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ABSTRACT

Modern field fortification systems are very large and cause a logistical burden
during setup, thus setting the requirement for their modification. A simulation
study was conducted to study the correlation between the compaction of sand
and the energy absorbed by it when impacted by a solid steel projectile at 850m/s.
Furthermore, the sandbag was modified by the addition of plates in the system to
observe the change in projectile penetration and the energy absorption behaviour
of the sand. The factors considered for this study were the plate thickness (15mm,
25mm), plate material (aluminium, concrete, plexiglass, polycarbonate, steel) and
plate location (226mm, 236mm, 256mm from the point of impact). It was observed
that a layer of compressed sand is formed around the projectile, aiding the energy
absorption and dissipation process during impact. Upon addition of the plate, it
was observed that the modified system (plate and sand) absorbed maximum
energy when the plate is placed closest to the point of maximum penetration
without the plate. It was also noted that the addition of the plate enhanced energy
absorption characteristics of the system compared to conventional sandbags
because of increased compaction of sand. From the study, it was observed that
the plexiglass and polycarbonate plates had the maximum energy absorption and
maximum deformation. The steel plate had the least energy absorption and
minimal deformation. Concrete and Aluminium had comparable areal density,
energy absorption and lowest deformation, making them the preferred choice of
plate material for a modified sandbag. The numerical studies were verified using
a gas gun and a modified sandbag with Aluminium plates to show that the
addition of a plate improves compaction behaviour of sand. Keywords:
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INTRODUCTION

The paradigm shift setting up warfare in a more urban environment has shown
that the major threats that need to be protected against, are that of blast, fragment
(because of blast) and ballistic attack. The shift in the use of explosives in
conflicts has drastically increased the need for protection against these threats.
Over the years, the two major types of protection systems that have been used
for the protection of buildings are “hard and massive”, and “ductile and dynamic”
systems [1]. The major requirement for any protection system is that it must be
engineered to match, and defeat a given threat. This essentially implies that the
design of a protection system requires the system to respond to the dynamic
loads (blast and fragments) such that it is not easily defeated or too overmatched
(where the whole system is displaced by the load) [1]. In terms of the engineering,
a ballistic protection system needs to rapidly dissipate the energy of an incoming

projectile while limiting its movement within the material.

Sand has been used as a means of protection against blast and ballistic threats
for a variety of reasons which are (i) it is ubiquitous; (ii) it is cheap and can be
bought in bulk quantities; (iii) it absorbs and dissipates energy effectively; (iv) it
has a very high critical velocity; and (v) it is easy to work with and requires little
processing before being used in the field [1,2]. The increased dependency on
explosive weapon systems developed the need for larger field fortifications which
raised questions for the use of sand in these protection systems.

Sand is used in fortification systems because of its increased penetration
resistance when it is compacted [1,3]. The process of compaction displaces the
air from the sand, resulting in reduced pore spaces between grains of sand [4].
The reduced volume due to the grain rearrangement increases the particle friction
between grains resulting in the increase in shear strength of the sand [4]. The
increased shear strength results in the increased penetration resistance of sand
[3,4]. Additionally, the increased particle friction has a direct influence on the
ability of the sand to absorb and dissipate the energy from the incoming projectile.
While sand can resist projectile penetration due to particle friction, it uses the
process of compaction to resist the attack from blast. The major threat from blast



is the propagation of the shockwave through the material [4,5]. Sand resists blast
by undergoing densification due to the pressure load from the shockwave [6,7].
The process of compaction increases the contact between patrticles, allowing the
dissipation of energy from the propagating shockwave [7-9]. More recently, sand
has found application as a common infill in protective systems such as HESCO.
The HESCO system typically holds the sand (up to 14.77 metric tonnes) in a high
specification mesh and geotextile framework [10]. These systems are very robust
and have the capability to defend against a large array of direct and indirect
threats such as fragments, bullets and shockwaves from blast [4]. Furthermore,
the barriers still face the risk of being displaced when subjected to blast which in
turn increases the risk of collateral damage to personnel [11]. In addition to this,
there have been multiple studies done to show that geoparticles larger than sand
are more effective at responding to a ballistic threat [12—-14]. Moreover, these
kinds of barriers are mainly suited for military applications primarily due to their

size and the space required for their setup.

With such a dependence upon systems such as HESCOs, extensive study
involving projectile impact into sand have been conducted experimentally
[4,11,13,15-17]. The primary aim of these studies is to observe the penetration
resistance provided by sand and how the physical properties of sand play a role

in protecting against ballistic attack [15-17].

While experimental impact studies allow for a clear observation of the response
of sand to dynamic loading, they pose a challenge with regards to the
quantification of this response [6]. The use of sensors and high speed cameras
along with processes such as digital image correlation have been used in recent
years to measure the response of sand to impact and study its energy absorption
characteristics [8]. The caveat with this experimental method is the cost of
equipment and the increased source of human error given the increased
complexity of the setup [6,18]. Furthermore, the challenge with an experimental
method is the pre-processing (drying and mixing of sand to ensure a uniform
measure of moisture throughout the sample) of material required to ensure a

uniform setup, coupled with the opaque nature of sand. Additionally, studies often



use gas guns to fire projectiles with simplified geometries as opposed to real

ballistic firings, resulting in a further simplified response.

While experimental methods hold their value, numerical methods are a cost-
effective approach to recreate similar scenarios and observe material behaviour.
With the case of sand, the use of numerical methods enables the user to observe
the compaction behaviour of sand and energy transfer mechanism when it is
impacted by the projectile [6,11,19]. The primary advantage of using numerical
methods for studying impact is that it is not resource heavy. It also allows the
direct visualisation of the behaviour of the impacted sand and to accurately
quantify the response of sand under loading [7,20,21]. Furthermore, the use of
numerical methods increases the versatility of the study because it allows the
user to easily work with a variety of materials and geometries for the same impact
problem. Finally, it is safer as high-energy events are simulated rather than
physically produced. The use of numerical modelling allows for more research to
be conducted as opposed to physical testing where specialist facilities are
required. In any case, the use of numerical methods, still requires some
experimental studies to validate the results generated. This is because material
models can have inaccuracies or incomplete data which can result in a

discrepancy between simulation and experimental results.

The change in threat profile creates a logistic and financial burden with regards
to the use of current protection systems due to their large size and filling
requirement. A simple method to navigate around this issue is to increase the
areal density of the protection system. Adding a plate to a sandbag will change
its areal density because a portion of the sand is replaced by a solid plate. The
areal density of the protection system is an important factor used to measure the
effectiveness of a protection system. Adding a plate can reduce the size (while
maintaining the areal density) of the system or increase its areal density (while
maintaining its size). The objective of this study is to observe the change in
energy absorption characteristics of the protection system after the addition of
plates to an existing sandbag design. The variables being considered are (i)

position of plate inside the sandbag; (ii) plate thickness; and (iii) plate material.



The position of the plate influences the compaction of the sand and the
confinement of the plate increases its resistance to ballistic attack. The plate
material influences the failure mechanism and the energy absorption
characteristics of the system. This study focuses on the compaction behaviour of
sand and how it changes with the presence of a large object in the system.
Previously, studies have focused on the physical properties of sand and how they
influence the penetration resistance of the system [2,4,6,13,17,22]. Observing the
compaction behaviour and how it changes by modifying the sandbag creates the
opportunity to improve the protection system performance with minimal changes
to the filling.

1 METHODS AND MATERIALS

1.1 Choice of Materials

For simulation studies, materials are assigned their properties using Equations of
State (EOS), strength models and failure models. The EOS defines the
thermodynamic response of the material to loading. The strength model defines
the mechanical response of the material to loading and the failure model defines
the limits after which the material fails. Table 1 shows the materials used for the
simulation, their EOS, strength models and their failure models. Sand is
ubiquitously used in hard and massive protection systems thus making it the
obvious choice for filler material for this model. Subsequently, steel 1006 is the
preferred material for the projectile based on previous work done on protection
against impact [11]. Aluminium has been chosen as a target plate material due
to its prior use in armour systems for vehicles [23]. Furthermore, concrete has
been considered as plate material because of its good energy absorption
characteristics and its prior use in ductile and dynamic protection systems [1,24].
Plexiglass and polycarbonate have historically been used for personal protection
systems, making them viable candidates for a target plate in this system. Finally,
steel 4340 was chosen as a plate material because it has also been previously

used in structural protection systems [11].



Table 1 Summary of material models and properties

Material Sand Steel 1006 | Al 6061-T6 ((:S?é]&rss Plexiglass Polycarbonate Steel 4340
EOS Compaction S.hOCk' S.hOCk' P-Alpha Shock- Linear Shock- Linear Linear
Linear Linear
Density 1.674 7.896 2.70 2.75 1.186 1.2 7.83
(9/cm®)
Yield Stress 5 5 5 " 2 4 5
(kPa) 2.26x10 3.5x10 29x10 3.527x 10 6.5x10 8.06x10 4.7x10
Strength Johnson- | Steinberg- RHT . . Johnson-
model MO Granular Cook Guinan Concrete Piecewise JC Cook
. _ RHT . . Johnson-
Failure model Hydro Pmin Concrete Plastic Strain Cook
Reference [25] [26] [27] [28,29] [30] [31] [32]

1.2 Model Setup

ANSYS AUTODYN 2020 R1 was used to simulate the models for this study.
Figure 1 shows the AUTODYN-2D model setup used to simulate a projectile
impacting into sand. To reduce computational resources the model represents
only a localised section (300mm x 300mm) of the whole sandbag. Free flow
conditions were assumed for sand particles that exit the edges of the model. The
steel 1006 projectile has a 12mm diameter and a velocity of 850m/s. Projectile
velocity of 850m/s is equivalent to the velocity of a 12mm spherical fragment from
a 155mm artillery shell at 11.7m (based on Gurney equations — Appendix A). The
thickness of the plates (15 and 25mm) was selected based on previous work with
composite armour systems [12,33,34]. The location of the plate was decided
based on the maximum penetration of the projectile in the sand and the size of
the compacted section of sand ahead of that point. In this study, the plate is
placed at three different points (226mm, 236mm and 256mm) in the compacted
sand along the horizontal axis in line with the point of impact (Figure 2). These
specific locations for the plate have been selected because the plate is not




subject to impact given the timescale of the simulation. Furthermore, it helps
elucidate the response of the plate to compressive loading and the change in its
specific internal energy with respect to time. Placing the plate in the region of
compressed sand aids in observing the change in behaviour of compressed sand

when interacting with a solid body.

According to the fidelity study (discussed later in this section), compaction of sand
was observed up to 40mm ahead of the maximum penetration depth. Based on
that finding, the plate was placed 10, 20 and 40mm ahead of the maximum

penetration depth to observe the change in compaction behaviour.

Figure 1 AUTODYN 2D model setup (Legend: Sand — Green; Plate — Blue;
Projectile — Cyan)



Figure 2 Plate locations within compressed sand: Black dot - Point of maximum
penetration (216mm); Red dots - plate locations (226, 236 and 256mm)

1.3 Solver Selection

The Eulerian solver is characterized by a fixed observation domain though which
bodies/particles move [35]. A finite difference method is used to observe the flow
of mass, momentum, and energy in the continuum. This is possible because the
mesh does not move, and difference equations can be used to calculate the
change in properties and material location between nodes [35]. In the Lagrangian
solver, the observation domain is fixed relative to a moving body/particle. This
implies that, contrary to a Eulerian mesh, the mesh in a Lagrange solver is
attached to the model [35]. In this model the mass, momentum, and energy are
transported through the material cells as the materials move through the
continuum. A finite element method is used to compute the flow of mass,
momentum, and energy within the system [35,36]. Smoothed Particle
Hydrodynamics (SPH) was originally invented for the simulation of astrophysical
phenomena to observe the arbitrary movement (in 3 dimensions) of particles



without limiting boundaries. The flow of mass, momentum, and energy is
measured at the particle positions by calculating a weighted average of the values
of the local particles [37]. As a result of this, the discrete particles are “smoothed”

over while maintaining a fixed mass in a finite volume [35,38].

Based on the different kinds of solvers, the model setup requires the use of one
or more kinds of code to adequately compute and generate reliable results. The
same solver cannot accurately represent all types of material due to the different
EOS, strength and failure models assigned to them. The primary considerations
while selecting a solver for an impact problem are (i) expected deformation of
material(s); (ii) freedom of movement of particles of a given material; and (iii)
computational requirement of the model (i.e. how computationally heavy the
model is). Based on this criteria, three solvers were considered for the
computation of this problem (i) Euler; (i) SPH-Euler; and (iii) SPH-Lagrange.
Figure 3 shows sample results of the same model being computed with different

solvers.

Figure 3a shows the computation of the model with a Euler solver. As mentioned
earlier, the Euler solver allows for large deformations in impact problems while
not being too computationally heavy. The caveat with that is the scope for
inaccuracy when simulating the failure of solid materials like metals.
Subsequently, this solver functions under a constant density condition in a fixed
mesh. This implies that the particles within this mesh move freely while ensuring
that the material density remains constant. From Figure 3a, the density of the
sand does not change upon impact, except a minute amount of densification at
the interface where the projectile interacts with the sand. Observations from
experimental studies show that sand undergoes densification upon impact.
Therefore, the use of a Eulerian solver for the computation for this problem is not

adequate.

Figure 3b shows the computation of the model with a SPH-Euler solver. In this
model, the sand is modelled with a SPH solver and the plate is modelled with a
Euler solver. Modelling the sand in the SPH solver enables the sand to move with

a larger degree of freedom while allowing the particles of sand to interact with



each other. Due to the computational model of the solver, it is possible to observe
the densification and compaction behaviour of sand during an impact loading
event. This model is not computationally heavy, but the SPH and Euler solvers
are not compatible because the SPH is essentially mesh-free whereas the Euler
solver has a rigid mesh. The Euler solver has a constant mass and all the
interaction is limited to the boundaries set by the mesh. As a result, it cannot
compute material interactions with particles in a SPH mesh. As a result, the SPH-
Euler solver cannot be used to compute the model.

Figure 3c shows how a SPH-Lagrange solver computes the model. Like the SPH-
Euler solver, the sand is modelled with a SPH solver whereas the plate is
modelled with a Lagrange solver. This solver computes the impact problem with
the most accuracy amongst the three solvers being compared. The challenge
accompanied with the accuracy is that the solver is computationally heavy,
resulting in a large time consumption for each simulation. Unlike the SPH-Euler
solver, the SPH-Lagrange solver does not face a compatibility problem because
both, SPH and Lagrange, solvers are based on a finite element method for

computing the flow of mass, momentum and energy [36,38].
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Figure 3 Solver selection for 12mm steel projectile impacting sandbag at 850m/s
with 15mm/25mm plate at 226mm/236mm/256mm: (a) Euler solver; (b) SPH -

1.4 Fidelity Study

Euler Solver; (c) SPH - Lagrange Solver

To optimise computation time without compromising accuracy, a fidelity study

was undertaken. Since the SPH-Lagrange solver has been selected, it must be

noted that the particle size (smoothing length) of the SPH elements defines the

mass and density of the filling. This in turn, directly influences the computational

time of the problem. For this type of model, the particle size influences the

penetration depth of the projectile in sand. Table 2 shows the observations from

the fidelity study.

Table 2. Summary of Fidelity Study

Smoothing length | Computation time | Completion Penetration depth
(mm) (h) (mm)

0.5 72+ 8% 142*

1 9 100% 216

2 15 100% 456

* Represents the penetration depth at the time of model stop.

From the fidelity study, it can be demonstrated that a smoothing length of 1mm

is the ideal choice for the modelling of sand in the model. The model with



smoothing length of 0.5mm was expected to take approximately 900 hours to
converge using extrapolation methods. While this model provides the highest
fidelity, it is too computationally intensive and not very feasible. When smoothing
length 2mm is used, the fill density reduces drastically resulting in the sand being
completely overmatched by the threat. Additionally, the 1mm smoothing length
ensures adequate fill density to represent the compaction of sand during the filling
process. 1mm smoothing length enables an accurate representation of existing
sand-based protection systems.

1.5 Validation of Simulation Results

The simulations were experimentally verified in a lab setup. A 30mm bore light
gas gun was used to fire a steel projectile into sand. 56 bar helium was the driving
gas used in the gun to achieve an impact velocity of 867m/s. Building sand was
used in the target because of its uniform particle size and high availability. Figure
4 shows the setup of the experiment. 15mm thick Aluminium plates were selected
for the validation of the simulations to ensure a uniform standard between firings
and easy replication of the experiment. The sand was lightly compacted into the
box to replicate the setup of modern HESCO sandbags. 2 shots were fired in the
presence of a plate and 2 shots were fired without the presence of a plate to

validate the observations from the simulations.



Figure 4 Experiment setup for gas gun firings into sandbag target with

Aluminium plate at 226mm from point of impact

2 RESULTS AND DISCUSSION

2.1 Compaction Behaviour of Sand

Sand is subjected to dynamic loading (compressive and mechanical loading)
when it is impacted with a projectile travelling at 850m/s [14]. Due to the granular
structure of sand, it tends compact and densify when it is under a compressive
load [1,6,39]. Previous studies have shown a change in the energy absorption
behaviour of sand as its density changes, thus implying a shift in its penetration
resistance [3,7]. The plate was placed in the sandbag so that it was not impacted
by the projectile given the timescale of the simulation. The selection of plate
location within the sandbag and its effect on the compaction of sand is discussed
in the subsequent section. The energy absorption behaviour is observed by
measuring the change in specific internal energy of the material. The change in
specific internal energy of the material provides an insight into the energy
absorbed by it during and after the impact. Measuring the densification of the
material can aid the process of developing a correlation between compaction and
energy absorption. Figures 5 and 6 show the change in density of sand when it

is impacted by the projectile with plates at 226mm from the point of impact. The



change in density of sand with plates at 236mm and 256mm from the point of

impact is shown in the supplementary information (S| Figures 1 and 2).
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Figure 5 Change in density of sand with respect to time when impacted with a
steel projectile (12mm diameter) in the presence of 15mm plate placed at 226mm
from the point of impact.
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Figure 6 Change in density of sand with respect to time when impacted with a
steel projectile (12mm diameter) in the presence of 25mm plate placed at 226mm

from the point of impact.

All simulations showed densification of sand when impacted by a steel projectile.
After the initial impact (0.01ms) in the conventional sandbag, the density of the
sand increased to 3.44 g/cm?3, showing a 105% increase in sand density (Control
data in Figures 5 and 6). The densification of sand around the point of impact
increases as the projectile penetrates the sand until the size of the compressed
area becomes constant (40mm). During this process, the density increases
during impact and then reduces as the size of the compressed sand layer
becomes constant. This compressed layer of sand plays a major role in the
energy absorption process of the system. Sandbags with 15 and 25mm plates
added to them showed an increase in sand density of up to 129% (Figure 5) and
132% (Figure 6) respectively. After initial impact (0.01ms), the sand
decompresses as the energy is dissipated from the system. Here, decompression
refers to the sand particles exiting the layer of compressed sand around the

projectile. It must be noted that the density of the sand after decompression is



1.5% higher in the modified sandbags as compared to the conventional
sandbags. It can be postulated from the data presented that the presence of a
solid plate in the bag increases the densification of sand, thus influencing its
energy absorption characteristics. This is because the plate creates an
obstruction for the sand, causing it to compress when the plate is impacted. This
compression increases the specific internal energy of sand, thus increasing its
energy absorption. The energy absorption is an important factor that influences
the penetration process and the penetration resistance provided by the sand
[3,4]. This claim is further supported by the observation that the modified
sandbags allowed a maximum penetration of 201mm as compared to the 216mm
penetration in the conventional sandbags with a given timescale of 0.1ms. Since
the timescale is too small, the penetration in the modified sandbags is the same,
but the energy absorbed by the sand and plate is different (discussed in Sections
3.2, 3.3 and 3.4). Furthermore, it can be noted that adding a plate to the sandbag
enhances the energy absorption behaviour of the system as shown by the 22%
increase in values of specific internal energy of sand as compared to a
conventional sandbag. Figures 7 and 8 show the change in specific internal
energy of sand before the compressed layer of sand interacts with the plate at
226mm (0.01-0.07ms). The change in specific internal energy of sand before the
compressed layer of sand interacts with plates at 236 and 256mm are shown in
the supplementary information (S| Figures 3 and 4).
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Figure 7 Change in specific internal energy of sand when impacted by a steel
projectile (12mm diameter) at 850m/s in the presence of a 15mm plate at 226mm
from the point of impact. 0.01-0.07ms is the time interval before the compressed

sand interacts with the plate.
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Figure 8 Change in specific internal energy of sand when impacted by a steel
projectile (12mm diameter) at 850m/s in the presence of a 25mm plate at 226mm
from point of impact. 0.01-0.07ms is the time interval before the compressed

sand interacts with the plate.

From figures 7 and 8, it can be inferred that the addition of a plate to the sandbag
increases the specific internal energy of the sand during the initial impact
(0.01ms) by approximately 22%. The increased energy absorption was observed
in all modified systems irrespective of the plate material, location, or thickness.
This is because the plate does not absorb any energy during initial impact, but
the presence of the plate compacts the sand in the system. This can be linked to
the increased density of the sand at 0.01lms, thus suggesting a correlation
between the densification of sand and its specific internal energy. The reduction
in specific internal energy of sand after the initial impact (0.02-0.07ms) can be
correlated to its decompression and the subsequent dissipation of energy. The
decompression of sand was observed behind the projectile as sand particles
moved into the cavity created due to the impact (Figure 9). The decompression
of sand particles happens because they enter a low pressure area behind the

projectile. Subsequently, the shear forces on sand particle due to impact reduce



once the particle is behind the projectile, resulting in its decompression.
Additionally, the initial peak in specific internal energy and its subsequent
reduction can be attributed to the penetration process reaching temporary
equilibrium until the layer of compressed sand is interacting with the rigid plate
[39,40]. The term ‘temporary equilibrium’ refers to the equilibrium being
established between the transfer of energy from the projectile to the sand and the
dissipation of energy from the sand [3,4,18,39,40]. Key markers for the process
reaching equilibrium were the constant size of the layer of compressed sand, and

the reduced fluctuation in density as well as specific internal energy.

Figure 9 Decompression of sand particles observed behind the point of
penetration following the steel projectile (12mm diameter) impacting sand at

850m/s with 15mm plate at 226mm from point of impact.

2.2 Effect of Distance

It was noted that the presence of a plate in the sandbag improved the system’s
energy absorption performance and that the location of the plate within the
sandbag plays an important role in the amount of energy absorbed by the two
components of the protection system. From the simulation studies, it was
observed that the front surface of the compressed layer of sand interacted with
the face of the plate at 226mm, 236mm and 256mm at 0.07ms, 0.08ms and
0.1ms, respectively. In the absence of a plate in the system, the compressed
sand does not interact with any obstruction resulting in lesser energy transfer out
of the system. In addition to the visual observation, evidence of the interaction

between the plate and compressed sand can be seen in the increase in specific



internal energy of the two interacting materials at 226 mm (Figures 10 and 11).
The change in internal energy of sand (0.08 — 0.1ms) for plates at 236mm and

256mm is shown in supplementary information (S| Figures 5 and 6).

L.2ILTUD

{KG]

(72}

1.05E+05

1.00E+05
0.07 0.075 0.08 0.085 0.09 0.095 0.1 0.105

TIME [MS]

Figure 10 Change in specific internal energy of sand when impacted by a steel
projectile (12mm diameter) at 850m/s in the presence of a 15mm plate at 226mm
from point of impact. 0.08-0.1ms is the time interval during which the

compressed sand interacts with the plate.



sand and plate. Plexiglass and polycarbonate are materials with high ductility and
relatively low strength characteristics [41,42]. Due to this, these materials tend to
absorb more energy while undergoing deformation. Contrary to this, materials
like aluminium, steel and concrete have relatively lower ductility and can resist
deformation due their high yield strength [43—45]. After the initial response of the
plate and decompression of sand (after 0.08ms), the specific internal energy of
sand continued to increase as the plate underwent deformation. The contact and
compressive forces between the sand and plate allowed for energy dissipation
from the sand to the plate. This resulted in the increase in specific internal energy
of the plate material, thus suggesting the ability of the plate to aid the process of

energy absorption from the penetrating projectile.

Simulations with plate locations at 236 and 256mm showed a change in energy
absorption of sand at 0.08 and 0.1ms, respectively. In these cases, the energy
absorbed by the sand was approximately 9% higher than the previous case
because the compressed sand interacts with the plate at a later stage in the
penetration process. Simulations with plate location at 236mm showed that the
sand had a higher specific internal energy when it interacted with the plate and
an increase in energy absorption of 1.7% after initial contact. Due to the timescale
of the simulations, no observation of the decompression behaviour of sand could
be made. Subsequently, simulations with the plate located at 256mm showed
3.4% increase in the energy absorption of compressed sand as it impacted the
plate. The interaction of the plate and compressed sand was initiated at the wrap
up time of the simulation, which creates an inaccuracy in the observation of the
energy absorbed by the sand. This however allows for the observation of the

energy change in different plate materials at the point of impact.

2.3 Effect of Plate Material

In addition to the location of the plate in the sandbag, the plate material plays a
significant role in the penetration resistance provided by the protection system.
The plate needs to be able to withstand the pressure loading from the sand while
still being able to absorb the energy from the projectile. The energy absorption

characteristics of the material are dependent on its molecular structure as well as



the tensile strength of the material [46]. The different materials considered for this
study have different yield strengths, tensile strengths and have very different
molecular structures. The yield stress of the material defines the extent to which
it will elastically deform when subjected to a load [47]. This suggests that the
energy absorption behaviour of these materials will be largely different from each
other. Figures 12 and 13 show the change in specific internal energy of plates of
different materials and thickness at 226mm from the point of impact when the
layer of compressed sand interacts with the front face of the plate. The change in
specific internal energy of the plate at 236mm and 256mm from the point of
impact when the layer of compressed sand interacts with the front face of the

plate is shown in the supplementary information (S| Figure 7 and 8).
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Figure 12 Change in Specific Internal Energy of 15mm plate when subjected to
local load by compressed sand induced from the ballistic impact of the steel

projectile (12mm diameter) at 226mmfrom the point of impact.
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Figure 11 Change in specific internal energy of sand when impacted by a steel
projectile (12mm diameter) at 850m/s in the presence of a 25mm plate at 226mm
from point of impact. 0.08-0.1ms is the time interval during which the

compressed sand interacts with the plate.

From Figures 10 and 11, when the compressed sand interacts with the plate,
there is an increase in the specific internal energy of the sand. The change in
specific internal energy of the sand at the time of impact can be attributed to the
densification it undergoes due to its inertial movement, resulting in the
compression of sand against the plate. This initial increase in specific internal
energy was observed in all cases but at different times. For cases where the plate
was at 236mm, it was observed that there was a change in the energy absorption
behaviour of sand after the initial increase in specific internal energy at 0.08ms.
When concrete, aluminium and steel plates were used in the system, there was
a reduction in the specific internal energy of sand. The reason for this can be
attributed to the temporary decompression of sand caused by the response of the
plate and its backing sand. Compared to these three materials, the use of
polycarbonate and plexiglass plates in the sandbag saw an increase in the

specific internal energy of the sand after the initial contact of the compressed
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Figure 13 Change in Specific Internal Energy of 25mm plate when subjected to
local load by compressed sand induced from the ballistic impact of the steel

projectile (12mm diameter) at 226mm from the point of impact.

From Figures 12 and 13, the polycarbonate and plexiglass plates have 22,805
J/kg and 17,869 J/kg increase in specific internal energy - the highest energy
absorption at the time of impact. The concrete and aluminium plates have the
third and fourth highest energy absorption, respectively. The steel plate has the
least energy absorption of all the materials being tested. Between the two metal
plates, aluminium had a better energy absorption performance. This can be
attributed to its relatively lower strength characteristics to steel [47]. Aluminium
has a lower yield and tensile strength, resulting in the larger deformation
compared to the steel plate [46,47]. The larger deformation occurs because of
the material’'s response to the energy supplied during loading. The compressive
load results in a deviatoric response, causing the plate to change shape. Steel
on the other hand, has high strength characteristics and is a rigid material [11,40].
Due to this, it does not absorb as much energy and thus does not deform as much
as the other plates. It was visually observed that the steel plate deformed the
least and consequently had the least increase in specific internal energy. While
aluminium and steel both have face centred crystal structures, steel is much
denser, resulting in its relatively larger rigidity as compared to aluminium [46].

Subsequently, concrete is a very hard and stiff material due to its high yield



strength and very low tensile strength [1,39,40]. But its molecular structure is very
different from the two metals, resulting in its higher specific internal energy.
Concrete has a hybrid structure combining crystal layers of silica tetrahedra and
amorphous layers of calcium oxide [48]. The crystal structure allows for rigidity
while the amorphous component improves the energy absorption characteristics
of the material. Subsequently, polycarbonate and plexiglass are both amorphous
thermoplastic polymers [41,42]. Due to their amorphous nature, the materials
absorb energy (through deformation) better and respond to deviatoric stress
without undergoing tensile failure [41,42]. While plexiglass and polycarbonate
absorb energy during an impact, their amorphous nature of the molecules results
in the rapid dissipation of energy as well. This can be observed when the specific
internal energy of both these materials rapidly reduces after the initial contact with
compressed sand. On the other hand, concrete has a smaller reduction in specific
internal energy after the initial contact with the sand, thus suggesting a higher

energy absorption capacity coupled with high strength characteristics.

In addition to the plate material, the different locations of the plate resulted in
different amounts of sand behind the plate. The sand behind the plate acts like a
backing support and potentially influences the energy absorption characteristics
of the plate and its response to the compressive loading [11]. Cases where the
plate was placed at 226mm had the largest amount of backing sand. It was
observed that the deformation of the plate caused a compression in the sand
particles behind it. It was observed that the plate deformed due to the energy
absorbed, the compressive forces are applied to the sand behind it (Figure 14).
The compression of sand was observed all over the back face of the plate, but it
was maximum around the region of deformation. This results in the dissipation of
energy from the plate into the sand. Because of sand’s high energy absorption
capacity, it can be said that the amount of sand behind the plate influences the
energy absorption behaviour of the plate when subjected to compressive loads

from the compressed sand in front.
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Figure 14 Rear localised sand compression induced through plate deformation
due to localised loading by compressed sand following impact by 12mm steel
projectile at 850m/s.

2.4 Effect of Plate Thickness

The plate thickness directly influences the mass of the protection system and the
areal density of the system. Additionally, the thickness of the plate also influences
the energy absorption behaviour of both, the sand and plate. Based on the
material being used, the thickness of the plate increases the penetration
resistance provided by the system. An increase in penetration resistance means
that the energy from the projectile is absorbed and dissipated in less time.
Consequently, this has the potential to make the protection system capable of
surviving multiple hits. Performance of the protection system was observed for
plate thickness of 15mm and 25mm. It must also be noted that conventionally,
plates of 15 or 25mm are not used for materials like plexiglass or polycarbonate.
They have been considered in this simulation study for the purpose of uniformity.

Figures 12 and 13 show the change in specific internal energy of plates of
different materials and thicknesses. While the profile for energy absorption is
largely similar for both plate thicknesses, it is important to highlight that the
magnitude is not. Since the highest energy absorption was observed for plates
placed at 226mm, the comparison of plates of different thicknesses has been
focused on those simulations. From Figures 12 and 13, 25mm plates had a higher



rise in specific internal energy when subjected to compressive loading from the
sand. This shows that 25mm plates absorb 0.1-27% more energy than 15mm
plates at the time of initial contact (0.07-0.075ms) depending on the material of
the plate. Furthermore, a positive correlation can be drawn between the plate
thickness and increased areal density of the system. In addition to that, increasing
the thickness of the plate increases the mass of the obstruction faced by the
moving sand. The increased mass of the plate allows for a higher specific internal
energy after the initial interaction between the plate and sand. Between 0.075ms
and 0.1ms, the 25mm plates retained up to 18% more energy as compared to
the 15mm plates. This adds value to the correlation between plate thickness and

the energy absorption characteristics of the system.

Figures 10 and 11 show the change in specific internal energy of sand when it
impacts plates of different thicknesses. As mentioned earlier, the profile of
specific internal energy change in both cases was largely similar with the primary
difference in their respective magnitudes. In both cases, sand had the greatest
energy absorption when a steel plate was used. This is because the steel plate
has the lowest energy absorption as compared to plates of other materials. The
steel plate deforms the least and as a result, does the least work when under
compressive loading. Consequently, the sand undergoes more densification
resulting in the increase in its specific internal energy. Subsequently, this trend is
observed with cases where aluminium and concrete plates are used as well.
Since materials of these plates do not deform as much as plexiglass or
polycarbonate, the sand absorbs and dissipates a large part of the energy
supplied by the projectile. With regards to the thickness of the plate, the 25mm
plate deforms less than the 15mm plate when subject to compressive loading.
This lack of deformation causes a larger compression of sand resulting in the
higher energy absorption. The benefit of the reduced deformation is that it adds
to the system’s ability to resist attack and can potentially improve the system’s

multi-hit capability.



2.5 Effect of Areal Density

The areal density defines the mass of the protection system with respect to its
size. With regards to this study, adding a plate into the sandbag changes its areal
density because part of the sand is replaced by a solid plate. The area of the
protection system has been kept constant (300mm x 300mm) to maintain focus
on the modifications to the sandbag. This factor is considered because the mass
plays a role in the energy absorption characteristics of the system and in turn the
penetration resistance provided by the system. Additionally, it must be
acknowledged that the mass of the protection system (sand and plate combined)
must be controlled to make it more viable to transport and deploy. Table 3 shows
the mass of the sandbag when plates of different materials and different thickness

are added to it.

Table 3 Mass of the protection system with plates of different thickness and

material
15mm Plate
Conventional | Aluminium | Concrete | Plexiglass | Polycarbonate | Steel
sandbag
Plate
mass
(kg) 0 0.012 0.010 0.005 0.005 0.035
Sand
mass
(kg) 0.151 0.143 0.143 0.143 0.143 0.143
Total
mass
(kg) 0.151 0.155 0.153 0.148 0.148 0.178
25mm Plate
Conventional | Aluminium | Concrete | Plexiglass | Polycarbonate | Steel
sandbag
Plate
mass
(kg) 0 0.020 0.017 0.008 0.009 0.059




Sand
mass

(kg) 0.151 0.138 0.138 | 0.138 0.138 0.138

Total
mass

(kg) 0.151 0.158 0.155 0.147 0.147 0.197

Table 4 Areal Density of the protection system with plates of different thickness

and material
Areal Density Conventional | Aluminium | Concrete | Plexiglass | Polycarbonate | Steel
(kg/m?)/Material | sandbag
15mm plate
1.674 1.725 1.706 1.650 1.650 1.982
25mm plate 1.674
1.760 1.727 1.633 1.635 2.187

The density of the plate material plays an important role in the determination of
areal density of the system. An increase in areal density was observed when
materials denser than sand were added to the system. Replacing sand with
another material in a constant area (15mmx300mm and 25mmx300mm) changes
the overall mass of the system. Therefore, if the sand is replaced by a denser
material, the mass of the system increases and consequently the areal density
as well. Polycarbonate and plexiglass were the two materials whose densities
were less than that of sand. As a result, adding plates of these materials resulted
in reduction of areal density by 1.5-2.5% as compared to the conventional
system. Subsequently, the addition of 15mm and 25mm steel plates had the
maximum increase in areal density of the system by 18.4% and 30.6%
respectively. Polycarbonate and plexiglass plates absorb the most energy during
impact, and the use of these plates reduces the areal density of the sandbag. But
these plates deform very easily and cannot be used as standalone modifications.
It is of value to recognise that the use of these materials in sandwich structures
and composites has the potential to provide a comparable level of protection

without the extensive deformation of the plate [33,46,49].




Furthermore, correlations can be made between the energy absorption of sand
and the areal density of the system. At the time of impact (0.07ms-0.1ms), sand
had the highest specific internal energy when a steel plate was added to the
system. The contributing factors to this behaviour are the rigid steel plate and the
increased mass of the overall system aiding the penetration resistance provided
by the system by increasing the compaction of sand as compared to other
systems. Systems with aluminium and concrete plates had the second and third
highest areal densities, respectively. Consequently, the second and third highest
specific internal energy in sand was observed in systems with aluminium and
concrete plates, respectively. Additionally, it is important to highlight that systems
with polycarbonate and plexiglass plates showed a lower specific internal energy
of sand as compared to conventional systems. The reason behind this is the rapid

dissipation of energy to the plate resulting in its deformation.

With respect to the plates, it was observed that systems with higher areal density
showed lesser deformation of plates as well as lower change in specific internal
energy. While a heavier system tends to absorb energy better, the contribution of
the plate in this process is that of enabling densification of sand, rather than aiding
the process of energy absorption. Based on this premise, it was observed that
polycarbonate and plexiglass plates had the highest energy absorption on impact
and the largest deformations. Subsequently, systems with the concrete plates
showed a relatively high specific internal energy change with lesser deformation

than the plastic plates.

In addition to the energy absorption behaviour of these systems, it is essential to
keep in mind their practical viability. While a modified sandbag can absorb energy
better than the conventional kind, factors such as the weight of the system and
the logistical requirement for its setup must be considered. Conventionally,
plexiglass and polycarbonate plates are not 15mm or 25mm thick (typical
thickness of about 4-6mm [46]), which means that if these plates are to be used,
it has the potential to drive up the manufacturing cost of the protection system.
Subsequently concrete, aluminium and steel plates are relatively easy to

manufacture, but create a logistical burden in terms of transport and setup time



due to their heavy weight. While a HESCO bag is already heavy, the addition of
a plate further increases that weight. The increase in weight is not significant
given the scale of deployment of this system but there is a significant change in
the energy absorption characteristics. The selection criteria for a protection
system of this kind should factor in a balance between its weight, areal density,

and the rise in cost of the system (if any).

2.6 Experimental Validation of Simulations

Lab scale experiments were conducted to validate the simulations. 15mm
Aluminium plates were used in the experiment because simulations with
aluminium showed high energy absorption and penetration resistance. Plate
location of 226mm was selected because all the simulations showed higher
energy absorption performance compared to cases with plates at 236mm and
256mm. While sandbags with concrete and aluminium plates showed
comparable penetration resistance, sandbags with aluminium had a higher areal
density, thus making them the preferred choice for experiments. Table 5 shows
the results from the lab scale firings for sand targets with and without a plate.

Table 5 Observations from gas gun firings of steel projectile into a sandbag and

modified sandbag

Setup He Gas Pressure | Impact Velocity | Penetration
(bar) (m/s) Depth (mm)

Sand only 56 867 168

Sand only 56 867 265

15mm Al plate 56 867 196

15mm Al plate 56 867 205




From table 5, the projectile does not interact with the plate placed at 226mm. The
distance between the plate and projectile is between 21-30mm. It was also
observed that there was a large variation in results when the projectile was fired
at the target without the presence of a plate. In some cases, the projectile
changed direction during impact and was vertically shot out of the sand resulting
in an inaccurate measure of penetration depth. In the successful control firings,
the projectile penetrated up to 265mm of sand. This observation suggests that
the presence of a plate in sand reduces projectile penetration up to approximately
26%. The results of these experiments can validate the simulation results
because similar observations were made in both cases. In both cases, the
projectile does not penetrate the sand enough to directly interact with the plate,
thus suggesting an increased penetration resistance when a plate is present in
the sand. This claim is further reinforced by the observations made in the
computer simulations which suggest that the compaction of sand coupled with
the improved energy dissipation provided by the plate increase the overall

penetration resistance of the protection system.






3 Conclusion

The change in protection performance of a conventional sandbag after it has

been modified by adding a plate has been simulated. Different plate materials,

locations and plate thicknesses were compared and the change in energy

absorption characteristics of the system were studied and analysed. The

following conclusions can be drawn from this simulation study:

Adding a plate to the sandbag reduced the penetration depth by 15mm
given the 0.1ms timescale. The same reduction in penetration was
observed for all modified systems.

Simulation studies showed that the energy absorption of sand increased
when a plate was added in the compressed sand in front of the projectile.
The plate absorbs the energy from the compressed sand resulting in its
deformation. This deformation causes the compression of a larger area of
sand behind the plate.

It was noted that a 25mm plate when placed at 226mm from point of impact
enables better compaction of the sand, thus enabling better energy
absorption characteristics of the system.

Polymer materials such as polycarbonate and plexiglass tend to absorb
the most energy when subject to loading but deform very easily too.
Consequently, Steel and aluminium are rigid materials that do not deform
easily but do not adequately aid energy absorption in the protection
system. Subsequently, it was noted that concrete and aluminium had
comparable areal density and energy absorption characteristics to
polycarbonate but did not deform as much under compressive loading,
thus making them an ideal choice for plate material in modified sandbags.
Experiments were conducted using a modified sand target with a 15mm
Aluminium plate to validate the simulations. Similar penetration behaviour
was observed in the simulation and the experiments, thus validating the

simulation results.
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APPENDICES

Appendix A Gurney Calculations for Projectile Velocity
Determination

155mm Shell:

e Total weight: 43.2kg

e Comp B weight (C): 6.6kg
e Case Weight (M): 36.6kg
e +/2E of Comp B: 2700m/s

Fragment data:

Diameter: 12mm

Density of Steel 1006: 7896kg/m?3
e Volume: 9.048 x 10" m3

e Mass: 7.24 x 103 kg

e Cud (rough sphere): 0.48

e Vs:850m/s

M 1
V, = V2E R
366 1 _ .
Vo = 2700 (R-FE)_ = =1050.97 m/s = Vd

A
VS — Vde_cdpairs(m)

4.52x10~%

—048X1225X5(m)

850 = 1050.97e

850 — ,—0.018S
1050.97

—-0.212 = —0.018S

S~11.7m
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