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Simulation of high explosive explosion using adaptive
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Abstract: Numerical simulation of high explosive explosion problems is a big
challenge to traditional numerical methods because explosion usually involves ex-
tremely large deformation and multi-material interaction of different phases. Re-
cently developed meshfree methods show much advantages over mesh-based method
for problems associated with very large deformation. Some of them have been
successfully applied to impact and explosion problems, such as smoothed particle
hydrodynamics (SPH). Similar to SPH, material point method (MPM) is an effi-
cient meshfree particle method solving continuum problems. With combination of
the advantages of Eulerian and Lagrangian methods, MPM is a promising numeri-
cal tool for solving large deformation problems, such as high explosive detonation
and consequent demolishment to the structures. A three dimensional MPM code,
MPM3DPP, is developed by using C++ programming language. With adaptive
particle splitting scheme proposed in this paper, MPM3DPP is capable of simulat-
ing different explosion problems. Johnson-Cook material model is implemented in
order to take strain rate effect and thermal softening effect into consideration. Mie-
Grüneisen equation of state is used to treat volumetric response of metal under high
pressure. Jones-Wilkins-Lee (JWL) equation of state is used for describing the ex-
pansion process of detonation products. Artificial viscosity is added to pressure
term to stabilize and capture the shock wave. The MPM3DPP code is validated
by simulating TNT slab detonation and shock tube problem, and then is used to
simulate different explosion problems including explosively driven flyer problem
and shaped charge problem. The computational results are in good agreement with
empirical formula and experimental results.
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1 Introduction

The explosion of high explosive generates extreme high pressure and leads to se-
vere interaction between gaseous products and surrounding materials in a very short
time range. Behavior of explosion is complicated and usually involves extreme
large deformation and multi-material interaction of different phases [[43]]. With
the development of computer hardware, numerical simulation plays more and more
important roles in engineering applications of high explosive. Shaped charges, for
example, have many useful applications in defense industry and in oil industry for
penetrating hard targets such as armor, tanks, rocks or concrete walls. There are
numerous parameters, such as liner thickness or cone angle, should be considered
in shaped charge design. Effective numerical simulation is useful in saving exper-
imental cost. However, the numerical simulation of high explosive detonation and
the product expansion is difficult for traditional numerical methods due to the shock
wave involved in detonation and extreme large deformation in consequent process.
Eulerian method avoids mesh distortion but additional effort have to be made to
track the interface and eliminate the numerical diffusion and dissipation. With
fixed mesh, Eulerian hydrocodes are capable of handling extreme large deforma-
tion involved in both detonation and jet formation process, and are extensively used
in shaped charge design [[19, 10]]. Specific material interface tracking technique,
such as level set method [[40]], fuzzy interface treatment [[32]], Youngs interface
reconstruction method [[27]], should be used to track the material interface in Eule-
rian methods. Leaving aside the mesh distortion problem, Lagrangian methods are
still attractive for their ability of simulating history dependent material and tracking
the material interface. However, traditional mesh-based Lagrangian method, such
as finite element method, suffered from mesh distortion and element entanglement.
Effort must be taken to design remeshing algorithm [[30]]. Arbitrary Lagrangian-
Eulerian (ALE) can be an alternative for high explosive simulation [[1]]. The major
numerical difficulty lies in ALE is designing an effective mesh moving algorithm
for a three-dimensional complicated material domain. Furthermore, the numerical
diffusion and dissipation are still exist in ALE method.
Recently developed meshless methods [[7, 20, 2]] show much advantages over
mesh-based method for problems associated with very large deformation. Some of
them have been successfully applied to impact and penetration problems [[18, 14]].
Smoothed particle hydrodynamics(SPH) has been used to simulate fragmentation
of cased explosives [[34]] and the detonation process of unlined shaped charge
[[21]]. It was shown that meshfree particle methods are very natural for such prob-
lems.
Material point method (MPM) [[37, 39]] is a particle method for solving continuum
problems. It is an extension of particle-in-cell(PIC) [[9]] method to solid mechan-
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ics. Recently, a generalized formulation was developed based on Petrov-Galerkin
discretization scheme and was named as Generalized Interpolation Material Point
(GIMP) method [[6]], of which original MPM is a special case. GIMP method pro-
vides better accuracy and stability with the smoother grid basis function. Compared
with other meshless methods, GIMP method and Meshless Local Petrov-Galerkin
(MLPG) method [[3, 15]] are both Petrov-Galerkin based methods and have a lot
in common. Each of them consist of a family of methods. The differences lie in
background mesh. MLPG method is fully meshless method without using any kind
of computational mesh. GIMP method make use of background mesh to calculate
differentiation and solve equations of motion.
In MPM/GIMP, the material points provide a Lagrangian description of the mate-
rial. Mass, position, velocity and stress, as well as material parameters and inter-
nal variables needed for constitutive models are carried by material points. Back-
ground mesh with Eulerian description is used for solving the momentum equa-
tions. Usually a regular Cartesian lattice that covers the computational domain is
used as background mesh. With combination of the advantages of Eulerian and
Lagrangian methods, MPM is a suitable numerical tool for large deformation prob-
lems. MPM and its variant have been applied in diverse problems such as impact
[[39, 42]], fracture [[12, 11]], metal forming [[38]], granular media [[4]], blast in-
duced fragmentation [[16]] and multiscale problem [[25, 23]]. MPM also showed
some advantages over SPH in efficiency and stability for hypervelocity problems
[[26]].
However, the numerical fracture may occur when two particles are separated by a
grid cell in MPM simulation [[42]]. Therefore, in some cases that the deformation
is very large, such as expansion of explosion product and extreme stretch of the
liner material, MPM may not give right solution without particle rearrangement or
particle adding scheme. In this paper, adaptive particle splitting scheme is proposed
in order to improve the simulation capability of MPM. Particle is split into two par-
ticles when its accumulative strain in one direction exceed the specified criterion,
which indicate particle is stretched the most in that direction.
A three dimensional MPM code with adaptive particle splitting, MPM3DPP, is
developed by using C++ programming language. Johnson-Cook material model
is implemented in order to take strain rate effect and thermal softening effect into
consideration. Mie-Grüneisen equation of state is used to treat volumetric response
of metal under high pressure. Jones-Wilkins-Lee(JWL) equation of state is used
for describing the expansion process of detonation products. Artificial viscosity is
added to pressure term to stabilize and capture the shock wave.
This paper is organized as follows. A brief description of the material point method
is provided in section 2. The adaptive splitting scheme of material point is given



104 Copyright © 2009 Tech Science Press CMES, vol.39, no.2, pp.101-123, 2009

in the next section. Numerical implementation of material model, equation of state
and artificial bulk viscosity are described in section 4. Several numerical exam-
ples, including TNT slab detonation, shock tube, and jet formation are illustrated
in section 5. Finally, concluding remarks are presented in the last section.

2 Material point method

2.1 Basic Formulation

The material domain is discretized by a finite number of particles in MPM. The
solution process of MPM is divided into two phases. In the first phase of solution,
particles are rigidly attached to the background grid and they deform with the grid.
After obtaining the kinematic solution on the grid nodes, they are mapped back to
the particles to update their positions and velocities. The deformed grid is discarded
in the subsequent time step and a new regular grid is used to avoid mesh distortion.
For continuum, material is governed by the momentum equations [[13]]

σi j; j +ρ fi = ρ üi ∀xi ∈V (1)

subject to the traction boundary conditions

σi jn j = ti(t) ∀xi ∈ Γt (2)

and the displacement boundary conditions

ui(Xα ; t) = di(t) ∀xi ∈ Γd (3)

where V is the current material domain, Γt and Γd are respectively the boundary
portions of V prescribed with traction and displacement, σi j is the Cauchy stress, ρ
is the current density, fi is the body force density, üi is the acceleration, the comma
denotes covariant differentiation and n j is the unit outward normal to the boundary.
The fundamental formulation of MPM can be obtained from the weak form of
momentum equations and traction boundary condition as:

δΠ =
∫

V
ρ üiδuidV +

∫

V
ρσ s

i jδui; jdV

−
∫

V
ρ fiδuidV −

∫

Γt

tiδuidΓ = 0 (4)

where σ s
i j = σi j=ρ is the specific stress. The energy equation is given by

Ė = Jσi jε̇i j = Jsi jε̇i j − Jpε̇kk (5)
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where J is the determinant of the deformation gradient matrix Fi j = ∂xi=∂Xj, E
is the energy per unit initial volume. ε̇i j is the strain rate, si j and p represent the
deviatoric stresses and pressure, i.e. si j = σi j + pδi j.
Because the particles are rigidly attached to the computational grid, the particle
displacement upi and its derivatives upi; j can be obtained by mapping their grid
point values ugi and ugi; j to the particle using the standard finite element shape
functions of the grid, namely

upi =
8

∑
g=1

Ngpugi (6)

upi; j =
8

∑
g=1

Ngp; jugi (7)

where Ngp = Ng(xpi). For three dimensional cases, 8-point hexahedron grid is used
as the background grid so that the shape function is given by

Ng =
1
8
(1+ξ ξg)(1+ηηg)(1+ζ ζg); g = 1; 2; · · ·8 (8)

if the particle (ξ , η , ζ ) is inside the hexahedron, where ξg, ηg and ζg take on
their nodal values (±1, ±1, ±1) at the grid node g. If the particle is outside the
hexahedron, Ng = 0.
The material mass is lumped at particles, hence the density ρ at point xi can be
approximated as

ρ(xi) =
np

∑
p=1

Mpδ (xi− xpi) (9)

where xpi denotes the coordinate of pth particle in ith direction. Since the move-
ment of particles represents the deformation of physical domain and mass is carried
by particles, the mass conservation is automatically satisfied in MPM.
Substituting Eqs. (6), (7) and (9) into the weak form (4), and invoking the arbitrari-
ness of δuhi yields

ṗhi = f int
hi + f ext

hi ; h = 1; 2; · · · ; ng (10)

where ng is the number of grid nodes,

phi =
ng

∑
g=1

mhgu̇gi (11)



106 Copyright © 2009 Tech Science Press CMES, vol.39, no.2, pp.101-123, 2009

is the momentum of hth grid point in the ith direction, mhg =
np

∑
p=1

MpNgpNgp is the

mass matrix. The lumped mass matrix is used in common explicit methods [[8]]
and in practical explicit material point method [[24]]. By using lumped mass matrix

mh =
np

∑
p=1

MpNhp, the momentum phi can be simplified as

phi = mhu̇hi (12)

Moreover,

f int
hi =−

np

∑
p=1

VpNhp; jσpi j (13)

and

f ext
hi =

np

∑
p=1

MpNph fpi +
np

∑
p=1

MpNhpts
pih

−1 (14)

are the internal force and external force, ts
pi = tpi=ρ is the specific traction, h is the

thickness of the boundary layer, σpi j = σi j(xp) and fpi = fi(xp).
Explicit time integration is used. The momentum equations on gride nodes can be
integrated as

pk+1
hi = pk

hi +( f int
hi + f ext

hi )∆t (15)

where the superscripts “k” and “k+1” denote the values at time tk and tk+1, respec-
tively. The particle velocities and positions are updated by

xk+1
pi = xk

pi +
ng

∑
h=1

pk+1
hi
mk

h
Nk

hp∆t (16)

vk+1
pi = vk

pi +
ng

∑
h=1

f k
hi

mk
h

Nk
hp∆t (17)

where f k
hi = f int

hi + f ext
hi .

Jaumann rate is used to ensure the objectivity of the stress, namely

σ̇i j = σ∇
i j +σ jlωil +σilω jl (18)

in which ωi j = 1
2(ẋi; j − ẋ j;i) is the spin tensor, and σ∇

i j is the Jaumann stress rate
and determined from the strain rate ε̇i j = 1

2(ẋi; j + ẋ j;i) by a constitution model.
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strain rate of particle p is calculated by using updated velocity

ε̇pi j =
1
2

8

∑
h=1

(
vk+1

hi Nk
hp; j + vk+1

h j Nk
hp;i

)
(19)

where velocities at grid nodes are mapped back from the updated particle velocities

by vk+1
hi =

np

∑
p=1

Mpvk+1
pi Nk

hp=mk
h.

2.2 GIMP

One of the defects of original MPM is that when a particle crosses computational
grid cell during deformation, stress oscillation which was identified as cell crossing
noise can be generated. [6] developed Generalized Interpolation Material Point
(GIMP) method which is an extension of the original MPM.
The GIMP method is based on Petrov-Galerkin discretization scheme. By introduc-
ing particle characteristic function χp(x), physical variables can be approximated
as

f (x) = ∑
p

fpχp(x) (20)

where subscript p indicates variable carried by particle. Using Eq. (20) to represent
density and stress , and substituting Eq. (6) for displacement in Eq. (4), discrete
formulation analogue to Eq. (10) can be obtained, where Nhp and Nhp; j in original
MPM formulation are replaced by

Shp =
1

Vp

∫

Ωp
⋂

Ω
χp(x)Nh(x)dΩ (21)

Shp; j =
1

Vp

∫

Ωp
⋂

Ω
χp(x)Nh; j(x)dΩ (22)

By choosing different particle characteristic function and grid shape function as
trial and test function respectively, different GIMP methods can be obtained. The
original MPM is recovered when Delta function is used as particle characteristic
function, namely

χp(x) = δ (x− xp)Vp (23)

and the finite element shape function Eq. (8) is used as grid shape function. If the
particle characteristic function is replaced by

χp(x) =

{
1 x ∈ Ωp

0 x =∈ Ωp
(24)
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which indicate a particle represent a continuous block of material, the contiguous
particle GIMP method mentioned in [[6]] can be obtained. For one dimentional
problem, assuming two particles are initially placed in one cell and the particle
size remain constant during deformation process, Eq. (21) for contiguous particle
GIMP can be simplified to

S(ξ ) =






7−16ξ 2

8 ξ ! 0:25
1−ξ 0:25 < ξ ! 0:75
(5−4ξ )2

16 0:75 < ξ ! 1:25
0 ξ > 1:25

(25)

where ξ = | xp−xh
dc

|, dc is the cell size. For three dimension problem, Shp(x) =
S(ξ )S(η)S(ζ ). This simplified version of contiguous particle GIMP method is
equivalent to the GIMP method which takes Delta function as particle characteris-
tic function and Eq. (25) as grid shaped function.
The approximation function in GIMP could have continuous derivative (in contrast
to C0 continuous finite element shape function used in MPM). The computational
cost is increased, but GIMP method benefits the precision and stability. So called
crossing cell noise can be suppressed as demonstrated in [[6, 41]] and the numerical
examples in this paper.

2.3 Contact simulation in MPM

The positions of the material points are updated by moving them in the single-
valued, continuous velocity field that arises from the mapping through element
shape functions. The velocity field is single-valued in MPM so that the interpene-
tration of material is precluded when two bodies contact. Therefore no-slip contact
condition between two contact bodies is automatically satisfied. Contact algorithms
with slip and friction have been proposed to simulate granular material in which
friction between granules should be considered [[5, 33]].
As for explosion problems in which the deformation process has very high strain
rate and complete in a very short time period, the slip effect between explosion
products and surrounding material can be omitted. No matter whether the materials
are fluids or solids, they are discretized to a set of material points. Therefore,
interaction between explosive products and surrounding material can be simulated
using MPM in a single domain without additional treatment of the contact interface.

3 Adaptive particle splitting scheme

Numerical fracture was observed in SPH simulation because of tensile instability
[[18]]. Although MPM is stable under tensile stress state, numerical fracture still
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exist under some circumstances. In fact, fracture occurs when the space between
two particles is greater than the length of a grid cell in MPM simulation [[42]].
This feature can be used as a rough simulation of fracture in hyper velocity im-
pact simulations. However in the problems with extreme expansion and stretching,
such as in the explosion and shaped charge problems, material usually undergoes
extreme large ductile deformation without fracture. Solid material behaves like
fluid in jet formation process. Plastic flow produce an elongation in one direction
and shortening in the perpendicular direction in jet stretching. So particle rear-
rangement or adding new particles is necessary to provide adequate description of
deformation. A modified MPM [[31]], which is named as lagrangian integration
point finite element method, has been used to simulate viscoelastic materials in ge-
ological modeling. A scheme of splitting integration point was proposed by using
lightweight ghost particles to track the bounds of volume associated with particles.
In MPM formulation addressed in this paper, the strain can be calculated explicitly
in each time step, so that the accumulated strain of the particle can be used directly
in the splitting criterion. The detailed scheme is summarized as follows.
Particle carries all the parameters including density and particle volume in MPM.
Therefore, the variables carried by a particle can be used to determine the particle
splitting criterion. Accumulated strain in ith direction, εi, can be calculated as

εi =
N

∑
k=1

∆εk
i =

N

∑
k=1

ε̇k
ii∆t (26)

where k is the time step counter, ∆εi is the strain increment calculated by using the
strain rate acquired in Eq. (19). The equivalent length of a particle in ith direction
is defined by

Li = L0(1+ εi) (27)

where L0 = 3
√

mp=ρ0 is the initial particle length, (1 + εi) indicates the extension
of the particle in ith direction. The adaptive splitting criterion can be specified as

Li > αdc (28)

where α is a user provided adaptive factor and dc is the cell length. The value of α
is usually less than 1.0 to ensure appropriate number of particles in each cell. If the
equivalent length of the particle meets the criterion, the particle will be split into
two particles as shown in Fig.1.
The distance between two split particles is set to 0:5αdc. When a particle is split,
the variables associated with the amount of material, such as mass mp, volume,
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Figure 1: Adaptive particle splitting scheme

internal energy, are halved and then assigned to each new particles. Other vari-
ables such as stress, strain and temperature are assigned to new particles directly.
Accumulated strain εi of new particles is determined according to the requirement

L′i =

{
0:5Li in split direction
Li in other two directions

(29)

where L′i denote the equivalent length of new particles after split. Note that the
mass of new particles is half of the original mass mp, L′0 = 3

√
0:5L0. Substituting

the equivalent length defined in Eq. (27) into Eq.(29), the adjusted accumulated
strain can be obtained as

ε ′i =

{
0:63εi−0:37 in split direction
1:26εi +0:26 in other two directions

(30)

4 Numerical implementation

In order to stabilize and capture the shock wave, artificial bulk viscosity [[13]] is
included by replacing p in momentum equations by p + q in order to treat shock
waves, where the viscosity term

q =

{
c0ρl2

e (ε̇kk)2− c1ρlecε̇kk ε̇kk < 0
0 ε̇kk " 0

(31)

where le is the characteristic length, and is replaced by cell length dc in MPM sim-
ulation. ε̇kk is the bulk strain rate, c is the sound speed, c0 and c1 are dimensionless
constants whose default values are 1.5 and 0.06 respectively.
Johnson-Cook material model [[17]] is implemented in MPM3DPP code, in which
the equivalent flow stress is expressed as

σy = (A+Bεn)(1+C ln ε̇∗)(1−T ∗m) (32)
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where ε is the equivalent plastic strain, ε̇∗ = ε̇=ε̇0 is the dimensionless plastic strain
rate for ε̇0 = 1:0s−1 and T ∗ = (T −Troom)=(Tmelt−Troom)∈ [0; 1] is the homologous
temperature. A, B, n, C and m are the material constants. Strain rate hardening
effect and thermal softening effect of material under impact loading are take into
account in Johnson-Cook model.
During the metal deformation precess, such as copper jet formation process in
shaped charge problem, irreversible plastic deformation occurred and the plastic
work was converted to heat which contribute to temperature raising. Considering
that time span of process is small and adiabatic conditions prevail, the heat conduc-
tion could be omitted. So the equation connecting temperature raising and plastic
work takes the form [[28]]

ρcpṪ = βẆ p (33)

where ρ is the density, cp is the heat capacity, W p is the plastic work, β is the
material parameter which is the conversion fraction of work rate to heat rate. β may
depend strongly upon strain and strain rate for some material [[28]], but β is often
simply assumed to be a constant in the range 0:85− 1:00. Usually β = 0:9 is an
acceptable approximation for most metals according to Meyers [[29]]. Temperature
is calculated by accumulate temperature increment and is used in the Johnson-Cook
model to account for thermal softening.
The pressure is updated by a equation of state for both gaseous material and solid
material under high pressure. The Mie-Grüneisen equation of state [[13]] is imple-
mented in MPM3DPP for solid material. With the assumption of linear relationship
between shock wave velocity Us and particle velocity Up, Us = C + SUp, the pres-
sure of solid material is updated by

p =





pH

(
1− γµ

2

)
+ γ0E µ " 0

ρ0c2
0µ + γ0E µ < 0

(34)

where

pH =
ρ0c2

0µ(1+ µ)
[1− (S−1)µ]2

(35)

The subscript H refers to the Hugoniot curve, µ = ρ=ρ0−1 is used to represent the
compression and γ is the Grüneisen parameter, γρ = γ0ρ0.
The ideal gas law is used as the equation of state for gas under pressure

p = (γ −1)
ρ
ρ0

E (36)
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where γ is the ratio of specific heats. For the diatomic molecules comprising gas,
this coefficient is γ = 1:4.
The explosion usually includes two processes: the detonation process, and the fol-
lowing process including expansion of gaseous products and its interaction to the
surrounding material. The detonation process consists of burning effects and prop-
agation of reactive wave with constant velocity inside the explosive, which is very
fast. It only takes few microseconds for the explosive to be burned. Two different
detonation can be used, programmed burn based on time, or compression burned
where detonation is based on material compression. After detonation, the produced
gas is governed by the equation of state. In programmed burn, the detonation wave
is assumed to travel at detonation velocity.
Jones-Wilkins-Lee(JWL) equation of state [[43]] is widely used for describing the
detonation products

p = A(1− ω
R1V

)e−R1V +B(1− ω
R2V

)e−R2V +
ωE
V

(37)

where V = v=v0 is the relative volume. A, B, R1, R2 and ω are the material constants
for specified explosive. E in (34), (37) and (36) is internal energy per initial volume.

5 Numerical examples

5.1 TNT slab detonation

A 10-cm long slab of TNT is detonated from one end which has fixed wall. The
detonation wave travels to the other end at the detonation speed. This problem has
been studied numerically by using finite element method [[35]] and SPH [[22]] re-
spectively and can be taken as benchmark problems to validate the codes simulating
high explosive. MPM and SPH show different characters in simulation of shock re-
lated problems [[26]], original MPM is efficient but noisy and need to suppress the
numerical noise by using the artificial bulk viscosity and GIMP.
In this simulation, TNT is used as the high explosive which has density of 1630 kg=m3

and detonation velocity of 6930 m=s. The parameters of JWL equation of state are
taken from [[21]] as A = 3:712×1011 N=m2, B = 0:0321×1011 N=m2, R1 = 4:15,
R2 = 0:95, ω = 0:3, energy per intial volume E0 = 6993×106 J=m3.
MPM3DPP is a three dimensional MPM code. To analyze this one dimension prob-
lem, the particles are totally constrained in y and z directions. In our simulation,
2000 particles are initially located in 1000 cells. MPM results are compared with
LS-DYNA results in Fig. 2, in which the MPM results data are collected from
grid nodes. Fig. 2 shows good agreement between pressure profiles obtained by
MPM3DPP and LS-DYNA. C-J pressure determined from experimental results is
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21 GPa which is illustrated as the dashed line. The peak pressure obtained by
MPM3DPP is very close to the experimental C-J pressure.

Figure 2: TNT slab detonation, 7µs and 14µs

There are two sources of numerical oscillation, cell crossing induced and shock
wave induced. Both of them are successfully decreased by using GIMP option and
artificial bulk viscosity. The constants for viscosity are set as c0 = 3:0 and c1 = 0:2.

5.2 Shock tube problem

Shock tube problem which has an analytical solution is often used to test the ca-
pability of code on simulating compressible fluid. Sod’s model problem [[36]] is
regarded as a standard test. This shock tube problem consists of a shock tube where
a diaphragm separates two regions which have different densities and pressures.
The gas in two regions are initially at rest. The initial densities and pressures are
ρ1 = 1:0, p1 = 1:0, ρ2 = 0:125, p2 = 0:1. At time t > 0 the diaphragm is broken.
Then the shock and the contact interface travel at different speed from left to right.
The results usually plotted at t = 0:143 when shock travels a distance of about 0.25.
Two particles are located in each cell initially. The velocity profiles with and with-
out adaptive splitting are compared in Fig. 3. Totally 400 particles are evenly
distributed initially and the number of particles are increased in the expansion area
of left part. The number of particles raised from 400 to 556 by setting adaptive
factor α = 0:55. Simulation result successfully recover the analytical solution with
GIMP option, but oscillation still exist due to insufficient particles in expansion area
if no adaptive split scheme is used. The result can be improved by collocate more
particles manually in expansion region [[26]]. However, better solution can be au-
tomatically achieved with less particles by using adaptive scheme. The refined case
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use 1000 cells and initially 2000 particles evenly distributed in the computational
domain. 2661 particles are finally in the domain at t = 0:143 by using adaptive
scheme. The profile fits very well with the analytical solution.

Figure 3: Velocity profile of shock tube at t = 0.143

5.3 Explosively driven flyer

To validate the capability of MPM3DPP code in simulating interaction between
detonating explosive with surrounding material, an explosively driven metal flyer
was analyzed.
A steel plate accelerated by TNT explosive is examined in this example. The plate
is placed beside the explosive charge as illustrated in Fig.4 and the explosive is det-
onated synchronously from the other side. Two computational models, the infinite
plate model and the finite plate model, are used in MPM simulation. The one di-
mensional model is set as previous example to simulate the infinite plate. The two
dimensional model uses one layer of material points and confining the deformation
in perpendicular direction. The plate with finite size in the lateral direction can be
studied with this two dimensional model as shown in Fig.4.
The expected terminal velocity of the explosively driven flyer can be calculated ac-
cording to empirical equations. The Gurney equation [[29]] is simple and has been
proven to be reliable in predicting the terminal velocity of explosively accelerated
devices. The ratio of terminal flyer velocity V to the characteristic velocity

√
2E

is an explicit function of the ratio of metal mass to explosive charge mass M=C
in the Gurney equation.

√
2E is also known as the Gurney energy, and has differ-

ent values for various explosives.
√

2E = 2:37 mm=µs for TNT. Considering the
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open-face sandwich case, the terminal flyer velocity can be expressed as

V =
√

2E
[

3
1+5(M=C)+4(M=C)2

] 1
2

(38)

Figure 4: Explosively driven flyer, initial configuration and flyer deformation at
250 µs after detonation.

The simulated flyer velocities are acquired by averaging particle velocities through
plate thickness. Since the Gurney equation only predict the terminal plate velocity,
the termination time of the simulation is set to be long enough during which the
acceleration process finishes. The results acquired by MPM3DPP simulation with
various M=C ratios are compared with the Gurney equation (38) in Fig.5.
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Figure 5: The terminal flyer velocity with various M=C ratios.
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The simulation results are generally in good agreement with Gurney equation. Dif-
ferent computational models lead to some variance. Results of infinite plate model
are generally a bit larger than that estimated by Gurney equation and become close
to them when M=C increases. Besides the infinite plate model, three finite plate
model with different configurations are examined. Lateral size of the plate is fixed
in group A and B. Results of group A are smaller than that of Gurney equation for
bigger M=C value because of the lateral effect. Kennedy suggests that the lateral
edge of the explosive should be subtracted from the total mass C with an angle
of 30 degree to take the lateral effect into consideration. The results in group B
are acquired by applying mass modification based on the results in group A. The
results with mass modification fit well with that of Gurney equation in large M=C
region, but seem to be over modified in small M=C region. The results in group
C are obtained by setting the plates with constant length-to-thickness ratio. The
ratio is set to be 50 which is equal to the largest value in group A. Group C shows
the best fitness with Gurney equation. Note that the Gurney equation is derived
under the infinite plate assumption and the Gurney energy is determined by experi-
ments. Therefore, it is reasonable that the simulation results with relative thin plate
fit better with Gurney equation.
The MPM simulation gives not only the terminal velocity but also the whole accel-
eration process and the deformation of the plate flyer as illustrated in Fig.4. More
referential data are given by the MPM simulation than by the Gurney equation.
MPM with adaptive splitting scheme applied to explosive is also examined for infi-
nite plate model. The terminal velocities become a little larger with adaptive option,
but the maximum deviation is less than 1%. Since the results in this example are
not sensitive to the adaptive option, only results without adaptivity is illustrated in
Fig.5.

5.4 Shaped charge jet formation

Linear shaped charge which can be simplified as two dimensional plane strain
problem is considered. The liner collapse and jet formation process is examined.
MPM3DPP is used by setting one layer of material points as mentioned in pre-
views example to simulate this two dimensional problem . The initial configuration
of shaped charge is illustrated in Fig. 6. Only half of the shaped charge is simu-
lated by considering the symmetry. The apex angle α is 38 degree. The explosive
is TNT and the same JWL parameters are used as in the first case. The outer shell
and the liner consist of copper. The material parameters of Johnson-Cook model
and Grüneisen EOS for copper are listed in the Table.1.
Planar detonation, in which the detonation initiated synchronously from the end
without liner, is employed. Fig.7 compares the difference of jet formation results
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Table 1: Material parameters of copper

A (MPa) B (MPa) n c m
90 292 0.31 0.025 1.09

ρ (kg=m3) E (GPa) ν C (m/s) S γ0
8930 117 0.35 3300 1.49 1.96

α

Figure 6: Initial configuration of shaped charge.

acquired by MPM and adaptive MPM. The numerical fracture is avoid by using
adaptive splitting scheme. It worth noting that GIMP option and adaptive option
for explosive material do not affect the final configuration much in this case. So
adaptive option is only applied to copper liner.

Figure 7: Jet configuration at t = 30 µs, MPM results on the top encounter numerical
fracture and adaptive MPM results on the bottom avoid that problem. Particles that
represent explosion products are removed for clarity.

Jet tip velocity and slug velocity can be obtained by theoretical estimation with
the model proposed by Birkhoff et al. see [[29]]. In their theoretical model, the
liner is treated as inviscid, incompressible fluid and a steady-state collapse model
is assumed. The jet velocity is mainly affected by ratio of liner mass to explosive
mass and apex angle. According to theoretical estimation mentioned in [29], the jet
tip velocity is 3.7 km/s and slug velocity is 0.6 km/s in this case. Fig.8 shows the
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distribution of velocity in x direction at time of 21 µs simulated by using MPM. The
velocity results obtained by simulation are in good agreement with the theoretical
estimations. It is showed in Fig.8 that the highest temperature of jet appears at jet tip
and center of the jet column where the material deforms the most. The maximum
temperature is about 1500 K to 1800 K. The main part of copper jet is still in solid
state according to the calculation.

Figure 8: Velocity distribution (top) and temperature distribution (bottom) at t = 21
µs.

5.5 3D shaped charge

Three dimensional shaped charge problem consist of a cone liner and cylinder
charged explosive. The geometric model is axisymmetric and the cross section
geometry is the same as Fig.6. The apex angle is also the same but the ratio of liner
mass to explosive mass is different from previous example. The jet tip velocity and
slug velocity predicted by theoretical formula are 4.1 km/s and 0.7 km/s. Config-
uration of jet formation with distribution of velocity in jet direction is illustrated
in Fig.9. The jet velocity and slug velocity are roughly consistent with theoretical
estimation.

6 Conclusion

A three dimensional MPM code, MPM3DPP, is developed, in which GIMP shape
function is implemented. Several material models and equation of states are im-
plemented to simulate different solid and gas material. MPM provide a conve-
nient approach to simulate high explosive explosion and the consequent driving or
propelling effect to the surrounding material in a single domain without addition
treatment to the interface.
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Figure 9: Velocity distribution of 3D shaped charge jet formation at t = 20 µs.

By introducing adaptive particle splitting scheme, numerical noise due to insuffi-
cient particles in grid cell can be suppressed and numerical fracture in MPM sim-
ulation can be avoided. Numerical examples show that MPM is an effective tool
in simulating explosive detonation, explosion product expansion. Compared with
empirical formula, such as Gurney equation, MPM simulation gives good fitting
in terminal velocity and furthermore can provide the whole deformation process
with different configurations. MPM also shows that it is an prospective tool in
engineering applications such as shaped charge jet formation problem.
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