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Abstract: In order to analyse the effects of launch on the internal structure due to 
launch and given the relative paucity of experimental tests in this regime numerical 
simulations are an important method of prediction. Viscoelastic statistical crack 
mechanics offer a solution to the dynamic damage problems of explosives involved 
in explosion, impact and collision. Most finite element software does not include a 
viscoelastic statistical crack constitutive model; the model can only be embedded 
in the finite element software. Therefore, a computer program based on the finite 
volume method combined with viscoelastic statistical crack mechanics is presented, 
aiming to analyze the explosion problems more precisely and conveniently. 
A combustion equation of state is proposed to study the combustion reaction of 
explosives; the trends of temperature and stress of explosive during the combustion 
process are studied; Hot spot zones formed inside explosives are analyzed. The 
results are in accordance with the reaction law of combustion. The results indicate 
that when the bottom of the explosive charge is heated to a certain temperature, 
the explosive charge have a combustion reaction occurs. This conclusion has 
important value for studying the effect of the base gap on the launch safety of 
explosive munitions.
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Abbreviations
EOS	 Equation of state
FEM	 Finite Element Method
FVM	 Finite Volume Method
Visco-SCRAM	 Viscoelastic Statistical Crack Mechanics

1	 Introduction

The detonation of explosives is a very complicated process. As there is a paucity 
of experimental tests, numerical simulations are important for analyzing the 
detonations of explosives [1-5].The dynamic responses of explosives subjected 
to non-impact loads are very complex. A wide-pulse, low-amplitude load 
can be classified as a non-impact load, and its strength is relatively weak. 
Owing to the high risks from energetic materials, there are three main types of 
theoretical methods for analyzing the safety of energetic materials: macroscopic 
phenomenology, microscopic analysis, and macroscopic and microscopic 
combinations. The macroscopic phenomenology method is most widely used to 
study strong impact initiations [6-10]. The method can phenomenally describe the 
process of impact ignition; however, it does not describe the hot spot formation 
mechanism, and is not applicable to non-impact loads with low velocity and 
low pressure. The microscopic analysis method regards a macroscopic system 
as a set of several microscopic systems, and analyzes them as a whole. This 
method needs to be further explored and developed using theoretical methods 
and computing techniques. The macroscopic and microscopic combination 
method combines the macroscopic analysis and microscopic hot spot model, and 
performs an equivalent analysis based on a statistical method. A representative 
model using this method is the statistical crack mechanics (SCRAM) model 
proposed by Dienes and Kershner [11]. SCRAM is a representative constitutive 
model for studying the damage from energetic materials. Dienes  et  al.  [12] 
performed many experiments on polymer-bonded explosives (PBXs), and 
gradually improved the SCRAM model. Addessio and Johnson [13] established 
an isotropic statistical crack mechanics model based on the SCRAM model; 
more specifically, they established an isotropic statistical mesoscopic damage 
constitutive model. Based on SCRAM and iso-SCRAM models, Bennett and 
Butler [14] established a thermo-force coupling model denoted “Viscoelastic 
Statistical Crack Mechanics” (Visco-SCRAM), which has mainly been used to 
study the non-impact ignition of the PBX9501 explosive [15-23]. Visco-SCRAM 
is a relatively complete constitutive model, and includes not only a microscopic 
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constitutive model for describing microcrack propagation, but also ignition and 
combustion models with chemical reactions.

The SCRAM model has been constantly developed and improved. Foreign 
researchers have embedded the model into finite element software packages 
such as DYNA3D, MESA, HYDROX, PRONTO, and ABAQUS to simulate 
typical problems such as impacts or impact detonations [11-12, 24]. Sun [25] 
embedded the Visco-SCRAM model into LS-DYNA software, the mechanical 
response, damage response and temperature rise response of PBX explosive in 
the process of three-way compression, motion in the chamber and penetration 
are studied. Zhang et al. [26] improved the Visco-SCRAM model, and embedded 
the improved model into the finite element software to simulate a plate impact 
experiment for a PBX. Therefore, most research has been based on embedding 
the Visco-SCRAM model into the finite element software for dynamic response 
analyses of explosives, and has only considered a single stage of explosive 
reaction, such as ignition, combustion, or detonation. No numerical method has 
been established for analyzing the entire reaction process of explosives based 
on the Visco-SCRAM model.

Finite volume method (FVM) is widely used in the field of computational 
fluid dynamics [27-32]. Compared with the finite element method (FEM) [33, 34], 
the FVM has clear physical significance, a simple and discrete process, easy 
programming, and is suitable for solving complex boundary problems. Moreover, 
an FVM using an explicit integral algorithm is more suitable for solving highly 
nonlinear problems such as explosions, impacts, and collisions. At present, few 
studies have applied the FVM to solve nonlinear dynamics problems such as 
explosions and impacts. Therefore, an FVM combined with the Visco-SCRAM 
model is proposed in this study, aiming to establish a relatively complete 
numerical method for analyzing the dynamic responses of energetic materials 
subjected to a wide-pulse and low-amplitude load. This research provides certain 
innovations, as discussed below.

2	 FVM

2.1	 Discretization equation of FVM
The basic assumptions of continuum mechanics indicate that the continuum 
should satisfy the conservations of mass, momentum, and energy. The FVM 
is a conservative governing equation. FVM automatically satisfies the mass 
conservation equation. In addition, the momentum conservation equation is 
discretized, and the energy conservation equation is updated. 
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The FVM, like the finite element method, discretizes the solution domain 
and divides it into grids. The key step of the FVM comprises integrating the 
differential equation in the control volume and deducing its discrete equation. 
The physical meaning of this discrete equation is the flux balance of the control 
volume, and each term of the equations has a definite physical meaning.

A two-dimensional unstructured grid is shown in Figure 1. The solid line 
divides the solution domain into a triangular mesh. The control volume is formed 
by connecting the center of gravity and midpoints of each side of the triangular 
mesh. The closed polygon enclosed by the dashed line is the control volume and 
P is the center of the control volume.

Figure 1.	 Control volume

The expression for integrating the momentum conservation equation into 
the control volume is as follows:
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where üi (i = 1, 2, 3) denotes the displacement component of the control volume, 
and üi is a constant in the control volume. When all the control volumes satisfy 
Equation 1, then momentum is conserved throughout the domain. If the body 
force is ignored and the volume integral is converted into a surface integral by 
Gaussian integration, Equation 1 can be rewritten as follows:
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2𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐 = 3 �𝑐𝑐𝑐𝑐
𝑎𝑎𝑎𝑎
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𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖             (16) 

� (2)

where nj (j = 1, 2, 3) denotes the component of the outward normal vector (n) 
of the control volume surface (S). To calculate the integral on the right side of 
Equation 2, it is necessary to assume the distribution of stress in the grid. For 
the two-dimensional grid shown in Figure 1, we assume that the stresses in the 
triangular mesh are constant, and that the stress on the boundary of the control 
volume is also constant. Thus, the right side of Equation 2 is as follows:
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∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿 = ∫ 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿 − 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (i = 1, 2)        (3) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿             (4) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿             (5) 
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2𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐 = 3 �𝑐𝑐𝑐𝑐
𝑎𝑎𝑎𝑎
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𝑎𝑎𝑎𝑎
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𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖             (16) 

� (3)

where nj (j = 1, 2) denotes the outward normal vector of curve (L), and L is 
the boundary of the control volume. Finally, the two-dimensional equilibrium 
equations for the control volume are as follows:
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u dV b dV
x
σ

ρ ρ
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= +  ∂ 
∫ ∫              (1) 

i ij jV S
u dV n dSρ σ=∫ ∫                (2) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿 = ∫ 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿 − 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (i = 1, 2)        (3) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿             (4) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿             (5) 
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𝑎𝑎𝑎𝑎
�
2 𝑐𝑐𝑐𝑐̇
𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + �𝑐𝑐𝑐𝑐
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𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖             (16) 

� (4)
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u dV b dV
x
σ

ρ ρ
 ∂

= +  ∂ 
∫ ∫              (1) 

i ij jV S
u dV n dSρ σ=∫ ∫                (2) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿 = ∫ 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿 − 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (i = 1, 2)        (3) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿             (4) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿             (5) 
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where üx and üy denote the components of acceleration in each direction, and ρ 
denotes the density of the control volume.

For the two-dimensional grid shown in Figure 1, if the control volume 
centered on P is connected with m triangular meshes, the left side of Equation 
2 is as follows:

ij
i iV V

j

u dV b dV
x
σ

ρ ρ
 ∂

= +  ∂ 
∫ ∫              (1) 

i ij jV S
u dV n dSρ σ=∫ ∫                (2) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿 = ∫ 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿 − 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (i = 1, 2)        (3) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿             (4) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿             (5) 

1
=

3

m
i

i i n pV S
n

uu dV u dS S Mρ
ρ ρ

=

= = ∑∫ ∫


              (6) 

( ) ( ) ( ) ( )
3 3

1 1

p pn n

p xp xx p xy pn n n n L
n n

M u a b Xdlσ σ
= =

= − +∑ ∑ ∫          (7) 

( ) ( ) ( ) ( )
3 3

1 1

p pn n

p yp xy p yy pn n n n
n n

M u a bσ σ
= =

= −∑ ∑
p
Ydl+∫         (8) 

( )
0.5MPa/m 1s

0 1s
- t

P t
t
≤

=  >
              (9) 

2e e
ij ijS Ge=                  (10a) 

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣 = 2𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣                  (10b) 

𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 2𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 −
𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝜏𝜏𝜏𝜏
                (10c) 

( )

1

N
ve ve n
ij ij

n
S S

=

= ∑                 (10d) 

( )

1

N
n

n
τ τ

=

= ∑                 (10e) 

( )

1

N
n

n
G G

=

= ∑                 (10f) 

𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = ∑ �2𝐺𝐺𝐺𝐺(𝑛𝑛𝑛𝑛)𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 −
𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(𝑛𝑛𝑛𝑛)

𝜏𝜏𝜏𝜏(𝑛𝑛𝑛𝑛) �
𝑁𝑁𝑁𝑁
𝑛𝑛𝑛𝑛𝑛𝑛             (11) 

𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(𝑛𝑛𝑛𝑛) = 2𝐺𝐺𝐺𝐺(𝑛𝑛𝑛𝑛)𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 −

𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(𝑛𝑛𝑛𝑛)

𝜏𝜏𝜏𝜏(𝑛𝑛𝑛𝑛)
              (12) 

3c e
y ije c Sβ=                 (13) 

0 3

12 eG AN
a

= ≡β                (14) 

32 ( )c
ij ij

cGe S
a

=                 (15) 

2𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐 = 3 �𝑐𝑐𝑐𝑐
𝑎𝑎𝑎𝑎
�
2 𝑐𝑐𝑐𝑐̇
𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + �𝑐𝑐𝑐𝑐

𝑎𝑎𝑎𝑎
�
3
𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖             (16) 

� (6)

where Sn is the area of each triangular grid connected to the center P of the 
control volume.

The detailed discrete process of the FVM is provided in extant studies [35]. 
The final discrete equations are as follows:
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where Mp denotes the mass of the control volume centered on node P, and üxp 
and üyp denote the acceleration components of node P in the x and y directions, 
respectively. Furthermore, np3 denotes the total number of triangular elements 
associated with node P. Additionally, X̄ and Ȳ denote the densities of the external 
forces on the surface in the x and y directions, respectively, and (ap)n and (bp)n 
are coefficients of the control volume centered on node P.

2.2	 Solving FVM
The discrete equation obtained above is coupled with the constitutive equation, 
state equation, etc., and the quantities of each state are connected. The detailed 
calculation process is shown in Figure 2.

Figure 2.	 Calculation flow chart
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2.3	Comparative verification of FVM and FEM
To verify the accuracy of the FVM proposed in this study, the calculation results 
of the FVM and FEM are compared and analyzed based on an example. Taking 
a two-dimensional thin steel plate as an example, the calculation model of the 
thin steel plate is 1×0.02 m, and the two ends of the steel plate are fixed ends, 
as shown in Figure 3. The mesh is divided along the length and thickness of the 
steel plate. They are divided into 500 along the length direction and 10 along the 
thickness direction, which are divided into triangular elements. The plate surface 
is subjected to a uniformly distributed load as shown in Equation 9.

Figure 3.	 Calculation model for thin steel plate

� �
–0.5 MPa/m 1s

0 1s

t
P t

t
��

� � ��
� (9)

The constitutive model of the steel plate is an elastic-plastic strength model. 
The material parameters of the constitutive model are as follows:
‒	 the density is 7830 kg·m‒3,
‒	 elasticity modulus is 2.07 × 1011 Pa,
‒	 tangent modulus is 5.0 × 109 Pa,
‒	 yield stress is 4.0 × 108 Pa, and
‒	 Poisson’s ratio is 0.3. 
The values of the material parameters are obtained from the material library of 
AUTODYN. The transient dynamic response of the plate is calculated.

The finite element method has been widely accepted for solving the transient 
dynamic response problems of steel plates subjected to pressure loads, and the 
calculation accuracy is high. Therefore, it is feasible to compare the calculation 
results of the FVM and finite element method in this study.

The FVM and LS-DYNA are used to calculate the transient dynamic 
response of the steel plate subjected to a pressure load. The results of the two 
methods are compared, and the time-history curves of the displacement and stress 
of the model at points A, B and C are shown in Figures 4 and 5.
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Figure 4.	 Comparison diagram of displacement between FEM and FVM at 

points: A (a), B (b) and C (c)
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Figure 5.	 Comparison diagram of stress between FEM and FVM at points: 

A (a), B (b) and C (c)

The results show that the results of the FVM are basically consistent 
with those of the finite element method. The utility of the FVM is therefore 
demonstrated in the relatively simple scenario. Near the extreme value of the 
stress, the results of FVM show a small numerical oscillation; On the one hand, 
due to the difference between the explicit algorithm and the implicit algorithm, 
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the total number of calculation steps of the explicit algorithm is much more than 
that of the implicit algorithm, so it shows more details than the implicit algorithm; 
On the other hand, the stress propagates in the structure in the form of waves, 
when the structure is subjected to similar impact loads, the physical quantities 
such as stress will also change suddenly, which may cause the discontinuity 
of the physical quantities on both sides of the wave front, thus the solution of 
differential equations brings instability.

3	 Visco-SCRAM Model

Visco-SCRAM is a relatively complete constitutive model. It includes not only 
a microscopic constitutive model for describing microcrack propagation, but also 
ignition and combustion models with chemical reactions. The specific theory 
of this model is provided in extant studies [13, 36]. Therefore, only a summary 
is provided here.

A viscoelastic body consists of a series of viscous and elastic elements, The 
deviatoric stress of the viscous element is the same as that of the elastic element, 
and both are equal to the deviatoric stress of Maxwell body. The sum of the 
deviator strain of elastic element and viscous element is the deviator strain of 
viscoelastic body. In Maxwell’s viscoelastic body model, the relation between 
deviator stress and deviator strain of elastic element is 
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The generalized viscoelastic body is generally composed of N viscoelastic 
elements. The generalized viscoelastic body has the same deviator strain rate as 
each viscoelastic body, and the generalized viscoelastic body has the sum of the 
deviator stresses of N viscoelastic elements, that is
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where, a is initial crack size, the relationship between partial strain and crack 
radius is as follows:
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And the relationship between the partial strain rate and the crack radius is 
as follows:

ij
i iV V

j

u dV b dV
x
σ

ρ ρ
 ∂

= +  ∂ 
∫ ∫              (1) 

i ij jV S
u dV n dSρ σ=∫ ∫                (2) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿 = ∫ 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿 − 𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (i = 1, 2)        (3) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿             (4) 

∫ 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 = ∫ 𝜎𝜎𝜎𝜎𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿             (5) 

1
=

3

m
i

i i n pV S
n

uu dV u dS S Mρ
ρ ρ

=

= = ∑∫ ∫


              (6) 

( ) ( ) ( ) ( )
3 3

1 1

p pn n

p xp xx p xy pn n n n L
n n

M u a b Xdlσ σ
= =

= − +∑ ∑ ∫          (7) 

( ) ( ) ( ) ( )
3 3

1 1

p pn n

p yp xy p yy pn n n n
n n

M u a bσ σ
= =

= −∑ ∑
p
Ydl+∫         (8) 

( )
0.5MPa/m 1s

0 1s
- t

P t
t
≤

=  >
              (9) 

2e e
ij ijS Ge=                  (10a) 

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣 = 2𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣                  (10b) 

𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 2𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 −
𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝜏𝜏𝜏𝜏
                (10c) 

( )

1

N
ve ve n
ij ij

n
S S

=

= ∑                 (10d) 

( )

1

N
n

n
τ τ

=

= ∑                 (10e) 

( )

1

N
n

n
G G

=

= ∑                 (10f) 

𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = ∑ �2𝐺𝐺𝐺𝐺(𝑛𝑛𝑛𝑛)𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 −
𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(𝑛𝑛𝑛𝑛)

𝜏𝜏𝜏𝜏(𝑛𝑛𝑛𝑛) �
𝑁𝑁𝑁𝑁
𝑛𝑛𝑛𝑛𝑛𝑛             (11) 

𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(𝑛𝑛𝑛𝑛) = 2𝐺𝐺𝐺𝐺(𝑛𝑛𝑛𝑛)𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 −

𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(𝑛𝑛𝑛𝑛)

𝜏𝜏𝜏𝜏(𝑛𝑛𝑛𝑛)
              (12) 

3c e
y ije c Sβ=                 (13) 

0 3

12 eG AN
a

= ≡β                (14) 

32 ( )c
ij ij

cGe S
a

=                 (15) 

2𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐 = 3 �𝑐𝑐𝑐𝑐
𝑎𝑎𝑎𝑎
�
2 𝑐𝑐𝑐𝑐̇
𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + �𝑐𝑐𝑐𝑐

𝑎𝑎𝑎𝑎
�
3
𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖             (16) � (16)

where ċ is crack speed. Dienes described the evolution and growth of cracks; it 
is assumed that the crack growth rate is related to the stress intensity factor. The 
crack growth can be expressed as follows:
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where σeff is equivalent stress:
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In the generalized viscoelastic statistical crack model, the deviatoric stress 
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where Sij denotes the deviatoric stress, G denotes the shear modulus of the elastic 
element, Sij

(n) denotes the deviatoric stress of the nth viscoelastic body, τ(n) denotes 
the relaxation time of the nth viscoelastic body, c denotes the mean crack radius, 
ċ denotes the crack growth rate, and a denotes an initial parameter. The deviatoric 
stress rate of each viscoelastic element is as follows:
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, G(n) denotes the shear modulus of the n-th elastic body. 
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4	 Macroscopic Volume Heating Model of a Viscoelastic 
Statistical Cracked Body

The thermodynamic equation introduced in this study to calculate the temperature 
of energetic materials is from the macroscopic volume heating model. This 
model includes mechanical terms that describe the viscosity, crack damage, and 
adiabatic volume changes, along with a chemical thermal decomposition term. 
The chemical thermal decomposition is described by the Arrhenius first-order 
reaction kinetics model. During non-impact ignition, the time and space scales 
of heat conduction of macroscopic continuum in each unit of energetic material 
is relatively large, they are generally much larger than those of other heating 
mechanisms. Therefore, the heat conduction term can be ignored for the entire 
heat change during the non-impact ignition [37]. Therefore, the temperature 
variation equation with respect to time can be simplified as follows:

𝑐𝑐𝑐𝑐𝑐 = 𝜈𝜈𝜈𝜈 � 𝐾𝐾𝐾𝐾
𝐾𝐾𝐾𝐾1
�
𝑚𝑚𝑚𝑚

𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐾𝐾𝐾𝐾 < 𝐾𝐾𝐾𝐾 ′

𝑐𝑐𝑐𝑐𝑐 = 𝜈𝜈𝜈𝜈 �1 − �𝐾𝐾𝐾𝐾0
𝐾𝐾𝐾𝐾
�
2
�
𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝐾𝐾 𝐾 𝐾𝐾𝐾𝐾 ′
            (17) 

0

1

1 0

21

21 1
2

m

K K
m

mK K
m

 ′ = +  
 

   = + +      
              

(18) 

2 3
2eff ij ijK c c S Sπ σ π= ⋅ ⋅ = ⋅ ⋅             

 

(19) 

3
2eff ij ijS Sσ =                

 

(19a) 

ve c
ij ij ije e e= +  

                                         

(20) 

             (21) 

𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
(𝑛𝑛𝑛𝑛) = 2𝐺𝐺𝐺𝐺(𝑛𝑛𝑛𝑛)𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 −

𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
(𝑛𝑛𝑛𝑛)

𝜏𝜏𝜏𝜏(𝑛𝑛𝑛𝑛) −
𝐺𝐺𝐺𝐺(𝑛𝑛𝑛𝑛)

𝐺𝐺𝐺𝐺
�3 �𝑐𝑐𝑐𝑐

𝑎𝑎𝑎𝑎
�
2 𝑐𝑐𝑐𝑐̇
𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + �𝑐𝑐𝑐𝑐

𝑎𝑎𝑎𝑎
�
3
𝑑̇𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�       (22) 

( )

1

N
n

n
G G

=

= ∑   

𝑇̇𝑇𝑇𝑇 = −𝛾𝛾𝛾𝛾𝑇𝑇𝑇𝑇𝜀𝜀𝜀𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝐼𝐼𝐼𝐼
𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑉𝑉𝑉𝑉

�𝑊̇𝑊𝑊𝑊𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 + 𝑊̇𝑊𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� + 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉
𝑍𝑍𝑍𝑍 𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒 �− 𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
�        (23) 

(n) (n)N N
ij ij(n) ve

ve ij ij (n) (n)
n=1 n=1

S S
W = S e =

2G t∑ ∑               (24) 

2 31 3
2

cr
cr ij ij ij ij ij ij

c c cW = S e S S S S
G a a a
    = +    
     

             (25) 

          (26) 

F(t) = 400 × 106 × sin(2.0π/200 × 10‒6 × t) [Pa·m‒1] (0 ≤ t ≤ 100 μs)    (27) 

( ) / ( )melt ignition meltF T T T T= − −              (28) 

P = P1 + P2F                (29) 

2 3/ 1 ( ) / ( ) / ( ) / ...PV RT B T V C T V D T V= + + + +          (30) 

2/ 1 ( ) / ( ) / ...PV nRT B T V nC T V= + + +            (31) 

( )
2

( )
1

3

2 3( )

1 ( )

ij

nN

ij ijn
n

ij

S c cGe S
a aS c

a

=

− −
=

+

∑ 


 τ

1 2

1 2

(1 )e (1 )eR V R Vw w wEp A B
RV R V V

− −= − + − +

� (23)

where T denotes the temperature, γ denotes the Gruneisen coefficient, CV denotes 
the constant-volume specific heat, W·

ve denotes the vicious power, W·
cr denotes 

the crack damage power, and ΔH, EA, and Z denote the unit mass decomposition 
heat, activation energy, and preexponential factor of the thermal decomposition 
reaction of the energetic materials, respectively. The variables correspond to 
each other as follows:
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The temperature change of the viscoelastic statistical cracked materials 
in an element is described in Equation 23. All of the variables in the equation, 
with the exception of the temperature, can be solved for using the viscoelastic 
statistical crack model. Therefore, this equation can be regarded as an ordinary 
differential equation with respect to the temperature, and the temperature of an 
element can be obtained by integration with respect to time.
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5	 Analysis of Ignition Performance of Explosive

In this section, an example is used to study the ignition performance of explosives 
subjected to a low-amplitude and wide-pulse load. Based on the FVM, the ignition 
temperature and critical non-impact load of the explosive are studied using the 
Visco-SCRAM model and Jones-Wilkins-Lee (JWL) equation of state (EOS). 
The JWL EOS is as follows:
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where A, B, R1, R2, and w denote the material parameters, p denotes the 
pressure, E denotes the internal energy per unit initial volume, and V denotes 
the relative volume.

Figure 6.	 Calculation model

The explosive model is shown in Figure 6. The explosive model is an 
axisymmetric model, where the X-axis is the symmetry axis. The total length of 
the axis of symmetry is 40 cm, and the maximum radius of the model is 8 cm. 
The load is applied at the far-right side of the model (bottom of the explosive, 
x = 400 mm), the far-left side of the model is a free boundary, and the X-axis is 
a symmetric boundary condition (UY = 0). The explosive model is divided into 
4574 triangular elements and 2408 nodes.

The PBX9501 explosive was used in this study. The relevant parameters 
of the PBX9501 explosive are provided in extant studies [38]. The viscoelastic 
parameters, statistical crack parameters, relaxation parameters, and 
thermodynamic parameters of the PBX9501 explosive are provided in Tables 
1 to 5 [38].
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Table 1.	 Viscoelasticity parameters (G(1) denotes the shear modulus of the 
1st elastic element, G(2) denotes the shear modulus of the 2nd elastic 
element, and the series continues)

G(1) [Pa] G(2) [Pa] G(3) [Pa] G(4) [Pa] G(5) [Pa]
0.944 × 108 1.738 × 108 5.212 × 108 9.085 × 108 6.875 × 108

Table 2.	 Crack parameters of the explosive (v denotes the Poisson’s ratio, 
m denotes the factor of the crack speed growth, c0 denotes the mean 
initial crack radius, a denotes the initial model parameter, vmax denotes 
the terminal crack speed, and K0 denotes the fracture toughness)

v M c0 [m] a [m] νmax [m·s‒1] K0 [Pa·m1/2]
0.3 10 0.00003 0.001 300 5 × 105

Table 3.	 Thermodynamic parameters of the explosive (ki denotes the thermal 
conductivity, CV denotes the heat capacity at constant volume, 
ρ denotes the density, ∆H denotes the heat of reaction per unit 
mass for chemical decomposition, Z denotes the preexponential 
factor, EA denotes the activation energy, and R denotes the universal 
gas constant)

ki
[W·m‒1·K‒1]

CV
[J·kg‒1·K‒1]

ρ
[kg·m‒3]

∆H
[J·kg‒1]

Z
[m·s‒1]

EA/R
[K]

0.5 1200 1810 5.5 × 106 5 × 109 2.652 × 104

Table 4.	 Relaxation parameters (τ denotes the relaxation time)
1/τ(1) [s] 1/τ(2) [s] 1/τ(3) [s] 1/τ(4) [s] 1/τ(5) [s]

0 7.32 × 103 7.32 × 104 7.32 × 105 2.00 × 106

Table 5.	 Material parameters of the EOS [39]
A [Mbar] B [Mbar] R1 R2 w

7.781 × 102 ‒5.031 × 10‒2 11.3 1.13 0.8938

The pressure load applied at the far-right side of the model (bottom of the 
explosive, x = 400 mm), and it is a sinusoidal load, as follows:

F(t) = 400 × 106 × sin(2.0π/200 × 10‒6 × t) [Pa·m‒1] (0 ≤ t ≤ 100 μs)� (27)

The initial temperature at the bottom of the explosive is set to 300 and, 400 K 
respectively, and the temperature of the other parts of the explosive model is set 
to 300 K. Based on the FVM, the time histories of the temperature and stress 
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of the explosive subjected to the load are calculated by the computer program 
developed in this study. The ignition performance of the explosive model is 
discussed. The results are shown in Figures 7 and 8. 
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Figure 7.	 Time history curve of stress at bottom of explosive (a) and time 

history curve of temperature at bottom of explosive (b), both for 
the initial temperature at the bottom of the explosive of 300 K
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Figure 8.	 Time history curve of stress at bottom of explosive (a) and time 

history curve of temperature at bottom of explosive (b), both for 
the initial temperature at the bottom of the explosive of 400 K

It can be seen from Figure 7(a) that when the time is 5 ms, the maximum 
stress value of the explosive is approximately 350 MPa, and this maximum 
appears at the bottom of the explosive. Figure 7(b) shows that the highest 
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temperature at the bottom of explosive is about 540 K, it is far less than the 
ignition temperature of the explosive.

It can be seen from Figure 8(a) that when the time is 5 ms, the maximum 
stress value of the explosive is approximately 350 MPa, and this maximum 
appears at the bottom of the explosive. In Figure 8(b), when the calculation time 
is before 9 mm, the temperature of the explosive increases slowly, and the time 
history curve of the explosive tends to be stable. When the calculation time is 
close to 10 ms, the temperature suddenly increases sharply, and the value of the 
temperature increases infinitely. Based on the chemical kinetic Arrhenius equation 
used in this study, the ignition temperature criterion is dT/dt → ∞ [39], indicating 
that the temperature at the bottom of the explosive has reached the ignition 
temperature, and thus the explosive is ignited. In addition, the temperature time-
history curve in Figure 8 shows that when the temperature suddenly increases 
sharply, the temperature of the explosive is between 750 and 800 K, indicating 
that the ignition temperature of the explosive is between 750 and 800 K.

6	 Validation of the Results

Relatively little research has been conducted on the ignition performances of 
explosives subjected to pressure loads based on Visco-SCRAM. No relevant test 
results have yet been verified. To prove the correctness of the method proposed 
in this study, the results in Figure 8(b) in this study are compared with those 
from existing research for verification [37].
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Figure 9.	 Comparison of temperature variation: results of the existing research 

[13] and results of this study in Figure 8(b) (b)

Zhao [37] calculated the thermal and mechanical responses of PBX-9501 
samples using shear drilling tests. The finite element model of the shear drilling 
test is shown in Figure 4.7 in Zhao’s study [37]. The length of the impact and 
input bars was 25 cm. The length of the output bar was 1.55 cm, and the diameter 
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of the bar was 1.27 cm. The fixator, impact bar, input bar, and output bar were 
divided by a Lagrange grid, and the explosive samples were divided by a pure 
Euler grid. A fluid-solid coupling algorithm was used to create the interactions 
between the two materials described by two types of grids. In the calculation 
model, the input bar, output bar, and sample clamps were 350-Magens steel, and 
were described by the elastic-plastic material model. The sample of the PBX-9501 
explosive was described by the Visco-SCRAM model, and the constitutive model 
subroutine was embedded into LS-DYNA software to simulate the dynamic shear 
drilling test of the PBX-9501 explosive. When the impact bar hit the input bar 
at 26 m·s‒1, the time-history variations of the internal pressure, strain rate, and 
temperature of the explosive were analyzed, and the ignition of the explosive 
subjected to the impact velocity was studied. The temperature time-history curve 
from Sihai’s study is shown in Figure 9(a).

The temperature time-history curve from this study is shown in Figure 
9(b). As the explosive model, loading mode, and loading intensity investigated 
in this study are different from the problems studied in the existing research, 
the variation laws of the temperature are different. However, the explosive both 
are PBX-9501, so the ignition performances of the explosives are the same. 
Therefore, it is feasible to compare the results of the two methods regarding the 
ignition performance of explosives.

The conclusion in the existing research [37] is that the ignition temperature 
of the explosive, i.e. approximately 784 K. In this study, the result is that the 
ignition temperature of the explosive is between 750 and 800 K. The results of 
the two methods are basically consistent. Therefore, the correctness of the method 
in this study was further verified.

7	 Analysis of Combustion Reaction of Explosive

7.1	 Mixed combustion EOS
The combustion reaction of the explosives is studied in this section. A reasonable 
EOS is the key to accurately describing the combustion reaction of explosives. 
A mixed combustion EOS is generally used to describe the combustion reaction 
of an explosive. The combustion reaction of the explosive is in a two-phase state. 
The temperature of the explosive is used as the criterion. When the temperature 
of the explosive is less than or equal to the melting temperature of the explosive, 
i.e. T ≤ Tmelt, it means that no chemical reaction has occurred in the explosive, 
and that the explosive is in the solid phase. The solid JWL EOS is adopted in 
this stage. When the temperature of the explosive is greater than or equal to the 
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ignition temperature of the explosive, i.e. T ≥ Tignition, it indicates that a chemical 
reaction has occurred in the explosive, and that the explosive is in the gas phase. 
The virial EOS is used in this stage. When the temperature of the explosive is 
between the melting temperature and ignition temperature, that is, Tmelt < T < 
Tignition, the explosive is in a two-phase state, and the EOS is a mixed EOS of the 
gas JWL and the virial EOS. The pressure calculation of the mixed state is based 
on the reaction degree of the explosive. The reaction degree of the explosive (F) 
is related to the temperature of the explosive. The reaction degree of the explosive 
is calculated as follows:
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where T denotes the current temperature of the explosive, Tmelt denotes the 
melting temperature of the explosive and Tignition denotes the ignition temperature 
of the explosive.

When the explosive is in a two-phase state, the JWL EOS is used to calculate 
the pressure of the current time step, denoted as P1. Simultaneously, the virial 
EOS is also used to calculate the pressure of the current time step, denoted as 
P2. Equation 28 is used to calculate the reaction degree of the current time step. 
The pressure of the current time step in the two-phase state is as follows:

P = P1 + P2F� (29)

where P denotes the pressure of the current time step in the two-phase state, 
and F denotes the reaction degree of the explosive. The JWL EOS is given by 
Equation 26. The virial EOS can accurately establish the relationship between 
the parameters and intermolecular forces of the gases [40]. The virial EOS for 
1 molar gas is as follows:
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where V is the molar volume, P is the pressure, R is the universal gas constant, 
T is the temperature, and B, C, and D are parameters. The virial EOS for n molar 
gas is as follows:
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where n denotes the amount of the substance. It can be seen that Equations 
30 and 31 are related to the temperature-dependent quantities, such as B(T), 
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C(T), and D(T). These quantities are defined as the second virial coefficient, the 
third virial coefficient, the fourth Virial coefficient, etc. According to statistical 
mechanics, the virial coefficient is expressed by a molecule potential function. 
The physical meaning of the virial EOS is clear. The first term on the left side 
of the equation corresponds to the ideal gas EOS, the second term on the right 
side of the equation describes the interaction between the two molecules, the 
third term on the right side of the equation considers the interactions between the 
three molecules, and so on. The detailed theory of the virial EOS can be found 
in extant studies [40]. The calculation process for the combustion reaction of 
the explosive is shown in Figure 10.

Figure 10.	 Flowchart for combustion reaction of explosive
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7.2	 Numerical example 1
The mixed combustion EOS is used to study combustion reaction of the explosive. 
All the simulations presented in this section are performed with a FORTRAN-
based finite volume method. The explosive model is the same as the model 
introduced in the 5 section in this article, as shown in Figure 6. The PBX9501 
explosive is used in this section, the relevant parameters of the PBX9501 
explosive are provided in Tables 1 to 5. The pressure load shown in Equation 27 is 
applied at the far-right side of the model (bottom of the explosive, x = 400 mm). 

In order to study the combustion reaction of the explosive, the initial 
temperature of the bottom of the explosive model is set to 600 K, whereas the 
other parts are set to 300 K. The mixing EOS is used to calculate the pressure 
of the combustion process. Due to the Arrhenius equation used in this study, the 
ignition threshold criterion is dT/dt → ∞ pragmatically indicating a run0awa 
reaction [39]. When the explosive is ignited, the temperature increases 
indefinitely. However, the temperature after ignition is not calculated in this 
study; therefore, during the calculation, the temperature after ignition is set to 
3000 K. The results are shown in Figures 11-13.
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Figure 11.	 Pressure (a) and temperature (b) time-history curve at point A
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Figure 12.	 Pressure (a) and temperature (b) time-history curve at point B
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Figure 13.	 Pressure (a) and temperature (b) time-history curves at point C

In Figure 11, it can be seen that when the calculation time is approximately 
40 µs, the peak pressure of the bottom of the explosive suddenly rises to 2.3 GPa, 
the temperature increases sharply, and then the pressure gradually decreases. This 
indicates that the explosive has a combustion reaction. The time of combustion 
reaction is consistent from the pressure and temperature time-history curves, 
and the pressure time-history curve and pressure peak conform to the law of the 
combustion reaction of the explosive.

In Figure 12, the point B is the grid cell at the upper corner of the bottom 
of the explosive. The temperature time-history curve shows that the temperature 
increases sharply when the calculated time is approximately 20 µs. The pressure 
time-history curve shows that the peak pressure is 2 GPa, and then the pressure 
gradually decreases. This indicates that the grid cell at point B has a combustion 
reaction. Moreover, it can be seen that the time of combustion reaction at the 
corner grid cell in Figure 12 is approximately 20 µs, while the time of combustion 
reaction at the bottom grid cell in Figure 11 is approximately 40 µs. Because 
that the grid cell in Figure 12 is located at the upper corner of the bottom of 
the explosive, a stress concentration occurs in this grid cell, so the grid cell in 
Figure 12 first has a combustion reaction. 

In Figure 13, the temperature time-history curve shows that the temperature 
increases sharply when the calculated time is approximately 80 µs. The pressure 
time-history curve shows that the peak pressure of the grid cell at point C is 
2 GPa, and then the pressure gradually decreases. This indicates that the grid 
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cell at point C has a combustion reaction. From comparing Figures 12 and 13, 
it is observed that the time of combustion reaction at point B is 20 µs, while the 
time of combustion reaction at point C is 80 µs, it indicates that the pressure 
wave gradually propagates from the bottom of the explosive to the middle of 
the explosive. This, in turn, indicates that the propagation law conforms to the 
combustion reaction law of the explosives.

To further analyze the propagation law of combustion reaction, the 
temperature and pressure nephograms at different times are output, and the results 
are shown in Figures 14 and 15. In Figures 14 and 15, when the calculation time 
is 20 μs, it can be seen from the temperature nephograms that a “hot spot” area 
has clearly formed at the top corner of the bottom of the explosive (at point 
B), the “hot spot” area is the red area in Figure 14. The pressure nephograms 
show that the maximum value of the pressure occurs in the “hot spot” area, 
and maximum value of the pressure is 1.6 GPa; it indicates that the explosive 
undergoes a combustion reaction. As the grid cell at the top corner of the bottom 
of the explosive undergoes a stress concentration, the grid cell at the top corner of 
the bottom of the explosive first undergoes the combustion reaction. The results 
from the pressure and temperature nephograms are consistent with those from 
the time-history curve in Figure 12.

As the calculation time increases, when the calculation time is 140 μs, the 
temperature nephograms show that the “hot spot” area is expanding, the pressure 
nephograms show that the pressure wave has propagated to the middle of the 
explosive, the pressure peak is 3.2 GPa, it indicates that the combustion reaction 
propagates from the bottom of the explosive to the middle of the explosive. The 
results conform to the combustion reaction law of the explosive. 

7.3	 Numerical example 2
The explosive model is shown in Figure 16. The PBX9501 explosive is used in 
this example, the relevant parameters of the PBX9501 explosive are provided 
in Tables 1 to 5. The pressure load shown in Figure 17 is applied at the far-right 
side of the model (bottom of the explosive, x = 400 mm). 

Figure 16.	 The model of explosive
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Figure 17.	 Loading history used

In order to study the combustion reaction of the explosive, the initial 
temperature of the bottom of the explosive model is set to 520 K, whereas the 
other parts are set to 300 K. The mixing EOS is used to calculate the pressure 
of the combustion process. Because the chemical kinetic Arrhenius equation is 
used in this study, the ignition temperature criterion is dT/dt → ∞ [39]. When 
the explosive is ignited, the temperature increases indefinitely. However, the 
temperature after ignition is not calculated in this study; therefore, during the 
calculation, the temperature after ignition is set to 3000 K. The results are shown 
in Figures 18-20.
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Figure 18.	 Pressure (a) and temperature (b) time-history curve at point A
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Figure 19.	 Pressure (a) and temperature (b) time-history curve at point E
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Figure 20.	 Pressure (a) and temperature (b) time-history curve at point F
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Figure 21.	 Pressure time-history curve at different points

In Figure 18, it can be seen that when the calculation time is approximately 
100 µs, the peak pressure of the grid cell at point A suddenly rises to 2.2 GPa, then 
the pressure gradually decreases, the temperature increases sharply. In Figure 19, 
when the calculation time is approximately 90 µs, the peak pressure of the grid 
cell at point E suddenly rises to 1.4 GPa, then the pressure gradually decreases, 
the temperature increases sharply. In Figure 20, when the calculation time is 
approximately 110 µs, the peak pressure of the grid cell at point F suddenly rises 
to 2.2 GPa, and then the pressure gradually decreases, the temperature increases 
sharply. From Figures 18 to 20, the results indicate that the grid cell at points A, 
E, F undergoes a combustion reaction. The pressure and temperature time-history 
curves show that the combustion reaction time of the explosive is consistent, the 
trends of the pressure conform to the combustion reaction law of the explosive. 
Figure 21 shows the pressure time-history curve at different points A, B, C, D, 
the pressure peaks at different points are all above 2 GPa, it can be seen that the 
pressure wave is gradually propagating from the bottom of the explosive to the 
front of the explosive. It indicates that the combustion reaction propagates from 
the bottom of the explosive to the front of the explosive. The results conform to 
the combustion reaction law of the explosive. To further analyze the propagation 
law of combustion reaction, the temperature and pressure nephograms at different 
times are output, and the results are shown as Figures 22 and 23.
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In Figures 22 and 23, when the calculation time is 100 μs, it can be seen 
from the temperature nephograms that a “hot spot” area has clearly formed at 
the bottom of the explosive, the “hot spot” area is the red area in Figure 22. 
The pressure nephogram shows that the pressure peak at the “hot spot” area is 
2.0 GPa, it indicates that the combustion reaction takes place. 

As the calculation time increases, when the calculation time is 200 μs, the 
Figure 22(b) show that the “hot spot” area of temperature is expanding to the 
middle of the explosive, the Figure 23(b) show that the pressure wave is gradually 
propagating from the bottom of the explosive to the middle of the explosive. When 
the calculation time is 380 μs, the “hot spot” area of temperature is continuously 
spreading from the middle to the front of the explosive; the pressure wave is 
gradually propagating from the middle to the front of the explosive. The results 
are consistent with those from the time-history curve. It indicates that the results 
conform to the combustion reaction law of the explosive. 

In the two examples, the temperature at the bottom of explosive model is 
500 or 600 K, due to the high temperature at the bottom of the explosive, the 
bottom of explosive subjected the pressure load has a combustion reaction, and 
the combustion reaction propagates from the bottom of the explosive to the front 
of the explosive. However, when the temperature at the bottom of explosive 
model is 300 K, as shown in Figure 9, the explosive will not have a combustion 
reaction, the results indicate that when the bottom of the explosive is heated to 
a certain temperature, the bottom of the explosive subjected to pressure will 
have a combustion reaction. 

8	 Conclusions

♦	 A computer program based on the FVM and Visco-SCRAM is developed 
for describing the combustion reaction of the explosive. First, the ignition 
temperature of explosive is studied. The variation trends of the temperature 
and stress of explosive subjected to a pressure load are calculated. The results 
show that the ignition temperature of PBX9501 explosive is between 750 
and 800 K. The results are verified by comparing with that of extant studies. 
Second, the mixed combustion EOS is proposed to solve the combustion 
problem of explosives in this paper. The combustion reaction of the explosive 
subjected to the pressure load is studied. The results are consistent with the 
law of combustion reaction. In addition, it indicates that when the bottom of 
the explosive is heated to a certain temperature, the bottom of the explosive 
subjected to pressure will have a combustion reaction. This conclusion has 
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important value for studying the effect of base gap on the launch safety 
of explosive.

♦	 The finite volume method is successfully applied to the field of mechanics 
of explosion in this paper, this study can be applied to structural protection 
engineering, blasting engineering and explosive safety engineering, it has 
important theoretical and application value. However, the detonation of the 
explosives after combustion is not discussed in the two examples, it will be 
the focus of future research.
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