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Abstract: This paper presents insights into the influence of ball size on the flight characteristics and
damage of a ball bearing embedded in a rear detonated cylindrical charge. It includes results from a
post-test damage analysis of ball bearings from previously reported experiments. Computational
simulations using Ansys Autodyn were used to provide extra information about the velocity variation
during flight and the damage sustained by the ball bearings during the blast event. The influence of
bearing size (diameter and mass) was investigated using the validated simulation models to extend
the dataset beyond the initial experimental work. The peak bearing velocity is influenced by the
charge mass to ball bearing mass ratio and the aspect ratio of the charge. Larger ball bearings require
extra momentum to accelerate them to higher velocities, but their higher surface area means a greater
portion of the explosive charge is involved in transferring kinetic energy to the projectile. Tensile
spalling was to be the major damage mechanism within the ball bearings. The charge aspect ratio also
influenced the hydrostatic pressure propagation within the ball bearing itself, affecting the location
and degree of internal cracking within the bearings. These findings will prove valuable to blast
protection engineers considering the effects of embedded projectiles in improvised explosive devices.
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1. Introduction

Improvised explosive devices (IEDs) have caused harm to hundreds of thousands
of people, with over 170,000 people affected in the last decade (2010-2020) [1]. They are
especially damaging and lethal because they are often embedded with solid objects, these
being normally readily available items such as ball bearings or nails. These embedded
objects become projectiles, causing greater fatality rates, traumatic amputations, and soft
tissue injuries from IEDs [2,3].

Much research is being conducted to detect IEDs [4,5] and prevent their detonation [6,7].
Other approaches include improved armour for military targets [8], hardening of large-scale
critical civilian infrastructure against large IED attacks [9], and research into the destruction
of IEDs in the battlefield arena [7]. Vanderherden et al. [10] report on the extraction of touch
DNA and fingerprints from detonated IEDs to facilitate the tracking and prosecution of
terrorists. These advances are encouraging, but it is unlikely that they will entirely prevent
future detonations of person-borne IEDs used in terror attacks.

Understanding the behaviour of blast-driven ball bearings embedded in explosive
charges will aid in the development of blast protection from IEDs. One major challenge
in IED research is the huge range of potential IED geometries, sizes, explosion types, and
embedded object configurations. Hence, a fundamental understanding of the momentum
transfer mechanisms of embedded solid particles from the explosive detonation is needed.
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While there is a large body of literature on cratering damage due to impact, research
into blast-induced projectile impacts is focused on fragmentation [11-14], such as that in
warhead or blast-driven metal [15]. A limited experimental study on the damage caused
by incorporating a foreign object in an explosive charge is available in reference [16]. Kang
and Chung Kim Yuen [16] did not measure the velocity of the explosively driven projectiles
but analysed the damage distribution in the walls of a surrounding steel cylinder. They
used the penetration depth to infer information about the effect of packing pattern.

In recent work by Qi et al. [17], a novel experimental arrangement for gaining funda-
mental insights into the momentum transfer and flight of a solid insert from a simplified
IED was proposed and developed. The experiments and subsequent numerical work
focussed on the flight characteristics of a single ball bearing driven by the detonation of a
plastic explosive. Cylindrical charges were studied as these were deemed more practical
and realistic geometries for IEDs. The effect of charge shape has been shown to be highly
influential in the near field, while its influence on peak pressure was almost insignificant
in the far field when the Hopkinson-Cranz scaled distance exceeded 5 m/kg!/3 [18]. For
IEDs, the charge shape is a critical factor.

Rear detonated cylindrical charges have been shown to generate the highest axial
impulses and pressures [19], meaning that they would be expected to produce the highest
ball bearing velocities (therefore a worst-case scenario for an IED threat). The influence of
the charge aspect ratio on flight characteristics was investigated by Qi et al. [17]. The charge
mass was varied but the ball bearing size and mass was kept constant. Aspect ratios below
a critical value were more efficient at transferring momentum to the ball bearings. Some
preliminary remarks regarding the damage to some of the ball bearings were reported by
Qi et al. [20].

This paper reports the results of experimentally informed computational simulations
that examine the influence of ball bearing size on the velocity and damage characteristics
of an explosively driven single ball bearing. The paper provides detailed insights into the
flight characteristics of a ball bearing embedded in a rear detonated cylindrical charge and
how its velocity varies with ball bearing mass and diameter, which is of practical relevance
to IED research. The location of damage in the ball bearing is also investigated for a range of
ball bearing sizes. The paper is arranged as follows. The first section contains a description
and summary of validation experiments with explosive charges embedded with a 5 mm
ball bearing. Next, the two simulation approaches are described to determine the flight
characteristics and bearing damage, respectively, for different charge and ball bearing sizes.
The results of the simulations then follow, showing how the hydrostatic pressure reflections
within the bearing were responsible for the cracking experimentally observed. The features
of the ball bearing flight are explained with reference to the detonation front and blast
pressure propagation observed from the simulations.

These findings will be of practical use to the blast protection engineers considering the
flight and damage characteristics of projectiles embedded within IEDs. It will assist in the
analysis of specific threats in anti-terrorism, the development of mitigation and disposal
devices for IEDs, injury risk predictions, the validation of numerical codes, and post-event
forensic analysis.

2. Validation Experiments with Five Millimetre Diameter Ball Bearing
Embedded Charges

2.1. Experimental Method

As the experiments have been reported in prior work by the authors [17], the method
is only briefly summarised here. Blast experiments were performed to emulate a simplified
IED by half-embedding a 5 mm diameter S5420-c spherical ball bearing in the front flat
surface at the radial centre of a rear-detonated cylindrical charge comprising plastic explo-
sive PE4. The arrangement used in previous research into explosively driven metal [11,12]
included metal that either covered the entire face of the charge or encapsulated the entire
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charge. In this work, none of the charge was encased, thus the effects of confinement were
removed, allowing the charge geometry influence to be isolated.

The ball bearings were allowed to impact a pair of Al6082-T6 aluminium alloy witness
plates (inner and outer) that were placed in front of a Hopkinson pressure bar (HPB).
The witness plate assembly was used to capture the cratering characteristics of the ball
bearing; the crater depth was used to infer the impact velocity. The outer witness plate was
supported by a steel plate and the inner plate was supported by the HPB. This arrangement
enabled the tracking of the average and impact velocity of the ball bearing as well as the
force history and impulse of the detonation.

2.2. Ball Bearing Properties

The sphericity of the ball bearings was measured prior to testing and was found to
deviate by less than 1 pm. The mean mass of the ball bearings was found to be 0.505 g,
which was consistent with the 5 mm diameter and material density of the bearings. Two ball
bearings were sectioned, and Vickers hardness tests were conducted on two cross-section
samples (using loads of 20 kgf and 30 kgf). It was determined that the ball bearings had a
hardness of 628-648 (HV10), suggesting an ultimate tensile strength range 2098-2173 MPa
using DIN 50150 [21]. The yield strength was estimated to be 1685 + 100 MPa using
Pavlina’s correlation [22] for martensitic metals. The ball bearings did not appear to be case
hardened as the etched bearing cross-sections showed a consistent microstructure.

2.3. Flight Characteristics

A total of 21 experiments were performed, and a computational model for examining
the flight behaviour of the ball bearings was developed [17]. The simulations showed
good agreement for impact and in-flight velocities when compared to the experiments, as
shown in Figure 1 for bearing impact velocity. Thus, the model was validated for its flight
behaviour and is extended in this work to examine ball bearing damage and consider other
ball bearing sizes.
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Figure 1. Graph of impact velocity versus charge mass, comparing experiments and simulations
using data from.

2.4. Ball Bearing Damage

Ball bearings were recovered after the blast tests; however, it was not always possible to
identify them immediately after each blast test among the explosive residue. In total, 16 ball
bearings were recovered. Two were traced to their experiment. The original work [17]
focused on flight characteristics, and ball bearing damage was not reported in detail.

Consistent failure features were observed across the recovered ball bearing, such as
the general deformation and the distribution of localised damage. In general, the bearings



Appl. Sci. 2022,12,1133

40f18

exhibited a shape change, from spherical to ellipsoidal, as demonstrated in Figure 2, with
the maximum circumference around the equator demarcating the two hemispheres, one in
contact with the explosive (known as Face B) and one not in contact (known as Face A).
Prior simulations showed that Face B corresponded to the hemisphere that was embedded
within the explosive cylinder (in direct contact), although Face A generally sustained more
damage (fragmentation and deformation). The contact hemisphere (Face B) was more
spherical than Face A. Face A appeared to have a shinier appearance, while Face B was
duller and darker. Fragmentation occurred at the equator but was more concentrated on
Face A.

Figure 2. Photographs of typical 5 mm diameter blast-driven ball bearings showing damage on the
two hemispheres after loading under a range of explosive charges and aspect ratios.

The bearings exhibited a “fold” extruded around the equator, with streak marks
radiating from the poles of the bearing that were more visible on Face B. The magnified
photographs of the ball bearing from the detonation of 5.13 g of PE4 are shown in Figure 3.
In some cases, cracks were observed on Face A, as exemplified in Figure 3a,c. The dullness
on Face B was due to the roughened surface (shown in Figure 3b). Internal cracks were
also found after cross-sectioning the blasted ball bearings.

Figure 3. Photographs of magnified ball bearing damage on (a) Face A, (b) Face B, (c) the cracked

region (5.13 g PE4, 18 mm charge diameter, 5 mm diameter ball bearing).

Ball bearings from the gas gun experiments (impact only) and the blast experiments
were visually compared. The gas gun experiments, reported in [23], showed no visible
damage to the impact-only specimens (due to the nature of the witness plate), meaning
that the unique damage features in the blasted bearings were likely to be a result of the
blast event alone.
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3. Simulation Approach

Two sets of two-dimensional axisymmetric computational simulations were performed
using Ansys Autodyn 19.0. The first set, referred to as velocity simulations, followed the
approach in reference [17], with the front clamp, back clamp, and HPB modelled as fixed
boundaries. The witness plates were modelled using two rectangular parts and their rear
faces were fixed in the x-direction. A 3.2 mm line detonation was used to simulate the
6.4 mm detonator used in the validation blast tests. The detonation simultaneously initiated
across its line in the simulation. A schematic, shown in Figure 4a, defines the positioning
of the parts, the dimensions of the model, and the boundary conditions for the velocity
simulation approach. The bearing diameter was varied in the 3-10 mm range.
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Figure 4. Schematic showing the geometry and boundary conditions used in (a) the velocity simula-
tions and (b) the ball bearing simulations with an inset to represent the approximate locations of the

four gauges used in the hydrostatic pressure histories.

The second set of simulations, referred to as ball bearing simulations, included a much
finer bearing mesh size and a damage model for the bearing material. A principal stress
failure model was used to capture the internal spalling mechanism; a schematic of this
approach is shown in Figure 4b. It employed a 75 mm by 50 mm air mesh with a ball
bearing modelled with a very fine mesh of 0.02 mm across the ball diameter. The very
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fine mesh meant that the ball bearing simulations were very computationally expensive,
therefore they were run for a very short time to capture the failure of the bearings and did
not include the modelling of the clamps, aluminium plates, or the tube sides (which only
became important in later stages of the flight).

In both sets of simulations, a 0.2 mm mesh side length was chosen for the air and
explosive parts. This allowed for a minimum of 45 elements (18 mm diameter charge)
across the charge radius.

3.1. Air, PE4, and Witness Plate Modelling

The air was modelled using the ideal gas equation of state and PE4 was modelled
using the Jones-Wilkins-Lee EOS shown in Equation (1):

P=a(1-(g5) )™ 8 (- (57))e ™ + () )

where P = pressure, V = specific volume, E = energy, and w, A, B, Ry, Ry = JWL parameters
(explosive specific constants).

The properties used are shown in Table 1. Similar to others [17,24,25], the JWL param-
eters for C4 were used to model PE4 [26] as they contained similar proportions of the active
explosive RDX. Details of the air and PE4/C4 model parameters are in Table 1 (where
v = ratio of specific heat capacities). The aluminium alloy witness plates were modelled
using the Johnson-Cook model [27] and the properties are shown in Table 2, based on Yibo
et al. [28] and test results from the previous experiments [17].

Table 1. Properties of air and C4 used in the simulations.

Densit Specific CJ CJ
(k /m3}), Y Heat A (GPa) B (GPa) Ry R, W Velocity  Pressure
& (K/kgK) m/s)  (GPa)
Air (ideal gas law) 1.225 14 717.6
C4 (JWL EOS) 1601 610 13 4.5 1.4 0.25 8190 28
Table 2. Properties of aluminium alloy AA6082-T6 used in the simulations.
Shear Modulus Yield Strength Hardening Hardening Strain Rate Thermal Softening
(GPa) (MPa) Constant (MPa) Exponent Constant Exponent
27.6 306 304.9 0.68 437 %1073 1

3.2. Modelling the Ball Bearing Deformation

This new model improved on prior work [17] by including failure criteria to examine
the damage evolution in the ball bearing. The Johnson—Cook strength parameters and
maximum principal stress failure criteria used for the S5420 [29] are presented in Table 3.
Numerical pressure gauges were placed at 0.4 mm intervals across the rear face of the
blast tube and gauges were placed at regular intervals inside the ball bearing to examine
the stress fluctuations at four approximate locations within the bearing during the blast
event and subsequent flight (indicated in Figure 4b). Similar configurations were used for
each bearing size. The ball bearing diameter range was from 3 mm to 10 mm and varied
according to the requirement.
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Table 3. Properties of the ball bearing material used in simulations.

Johnson-Cook Strength Model Principal Stress Damage Model
Shear Modulus  Yield Stress Hardening Constant Hardening Strain Rate Tensile Failure Shear Failure
(GPa) (MPa) (MPa) Exponent Constant Stress Stress
(GPa) (MPa)
80 2173 1785 0.6 0.023 [29] 21 390
4. Simulation Results and Discussion
A summary of the flight characteristics predicted using the velocity simulations is
provided in Table 4. Figure 5 shows the predicted velocity-time histories for the first 10 ps
from the velocity simulation approach and the ball bearing simulation approach. The
results are separated by charge diameter for ease of interpretation. The different times after
detonation at which the velocity sharply increased are due to the height of the explosive
charge. Increased charge heights mean the detonation wave must travel further to reach
the ball bearing, delaying the transfer of momentum to the bearing as expected.
Table 4. Summary of flight characteristics obtained from the velocity simulations using different
diameter ball bearings and charge masses.
Charge Mass Charge Aspect Ball Bearing Ball Bearing Impact Mean Plateau Peak
(g) Diameter (mm) Ratio Diameter (mm) Mass (g) Velocity Velocity Velocity
5.13 18 0.7 3 0.11 711 720 795
513 18 0.7 5 0.51 498 505 540
11.0 18 1.5 5 0.51 616 622 664
11.0 18 1.5 8 2.09 426 428 452
20.37 30 0.6 5 0.51 572 573 701
27.16 30 0.8 5 0.51 623 625 781
20.37 30 0.6 8 2.09 448 449 507
27.16 30 0.8 8 2.09 497 498 570
20.37 30 0.6 10 4.08 384 385 426
27.16 30 0.8 10 4.08 436 437 482

Figure 5a shows that, for the 18 mm charge diameter, there was a negligible (less
than 1%) difference in the velocity histories in each case, except in the 3 mm ball bearing
simulation where the peak velocity was approximately 3% higher in the velocity approach.
For the 30 mm diameter charges, shown in Figure 5b, the velocity simulation approach
provided similar predictions to the ball bearing approach but with slightly (1-3%) lower
peak velocities.

The results show that including damage modelling in the ball bearing has a negligible
effect on its flight characteristics. This means the velocity simulations can be used with
reasonable confidence based on the good agreement here and the satisfactory correlation
with experiments demonstrated in reference [17]. Throughout the following sections of
the paper, the velocity simulation results are used when describing the bearing flight
characteristics, while the bearing simulation approach is used to elucidate the failure and
damage within the ball bearings.
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Figure 5. Ball bearing velocity—time histories for the first 10 ps, comparing the velocity simulation ap-
proach and the ball bearing simulation approach. (a) 18 mm diameter charge detonations, (b) 30 mm

diameter charge detonations.
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4.1. Three Millimetre and Five Millimetre Diameter Ball Bearings

Figure 6 shows the simulated velocity histories for 3 mm and 5 mm diameter bearings
subjected to different charge mass detonations. The phases of flight are similar to those
in [17]. There was a rapid rise in velocity followed by a constant peak velocity once the
blast momentum was transferred to the bearing. As expected, the peak velocity increased
with an increasing charge mass and was greater for the lighter 3 mm diameter ball bearing.

800 +

700 A

600 A

w

o

(=]
L

400 +

Ball bearing velocity (m/s)

w

o

o
L

200 4

100 A
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5 mm BB, 20.17g charge, 30 mm dia

o] 0.02 0.04 0.06 0.08 0.1

Time (ms)

Figure 6. Simulated velocity-time histories for 3 mm and 5 mm diameter ball bearings at different
charge masses, from detonation to impact point.

A slight drop in velocity is predicted when the blast wave reflection from the witness
plate opposes the bearing motion. The percentage velocity drop ranged from approximately
4% to 20%, with larger percentage decreases observed for higher charge masses and charge
diameters (as the reflected shock pressure will be greater). A plateau phase ensued prior to
impact with the witness plate; the impact caused a rapid linear deceleration of the bearing
until it stopped.

The results from a 5.13 g detonation (18 mm diameter charge) are shown in Figures 7 and 8
as this was one of the few experiments in which the ball bearing was recovered and identi-
fied. Face B was the side of the bearing embedded in the explosive charge. The hydrostatic
pressure history for gauges in hemispheres A and B are shown in Figure 7a. In general,
gauges 4 and 10 (Face B) had similar pressure histories but different arrival times, as ex-

pected. The initial compressive stress wave propagated from gauges 4 and 10 with similar

magnitude (approximately 32 GPa) and, in Figure 7c, the shape of the compressive stress
front is curved as it passes gauge 10 (after 1.4 ps).
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Figure 7. Simulated hydrostatic pressure development in a 5 mm ball bearing subjected toa 5.13 g
charge. (a) Hydrostatic pressure history, where positive pressure indicates compression, (b) gauge
locations on the ball bearing, (c) hydrostatic pressure contour plots at times after detonation that
correspond to significant points in the hydrostatic pressure—time history (as indicated).
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Figure 8. Photograph of the sectioned ball bearing from a 5.13 g detonation (left) and the simulated
effective plastic strain contour 2.5 ps after detonation (right).

The peak pressure increased to approximately 36 GPa on Face A at gauge 25 (after
approximately 1.7 us, Figure 7) as there was a focusing effect due to the curvature. This
strengthened compressive wave was reflected as a tensile wave (indicated by the negative
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hydrostatic pressure in Figure 8 at 2.2 ps) and reached a maximum at 2.3 ps, which caused
internal cracking as the tensile stress exceeded the maximum tensile failure stress of 21 GPa.
At 2.3 ps, the material at gauge 35 had failed, indicated by the negative pressure spike and
its sudden relaxation to near-zero pressure. It is worth noting that the ball bearing had not
yet reached its peak velocity by this point (Figure 5a).

Figure 8 shows an image of the simulated equivalent plastic strain distribution in the
ball bearing and a photograph of the cross-section of the blasted bearing. Internal cracking
was observed in the cross-section of the bearing in the same location as the simulated
internal cracks. Lastly, while the model did not indicate fragmentation around the equator,
the maximum effective plastic strain was shown to be in a similar region as the actual
fragmented location. The hydrostatic pressure history also showed a peak in the tensile
stress at gauge 10 (Face B) after 3.2 us, but the magnitude was slightly less than the tensile
failure stress, hence there was no cracking in that region of the previously embedded
hemisphere. The lack of fragmentation in the model could be due to the limited capability
of the failure model used in the simulation.

The simulations showed that internal cracks (Figures 7 and 8) formed due to tensile
spalling. The location of the cracking was a result of the geometry of the ball bearing
as the hydrostatic pressure waves reflected from the curved free surface of Face A and
caused an internal hydrostatic tensile pressure state that coincided at the crack location.
The simulations also predicted the evolution of the deformed shape, with Face B remaining
spherical and Face A flattening over a very short time (within 2.5 us of detonation).

4.2. Eight Millimetre and Ten Millimetre Diameter Ball Bearings

As might be expected, the heavier ball bearings required larger charge masses to
accelerate them to similar peak velocities, as shown in Figure 9. The phases of flight were
similar to those observed in simulations of other ball bearing sizes and in the 5 mm diameter
ball bearing experiments reported in [17]. Peak velocity increased with an increasing charge
mass for a given charge diameter but was less sensitive to charge mass when the charge
diameter was increased to 30 mm. The drop in velocity due to interaction with the reflected
blast waves from the witness plates increased with increasing charge mass.

600 1
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»
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|

w
Q
<]

Ball bearing velocity (m/s)
N
o
o
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8 mm BB, 27.16g charge, 30 mm dia 10 mm BB, 20.37g charge, 30 mm dia
——10 mm BB, 27.16g charge, 30 mm dia

0

(o} 0.05 0.1 0.15 0.2 0.25

Time (ms)
Figure 9. Simulated ball bearing velocity-time histories for 8 mm and 10 mm diameter ball bearings

at different charge masses.

The simulated hydrostatic pressure histories for 8 mm ball bearings from two different
explosive charge detonations are shown in Figure 10. The shapes of the two sets of
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pressure progressions are similar. A high pressure (slightly over 30 GPa) compressive
stress propagated through the bearing and then reflected back as a tensile wave from the
free surface of Face A. Similar hydrostatic pressure histories were obtained for the 10 mm
diameter ball bearings (not shown).
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Figure 10. Simulated hydrostatic pressure development in an 8 mm ball bearing subjected to (a) 11 g
charge, 18 mm diameter, (b) 20.37 g charge, 30 mm diameter.

The arrival time for the hydrostatic compressive stress in Face B (the embedded side)
was earlier in the higher charge mass simulation, as shown in Figure 10. This was due
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to the higher charge diameter and hence the shorter charge length of the 20.37 g charge,
meaning that the detonation wave travelled further to reach the bearing in the 11 g charge.
Interestingly, the 11 g charge detonation resulted in higher compressive and tensile peak
stresses within the bearing, despite a lower predicted peak velocity (Figure 9).

The tensile stresses observed near the free surface of Face A appeared “noisy” (after
3—4 ps in Figure 10a, 4-5 ps in Figure 10b). The discontinuities are attributed to extensive
cracking in the bearing. There was a second tensile peak in Face B approximately 6 ps
after detonation in Figure 10a, with a magnitude of approximately 20 GPa. With a similar
but lower magnitude (approximately 16 GPa), a secondary tensile peak in Face B was
observed in the 20.37 g detonation simulation (Figure 10b) after approximately 5 us. This
may indicate that the tensile failure in both halves of the ball bearing would occur in the
11 g detonation but not in the 20.37 g case. This suggests that the aspect ratio of the charge
significantly influences both the bearing flight characteristics and the damage predicted
within the ball bearing, with higher aspect ratio charges inflicting greater damage than
lower aspect ratio ones.

One of the limitations of the current modelling is the lack of a fracture and fragmen-
tation model for the ball bearing, limited by the available computational approaches to
this highly complex and non-linear problem and the lack of well-defined parameters for
the bearing materials itself. Nonetheless, the current simulations show that it is certainly
possible at higher charge masses (and appropriate aspect ratios) for detonations to generate
internal hydrostatic stresses within the ball bearing that are capable of breaking the bearing
into multiple fragments within the first few microseconds of the load applications. The
short time to fracture will influence the flight characteristics of the subsequent fragments
both in terms of trajectory and velocity magnitude. This has implications for IED research,
where embedded solid objects within the charge contribute to many IED-related injuries
and deaths.

4.3. Insights into the Influence of Ball Bearing Size

Figure 11 shows the velocity histories for 27.16 g charge mass, 30 mm charge diameter
(aspect ratio of 0.8) detonations with different sized ball bearings. As might be expected,
the peak velocities of the heavier ball bearings were lower (27% drop for the 8 mm bearing,
38% drop for the 10 mm bearing, both compared to the peak of the 5 mm ball bearing).
Considering that the ball bearing mass increased fourfold for the 8 mm bearing and
eightfold for the 10 mm bearing, these velocities decreases are smaller than might be
expected. Figure 12 shows a graph of peak ball bearing velocity versus the ratio of charge
mass to ball bearing mass; here, it is evident from the current work and our previous
simulation results [17] that there are other factors of importance other than mass ratio, such
as charge shape.

It is also notable in Figure 11 that the biggest decrease in the peak velocity caused
by the reflected pressure interactions occurred for the 5 mm ball bearing (20%), with only
a 9% drop for the heaviest 10 mm bearing. The decrease in velocity due to the bearing
interaction with the reflected blast pressure from the witness plate is influenced by the
charge mass/ball bearing mass ratio and the aspect ratio of the charge. This is shown in
Figure 13, where it is evident that the 30 mm diameter charges exhibited greater sensitivity
to charge mass increases than the 18 mm diameter charge detonations. The percentage
decreases were greater for the 30 mm charges, ranging from 10% to 20%, compared with
5% to 10% for the 18 mm charges.
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Figure 11. Simulated velocity—time histories for 27.16 g charge mass (30 mm charge diameter)
detonations with different sized ball bearings.
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Figure 12. Graph of maximum ball bearing velocity versus charge mass/ball bearing mass ratio.
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Figure 13. Graph of percentage decrease in ball bearing velocity during phase 4 versus charge
mass/ball bearing mass ratio.

These observations concerning peak velocity and the sharp drop in velocity can be
explained by considering the pressure distribution following detonation, its interaction
with the ball bearing, and the implications for the later reflected pressure interactions. Our
previous work [8] showed that explosive charges with aspect ratios below a critical value
were more efficient at transferring momentum to 5 mm diameter ball bearings. The aspect
ratio of 0.8 was one of the best for transferring momentum because the shape of the pressure
front reaching the 5 mm ball bearing meant that there was a slightly higher pressure behind
the ball bearing located at the radial centre than the pressure at the radial edges of the
charge. Figure 14 shows the simulated pressure contour plots from the 27.16 g detonation
with a 10 mm ball bearing. The detonation front propagating through the explosive charge
length was curved (Figure 14a), with its peak pressure at the radial centre, well-aligned
with the bearing location (Figure 14b). This explains the efficient momentum transfer to
the bearings that occurred between 2 ps and 6 ps, according to Figure 5b, as the pressure
accumulation behind the ball bearing accelerated the bearing and caused a compressive
hydrostatic pressure wave within the bearing itself.

Figure 14c shows the pressure distribution within the explosive charge after 2.99 us.
While the pressure interacting with the bearing was still high, the maximum pressures were
observed on the charge face away from the radial centre, with the detonation wave moving
past the ball bearing in the other sections of the charge. This interrupted detonation front
is responsible for the pressure wave that moves ahead of the ball bearing. The diameter
of the ball bearing determines how much of the detonation front interacts with the ball
bearing (imparting momentum to it) and how much moves past, contributing directly to
the blast pressure moving ahead of the bearing. Thus, heavier ball bearings with larger
charge diameters require more momentum to import high peak velocities, but they also
interact with a larger portion of the explosive charge because of their higher surface area.

This explains why the decreases in peak velocities of the heavier bearings were not far
lower. It also explains why the reflected blast pressures did not cause larger percentage
drops in the bearing speed for the same charge mass and shape—firstly, the momentum
was higher, requiring greater pressures to decelerate the bearings, and secondly, less of
the charge mass directly contributed to the reflected pressure front due to the increased



Appl. Sci. 2022,12,1133

16 of 18

bearing surface area (decreasing the surface area over which the opposing blast pressure
acts). When charge mass and shape are varied, there are additional factors to consider, such
as the influence of aspect ratio on the efficiency of momentum transfer to the bearing itself
(see [8]) and that larger charge masses increase the reflected blast pressures, causing the
bearing velocity to decrease more rapidly.
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21.01 26.43
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Figure 14. Simulated pressure contour plots from detonating a 27.16 g charge (30 mm diameter)
embedded with a 10 mm diameter ball bearing at (a) 1.8 s, (b) 2.55 ps, (c) 2.99 s, (d) 4.53 ps.

5. Concluding Remarks

The new simulations were satisfactorily validated using experimental work and a pre-
viously validated modelling approach [17]. The peak bearing velocity were not influenced
by the improved bearing damage model of the finer bearing mesh. This confirmed that
momentum transfer is mainly influenced by the charge mass to ball bearing mass ratio and
the aspect ratio of the charge. Larger ball bearings require extra momentum to accelerate
them to higher velocities due to their increased mass, but their higher surface area also
means that a greater portion of the explosive charge is involved in momentum transfer. The
drop in velocity observed part-way through the bearing flight due to interaction with the
reflected pressure was influenced by bearing diameter charge diameter. Higher momentum
required greater reflected pressures to decelerate the bearing, but the reflected pressure
acted over a larger surface area. Additionally, less of the charge mass directly contributed to
the reflected pressure front in low diameter charges; this was due to the increased bearing
surface area meaning that less of the blast pressure moved past the ball bearing in the early
stages of blast wave formation.
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Using a post-test damage analysis and an enhanced ball bearing modelling approach,
tensile spalling was found to be the major damage mechanism within the ball bearings. The
charge aspect ratio affected the initial compressive hydrostatic pressure propagation within
the ball bearing itself; the compressive stress was then reflected from the free surface of the
bearing as a tensile wave. The focusing effect due to bearing curvature and charge geometry
influenced the magnitude and shape of the tensile spalling wave, affecting the location and
degree of internal cracking within the bearings. In some cases, it may be possible to cause
the bearing to break apart due to extensive internal cracking caused by tensile spalling.
These findings will prove valuable to blast protection engineers considering the effects of
embedded projectiles in improvised explosive devices, enabling projectile velocities and
trajectories to be estimated for future injury estimates from IED events.
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