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Abstract. It is very difficult for traditional numerical methods to simulate the problems of water mitigation
which has been increasingly used to reduce blast effects. This paper studies water mitigation problems by
using smoothed particle hydrodynamics (SPH), which is a meshless, Lagrangian method appealing in treat-
ing large deformation explosion events with significant inhomogeneities. Numerical verifications considering
high explosive detonation and underwater explosion shock waves have demonstrated the effectiveness of
the SPH method, the solution procedure and the code. Contact and non-contact water mitigation simu-
lations have been carried out and are compared with the case without mitigation. For either contact or
non-contact water shield, the peak shock pressure and the equilibrium gas pressure are reduced to different
levels according to the relevant geometry of the system setup. An optimum contact water shield thickness
is found to produce the best mitigation effect for a given high explosive charge, while the non-contact water
shield, if properly designed, can result in further reduction of the peak shock pressure and the equilibrium
gas pressure.

Key words: Water mitigation, Smoothed particle hydrodynamics, Meshless method, Particle method,
Detonation, Shock wave

1 Introduction

The detonation of high explosives produces extremely in-
tense shock waves within a very short time. The blast
effects caused by the detonation either in air or under wa-
ter are of great significance to nearby persons and struc-
tures. Researchers from the defense and academic areas
have been looking for ways to effectively mitigate blast ef-
fects and thus reduce the consequent damages. One of the
comparatively new concepts is water mitigation, in which
a shield of water is placed in the near proximity of explo-
sives, not necessarily in contact, to change the generation
and propagation of air blast waves (Fig. 1 illustrates water
held in plastic bags as a bomb shelter to mitigate blast ef-
fects). A water shield can be used not only as an effective
barricade that stops debris and splinters, but also as an
excellent blast mitigator to reduce blast shock and internal
equilibrium gas pressure in a confined space. Practically,
water can be either held in plastic bags for short-term ap-
plications such as bomb disposal or held in plastic tanks
for long-term applications, especially for those where ac-
cidental damage may happen.
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Fig. 1. An illustration of water mitigation: water held in plas-
tic bags as a bomb shelter

Many feasibility tests for mitigation problems have
been carried out. However, due to the intense interest in
this field by the defense area, very few documents are
publicly available. The NCEL tests (Keenan and Wager
1992) were conducted at the David Taylor Research Cen-
ter for the Naval Civil Engineering Laboratory (NCEL).
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In the tests, 4.67 lb. of TNT explosive were tested in a
confined chamber, first without, and then surrounded by
water. Both the equilibrium gas pressure and impulse were
reduced by about 90%. In the USACE Huntsville tests
(Marchand et al. 1996), water bags were added around
unexploded ordnance in a container. The experimental
results show that the equilibrium gas pressure was suc-
cessfully reduced by approximately 70%. In the small-
scale Alvdalen tests (Forsen et al. 1996), it has been also
observed that putting water around explosives, either in
contact or not, leads to pressure reduction. However, the
large-scale Alvdalen tests (Forsen et al. 1997; Hansson and
Forsen 1997) did not reveal any effects of water mitigation
due to other variations in the experimental setup.

To develop an efficient water mitigation system, suf-
ficient parametric studies are necessary. Numerical simu-
lation provides an alternative greatly reducing the num-
ber of expensive and dangerous firing tests. However, the
documents related to numerical simulations of water mit-
igation are also very limited, on the one hand, for the
reason of confidentiality, and on the other hand, due to
the numerical difficulties inherent in the water mitiga-
tion simulations. Challenges such as large deformations,
large inhomogeneities, moving interfaces etc. confront in-
vestigators. Chong et al. (1998a,b, 1999) investigated the
water mitigation effects on an explosion inside a vented
tunnel system and ascertained the mitigation effects of
water in reducing the maximum peak shock pressure.
Shin et al. (1998) investigated a water mitigation problem
in the quasi-one-dimensional spherical infinite computa-
tional domain by using the multi-material Eulerian finite
element technique of the software MSC/Dytran. Their nu-
merical results show that the peak shock pressure gener-
ally decreases and the shock arrival time increases. Zhao
studied water mitigation effects on detonation in a con-
fined chamber (Zhao et al. 1998) as well as the water ef-
fects on shock wave delay in the free field (Zhao 2001). It is
reported that the peak shock pressure is reduced by about
17-46% when explosives are surrounded by water with an
amount of 1-5 times the explosive mass. Some other ref-
erences (Crepeau and Needham 1998; Malvar and Tan-
creto 1998) also contain numerical simulations and com-
parisons with experimental data. The emerged literature
usually applies some kind of hydrocode, which generally
uses model discretizations that are fixed in space, but al-
lows for mass, momentum and energy transfer across cells.

This paper studies water mitigation problems by using
smoothed particle hydrodynamics (SPH). SPH was origi-
nally invented for solving astrophysical problems in three-
dimensional open space (Lucy 1977; Gingold and Mon-
aghan 1977), and later extended to other areas, especially
those with large deformations and inhomogeneities (Swe-
gle and Attaway 1994; Randles and Libersky 1996; Liu et
al. 2000, 2001, 2002). In the SPH method, smoothed parti-
cles are used as interpolation points to represent materials
at discrete locations, so it is possible to obtain the history
of the fluid particles in a natural way, and thus easily trace
material interfaces, free surfaces and moving boundaries.
The meshless nature of the SPH methodology overcomes

the difficulties related to large deformations, since SPH
uses particles or points rather than a mesh as the compu-
tational frame to interpolate. These nice features of SPH
make it fairly attractive in simulating water mitigation
problems and the related physics.

The objective of this paper is to investigate water miti-
gation phenomena as well as the relationship of water mit-
igation effects and setup geometries. To verify the SPH
method, the numerical procedure and the code, the re-
sults are compared with the theoretical values and/or ex-
perimental data for a one-dimensional TNT slab detona-
tion problem and an underwater explosion problem with
a spherical charge. Water mitigation simulations are car-
ried out for a square-shaped TNT charge detonating in
a confined square chamber with different setups of water
shields and/or air gaps.

2 Water mitigation and governing equations

Water mitigation is a complex non-linear wave propaga-
tion phenomenon, rather than an ordinary underwater ex-
plosion problem or an acoustic water-air interface prob-
lem. It involves the high explosive (HE) detonation and
interaction of the explosive gas, water shield and outside
air. The detonation-produced blast waves propagate out-
ward in all directions and aerosolize the surrounding water
shield. On the one hand, since the density of water is much
higher than that of air, when the particles of the explosive
gases strike the water particles, they are suddenly slowed
down due to momentum exchange with the water parti-
cles. The water jacket delays the arrival of the shock wave
and reduces the magnitude of the peak shock pressure. On
the other hand, the aerosolized water expanding with the
explosive gas absorbs the detonation energy of the explo-
sive, and thus reduces the peak shock pressure, and, in the
case of detonation in a rigidly confined chamber, reduces
the equilibrium gas pressure.

Due to the extremely high detonation and expansion
speed, the explosive gas, water shield and outside air can
be assumed to be inviscid, while the whole water mitiga-
tion process is adiabatic. So, the Euler equations coupled
with a suitable equation of state can be used to model the
water mitigation process:




Dρ

Dt
= −ρ∇ · v

Dv

Dt
= −1

ρ
∇p

Du

Dt
= −p

ρ
∇ · v

p = p(ρ, u)

, (1)

where ρ, u, p, v and t are density, specific internal en-
ergy per unit mass, pressure, velocity vector and time,
respectively. The first three equations in (1) represent the
conservation of mass, momentum, and energy, while the
fourth equation is the equation of state (EOS).
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Table 1. Material parameters and coefficients in the EOS for
TNT

Symbol Meaning Value

ρ0 Initial density 1630 kg/m3

D Detonation velocity 6930 m/s
PCJ CJ pressure 21 GPa
A Fitting coefficient 371.2 GPa
B Fitting coefficient 3.21 GPa
R1 Fitting coefficient 4.15
R2 Fitting coefficient 0.95
ω Fitting coefficient 0.30
E0 Detonation energy 4.29 MJ/kg

3 Equation of state

The pressure-volume-energy behavior or equations of state
for the explosive (TNT), water and air are important for
the simulation. For the detonation-produced explosive gas,
the standard Jones-Wilkins-Lee (Dobratz 1981), or JWL,
equation of state is employed, which corresponds to a deto-
nation velocity of 6930 m/s and a Chapman-Jouguet (CJ)
pressure of 21 GPa. The pressure of the explosive gas is:

p = A
(
1− ωη

R1

)
e−R1/η+B

(
1− ωη

R2

)
e−R2/η+ωηρ0E , (2)

where η is the ratio of the density of detonation products
to the initial density of the original explosive; E is the
specific internal energy per unit mass; A, B, R1, R2, ω
are fitting coefficients. The values of the corresponding
coefficients are listed in Table 1.

Air is modeled as an ideal gas, which satisfies the
gamma-law equation of state:

p = (γ − 1)ρE , (3)

where γ is the ratio of specific heats and is taken as 1.4;
E is the specific internal energy per unit mass. In the
simulation, the initial density of air is taken as 1 kg/m3;
therefore the initial energy of air is 2.5 · 105 J/kg, which
corresponds to the pressure of 1 bar according to Eq. (3).

The pressure-volume-energy behavior of water has
been widely studied under different shock loadings of high
pressures, densities and temperatures. Water can be mod-
eled as a compressible fluid with the Mie-Grüneisen equa-
tion of state, which uses a cubic shock velocity and fluid
particle velocity to determine the pressure of compressed
and expanded water. Shock Hugoniot experimental data
are needed to correlate the cubic shock-velocity/particle-
velocity equation:

Us − C0

Us
= S1

(
Us

Up

)
+ S2

(
Us

Up

)2

+ S3

(
Us

Up

)3

, (4)

where Us, Up, and C0 are the shock wave velocity, fluid
particle velocity and initial sound speed, respectively; S1,
S2, and S3 are the coefficients to determine the slope of
the Us-Up curve.

Table 2. Material parameters and coefficients in the EOS for
water

Symbol Meaning Value

ρ0 Initial density 1000 kg/m3

C Sound speed 1480 m/s
γ0 Grüneisen coefficient 0.5
a Volume correction coefficient 0
S1 Fitting coefficient 2.56
S2 Fitting coefficient 1.986
S3 Fitting coefficient 1.2268

Shin et al. (1998) provided a comparison of several
approximations to shock Hugoniot experimental data due
to uncertainties in the data for water. In this simulation,
the Steinberg (1987) experimental data is used.

The pressure of water under compression is given by:

p =

ρ0C
2µ

[
1 +

(
1 − γ0

2

)
µ − a

2
µ2

]
[
1 − (S1 − 1)µ − S2

µ2

µ+ 1
− S3

µ3

(µ+ 1)2

]2+

+(γ0 + aµ)E . (5)

In the case of expansion, the pressure of water is

p = ρ0C
2
0µ+ (γ0 + aµ)E , (6)

where ρ0 is the initial density; η is again the ratio of the
densities after and before disturbance; E is the specific
internal energy per unit volume and thus possesses the
same unit of Pa as pressure does; µ = η − 1 (µ > 0 for
compressed state, µ < 0 for expanded state). Some mate-
rial parameters and coefficients in the EOS for water are
listed in Table 2.

Chisum and Shin (1997) provided a procedure to con-
vert the above Grüneisen equation of state for water into
polynomial form either for a compressed or expanded
state. Under compression, we have:

p = a1µ+ a2µ
2 + a3µ

3 + (b0 + b1µ+ b1µ
2)ρ0E , (7)

while under expansion:

p = a1µ+ (b0 + b1µ)ρ0E . (8)

The constants in Eqs. (7) and (8) were determined,
for both compression and expansion states, by matching
terms in Eqs. (3) and (6) with the Steinberg (1987) shock
Hugoniot data. Hence, the above equation of state for wa-
ter can be used over the range where the Mie-Grüneisen
EOS is valid. It is to be noted that in contrast to Eqs. (3)
and (6), E in Eqs. (7) and (8) is the specific internal en-
ergy per unit mass. The constants for condensation val-
ues on the order of µ < 0.8 are as follows: a1 = 2.19
GPa, a2 = 9.224 GPa, a3 = 8.767 GPa, b0 = 0.4934,
b1 = 1.3937.
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4 The SPH method
and related numerical aspects

The SPH method has been extensively studied and widely
applied in the last decades. The combination of meshless
and Lagrangian nature inherent in the SPH method makes
it very attractive in treating large deformations, large in-
homogeneities and moving boundaries in extremely tran-
sient detonation events.

4.1 Basics of SPH

In the SPH method, the fluid is represented by particles,
which are typically of fixed mass, follow the fluid motion,
advect contact discontinuities, and reduce computational
diffusion of various fluid properties. The particles carry
fluid quantities such as mass m, velocity vector v, posi-
tion vector x etc. and form the computational frame for
the partial differential equations representing the conser-
vation laws. In the standard SPH method, for a function
f , the approximation of its value at a certain location or
particle i as well as its gradient can be expressed as sum-
mation interpolants over the neighboring particles using a
smoothing kernel function W with the smoothing length
h:

〈fi〉 =
N∑

j=1

(
mj

ρj

)
fjWij ; (9)

〈∇fi〉 =
N∑

j=1

(
mj

ρj

)
fj∇iWij , (10)

where, denoting the distance between particles i and j as
rij ,

Wij = W (xi − xj , h) = W (|xi − xj | , h) , (11)

∇iWij =
xi − xj

rij

∂Wij

∂rij
=

xij

rij

∂Wij

∂rij
. (12)

A typical smoothing kernel function should satisfy the
normalization condition

∫
W (x − x′, h)dx = 1, the Delta

function condition lim
h→0

W (x − x′, h) = δ(x − x′), and the

compactness condition W (x−x′, h) = 0 for |x − x′| > λh,
where λ is a constant dependent only on the particular
smoothing kernel function. In this paper, a cubic spline
function is used (Monaghan 1992):

W (S, h) = αd ×



2
3 − S2 + 1

2S
3

1
6 (2 − S)3

0

for 0 < S ≤ 1;
for 1 < S ≤ 2;
for S > 2,

(13)
where S = |x − x′|/h, αd is a dimension-dependent con-
stant related to the smoothing length. In one, two or three-
dimensional space, αd = 1/h, 15

/
7πh2 or 3

/
2πh3, respec-

tively. It is clear that λ used in this cubic spline kernel is
equal to 2.

4.2 Artificial viscosity

Artificial viscosity is used in the SPH methodology to sta-
bilize the numerical scheme, prevent particle penetration
and capture shock waves. In this paper, we employ the
standard artificial viscosity Πij (Monaghan 1992):

Πij =




−αΠ c̄ijφij + βΠφ2
ij

ρ̄ij

0

for vij · xij < 0;
for vij · xij ≥ 0,

(14)

φij =
hijvij · xij

|xij |2 + ϕ2
, vij = vi − vj , (15)

hij =
1
2
(hi + hj) , cij =

1
2
(ci + cj) , ρij =

1
2
(ρi + ρj) ,

(16)
where αΠ , βΠ , ϕ are constants that are set to 1, 1 and
0.1hij , respectively; v and c represent the velocity vector
and the speed of sound.

4.3 Equation of motion

Coupling with the equations of state, the following equa-
tion of motion is derived as one of the standard form of
SPH equations which can be used to model water mitiga-
tions:


Dρi

Dt
=

N∑
j=1

mj(vi − vj) · ∇iWij

Dvi

Dt
= −

N∑
j=1

mj

(
pi

ρ2
i

+
pj

ρ2
j

+Πij

)
∇iWij

Dui

Dt
=

1
2

N∑
j=1

mj

(
pi

ρ2
i

+
pj

ρ2
j

+Πij

)
(vi − vj) · ∇iWij

Dxi

Dt
= vi

(17)
Using some standard techniques such as the leapfrog

(LF), predictor-corrector and Runge-Kutta (RK) schemes
it is possible to carry out the numerical integration of ordi-
nary differential equations for physical variables at every
particle. In this paper, the leapfrog method is used be-
cause of its low memory requirements and good efficiency.
The particle density, velocity, internal energy and position
can be updated according to the following:


ρi(t+∆t/2) = ρi(t − ∆t/2) +∆t · Dρi(t)
vi(t+∆t/2) = vi(t − ∆t/2) +∆t · Dvi(t)
ui(t+∆t/2) = ui(t − ∆t/2) +∆t · Dui(t)
xi(t+∆t) = xi(t) +∆t · vi(t+∆t/2)

(18)

However, the LF is subjected to the Courant-
Friedrichs-Lewy (CFL) stability condition, which typically
results in the time step proportional to the smoothing
length. In this work, the time step is taken as

∆t = min
(
ξhi/[hi∇ · vi + ci + 1.2(αΠci + βΠ |∇ · vi|)]

)
,

(19)
where ξ is the Courant number taken as ∼ 0.3.
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4.4 Smoothing length evolution

The smoothing length h is very important in SPH, since
it directly influences the efficiency and accuracy. If h is
taken too small, there may be not enough particles in
the designated range of λh to exert forces on the parti-
cle, which results in low accuracy. If the smoothing length
is too large, all details of the particle or local properties
may be smoothed out, and the accuracy would be low as
well. In water mitigation simulations, large density inho-
mogeneities exist. This work adapts the smoothing length
in such a manner that only a minimum necessary number
of neighboring particles contribute to the discrete summa-
tions.

Let us suppose that h0
i is the initial smoothing length

of particle i, whileN0
i is the number of the initial neighbor-

ing particles within the smoothing range λh0
i for particle

i. For example, in one, two or three-dimensional space N0
i

may be taken as 5, 21 and 57, respectively. This N0
i corre-

sponds to the number of neighboring particles on a cubic
lattice with a smoothing length slightly bigger than the
particle spacing, e.g. 1.2 times the particle spacing, and
the cubic spline-smoothing kernel that extends to 2h. The
particle has mass mi and remains unchanged during the
computation. Then the initial smoothing length h0

i can be
calculated based upon the initial density of the particle:

h0
i = cd ×


∑N0

i
j=1 mj

ρ0
i




1/d

, (20)

where cd is a dimension-dependent coefficient. For one,
two and three-dimensional space (d = 1, 2, 3) it equals to
1/4, (1/4π)1/2 and (3/32π)1/3, respectively.

The smoothing length of each particle can be updated
by the following most commonly used expression:

Dhn
i

Dt
= − hn

i

ρn
i d

N∑
j=1

mj(vn
i − vn

j ) · ∇n
i Wij , (21)

where hn
i , ρ

n
i , vn

i , ∇n
i Wij are the smoothing length, den-

sity, velocity, and kernel gradient of particle i at time step
n.

Equation (21) is generally used to update the smooth-
ing length: hn+1

i = hn
i +dhn

i /dt. It works well in homoge-
nous, slowly expanding or contracting gases. However, for
problems with high deformations, or problems with large
density inhomogeneities, it may not be very accurate and
stable. In order to model water mitigation problems with
large density inhomogeneities, a procedure for the smooth-
ing length optimization is employed to update hn+1

i so
that each particle interacts with roughly a constant num-
ber of neighboring particles. This procedure consists of
two steps: the prediction step and the correction step.

Prediction step: Update hn+1
i as hn+1

i = hn
i + θ × dhn

i /dt,
where θ is a relaxation factor taken as 1.0 at first and then
adjusted slightly around 1.0 in the subsequent optimiza-
tion and relaxation step.

Real particles          
Solid boundary          
Virtual particle type I 
Virtual particle type II

Fig. 2. Illustration of real particles and the two types of virtual
particles as well as the solid boundary

Correction step: Once hn+1
i is obtained, the current num-

ber of neighbors Nn+1
i can be then determined. If Nn+1

i
is found to be roughly the same as N0

i , it is desirable sit-
uation. If it is different from N0

i by more than a small,
prescribed tolerance of few percent (in this paper, 5%),
then the relaxation factor θ should be adjusted around
1.0 to get a new hn+1

i until Nn+1
i is roughly the same as

N0
i .

4.5 Solid boundary condition

In our work, two types of virtual particles are used to
treat the solid boundary condition (Fig. 2). The particles
of the first type are located right on the solid boundary
and are similar to what was used by Monaghan (1994).
The virtual particles of the second type fill in the exte-
rior, near-boundary region and are similar to what was
used by Libersky and Petsheck (1993). The virtual par-
ticles of the second type are constructed in the following
way. For a certain real particle i within the smoothing area
λhi inside the computational domain, a virtual particle is
placed symmetrically outside of the domain. These virtual
particles have the same density and pressure as the corre-
sponding real particles but opposite velocities. These vir-
tual particles are not enough to prevent the real particles
from penetrating the boundary. This leads to the applica-
tion of the virtual particles of the first type, which are used
to produce a sufficient repulsive boundary force, when a
particle approaches the boundary. Thus, for a boundary
particle i, all the neighboring particles N(i) within its in-
fluencing area of λhi can be categorized into three subsets:

– I(i) : all the interior particles that are the neighbors
of i (real particles);
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– B(i) : all the boundary particles that are the neighbors
of i (virtual particles of type I);

– E(i) : all the exterior particles that are the neighbors
of i (virtual particles of type II).

The two types of virtual particles are specially marked
for contribution in the subsequent summation on the real
particles. The virtual particles of the first type not only
take part in the kernel and the particle approximation
for the real particles, but also exert a repulsive penalty
force on the particles approaching the solid boundary. The
position and physical variables of these virtual particles,
however, do not evolve in the simulation process. A repul-
sive force similar to the Lennard-Jones molecular force is
applied pairwisely between the first type virtual particles
and the approaching real particles along the line connect-
ing the centers of the two interacting particles (Monaghan
1994). The repulsive force prevents the interior real parti-
cles from penetrating the solid boundary nonphysically.

The virtual particles of the second type do not evolve
their parameters; at the next time step another set of them
is produced in the same way. Our numerical tests have
shown that this treatment of the boundary is very sta-
ble and effective. It not only improves the accuracy of the
SPH approximation in the boundary region, but also pre-
vents the unphysical particle penetration across the solid
boundary.

5 Numerical verifications

Since water mitigation involves an interaction of high ex-
plosive, water and air, two numerical examples are pre-
sented to verify the effectiveness of the SPH method and
the code in treating high explosive detonation and un-
derwater explosion shocks. The first benchmark is a one-
dimensional TNT slab detonation (Liu et al. 2001), in
which a 0.1 m long TNT slab initiates from one end to
another. Figure 3 shows the pressure profiles along the
slab at 1 µs intervals from 1 to 14 µs, when the solid
boundary condition is applied to the end of initiation.
The presented results are in close agreement with those
from an Eulerian method (Shin and Chisum 1997). It can
be seen that, with the process of detonation, the detona-
tion pressure converges to the experimentally determined
C-J pressure. The magnitude, location and profile of the
detonation wave are well predicted. The gas behind the
detonation wave front has a pressure profile similar to
exponential decay, with the peak shock pressure imme-
diately behind the detonation wave front and the decay
length increasing with propagation distance. If the free
boundary condition is applied to the end of initiation, the
advancement of the detonation wave through the explosive
is accompanied by the rarefaction wave propagation from
outside. The expansion of the gaseous products results in
lower pressure, density and velocity as compared with the
case of the solid wall boundary, where no rarefaction wave
propagates inward to the gas. Figure 4 shows the deto-
nation wave and the pressure profiles at 1 and 2 µs. The
solid lines represent the analytical solution (Zhang 1976),
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Fig. 3. Pressure profiles along the TNT slab during the deto-
nation process for the solid wall boundary condition
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Fig. 4. The detonation wave and the pressure profiles at 1 and
2 µs for the free boundary condition

while the dots represent the SPH simulation results. The
pressure distributions obtained by the SPH method nearly
coincide with those from the analytical solution.

The second numerical verification is an underwater
explosion shock problem. Underwater explosion consists
of the detonation process of the original high explosive,
the expansion process of the explosive gas into the sur-
rounding water, and the interaction with nearby struc-
tures. As the detonation wave reaches the interface be-
tween the explosive and the surrounding water, a high-
pressure shock wave with a blast profile is transmitted to
propagate through the water. In the whole process of un-
derwater explosions, some special features such as large
deformations, large inhomogeneities, moving material in-
terfaces, deformable boundaries, and free surfaces exist.
In the simulation, a 137 kg spherical (with the charge ra-
dius of approximately 0.27 m) TNT charge explodes in
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Fig. 6. Setups of the simulations

water. In this quasi-1D simulation, 2700 particles are de-
ployed along the diameter with 1350 particles on either
side from the charge center. Figure 5 shows the detailed
comparisons of peak shock pressures with the experimen-
tal data (Cole 1948) and the Penney and Dusgupta (1942)
theoretical values. In the logarithm-scaled figure, a is the
radius of the original HE charge; R is the distance from
the pressure measurement location to the charge center.

Table 3. Locations of the observation points

Point Coordinate Normalized distance

1 (0.0, 0.1) 4
2 (0.0, 0.2) 8
3 (0.0, 0.3) 12
4 (0.2, 0.2) 11.3

The theoretical values and the experimental data are only
valid for the region of R/a > 10, where the calculated
results agree well with them.

6 Simulation setups

In this paper we consider a square-shaped (0.05 m ×
0.05 m) TNT charge which detonates and then expands
outwards. Figure 6 shows one quarter of the initial geome-
try of the two-dimensional models. For this planarly sym-
metrical problem, x = 0 and y = 0 represent the planes of
symmetry. Four observation points are chosen to measure
pressure and shock wave arrival time. Taking the central
point of the geometry as the origin, the locations of the
four points as well as their distances to the central point,
normalized by the explosive thickness (0.025 m) are listed
in Table 3.

In the simulation, three different cases are compara-
tively modeled. The first case (Fig. 6a) is the explosive
detonation in air without water mitigation; the second
case (Fig. 6b) is the water mitigation with water and the
explosive directly in contact; and the last one (Fig. 6c) is
the non-contact water mitigation with an air gap between
the explosive and the water shield. In the contact water
mitigation, the water shield thickness is varied from 0.01
m to 0.045 m, which correspond to 0.4 to 1.8 times the
explosive thickness. For the case of a non-contact water
shield, the mitigation effects for a water shield thickness
of 0.025 m and 0.05 m are investigated with the same air
gap thickness of 0.025 m. For these three cases, the sim-
ulations are carried out for a rigidly confined chamber.
Actually, free field water mitigations could be also inves-
tigated, even easier than the confined water mitigation,
since the SPH method is more natural to treat moving
free boundaries. However, in free field water mitigation,
only the reducing effect on the peak shock pressure can be
investigated. The final equilibrium gas pressure will, with
the expansion of the volume, decrease as low as the ambi-
ent pressure. In confined water mitigation, both important
parameters, the peak shock pressure and the equilibrium
gas pressure, can be studied.

7 Simulation results

7.1 Explosion shock wave in air

An unmitigated explosion produces blast shock waves in
air and throws out solids, such as debris from craters or
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Fig. 7. Particle distributions in the explosion process in air

steel splinters from military shells and bombs. Inside a
container, such as a building, it produces high gas pres-
sure, which bursts the walls and makes its debris fly. After
detonation of the explosive TNT, shock waves propagate
outward with rarefaction waves advancing from outside to
the inner gas. The peak shock pressure decay quickly with
the propagation of the shock and the increasing volume of
the explosive gas. Figure 7 shows the particle distribution
in the explosion process at six representative instants. The

small circles and squares represent explosive gas particles
and air particles, respectively. The initial particles are ex-
ponentially distributed outwards so that to ensure that
the number of gas particles is sufficient although the area
occupied by them is much smaller than the entire com-
putational domain. The original square-shaped explosive
gas gradually turns into a circle. The air particles near
the gas/air interface are highly compressed due to the im-
pulsively driven pressure. At the same distance from the
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Fig. 9. Normalized peak shock pressures for different water
shield thicknesses

origin, the particle velocities around the symmetric planes
x = 0 and y = 0 are higher than those around the sym-
metric plane x = y, while the particle pressure around the
symmetric planes x = 0 and y = 0 are lower than that
around the symmetric plane x = y.

As seen from Fig. 7, some large circles are produced
when the explosive gas particles drastically interact with
the outside air particles. Further investigations show that
increasing the number of particles does not eliminate the
circles. It is suggested that this may be caused by the SPH
method itself when simulating problems with very large in-
homogeneities (density differences) in the drastically inter-
acting process. In the SPH method, the particle mass re-
mains unchanged, while particle density or volume evolves
in the simulation. The density of the highly compressed
explosive gas is much higher than that of the outside air
(1630 times, since the density of air is 1 kg/m3 while the
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Fig. 10. Normalized shock arrival times for different water
shield thicknesses

density of the initial explosive gas is 1630 kg/m3). Around
the interface of the explosive gas and air, the gas particles
tend to occupy much more space than the original volume
with the unchanged particle mass, and therefore cause the
fragmentation-like large circles in Fig. 7. If the density dif-
ference is not so large, this fragmentation-like phenomena
do not happen.

Figure 8 shows pressure histories for the four observa-
tion points. As expected, the calculated pressures at these
four points initially stay around 1 bar, later suddenly rise
to the peak values, and then quickly decay in an expo-
nential way. With the propagation of the shock wave, the
peak shock pressures decrease while the shock wave front
becomes smoother. At further points, the shock arrives
at later stages with slower decay rate since the pressures
there are lowered while the particle volume is further ex-
panded.

Since the chamber is rigidly confined, at very late sta-
ges the shock waves decay in the course of many forward
and backward reflections from the rigid wall and inter-
actions of the forward and backward shock waves. The
mixture of the gas and air gradually reaches a thermody-
namic equilibrium with a constant gas pressure. In this
case, the calculated equilibrium gas pressure is around 48
bar.

7.2 Contact water mitigation

In this case, the mitigation effect of water directly in con-
tact with the explosive is investigated. 100× 100 particles
are initially deployed exponentially (with the exponen-
tial factor 1.01) in the computational domain (one quar-
ter of the geometry). Since more particles produce nearly
the same results, the numerical results obtained by using
100×100 particles are regarded as the convergent solution.
Different water shield thicknesses are examined. Figures 9
and 10 show the peak shock pressures and shock arrival
times at the four observation points. The peak shock pres-
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sure and shock arrival time are normalized by the corre-
sponding peak shock pressure and shock arrival time with-
out water mitigation at the same points, while the abscissa
is the water shield thickness normalized by the initial ex-
plosive TNT thickness. As anticipated, the shock arrival
time increases with enlarging the water shield thickness. It
can be seen from Fig. 9 that putting water around explo-
sive does lead to mitigation of peak shock pressures at all
locations. The mitigation effect is stronger at nearer points
and weaker at points further from the center. Varying the
water shield thickness leads to different mitigation behav-
ior. For a certain observation point, increasing the water
shield thickness up to a certain value results in gradually
decreasing peak shock pressures. The mitigation effect on
the peak shock pressure reaches a maximum when the
normalized water shield thickness approaches 1 (i.e. 0.025
m). Beyond this value, increasing the water shield thick-
ness, on the contrary, leads to worse mitigation effect. In
fact, since the density of water is much higher than that of
air (approximately in 1000 times), when the explosive gas
particles strike the water particles, the gas particles are
suddenly slowed down with the rapid acceleration of the
water particles due to momentum exchange. In the inter-
action process of the explosive gas and water particles, the
water particles are compressed and heated. The momen-
tum and energy exchange between the different particles
mitigate the blast effect, and reduce peak shock pressures.
On the other hand, the water shield, as a barricade and
a mitigator of the shock, confines the outward burst of
the gas particles. This confining effect actually raises peak
shock pressures and acts as an offset to the mitigation ef-
fect. When increasing the water shield thickness, the mo-
mentum and energy exchange gradually slow down while
the confining effect becomes stronger. Therefore, an opti-
mum value of water shield thickness exists, on either side
of which the mitigation effect is weaker. In other words,
more water does not necessarily produce better mitigation
effects. For the contact water mitigation case considered
here, the normalized optimum water shield thickness is
1 (or 0.025 m without normalization), with the surround-
ing mitigation water weighing 1.84 times the TNT charge.
This finding is of great importance for practical applica-
tions, and may provide a reference criterion for the design
of water mitigation devices after taking into account the
specifics of different situations.

Figures 11 and 12 show the density and pressure distri-
butions at four instants for the calculated optimum water
shield thickness. Similar to the above case of explosion
in air, the initially square-shaped explosive gas and wa-
ter particles gradually assume a circular shape. With the
propagation of the shock, the water particles are com-
pressed into a thinner layer. The pressures around the
diagonals are higher than those at other positions of the
same distance to the origin.

The final equilibrium gas pressure is determined by
the thermodynamic equilibrium of the explosive gas, wa-
ter and air in the confining chamber. The equilibrium gas
pressures for different water shield thicknesses are listed
in Table 4, normalized by the equilibrium gas pressure

Fig. 11. Density evolution at t = 20, 70, 140, and 200 µs
for the contact water mitigation with normalized water shield
thickness 1
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Fig. 12. Pressure evolution at t = 20, 70, 140, and 200 µs
for the contact water mitigation with normalized water shield
thickness 1

Fig. 13. Density evolution at t = 20, 70, 150, and 250 µs
for the non-contact water mitigation with normalized air gap
thickness 1 and water shield thickness 1
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Fig. 14. Pressure evolution at t = 20, 70, 150, and 250 µs
for the non-contact water mitigation with normalized air gap
thickness 1 and water shield thickness 1

Fig. 15. Density evolution at t = 20, 100, 220, and 350 µs
for the non-contact water mitigation with normalized air gap
thickness 1 and water shield thickness 2
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Fig. 16. Pressure evolution at t = 20, 100, 220, and 350 µs
for the non-contact water mitigation with normalized air gap
thickness 1 and water shield thickness 2

Table 4. Equilibrium gas pressures for the contact water mit-
igation

Water shield Equilibrium gas Normalized
thickness pressure (105 Pa) gas pressure (%)

0 48.3 100
0.4 35.6 73.7
0.8 28.4 58.8
1.0 8.6 17.8
1.4 15.8 32.7
1.8 26.8 55.5

without water mitigation. The equilibrium gas pressure re-
duces for the given water shield thickness. The maximum
reduction occurs when the normalized water shield thick-
ness is 1, and the equilibrium gas pressure is around 17.8%
of the equilibrium gas pressure of the explosion in air. This
can also be explained from two points of view. Water ab-
sorbs and dissipates the released energy from the explo-
sive gas when being compressed and heated. More water
means better energy absorption effect and thus lower equi-
librium gas pressure. On the other hand, more water oc-
cupies more space, which leads to higher equilibrium gas
pressure. The influences from the two factors produce the
optimum effect when an optimum water shield thickness
is selected.

7.3 Non-contact water mitigation

When an air gap is placed between the explosive and wa-
ter, the mitigation effect may be different from the above
contact water mitigation case. The geometry of the air gap
with respect to that of the water shield and the explosive
charge may significantly change the peak shock pressure at
a certain location as well as the final equilibrium gas pres-
sure. In this study, an air gap with normalized thickness
1 (0.025 m) is employed with two different water shield
thicknesses, 1 (0.025 m) and 2 (0.05 m). Figures 13 and
14 show the density and pressure evolution at the instants
of 20, 70, 150 and 250 µs with water shield thickness 1.
Comparing Fig. 13 with Fig. 11, and Fig. 14 with Fig. 12,
it can be found that the shock arrival is obviously delayed.
The peak shock pressures are further reduced, especially
at locations nearer to the origin. The final equilibrium gas
pressure is reduced to approximately 8 bar, that is about
16.6% of the equilibrium gas pressure without water mit-
igation. Figures 15 and 16 show the density and pressure
evolution at the instants of 20, 100, 220 and 350 µs with
water shield thickness increased to 2. Though the shock
arrivals are further delayed, the peak shock pressures are
higher than those in contact water mitigation. The cal-
culated final equilibrium gas pressure is 11.4 bar, that is
about 23.6% of the equilibrium gas pressure without water
mitigation.



194 M.B. Liu et al.: Water mitigation investigation by a particle method

8 Conclusions

Water has been increasingly used to mitigate the blast ef-
fects from explosive detonations. In this paper, the mesh-
less, Lagrangian method of smoothed particle hydrody-
namics is applied to simulate water mitigation problems.
The method is robust, computationally efficient, and easy
to apply. Verification numerical tests of a one-dimensional
TNT slab detonation and a spherical underwater explo-
sion provide confidence when applying SPH to the simula-
tion of water mitigation problems. Both contact and non-
contact water mitigation are investigated with different
water shield thicknesses. The simulation results, though
obtained for small-scale simple cases and to be adjusted
to different specific situations, are instructive for practi-
cal applications of water mitigation. From the numerical
simulations and discussions, the following conclusions can
be made:

– Putting a layer of water around explosive, either in
direct contact or separated by an air gap, does mitigate
the peak shock pressure as well as the final equilibrium
gas pressure;

– For the contact water mitigation problem, there is an
optimum water shield thickness for a given explosive
charge. Around this optimum value, the best mitiga-
tion effect can be obtained; on either side of the opti-
mum value, the mitigation effect becomes worse;

– For non-contact water mitigation, the relevant geome-
try of the explosive charge, air gap and water shield
must be carefully investigated. A properly designed
structure can produce even better mitigation effects
as compared to contact water mitigation. Ill deploy-
ment of the water mitigation setup may result in poor,
sometimes even reverse mitigation effect;

– Either for the contact or non-contact water mitigation,
the mitigation effect on the equilibrium gas pressure
is much more obvious than that on the peak shock
pressure. In this study, the maximum reduction of the
equilibrium gas pressure is up to 83.4%.
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