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a b s t r a c t

Experimental and computational investigations were performed in order to better understand the
mechanical response of rigid targets with various geometries to the detonation of shallow buried
explosives. The motion of the targets was measured by use of high-speed digital video photography. This
work involved !at targets, targets that were downwardly convex, and targets that were downwardly
concave with explosive charges located at various positions beneath the targets. It was observed that, in
general, angled hulls e whether downwardly concave or convex e tended to reduce the amount of
momentum imparted to the center of mass of the targets. Computations were performed by use of an
arbitrary LangrangianeEulerian treatment in a nonlinear "nite element code. A model based on quasi-
static test evaluations of wet concrete sand was used for prediction of the soil behavior. The computa-
tional technique provided very good agreement between computation and experiment.

! 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Physical tests involving full-scale vehicle systems subjected to
blast loads are relatively expensive. The judicious development and
implementation of properly conceived experimental, computa-
tional and analytical methods to better illustrate the mechanics of
mine blast phenomena can be used to signi"cantly reduce the scale
and cost of experimentation and thus moderate the cost of devel-
opment of mine protected vehicles and protective equipment for
infantry and demining personnel. One area of active investigation
relates to the manner in which shallow buried explosives excite
mechanical structures.

Numerous experimental techniques, analytical methods, and
correlations for the description of blast events and for the predic-
tion of structural response to blast inputs have been developed over
the years. Baker [1] assembled an excellent review of experimental
and theoretical results relating to air blast. Kinney and Graham [2]
collected and compiled air blast data from various sources. Based
on these data, they showed empirical formulations for the predic-
tion of air blast phenomena. Westine et al. [3] performed tests with
measurement of impulse imparted to !at plates from explosives
buried in soil and, based on the results, developed an empirical

correlation for the prediction of structural excitation from blasts
from shallow buried explosives.

It has been shown that small-scale experimental results can
closely match those for full-scale tests. In the work reported by
Fourney et al. [4] and Taylor et al. [5,6], results from full-scale blast
tests involving explosives buried to shallow depths in wet concrete
sand were compared with results for small-scale predictive tests.
The full-scale test series was conducted with plates weighing up to
12,700 kg and using up to 4.54 kg of TNT. For the work reported by
Fourney et al. [4], small-scale charge sizes of 203 mg, 609 mg, and
3.3 g were used to predict impulse and help design the full-scale
tests. The small-scale results were used to predict what would
happen using full-scale charge sizes of either 2.27 or 4.54 kg. For
the full-scale tests the stand off distance was varied between zero
(plate on the ground) and 0.4064 m. Depth of burial for the full-
scale tests was varied between 0.0806 and 0.3048 m. It was
concluded, based on the test data reported that small-scale tests, by
means of HopkinsoneCranz scaling, could be used very effectively
to predict target impulse for full scale tests.

Genson [7] performed small-scale blast tests on rigid aluminum
plates with variously shaped bottoms e some were !at and others
were v-shaped and downwardly convex e in order to explore the
nature of the impulse applied to these targets as a function of target
geometry, depth of explosive burial, and stand off distance between
the target and the ground. For these investigations, the explosive
charge was buried in wet concrete sand and was located directly
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underneath the center of the plates. That work showed that as the
angle of downwardly convex v-shaped hulls increased, impulsive
loads imparted to them were reduced. Increased depth of burial,
until a region of asymptotic response was reached, intensi"ed the
loading to the plate while increasing the distance between the
ground surface and the target served to reduce the impulse
supplied to the target.

Various researchers have applied computational techniques for
treatment of the behavior of explosive, soil, and target in mine blast
situations. Laine and Sandvik [8] developed a constitutive model
that has been used as the basis for de"nition of the behavior of
sand. Szymzcak [9] applied a viscoplastic model for soil and used
a generalized hydrodynamic numerical formulation in order to
predict the response of !at plates to excitation from explosives
buried in wet sand. It was observed that this computational
approach matched experimental results very well as long as the
ratio of target height above the ground to depth of burial was three
or less. Grujicic et al. [10,11] have investigated the use of various soil
constitutive models with incorporation of porosity effects. More
recently, Deshpande et al. [12] have proposed a novel approach to
modeling the soil that takes into account various regimes of soil
behavior that evolve during the course of the detonation event.

Neuberger et al. [13] examined the scaling of !at plate defor-
mationwith excitation from large explosive charges !ush buried in
dry sand, by means of a combination of experiment and computa-
tion. The computation agreed well with experiment and was per-
formed using an arbitrary LangrangianeEulerian technique with
the dry sand modeled by means of a generalized MohreCoulomb
model. The computational and experimental results supported
a hypothesis that the blast response of targets to detonation of large
explosives !ush buried in dry sand would follow a scaling relation.

Williams et al. [14] used a Lagrangian method, with soil and
explosive modeled with a particle technique and soil behavior
prescribed using a hybrid elasticeplastic model, to predict the
response of a !at target to the blast from a shallow buried explo-
sive. Three types of soil were modeled e dry sand, a mix of clay and
sand, and a wet clay e and although direct correlations to experi-
ment were not presented, computational results followed the
expected trend, viz., the impulse imparted to the target increased
with decreasing soil compressibility and yield strength.

Results that involve the loading imparted, bymeans of explosive
shallow buried in wet sand, to !at targets, downwardly concave
targets, and downwardly convex targets are examined. The effect of
variation of explosive lateral location relative to the centerline of
the targets is also examined, as is the effect of variation of the angle
of concavity and convexity. Impulse response for downwardly
concave models is compared with the response for downwardly
concave targets in order to further investigate the question of
whether the well known reduction in impulse for the downwardly
convex topology is altogether due merely to an increased offset of
target bottom surface from the soil surface.

Although accurate analytical and computational techniques for
predicting air blast loading have been available for many years,
methods for calculation of the impulse propagated from shallow
buried explosive still offer opportunities for improvement. We will
present a synthesis of computational techniques that shows a great
deal of promise with regard to an accurate de"nition of blast
threats involving explosives that are shallow buried in various
types of soil.

2. Experimental procedures

As discussed in the Introduction, above, the charge size and scale
of the present work has been found to be easy to manage and to be
appropriate for prediction of full-scale tests. Fig. 1 illustrates the

experimental setup used to measure the response of the rigid
aluminum plates to the excitation of shallow buried explosive. The
636 mg explosive charges used for this work were constructed with
of Detasheet C, which contributed 567 mg of the high explosive
PETN, and an RP-87 detonator, which added another 26 mg of PETN
and 43 mg of RDX so that the total amount of explosive added by the
detonator was 69mg. Most of the mechanical energy from the
detonation was, therefore, provided by the Detasheet C. The cylin-
drical charges were inserted into a bed of wet concrete sand in such
away that their top faceswere 4.826 mmbelow the top surface of the
sand. The rigid aluminum target plates were located in the desired
conformation above the buried charge. The lowest point of each plate
was positioned at the desired stand off distance, 21.59 mm, above the
surface of the sand using either blocks ofwood or stand off bolts. The
experimental work performed for the present study builds upon the
initial work done by Genson [7], but includes a deeper investigation
of the effects of variation of charge location and target shape. In fact,
the "ne details regarding test bed preparation, explosive charge
manufacture, and most aspects of the experimental procedures
performed for the present work are contained in Genson. The charge

Fig. 1. Experimental setup. A total of 0.636 g cylindrical explosive charges were buried
to a depth of 4.826 mm in wet concrete sand and placed at various distances from the
centerline of rigid aluminum targets. The vertical distance between the top surface of
the sand and the lowest point of each of the 203.2 mm" 203.2 mm targets was
21.59 mm. Each test performed was a speci"c combination of one target geometry and
one charge location. a. Side view. b. Top view.
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size, depth of burial of the explosive, and distance from the soil
surface to the bottom of the target would be expected to compare,
using HopkinsoneCranz scaling, with a full-size charge of 4.54 kg,
a full-size depth of burial of 93 mm, and a full-size distance from soil
surface to target bottom of 416 mm.

The displacements of markings on the corners of each of the
plates were measured by use of high-speed digital video. These
displacement measurements were used to calculate the velocities
of the plates. The velocity values, in conjunctionwith the measured
masses of the targets were then used to determine the impulse
imparted to the targets. Fig. 2 shows the geometries of the plates
that were tested. The plates were constructed of aluminum alloy
6061 and behaved essentially as rigid bodies in their response to
the loading from the buried explosive. The plates were machined in
such a way that all of them were of, nominally, 1.5 kg mass. The
particle size distribution for the concrete sand that was used was
determined experimentally using a sieve test and is shown in Fig. 3.

3. Computational procedures

Given a moving mesh, the conservation equations, neglecting
thermal effects, for the transport of mass, momentum, and energy,
respectively, are:

vr
vt

# $rvi;i $ %vi $ ui&r;i (1)

r
vvi
vt

# tji;j ! rbi $ r%vi $ ui&vj;i (2)

r
ve
vt

# tijdij ! rbivi $ r%vi $ ui&e;i (3)

where r is the mass density, ui the mesh velocity vector, vi the
material velocity vector, tij the stress tensor, bi the body force vector,

e the internal energy, dij the rate of deformation tensor, and where,
for any quantity Q,

Q;ih
vQ
vxi

(4)

Computations involving the explosive detonation products, air,
and soil were performed by means of a multi-material arbitrary
LagrangianeEulerian technique as implemented in the LS-DYNA
explicit "nite element solver [15]. LS-DYNA version 971 R4.2.1
was used for this work. The !uid materials and the aluminum
targets were fully coupled by means of a penalty method.

For each time step, a split operator technique was used by the
solver to simulate the mass, momentum, and energy transport for
the air, detonation product, and soil constituents of the problem.
First, there was a Lagrangian step that involved an explicit "nite
element approach to the solution of the conservation equations.
Subsequently a new, more uniform, mesh was created by the solver
and then, "nally, for each time step, momentum, mass, and energy
for each species were advected from the Lagrangian mesh into the
new mesh. The donor cell algorithm, a "rst order upwind scheme,
was used to perform the advection step [16].

By means of the multi-material technique within LS-DYNA, it
was possible for each element to be populated with more than one
material. For each time step, the strain rate for each element was
constant and the stress state of each element was determined by
summing the products of the volume fraction and stresses of each
constituent of the element. Also, for each time step, integrationwas
performed explicitly using central differences.

The interface between the rigid target and the !uids was treated
as having in"nite slip. At the outer surfaces of the computational
domain the default zero force boundary condition was used. For
this boundary condition, out!ow is not prevented and in!ow to
cells is constrained to be composed of the same material that is
present in the cells [17].

Fig. 2. Target plate geometries, clockwise from top left, (a) 13' convex down; (b) 13' concave down; (c) 21' concave down; (d) !at; and (e) 21' convex down. Targets were
machined from aluminum alloy 6061 and shallow buried explosives were detonated at various locations beneath the targets. Target angle was de"ned as the initial angle between
a target bottom half-surface and the horizontal plane.
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The 6061 aluminum alloy that comprised the targets was
modeled as a rigid solid. The behavior of the reaction products from
the detonation of Detasheet C, the high explosive used for this
work, was de"ned in terms of initial density, ChapmaneJouget
pressure, detonation velocity, and a Jones Wilkins Lee (JWL)
equation of state for description of the adiabat. The form of the JWL
equation of state that was used for this work was

p # A
!
1$

u
R1V

"
e$R1V ! B

!
1$

u
R2V

"
e$R2V !

uE0

V
(5)

V in this equation is de"ned as the ratio of the volume of the
detonation reaction products to the initial volume of the explosive;
E0 is the energy per unit volume; p is the pressure. A, u, R1, B, and R2
are constants available along with the ChapmaneJouget parame-
ters, for many explosives, from various sources. The air was
modeled as a !uid with Newtonian viscosity and an ideal gas
equation of state

p # r
#
Cp $ Cv

$
T (6)

where r the density, and T the absolute temperature. Cp and Cv,
represent the speci"c heat at constant pressure and at constant
volume, respectively.

The behavior of shallow buried explosives in soil is dependent
not only on the characteristics of the high explosive but is also very
much a function of the properties andmoisture content of the soil in
which the explosives are buried. The de"nition of the soil properties
as applied in this work was based on some of the standard de"ni-
tions of soil constitutive properties as found in, e.g., Chen and Baladi
[18], and generated for the work that was done to develop hybrid
elasticeplastic soil models that were implemented for use in the
SABER code, developed by the US Engineer Research and Develop-
ment Center in conjunction with Titan Research and Technology, for
the prediction of ground shock [19]. Equation of state and failure
relations were developed for the SABER code based primarily on
high pressure, quasi-static test results. One of the objectives of the
present work was to test the hypothesis that a soil model based
purely on quasi-static tests would be capable of predicting blast
loads imparted from shallow buried explosives to rigid targets.

The equation of state, failure surface, and other physical soil
parameters used for this work were developed using an iterative

linear interpolation process. Starting with the available material
parameters fromphysical tests for concrete sandwith1and5percent
air "lled voids, LS-DYNAmaterialmodel 078, *MAT_SOIL_CONCRETE
was used to calculate impulsive loading for the !at, center-loaded
target using the LS-DYNA ALE technique for each of the two levels
of porosity. Subsequently a simple bisection method was used to
iteratively perform linear interpolation of all soil model constants
until the LS-DYNA impulse result converged to the experimental
impulse value and the set of soil material parameters obtained
thereby was used to perform computations for all of the other
combinations of target geometry and loading con"guration. The 1
percent air "lled voids concrete sand had a moisture content of 18.2
percent anda dry density of 1790 kg/m3. The 5 percent air"lled voids
concrete sandhadamoisture content of 16.0% and a dry density, also,
of 1790 kg/m3.

The deviatoric, perfectly plastic failure surface of the soil model
used, in tabular form, to populate the LS-DYNA soil model is shown
in Fig. 4a. IIs is the second invariant of the deviatoric stress tensor sij
and is de"ned as

IIs # 1
2
sijsij:

The abscissa, tii/3, represents the mean compressive stress.
The mean normal compressive stressevolumetric strain

behavior of the wet sand is given in Fig. 4b that shows the variation
of pressure as a function of volumetric strain for wet concrete sand
with air "lled voids content at a level between 1 and 5 percent. For
the purposes of this work, the volumetric strain 3v was de"ned as

3v # $ln
!
V
V0

"
;

the negative value of the natural logarithm of the ratio of the
current volume to the initial volume. These data were also used, in
tabular form, to populate the LS-DYNAmaterial model. The soil was
modeled as having a wet density of 2145.3 kg/m3, a Young’s
modulus of 7.1028 GPa, a shear modulus of 330.35 MPa, a tensile
fracture cutoff pressure of $24.638 kPa, and the “fail” parameter
was set to 2.

A cylindrical ALE domain geometry was chosen for this work. The
cylindrical domain "nite elementmesh is shown in Fig. 5. The radius

Fig. 3. Particle size distribution for concrete sand.
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of the cylindrical ALE domain was 0.48 m. The height of the lower
portion of the domain in the axial direction, which initially con-
tained the soil and the explosive, was 164.1 mm; the height of the
upper portion, initially "lled by air and the rigid target, was also
164.1 mm.

Themesh size for the ALE domainwas varied by radial position in
the circular plane of the domain. In the region closest to the center,
the mesh size was approximately 2 mm; toward the outer radius of
the domain, the mesh size was about 16 mm. The distance between
nodes in the vertical, axial, direction was approximately 2 mm.

LS-DYNA uses an isotropic method for the advection of quanti-
ties between elements. This means that such quantities are

transported through the faces of elements but not through corners
or edges [16]. For the type of physical problem treated in the
present work mass, momentum, and energy are radially propa-
gated in the plane of the cylinder. An unstructured mesh was used,
therefore, in order to better match the physics of the problem.

A mesh convergence study was performed which involved
excitation of the !at target by means of the explosive charge buried
in wet sand directly beneath the center of the target. The results of
this study indicated that the mesh with the nominally 0.002 m
center region was well within the converged region (Fig. 6).

4. Results

4.1. Experimental results

A summary of the experimental results for the various targets is
given in Table 1. For factor combinations for which more than one
test was performed it can be seen that there was some degree of
variability. Thus far no detailed examination of test-to-test vari-
ability has been performed, but possible sources for this variation
might include small differences in explosive charge mass, in soil
moisture content, as well as in the spatial con"guration of the
explosive in the soil and the height of the target above the top of the
soil. An examination of the result averages reveals several trends. It
was observed that, for the cases where the charge was located

Fig. 4. a) Failure surface for wet concrete sand de"ned by IIs, the second invariant of
the deviatoric stress tensor as a function of pressure tii/3. (b) Mean compressive normal
stress e volumetricestrain relationship for wet concrete sand. Both are for air "lled
void content between 1 and 5 percent [19].

Fig. 5. The mesh that was used for the ALE computational domain.
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Fig. 6. Results of the mesh convergence study. The nominally 2 mm mesh that was
used for the computational work was clearly in the converged region.
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directly beneath the centers of the targets, the amount of peak
momentum imparted to the !at target and the 13' concave target
were relatively similar whereas the 21' concave target exhibited
a moderately lower level. For these center shots, the severity of the
blast load was signi"cantly reduced for both of the hulls that were
downwardly convex, with increased reduction for the 21' hull.

The nominal depth of burial of the explosive and the stand-off
distance between the targets and the upper surface of the soil
bed was the same for all of the tests performed for this work. The
target stand-off distance was taken to be the vertical distance from
the sand surface to the nearest point on the target. For the down-
wardly convex targets, this point was at the lateral centerline of
plate. For the downwardly concave targets, these points were at the
outer edges of the plate. As a result, the distance between the
surfaces of the angled plates and the charge was greater than it was
between the !at plate and the charge.

Fig. 7 shows experimental results for a !at plate excited by a 4.4-
g charge with a depth of burial of 5.34 mm in wet sand. It can be
observed that impulse decreases signi"cantly with increasing stand
off distance. It seems most likely that at least some of the observed
reduction in the loading of the 21 degree downwardly concave, the
13 degree downwardly convex, and the 21 degree downwardly
convex plates was a result of the increased distance between
explosive and target. It is interesting to note that the downwardly
convex targets, for the case of central loading, exhibited lower
momentum than did the downwardly concave targets (Table 1).

In order to more carefully examine the mechanics of target
loading as it relates to angled surfaces, a series of tests was con-
ducted that involved the measurement of speci"c impulse at
various locations on rigid downwardly convex targets as well as on

rigid !at plates. For this work measurements were taken, using
high-speed digital video, of the impulse delivered to tapered,
removable 25.4 mm diameter plugs. The mass of the plugs was
varied, depending on the location on the rigid target, so that the
velocity could be most accurately measured. Results from this work
are shown in Fig. 8.

Referring to Fig. 8, it is dif"cult, for distances greater than about
50 or 60 mm from the explosive, to distinguish between the
response of the !at plate and the angled plate. However, as the
distance between the explosive and the target decreased below this
level there was some divergence between the results for the two
cases. As the distance decreased, there appeared to be a trend
toward higher excitation of the !at plate than of the angled target.
On this basis it could be hypothesized that some portion of the
reduction in excitation was a result of the effect of the geometric
shape of the bottom of the target. The performance of additional
tests at smaller distances between charge and !at plate would help
to clarify whether such an hypothesis is, in fact, correct. A
comparison, taken from high-speed video of some of the blast
experiments, of the response of plates to excitation beneath their
centerline and for quarter shots, i.e., for shots with charge located
beneath a position halfway between the center and the outer lateral
edge of the targets, can be seen in Fig. 9. These images, from high-
speed video recordings of the blast events, were taken 20 ms after
explosive detonation.

For the impacts that involved !at and downwardly convex plates
(Table 1), the imparted momentum was higher for shots with the
charge located halfway between the center and edge of the target
than it was for the case of the centerline shots. This was a result of
the combination of two factors. First, a signi"cant rotational

Table 1
Computational and experimental results for center and quarter shot excitation of target plates. Negative angle de"nitions indicate downwardly concave targets. Positive angle
de"nitions indicate that targets were downwardly convex. For factor combinations for which more than one test was performed, individual test results are shown "rst and
these are then followed by their average value.

Target bottom angle ['] Charge location Experimentally determined
impulse imparted to
target [N-s]

Peak impulse imparted
to target based on
computation [N-s]

Percentage difference between
computation and average of
experimental results

$21 Center 5.62, 6.42; average: 6.02 6.50 7.7
$13 Center 6.41, 6.96, 6.66; average: 6.68 6.69 0.2
0 Center 6.49, 6.78; average: 6.64 6.64 0.0 e used to calibrate model
13 Center 5.26 5.26 0.0
21 Center 4.84 4.38 $9.5
0 Quarter 8.35, 7.44; average: 7.90 7.18 $9.1
13 Quarter 6.94 6.26 $9.8
21 Quarter 5.74 5.36 $6.6
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Fig. 7. Impulse versus stand off distance (SOD) for !at plate targets. Charge size was
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component of the motion was caused by the offset location of the
bottom surfaces of the targets relative to the progression of the blast
front. This effect for the offset explosive location, developed from
computational results, is shown in Fig. 10. Fig. 10a shows the initial
con"guration of the !at plate as it rests upon its supports. Fig. 10b
shows the conformation of the plate about 200 ms after the initiation
of the detonation, at which point it is constrained on its left side by
the support bolt but is rotating counter-clockwise and separating
slightly on its right side from support bolt. Fig. 10c shows the target
8 ms after detonation, rotating counter-clockwise and completely
separated from the bolt supports. A hand calculation for impulsive
loading of a very thin, rigid rod helped us to more fundamentally
grasp the reasons that the offset shots resulted in higher target
translational momentum than did the center shots. If an impulse is
de"ned as, say [d(t) FC] where d(t) is the Dirac delta function and FC
is the magnitude of the impulsive load then it can be shown, by
integrating the relations for conservation of linear and angular
momentum, that this impulse applied as quarter loading to the rod
will impart 1.75 times the kinetic energy that it would impart if
applied at the center of the rod. Therefore, even a somewhat lower
impulsive load applied as a quarter shot could still impart more
kinetic energy to a target than a somewhat higher impulsive load
applied at the center of the target.

In addition, the initial constraint on the targets caused by the
presence of the bolts used to position the targets above the top
surface of the soil served to redirect a portion of the quarter shot

rotational kinetic energy to the end that it was converted to
translational kinetic energy thereby increasing the translational
momentum of the targets’ centers of mass. This point is illustrated
in Fig. 11, taken from a comparison of computational results for the

Fig. 9. Conformation of !at (left), and 21' convex down (right) plates 20 ms after charge detonation. Top row: targets that were excited by means of explosive buried beneath target
centerline. Bottom row: targets that were excited by means of buried explosive charge located halfway between the centerline and outer lateral edge of target.

Fig. 10. Effect, for quarter shot computations, of constraining bolt supports on target
dynamics. (a) Target in initial con"guration. (b). Target 200 ms after detonation, con-
strained on left side by support bolt but rotating and separating slightly on right side
from support bolt. (c) Target 8 ms after detonation, rotating and separated from all bolt
supports.
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!at plate with offset excitation but in one case constrained by the
support bolts and, in another case !oating free in space, that is, with
no bolt constraints. The total calculated kinetic energy for the target
is almost the same for the constrained case as it is for the uncon-
strained case. However, it can be seen that the partitioning of
rotational and translational energy is signi"cantly different for the
two cases. In the constrained case, the torque resulting from the
contact forces between the target and the constraining bolts results
in a signi"cant reduction of target rotational inertia, and therefore,
rotational kinetic energy, which leads to a higher proportion of
target translational kinetic energy e and translational momentum
e than that which is observed for the unconstrained case. It is
interesting to note the correspondence between the constrained
case contact forces and the rotational kinetic energy of the target
for the constrained case.

4.2. Computational results

Test data available from the SABER code [19] were used for
building soil models with 1 percent air "lled void and 5 percent air
"lled voidwet concrete sand. Computations performed usingmodels
for these two soils for the case of the !at plate and centerline location
of the explosive produced target peak momentum of 8.07 N-s and
5.24 N-s, respectively. One of the primary aims of this study was to
examine the use of a computational method that would be based
very much on the physics of the problem and that would involve
a minimal amount of tuning of model parameters. However, no test
data were immediately available for concrete sand water levels that
correlated to values between 1 percent and 5 percent air "lled voids.
As a result, an iterative process, based on the physical behavior of the
soil, was used to develop interpolated values for the various
components of the soil model to the end that the computational
model produced a peak target momentum that matched the exper-
imental peak level of 6.64 N-s. Computed target momentum e time
histories generated using concrete sand models with 1 percent, 5

percent, and the calibrated intermediate level of air "lled voids are
presented in Fig. 12.

High speed video was used by Genson [7] in order to investigate
the evolution, for time increments of 40 ms, of the blast for the case
of a 0.636-g explosive charge, wet sand, 4.826 mm depth of charge
burial but with no target, in other words, under the same condi-
tions of soil and explosive that were used in the present study for
aluminum target excitation. Computations, using the ALE method
described above, were performed for this same set of parameters. A
comparison of these results is given in Fig. 13. All frames in the
"gure are shown at the same scale. In the "gure, the soil was rep-
resented by the light gray colored continuum while the reaction
products from the detonation of the explosive were represented in

Fig. 11. Computational kinetic energy results for !at plate rotation constrained by support bolts are compared with results for unconstrained !at plate. Support bolt constraint
contact forces, for the constrained case, are superimposed.

Fig. 12. Computed target momentum e time histories generated using concrete sand
models with 1 percent, 5 percent, and a calibrated, intermediate level of air "lled voids
for the case of the !at plate with explosive charge buried directly beneath the lateral
centerline of the plate.
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black. As a result of the relatively low volume fraction of sand in the
dust cloud and the computational mesh size in comparison to
the scale of the sand particles, it was not possible to capture, for the
case of the computations, some of the "ne detail of the dust that
comprised the cloud of ejecta.

During the course of computations performed on the down-
wardly convex target plates for center shot charge location,
convergence problems emerged for the case of the 250 mm
computational domain radius. A physically unrealistic continuous
increase in targetmomentumwas observed in the plate response to
the blast load. This was caused by the emergence of numerical
instabilities at the ALE computational domain boundaries. A
convergence study that involved several iterations with expansion
of the outer radius of the cylindrical ALE computational domain
beyond its initial value of 246.3 mm supported this hypothesis.
Based on the results of the convergence study, the computational
domain size was ultimately expanded to a radius of 480 mm.

Computations were performed "rst for center shots on all target
con"gurations. A primary objective of the computational workwas to
determine whether it would be possible to match the experimental

results for the rigid plates by using ALE computations and the soil
model described above, a soil model that was based purely on quasi-
static determination of the soil behavior. The results from these
computations are compared with the experimental "ndings in
Table 1. Percentage difference was calculated based on the deviation
of computational results from experimental results. The case of the
!at plate, center charge locationwas used to calibrate the soil model.
Thus, for that particular case, the calculation of percentage difference
was not relevant. It can be seen that, for the remaining cases, the
agreement between computation and experiment was reasonable.

Computations were also performed for some of the cases that
involved explosive buried halfway between the center and the
outside lateral edge of these targets. The results of these calcula-
tions are shown in Table 1. The agreement with the experimental
results was found to be, for these cases, also very good.

6. Summary and conclusions

The response of downwardly convex, !at, and downwardly
concave rigid targets to excitation from shallow buried explosives
located at various locations beneath the targetswas examined using
an approach that involved experimental as well as computational
methods. High-speed video techniques were used to observe blast
phenomena and measure the dynamics of the target plates. An
arbitrary LangrangianeEulerian (ALE) treatment was used tomodel
the mechanics of the explosive, soil and air. The two-way coupling
between the !uid and solid constituents of the problem was
handled computationally by means of a penalty contact method.

It was observed experimentally that hulls e with bottom
geometries that were both downwardly convex e reduced the
amount of momentum imparted to the target by the explosive
detonation products and the soil. Also, it was observed that the
rotational effects imparted to !at and downwardly convex targets
with explosive buried in non-centerline locations were signi"cant
and clearly invite further examination. The computations that were
performed were found to agree very closely with experimental
results. Thus the hypothesis that a computational soil model, based
purely on quasi-static test evaluations, could enable such close
agreement between experiment and computational results was
supported by the work that was performed for this study.
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