 
performed at 2x10-2 s-1, the rate effect between these two tests being negligible (both experimentally 
and numerically). 

 
5.2. ViscoSCRAM model (VS) 
 
The ViscoSCRAM model defined in (Bennett et al., in 1998) puts the deviatoric component of the 

IsoSCRAM model proposed by Addessio and Johnson (1990) for quasi-brittle materials in series with 
a generalized Maxwell model with N branches. The volumetric component of the model is described 
by a linear elastic law. The total strain rate is split into volumetric and deviatoric components. From 
the additivity of the viscoelastic and the crack growth strain rates (plasticity of the matrix is ignored), 
the ViscoSCRAM model is written as follows: 


�
�
� σ�

V = K ε�tot
V                                                       

σ� D = 

2G ε� tot
D - ∑  σb

D  
τb

Nb=1  - 3�c
a

�2 c�
a

 σD

1 + �c
a

�3

 (10) 

σD is the total deviatoric stress, corresponding to the sum of the stress σb
D of each branch. K is the 

bulk elastic modulus. G is the sum of the shear moduli of the N branches. τb is the characteristic time 
of the bth branch. The constant a is the average initial porosity size. Compared to SCRAM, the crack 
growth rate c� is largely simplified by the assumption of isotropic damage: 
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��
��
���


c� �σD,c�  = c�max 
1

1+m
2 �

� J�σD,c�
�1+ 2

mJ0�
�m

if  J�σD,c�  ≤ J0�1+
2
m 

c� �σD,c�  = c�max 11 - 
J0

2

J�σD,c�22        if  J�σD,c�  ≥ J0�1+
2
m

 (11) 

where J0 is a parameter (in Pa√3". The function J is written according to Hackett and Bennett 
(2000): 

  J�σD,c�  =  � 
3

2
πc σD:σD   (12) 

With this formulation, the crack growth rate c�  depends only on the deviatoric stress and therefore is 
pressure-independent, unlike in the SCRAM model (previous equations (8) and (9)). 

The model calibration is performed for PBX-9501 (Bennett et al., 1998). The shear moduli of the 
five viscoelastic branches (to cover different strain rates) are determined from the Young’s modulus 
from four compressions in the quasistatic range and two at high strain rates, and an assumed Poisson’s 
ratio of 0.3. The determination of the parameters J0, a and m is not detailed.  

In the quasistatic range, Hackett and Bennett (2000) have compared ViscoSCRAM to a three-point 
bending test on PBX-9501, the model predicting the experimental force-displacement curves. Later, 
Rangaswamy et al. (2010) have simulated a Brazilian test. The quasi-linear part of the experimental 
curves is reproduced but the simulated displacement deviates from the measurements before reaching 
the maximum stress. The horizontal strain field from the finite element simulation is compared with 
experimental digital image correlation. The strains at the macrocrack boundary are largely 
underestimated.  

 
5.3. ViscoSCRAM viscoplastic model (VS-VP) 
 
Liu and coworkers (Liu et al., 2019) recently proposed a modified version of ViscoSCRAM by 

adding a deviatoric viscoplasticity (Bodner, 1987) in series with the original model, resulting in the 
following expressions:  


��
�
�� 
σ�V = K ε�tot

V

σ� D = 

2G ε� tot
D - ∑  σb

D 
τb

Nb=1  - ��3 �c
a

�2 c�
a

 + λ� 2G�2
3 σD:σD  ��  σD

1 + �c
a

�3

 (13) 

An isotropic hardening is computed from an upper limit weighted by a function of the ratio of 
deviatoric stress and plastic work, and not from a stress yield criterion with hardening. A viscoplastic 
strain rate always exists in this model. 

The crack growth c� is taken from Buechler and Luscher (Buechler and Luscher, 2014) to introduce 
pressure dependence and tension–compression asymmetry as follows: 

 


�
��
��


 
c� �σ,c�  = c� res 

1

1+
m
2 �

� J�σ,c�
J0µ!σV,c"�1+

2
m�

�m

    if  J�σ,c�  ≤ J0µ!σV,c"�1+
2

m

c� �σ,c�  = c� res 11 - 
J0µ!σV,c"2

J�σ,c�2 2                if  J�σ,c�  ≥ J0µ!σV,c"�1+
2

m

 (14) 
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Compared to the original ViscoSCRAM model (equation (11)), the speed c�max is replaced by 
c� res which is a logarithmic function of the strain rate, bounded by the Rayleigh wave speed. The 
function J depends on the pressure σV, and the constant J0 is multiplied by a factor depending on 
pressure, crack length and dynamic friction coefficient µ’, resulting in J0µ.   

  J�σ,c� = √πc �H!σV"� 
3

2
�σD:σD + 3σV 2�  + H!-σV"� 3

2
 σD:σD �   (15) 

 J0µ!σV,c" = J0�1 - π µ' √c σV

J0
*1-

µ' √c σV

J0
+  (16) 

With this formulation, J is greater in tension (σV positive) than in compression (σV negative) while 
the function J0µ is lower in tension than in compression. Thus, the ratio J/J0µ and so the growth rate c�  is 
higher in tension than in compression. As in SCRAM, an opened crack grows faster than a closed one. 

There are 19 parameters fitted on the longitudinal strains of monotonic tension and compression 
tests performed at 50°C and 10-4 s-1 on a PBX-9502 sample (Thompson et al., 2010), and secondly 
another set of parameters calibrated on a cyclic compression test performed on M2 using the curves 
taken from Ambos et al. (2015) and Gasnier et al. (2018). From these calibrations, all this results in the 
maximum strains in tension being underestimated by half. Furthermore, the unloading and reloading 
steps do not get any hysteresis.  

In order to validate the model, Liu et al. (2019) have simulated a compression of a perforated plate 
of PBX-9502 (Liu and Thompson, 2014), and they compare the experimental and simulated force-
displacement curves. The two plots coincide up to the maximum stress. The experimental horizontal 
strain field from digital image correlation is also compared to a finite element simulation. Although 
the shape is accurately reproduced, the displacement calculated around the hole is less significant than 
the measurements. The authors did not provide a comparison for vertical strains, for which 
experimental data are however available (Liu and Thompson, 2014).  

 
5.4. Viscoelastic plastic model (VE-P) 
 
The research carried out on M1 and M2 has led to several constitutive laws being developed from a 

substantial experimental base (see section 2). For material M1, a model describing a non-linear 
viscoelasticity with pressure and temperature dependencies was established in the 1980s (Belmas et 
al., 1982). Since this approach only enables simulation of monotonic tests, we refer the reader to the 
original paper for its description. A second model was proposed by Gratton et al. (2009), including an 
elasto-viscoplastic law with isotropic damage and pressure-dependent viscoplastic behavior. This 
model was later completed to describe the viscoelasticity visible during load-unload loops. In 2010, Le 
and coworkers (Le et al., 2010) proposed a viscoelastic-plastic constitutive law for M1 including 
isotropic damage. This model is based on a generalized Maxwell model in which one of the branches – 
numbered 0 – is elastoplastic. The other branches are viscoelastic. All the elastic moduli are 
identically damaged. The parabolic plasticity criterion is defined from the mean and deviatoric stresses 
of the elastoplastic branch with an isotropic strain-hardening: 

 f = � 
1

3
 σ0

D:σ0
D + 

k2

R!k"  σ0
V   - k  (17) 

The isotropic hardening variables k and R(k) are related to the cumulative plastic strain εpl. A non-
associated plastic flow is empirically determined, involving a dilatancy coefficient β*  which controls 
the volumetric to deviatoric plastic strain ratio: 


��
�
�� 
ε�pl

V = λ� β*�3�1+β*2 
ε�pl

D = λ� 1�1+β*2

σ0
D

�σ0
D:σ0

D
 

 (18) 
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The elastoplastic stress, σ0, and the viscoelastic stresses, σb, add up to give the global stress, 

leading to the following form of the model: 


��
�

 

σ� V = K!1-d" ε�tot
V - �  σb

V 
τb

N

b=1

 - 
d�

1-d
 σV - K0 �!1-d" ε�pl

V - d� �εtot
V-εpl

V �  

σ� D = 2G!1-d" ε� tot
D - � σb

D

 τb 
 N

b=1

- 
d�

1-d
 σD - 2G0 5!1-d" ε�pl

D - d� *εtot
D-εpl

D+6 (19) 

As for the deviatoric part, σV is the total mean stress, corresponding to the sum of the stress σb
V of 

each branch. K0 and G0 are the moduli of the elastoplastic branch, while K and G are the sum of the 
moduli of each branch from 0 to N. The damage variable d is related to the maximum positive 
principal strain 〈εI〉+ such that: 

 d = �d1supt!〈εI〉+" + d2  d3supt!〈εI〉+"
1 - d3supt!〈εI〉+" (20) 

where d1, d2 and d3 are material parameters without units. In the previous models, damage – 
described by the variable c – was related to the stress. Here, damage is due to the largest positive 
strain in the load history, denoted sup(t)!〈εI〉+ ".  

A temperature extension of the model is presented in Le’s thesis manuscript (Le, 2007) and a 
multiaxial failure criterion (the reader should note that failure here means “maximum stress”) is 
detailed in (Caliez et al., 2014; Picart and Pompon, 2016). This criterion takes into account two 
mechanisms: one on the maximum positive principal strain and another on the maximum positive 
principal effective stress, both defined in relation to the stress of the elastoplastic branch (index 0). 
The first of the two criteria reached indicates the actual failure.  

First, a DMA campaign was conducted to determine the longitudinal viscoelastic moduli for a 
Maxwell model with ten dashpots. The 3D extension is performed using a Poisson’s ratio, 
experimentally measured. In the absence of experimental data highlighting the hardening mechanism, 
the authors assume an isotropic hardening. This assumption implies that the unloadings are purely 
elastic and so the secant modulus calculated between the end of the relaxation and the end of the 
recovery of cyclic tests is supposed to be elastic. The damage is calculated for each cycle as the elastic 
longitudinal modulus degradation with respect to the first cycle value: d =!E0-E"/E0. Plotting the 
damage evolution as a function of the maximum positive strain (i.e.: transversal strain in compression, 
longitudinal strain in tension) enables estimation of the coefficients d1, d2 and d3. From cyclic tests 
again, the inelastic strains at the end of the recoveries are considered as plastic strains. Plotting these 
plastic strains against the corresponding relaxed stress provides an estimate of the plastic parameters 
β*, k and the function R(k). Lastly, the calibration of the failure criterion from multiaxial loadings on 
M1 is detailed by Picart and Pompon (Picart and Pompon, 2016).  

The validation of the model is presented in (Caliez et al., 2014; Le, 2007). The model is confronted 
with a Brazilian test and three-point bending performed on M1. For the three-point bending test, the 
experimental force-displacement curve is very well reproduced by the model. For the Brazilian test, 
the force-displacement curve differs from the experimental curve. For the same displacement, the 
simulated force is slightly lower than the experimental force and the failure point is slightly 
underestimated. In addition, the horizontal and vertical strain fields measured by digital image 
correlation are compared to the finite element simulation. These comparisons show quite a good 
match. However, since the plasticity is put in parallel with the viscoelasticity, the envelope curves of 
the cyclic tests are not well reproduced.  

For models calibrated on massive specimens, the underestimation observed in the three-point 
bending test could also be explained by the well-known “size effect” observed on concretes and other 
brittle materials (Bazant and Planas, 1997). Since this phenomenon is not being investigated for M1, 
we cannot conclude on its influence.  

 
5.5. Viscoelastic viscoplastic model (VE-VP) 
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Buechler has proposed a viscoelastic-viscoplastic model (Buechler, 2012b) to which he has later 

added isotropic damage (Buechler, 2013) in order to reproduce the PBX-9501 behavior. The 
viscoelasticity is described by a generalized Maxwell model, involving a purely elastic branch and N 
viscous ones. The viscoplasticity is put in series with the viscoelasticity. It is described by a Drucker-
Prager model whose yield strength depends on the cumulative plastic strain and its rate. The non-
associated plastic flow combines isotropic and kinematic hardenings. The model is defined in small 
strains, and the additivity of the strain rates is written as follows: 
ε� tot = ε�ve + ε�pl  + ε�d (211) 

where ε�ve is the viscoelastic strain rate, ε�pl the viscoplastic strain rate and ε�d the strain rate due to 

damage. The plasticity criterion takes the following form: 

 f =� 2
3

�σD-XD� : �σD-XD�  - A !σV-XV" - σY�εpl, εpl
�     (22) 

where X = XD + XV1 is the kinematic hardening tensor, σY the yield stress and εpl the cumulative 

plastic strain. A is an internal friction coefficient of the material defining the Drucker-Prager slope. 
The non-associated plastic flow is related to the following potential (B being a constant): 

 g = � 2
3

�σD-XD� : �σD-XD�  - B !σV-XV" - σY�εpl,εpl
�    (23) 

The model takes the following general form: 


�
��
��

 

σ� V =  *K+
K7
φ

1
d

+  ε�tot
V  - �  σb

V 
τb

N

b=1

 + 
K λ��3
2+

B2

3

B

3
 - 

d�
d

 σV 

σ� D = *2G+
2G8
φ

2
d

+  ε� tot
D  - �  σb

D 
τb

N

b=1

 - 2G λ��3
2+

B2

3

�3
2 �σD-XD�

��σD-XD� : �σD-XD�  - 
d�
d

 σD

 (24) 

The damage-induced strain εd is written in volumetric and deviatoric parts: 

9 
K8 εd

V = φ1d σV 

2G8 εd
D = φ2d σ� D 

 (25) 

The damage d depends exclusively on the cumulative plastic strain εpl. ϕ1 and ϕ2 are parameters 
without units controlling the damage effectivity (i.e.: whether or not the influence of the damage 
depends on the loading direction) on the volumetric and deviatoric components. K8 and G8 are bulk and 
shear moduli connecting the stress to the damage and the strain. No more details are given by the 
author. 

The model is parameterized from PBX-9501 experimental results in uniaxial compression 
(Buechler et al., 2013) but the author points out that the calibration of the slope A is of poor quality 
due to scattered post-processed experimental data. Moreover, without experimental measurements of 
transversal strains, the parameter B which controls the plastic volumetric flow cannot be calibrated. 
The inaccurate fit of the plastic part of the model implies that the damage evolution (related to the 
cumulative plastic strain) is poorly determined. A comparison of a monotonic compression simulation 
at 7.5x10-5 s-1 with two monotonic tests performed at 10-5 s-1 and 10-4 s-1 is given in (Buechler 2012b, 
2013). According to the author, the result is encouraging because the simulated curve is bordered by 
the experimental curves, but the model is not validated. 

 
5.6. Elastic viscoplastic model (E-VP) 
 
In the approach proposed by Zubelevicz and coworkers (Zubelewicz et al., 2013) the total strain 

tensor has three components:  
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ε� tot = ε�el + ε�pl
ch + ε�pl

b (26) 

The plasticity is split into two parts. The first, ε�pl
ch, describes the macroscopic effect of the grain 

chains dilatancy and shearing with a Drucker-Prager viscoplastic criterion. The second, ε�pl
b, purely 

deviatoric, describes the equivalent binder shearing. There is no hardening. The plastic flow accounts 
for temperature dependence. The elastic strains are linked to the stress by a stiffness tensor affected by 
an anisotropic damage tensor d affected by the loading direction. This tensor d is represented in terms 

of symmetric tensors depending on the stress state, “turning” for non-monotonic loading.  σ = *�K-
2

3
G� �1-d� ⊗ �1-d�  + 2G�1-d� ⊗ �1-d�+ : ε;<  (27) 

d = dc �α0c 1 + α1c σ
D + α2c σ

D.σD�  + dt �α0t 1 + α1t σ
D + α2t σ

D.σD�  (28) 

The operator ⊗ defines the tensor product: (a⊗b)ijkl = aijbkl, while ⊗ defines: (a⊗b)ij = 
1

2
(aikbjl+ailbjk). The brittle damage dt depends on the full history over time of the strain projection on the 

t part of the tensor d, and the ductile damage dc depends on the full history over time of an equivalent 

plastic strain being then pressure-dependent. The parameters α0t, α1t, α2t (resp. indexed c) are 
functions of the Lode’s angle, and can be assimilated to the damage effectivity as a function of the 
loading direction. 

The 23 parameters of the model are calibrated from stress versus longitudinal strain curves of seven 
monotonic compression tests and seven tension tests performed on PBX-9502 at five temperatures 
between -52°C and 74°C and at 10-3 to 10-5 s-1. It should be noted that it is not specified how the 
Poisson’s ratio is determined without transversal strain measurements. The authors only validate their 
model using one comparison of the simulated versus experimental failure pattern of a compression 
sample. 

 
5.7. Microplane formulation applied to pressed explosives (VDT-P) 
 
Taking up the cyclic tests on M1, Benelfellah and coworkers (Benelfellah, 2013; Benelfellah et al., 

2014, 2017; Picart et al., 2014) were interested in the induced anisotropy of the material highlighted 
by these tests. The authors determined longitudinal and transversal elastic moduli for each loading 
cycle. By tracing these moduli evolutions as a function of the maximum positive strain, they highlight 
a faster degradation of the transversal modulus than for the longitudinal one, due to an induced 
anisotropy of the material. The authors also observed that during tests alternating tension and 
compression loadings, the material recovers its initial stiffness shortly after being compressed. This 
phenomenon, called unilateral effect, has been observed for granular materials such as concrete 
(Mazars et al., 1990). The microstructural interpretation given is that the microcracks opened in 
tension close when the loading direction is reversed; once closed and blocked under the effect of 
compression, these cracks no longer have an effect on the macroscopic behavior of the material. 

The model coupled a damage-induced anisotropy (Benelfellah, 2013; Benelfellah et al., 2014, 
2017; Picart et al., 2014) with the plasticity model proposed by Le et al. (2010), denoting ℂd the 

damaged stiffness: 

σ = ℂd : *εtot - εpl+ (29) 

To describe the anisotropy of the damaged stiffness tensor, Benelfellah et al. have chosen a 
microplane approach (Benelfellah et al., 2014, 2017). In this model, each microplane is defined by its 
normal n and the elastic strains tensor is split in three components (volumetric, deviatoric and 
tangential) as follows (Carol and Bazant, 1997):  
εel = εV el V + εD el D + εT el.T (30) 
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where V, D and T are the tensors of projections on the microplane, expressed as a function of the 

second and the fourth order unit tensors and the normal vector n to the microplane:  

V = 
1

3
 1           D = n⨂n - 

1

3
 1            T = n I - n⨂n⨂n (31) 

Let us note that the volumetric projection V is not dependent on the microplane. The damaged 

stiffness tensor is discretized as a sum on the hemisphere of the stiffness contributions depending on 
the normal n to the microplane:  ℂd = 3 kV !1-αV dV" V⨂V + 

� 6 ω�n 5μD �1-αD�n  dD�n � D�n ⨂D�n  + μT  �1-dT�n � T�n T
T�n 6

hemi-
sphere

 
(32) 

where dv, dD and dT are the damage variables, αV and αDthe effectivity of the damage (without unit) 
and kV, µD and µT elastic constants defined from the bulk modulus K and the shear modulus G. The 
damage variables for each direction are defined with respect to the elastic volumetric strains as 
follows:   di=V,D,T = max�di

0, maxt!di" ,  1 - exp!-p !a3Fi"a4"�  (33)  p = 1 + �a5 H!-εV el" + a5 @H!εV el"   kV  〈εV el - εV el
0 H10〉+  (34) 

where a3 (MPa-1), a4, a5 (MPa-1) and a5A  (MPa-1) are material parameters. The damage function 
never decreases thanks to the term maxt!di" denoting the maximal value over time of di. di

0 is the 
value of the "damage" of the virgin material, called pre-damage. The variable p carries the pressure-
dependence (here a volume change dependence) where εV el

0 H10 corresponds to the volumetric strain 
resulting from a hydrostatic compression of 10.8 MPa. The variable Fi is the dual of damage di. The 
volumetric damage dV depends on the volumetric strain εV el and effectivity αV; the deviatoric damage 
dD depends on the deviatoric strain εD el�n  and effectivity αD; the tangential damage dT depends on 
the tangential strain εT el�n . The damage is therefore controlled by strain and pressure. The effectivity 

functions are defined from the Heaviside function H(.) so that the partial derivative of the free energy 
is continuous even at zero, in respect to a good thermodynamic framework: C αV = H!εV el"
αD�n  = H �εD el�n �  + a6H �-εD el�n � 

(
35) 

where a6 is a material parameter without unit. 
The total stress tensor from equation (29) can be split as previously into a volumetric and a 

deviatoric part:  


��
�

 

σ� V = 3 kV �!1-αV dV"ε�V el - αV d�
V εV el Vσ� D = � 6 ω�n � μD �1-αD�n  dD�n ε�D el�n  - αD�n  d� D�n  εD el�n � D�n  

        hemi-
sphere            +μT �1-dT�n  ε�T el�n  - d�

T�n  εT el�n � T�n  �  (36) 

The elastic moduli of the material are estimated from triaxial test under a pressure (10 MPa) which 
induces a collapse of the initial porosity. The kV modulus is expressed from the bulk modulus under 
this pressure. The same should be true for µD and µT, but because the deviatoric effectivity αD depends 
only on the deviatoric strain εD, the deviatoric shear modulus µD cannot be pressure dependent. 
Finally, the moduli µD and µT are worth twice the shear moduli measured from uniaxial compression 
test. The volumetric pre-damage is estimated from the comparison of uniaxial compressions tests 
(denoted H0) and triaxial compression tests with a 10.8 MPa confinement (H10): dV

0 =!KH10-KH0"/
KH10. Due to lack of data, pre-damages dD

0  and dT
0  are neglected. The coefficients a3 and a4 are fitted on 

the triaxial test at 10.8 MPa; a5 is fitted on the uniaxial compression test and a5A  on the uniaxial tension 
test; lastly, a6 is calibrated from three cyclic tests. 

The microplane model of Benelfellah does not yet describe viscoelasticity, so the viscosity 
(relaxation and recovery steps from cyclic tests) is removed from experimental data to be compared 
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with the simulation. The evolution of the strains is well reproduced, so the induced anisotropy seems 
to be well described. Further work is necessary on this model for a complete validation. 

Recently, Chatti and coworkers (Chatti et al., 2018) have incorporated a viscoelastic component 
into this model. They add a generalized Maxwell model on the V, D, T directions of each microplane. 
This work is still ongoing. 

 
5.8. Discussion 
 
A lot of tests were conducted to characterize the thermomechanical behavior of these materials. A 

wide range of strain rate, temperature and confinement was investigated. Many efforts focused on the 
(1) viscoelastic response and the determination of time-to-temperature equivalencies. Experiments 
showed (2) the asymmetric responses (compression versus tension); (3) induced anisotropy due to 
damage (and then unilateral effect) and/or plasticity (kinematic hardening for M2); (4) pressure-
dependent Young’s modulus probably due to pre-damage; (5) pressure-, strain rate- and temperature-
dependence of elastic modulus and peak stresses; (6) close strain at peak stresses whatever the 
temperature and the strain rate for a fixed confinement (Figures 5 and 6). Recently, digital image 
correlation technics have enabled measurement of the heterogeneous macroscopic field of strain at the 
surface of the sample. These data can be used to validate models. Let us now compare data to 
constitutive laws to yield some routes for future development. 

 
The phenomena taken into account by the previous models are listed in Table 3. It must be noted 

that all the models, excluding VE-P and VDT-P, are calibrated for stress versus longitudinal strain 
curves only, for the compression and tension tests. Measuring only the longitudinal strain prevents 
observation of the volumetric and the deviatoric responses and a possible induced anisotropy. 
Historically, the experimentally observed non-linear behavior was attributed mainly to sophisticated 
damage rules neglecting plasticity. The “brittle material” point of view has progressively been 
completed by viscoelasticity to deal with temperature and strain rate dependencies. Recently, several 
studies have integrated a plastic mechanism as experiments reveal irreversible strains. 

Table 3. Summary of the content of the models and materials on which the parameters have been 
fitted. 

  

      SCRAM VS VS-VP VE-P VE-VP E-VP VDT-P 

M
at

er
ia

l PBX-9501 (HMX-based)  √ √           

PBX-9502 (TATB-based)       √     √   

CEA-M1 (HMX-based)         √     √ 

CEA-M2 (TATB-based)      √         

M
od

el
 c

on
te

nt
s 

Elasticity 

Hooke’s law 
Volumetric √ √ √ 

 
  √ √ 

Deviatoric √     
 

  √ √ 

Viscoelasticity 
Volumetric       √ √     

Deviatoric   √ √ √ √     

Irreversibility 
/ 

plasticity 

Viscoplasticity     √ √ √ √ √ 

Volumetric       √ √ √ √ 

Deviatoric √   √ √ √ √ √ 

Isotropic hardening     √ √ √   √ 

Kinematic hardening √       √     

Non-associated flow 
 

  √ √ √ 
 

√ 

Pressure-dependence       √ √  √ √ 

Damage 
Isotropic    √ √ √ √ 

 
  

Anisotropic  √         √ √ 
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Pressure-dependence √   √ √    √ √ 

Temperature-dependence        √   √ 
 

Independent failure criterion         √     √ 

 
The guidelines for a future macroscopic “unified constitutive law” for HMX- and TATB-based 

pressed PBXs are now discussed. The concordance of the monotonic tests and the envelope curves of 
cyclic tests, regardless of the temperature, the strain rate or the type of binder (M1, M2, PBX-9501), 
encourages the use in a reference model of so-called “serial” laws, where an irreversible mechanism 
(plasticity, damage, etc.) ensures the non-linearity of the response. This is the assumption made in 
SCRAM and its evolutions (VS, VS-VP). In the first M1 constitutive law (VE-P), the plasticity is in 
parallel with the viscoelasticity, which prevents the envelope curve from being well reproduced. The 
second model (VDT-P) combines elasticity with damage and plasticity in series.  

Most of the models take into account a linear viscoelastic behavior which is experimentally 
validated for M1, M2 and PBX-9501 and -9502, as long as the strains remain low. This first viscous 
mechanism enables strain rate and temperature dependencies to be accounted for. The literature review 
shows that time-temperature equivalence is generally experimentally validated for PBXs. Williamson 
et al. (2008) have successfully compared time-temperature equivalence to ultimate stresses in 
compression for EDC-37. Thompson et al. (2012) do the same for PBX-9501, comparing the ultimate 
strain and the secant modulus at 25% of the peak-stress too. However, there is no real demonstration 
where a viscoelastic model would be compared to long duration and high temperature creep or 
relaxation. Furthermore, the “damage” observed on M1 and M2 at low temperature, even if it is 
thermally activated, prevents the application of time-temperature equivalence below 0°C. Moreover, 
crossing the glass transition temperature could alter the accuracy of usual equivalence. Thus, time-
temperature must be part of a future model, but attention will be paid to accurately defining its field of 
use. As shown in Table 3, linear viscoelasticity is embedded in VS, VS-VP, VE-P and VE-VP. 

Some models consider damage as inducing additional strain (SCRAM, VS, VS-VP, VE-VP) while 
for others (VE-P, E-VP, and VDT-P), damage affects the (visco)elastic stiffness. However, by 
comparing the final equations of these models (equations 10, 13, 19, 24), it is clear that these two 
modelling choices are the same. The damage is purely deviatoric in VS and VS-VP while it is also 
volumetric in VE-P and VE-VP. The bulk modulus K is affected by the damage (1-d) in VE-P and by 

1+K8/Kφ1d�εpl  in VE-VP. The shear modulus G is affected by the damage �1+c3/a3 -1
 in VS and VS-

VP; by (1-d) in VE-P; and by 1+G8/GφGd�εpl   in VE-VP. In VS and its derivative VS-VP, for a 
constant damage (c�=0), the crack length c affects the shear modulus G but also the viscous 
characteristic times. To our knowledge, this effect has not been experimentally demonstrated. In the 
VE-P, VE-VP and VDT-P models, the damage d only affects the instantaneous elastic moduli. Since 
M1 shows a pressure-dependence for the initial elastic properties, the authors recommend 
implementing damage also for the isotropic part of the constitutive law. This will enable pre-damage 
evolution to be tracked, as it is in the VDT-P model. 

The extensive experimental study of M1 and M2 have showed that damage develops (late for M2) 
and that its nature is strongly anisotropic for M1. It therefore seems inevitable to incorporate induced 
anisotropy into future models to reproduce complex stress states and especially the effectivity of the 
damage seen on M1. Only SCRAM, E-VP and VDT-P described induced anisotropic damage.  

The question of the damage evolution law is still open. Two regimes are distinguished (one in 
extension, the other in compression) in SCRAM, VS-VP and VDT-P by the Heaviside functions of the 
normal stress, the mean stress and the elastic volumetric strain, respectively. The variable driving 
damage in the models with/without anisotropic damage is either the cumulative plastic strain (VE-VP), 
the equivalent stress (VS) or the largest positive strain (VE-P, VDT-P). The experimental study of M1 
is favorable to damage controlled by positive strain and pressure. As regards the behavior of M2, it is 
not possible to draw conclusions without experimental measurement of damage close to the peak 
stress. It should be pointed out that since the strain of pressed explosives remains low (quasi-brittle 
materials), the difficult problem of the rotation of anisotropy axes does not have to be treated. The 
effectivity of the damage, observed on M1, is treated in SCRAM, VS-VP and VDT-P. In VDT-P, the 
effectivity functions are related to the strain to satisfy thermomechanical considerations, but no 
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experimental evidence justifies this. SCRAM and VS-VP generate a unilateral effect by using 
Heaviside functions of normal and mean stress respectively. Unfortunately, dealing with anisotropic 
damage prevents the characterization of the contribution of each microcracks system (each system is 
orientated along a plane), the recorded macroscopic damage being the consequence of all of them. As 
long as the unified model is to be used below maximum stress, and for moderate localization of strain, 
research will have to follow micromechanical model conclusions.  

Cyclic tests on M1, M2 and PBX-9501 revealed irreversible strains after unloading. For some 
materials, the plasticity threshold appears to depend on pressure (M1, EDC-37), temperature (M1, M2 
only beyond the glass transition) and strain rate (M1). The initial yield stress of M1 is pressure- and 
strain rate-dependent, which is not the case for M2. 

Comparison between constitutive equations 10, 13, 19, 24 highlights that the damage affects 
plasticity in VS-VP and VE-P models while plasticity drives damage in VE-VP. There is no 
experimental data to allow any conclusions to be made. Our opinion is that for moderate loadings (low 
confinement and quasistatic strain rates), macroscopic loss of stiffness and irreversible strains are the 
consequence of microcracks nucleation, opening/closing, growth, and relative displacement and 
friction of the lips of cracks. However, Vial (2013) also demonstrated that plasticity occurs in the 
HMX crystals of the M1 composition when they are sheared under low confinement. Microstructural 
post-mortem characterizations are missing, which would enable separation of the contribution of 
microcracks and crystal plasticity to the irreversible strains. Several routes could be followed only 
involving damage (see, for example, the work of Bargellini et al. (2008) for concretes), plasticity, or 
both, as in all the models previously presented. In the latter, the loss of stiffness is related to damage 
and the irreversible strain to a “plasticity” mechanism. This is the case in VDT-P, friction of 
microcracks being incorporated through a plastic law and an effective stress tensor.  

A dilating plastic behavior has been demonstrated for M1 and is strongly suspected for M2. Yet 
only the VE-P, VE-VP, E-VP and VDT-P models describe a volumetric plasticity. In addition, the 
tests on M1 highlighted the need for a non-associated flow law, implemented in all models except 
SCRAM and VS. 

We have also shown that a combined isotropic and kinematic hardening, not present in any model, 
is necessary to model at least the behavior of M2.  

For the modelling of M1 (VE-P and VDT-P), failure (i.e.: maximum stress) and damage are totally 
dissociated. It has been experimentally demonstrated that damage depends on the loading history 
while failure depends only on the instantaneous stress and strain. One of the two failure criteria 
adopted for M1 is a function of the largest positive strain while the second takes account of the 
positive effective stress to describe the failure in tension states. These two failure modes have been 
favorably compared to multiaxial data in Picart and Pompon (2016). No failure criteria are presented 
in the other models. 

The preceding remarks do not enable a model to be selected for this class of energetic materials, 
particularly when they are subjected to complex loads. Our guidelines for the development of a unified 
model are therefore as follows: 

• The use of an additive decomposition of the strain into mechanisms rather than 
incorporating, for example, the plasticity as a new branch in a parallel Maxwell model 
(additivity of the viscous stresses).  

• Because it is probably the hardest task, a mechanism for loading-induced anisotropic 
damage must first be taken into account. The two models SCRAM and VDT-P can serve 
as a basis for future development. Damage evolution could be linked to penny-shaped 
microcrack nucleation, growth and friction using a mean field homogenization approach. 
Many rules have been reported above, the difficulty being their experimental verification 
at the microscale. The second route, as in VDT-P, is to use a macroscopic 
phenomenological description of the damage (and of its effectivity). We have observed a 
close relation between damage evolution and the total strain tensor (positive strain for 
example). An isotropic pre-damage and its evolution with at least the pressure is also 
required.  

• A linear viscoelasticity part for pressed PBXs (using a Maxwell’s-like approach for 
example), including a time-temperature equivalence which domain of validity must be 
accurately defined. 
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• Irreversible strains description requires a (visco)plastic mechanism. Using an effective 
stress will help to separate the damage effect from the plasticity effect. The plastic 
threshold could be, for example, of the Drucker-Prager’s type (pressure-dependent) but a 
non-associated flow rule must absolutely be proposed. 

• Isotropic hardening is usually stated, but data show that a kinematic hardening rule is 
required to model the plastic anisotropy which could develop during complex loadings. 
This mechanism is an evidence for M2, while an in-depth analysis of M1 data is required.   

• Multiaxial failure criteria could be separately proposed and implemented in the model to 
predict the ultimate loadings. These criteria must be calibrated on multiaxial tests at least, 
such as the one stated in section 3.10. For a pyrotechnic structure, such failures relate to 
the peak stresses rather than the failure stress. 

 
Since improving models is closely related to experiments, the investigation of the possible non-

linear viscoelasticity of such material is required. DMA measurements are made at low pressure. The 
question is to observe how the viscoelasticity evolves when the confinement, and thus the strain, 
increases.  

Monotonic curves being the consequence of many deformation mechanisms, these data give some 
guidelines but are unusable for improving models. Moreover, only a few non-uniaxial experiments 
were done. Loadings at constant deviatoric to mean stress ratios, torsion experiments, tension under 
confinement, or perfect triaxial experiments (principal stresses separately loaded) would help to a 
better understanding of these quasi-brittle materials. Also, different loading conditions must be mixed. 
Tension under confinement, uniaxial compression at different temperatures and strain rates or 
conventional triaxial experiments at different pressures and strain rates (see Vial 2013 for a first 
investigation) or temperatures could help to understand how the deformation mechanisms interact.  

Finally, the study of M1 and M2 showed several surprising effects: (1) thermal damage at low 
temperature, different from the ratchet growth phenomenon (based on the glass transition temperature) 
observed on PBX-9501 and PBX-9502; (2) a non-monotonic effect of pressure on the volumetric 
behavior and on the elastic moduli, notably between 5 and 10 MPa; (3) a possible size effect, already 
observed on concrete.  
 
6. Conclusion 

 
Ensuring the safety and reliability of pyrotechnic structures is obviously indispensable. Nowadays 

this is done by numerical simulations, and the various materials which make up the pyrotechnic 
structure must be accurately modelled. An exhaustive state of the art of quasistatic mechanical tests 
provided in the literature has been proposed for pressed HMX- and TATB-based PBXs. This analysis 
has shown that few experimental campaigns have been carried out on these materials (except for an 
HMX-based material, the explosive composition M1), resulting in many assumptions about their 
behavior. An exhaustive characterization of CEA M2 has been provided in this paper to fill the gap on 
TATB-based PBXs. This material shows strain rate-, temperature- and pressure-dependence, inelastic 
strain and a load-induced anisotropy.  

Since HMX- and TATB-based PBXs have similar macroscopic properties, a universal constitutive 
law is attainable for this class of materials. Although the mechanisms (elasticity, viscosity, damage, 
plasticity, etc.) implemented in this future law could be the same, each explosive composition would 
have its own set of parameters. Thus, a critical review of already proposed constitutive laws has been 
made. It has been shown that most of the models are poorly based on experimental facts, explaining 
the variety of assumptions made by their authors. Conversely, the constitutive laws proposed for M1 
enables the simulation of complex loading conditions. The additivity of deformation mechanisms is 
justified for PBXs, as is the use of a linear viscoelastic component. A rigorous confirmation of their 
time-to-temperature equivalence is still needed, as is an in-depth study of the viscoelasticity linearity 
at high stress levels. An anisotropic damage law is advised by the authors, mainly controlled by the 
positive strain and the pressure, with effectivity. But how effectivity is controlled remains an open 
question. SCRAM or VDT-P could serve as a basis for future developments. This paper shows that 
kinematic hardening must be introduced in the constitutive law, and the model proposed for M1 will 
therefore reconsider this observation. Lastly, the described experimental database has shown unusual 
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phenomena at low temperature or intermediate pressures, and this requires future work to understand 
the causes. 

The development of such a model will need a lot of internal variables, such as - at least - the elastic 
viscous stresses, dozens of damage variables depending on the spatial discretization of the unit sphere, 
and five variables per kinematic hardening mechanism. Such is the cost of yielding accurate finite 
element predictions of the thermomechanical response of these explosive compositions when 
subjected to complex loading paths.  
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Highlights 

• A literature review is proposed about (1) the constitutive laws devoted to HMX- and TATB-
based PBXs and (2) the few data used to fit the parameters. 
 

• An exhaustive database (with an in-depth description of each experiments) obtained on a 
TATB-based PBX is detailed. 
 

• Mix with already published data on PBXs, the latter database gives the opportunity to draw the 
characteristic behavior of pressed plastic-bonded explosives. 
 

• It highlights the mechanisms needed in future unified constitutive laws for this class of 
materials. 
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