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NATO standards "AEP-2920 Procedures for the Evaluation and Classification of Personal Armor" and NIJ
Standard e 0101.06, indicate the method to statistically assess the resistance of personal ballistic pro-
tection materials. To be validated and accepted through these procedures, a personal ballistic protection
material should withstand an impact of a specific projectile with a probability of a partial penetration
confidence level higher than 90%. The present study introduces an energy equilibrium method to assess
the confidence level for the probability of partial penetration of ductile and brittle materials. The ex-
periments performed in the Ballistics laboratory of the Royal Military Academy in Belgium, use a
modified pendulum method that allowed the quantification of the energy balance before and after the
ballistic impact. The results were then compared with the ones obtained using the method specified by
the NATO standard and NIJ 0101.06, mentioned above. The outcome of this comparison shows the
tendency of the values obtained by the pendulum method to faithfully follow the values obtained ac-
cording to NATO and NIJ specifications. The presented method is not based on statistical estimations, but
instead, an exact method, of computing the energy absorbed by the tested material. This is an advantage
for the cases when the material to be evaluated is expensive or it is in the development phase and mass
production is not possible.
© 2023 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

The NATO AEP -2920 and NIJ Standard e 0101.06 are providing
the guidelines to assess the ballistic performance of personal pro-
tection materials [1,2].

The ballistic testing of the personal protection materials is
presented in NATO AEPe2920 standard as the probability of com-
plete penetration of the material within a specified velocity range.
Having a stochastic behaviour, the phenomenon of perforation is
characterized by dispersion. The NATO standard indicates the
Probit regression method to estimate the highest value of the
likelihood function [1].

The NIJ Standarde0101.06 describes a similar testing method as
STANAG 2920 with the exception that it uses a logistic regression
on the acquired data using the maximum likelihood to estimate the
velocity coefficient [2].
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Both standards are using a probabilistic approach to estimate
the velocity at which a projectile has a 50% chance to perforate the
ballistic protection material.

Considerable effort was spent by the scientific community to
develop improved statistical models that estimate the perforation
probability. Diane Mauchant, in her work, Analysis of Three
Different Regression Models to Estimate the Ballistic Performance
of New and Environmentally Conditioned Body Armor [3] is pre-
senting a comparative analysis between the three most important
regression models, Probit, Logit, and c-log-log, in which they
concluded that each method gives consistently satisfactory results
for the same data set.

Maldague et al. [4] are studying the prediction accuracy of Probit
and STANAG 2920 methods. They calculated the minimum number
of shots required for each method, to ensure accuracy and repeat-
ability. They concluded that a minimum of 14 shots are required to
obtain an accuracy of ±5 m/s and the repeatability improved with
an increased number of shots.

Tahenti et al. [5] proposed a mathematical methodology that
models the projectile evolution during the impact phase on the
of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-
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Fig. 1. Example of experimental arrangement used for ballistic testing [1].
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target as a Brownian motion process. In their work, the statistical
Chi-square and Kolmogorov-Smirnov goodness of fit test was
employed in a Monte-Carlo simulated sample and an experimental
one. Their numerical model fitted well with the experimental data
for the entire range of velocities from V0 to V100, making it suitable
for estimating the projectile's perforation probability for any
impact velocity.

The common ground of the presented work is that they start
from an existing experimental set of results, used either to estimate
the V50 employing the different regressionmodels and compare the
results between them or to validate their simulated results. Behind
every V50 estimation, no matter what the computation method is,
sits a set of experimental data.

Aramid and ceramic-based materials are other alternatives to
metallic ballistic protection materials. Refs. [6,7] the methodology
to assess the ballistic performance of aramid fabrics and composite
materials. The method presented is based on computing the energy
absorbed by the material as a function of the depth and diameter of
the indentation generated by the protection material during the
impact with the projectile, in the backing material which in this
case is plasticine [2].

Performing the test described in the two standards, and using
them to validate each method presented above, require that the
ballistic protection material be rectangles of 500 mm � 500 mm in
size. As presented in Ref. [4], a minimum number of measurements
is required to ensure the accuracy and repeatability of the results.
For cheaper and mass-produced ballistic protection materials, this
size doesn't pose any problems.

The difficulty to perform these tests comes when they must be
done on expensive materials that are time-consuming to produce
or in the development phase, where the size and number of the
samples are important parameters to consider.

G.J. Czarnecki [8] proposed semi-empirical procedures to esti-
mate the ballistic limit based on a single shot only. His model is
relying on the energy balance model. He assumes that the ballistic
protection material absorbs a fixed amount of energy to ensure its
penetration. Also, any change of the impact energy higher than the
energy required for the penetration must be identified in the re-
sidual energy of the projectile and fragments.

A single-shot model to estimate the ballistic limit of a material is
not statistically significant. The kinetic energy balance method,
presented in the following paragraphs takes into account the
conclusions of Ref. [8] but uses an increased but limited number of
shots to assess the performance of the material. It, therefore, solves
the problems generated by the limited size and number of samples
required, while being statistically more relevant. This method
originated from the ballistic pendulum model introduced in
1742 by Benjamin Robin (1707e1751) in his book "New Principles of
Gunnery", which was used to evaluate the velocity of a projectile
[9].

S.R. Bodner et al. as well as P.S. Symonds et al. [10,11] used the
pendulum to test the deflection magnitude of steel and titanium
plates to impulse loads. Dimitrios Kakogiannis [12] in his work used
the pendulum method to assess the energy absorption of com-
posite structures that can dissipate the energy of an explosion. They
concluded that the pendulum method gives reliable measurement
results.

The authors of the references that were just mentioned used
their experiments with affordable materials such as aluminium or
steel. The challenge comes from the materials whose
manufacturing process is costly and producing them in large
quantities before V50 validation is unfeasible.

The method presented in this work is an exact method to
determine the velocity of the projectile that has a 50% probability to
perforate the ballistic protection material.
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Four types of materials were evaluated. Three of them were
inexpensive steels (St36, St52, and 304 L) and an assembly of SiC
and AlMg5eAl2O3 that had a highmanufacturing cost and for which
a limited number of plates were available for testing [13].

Overall, this is a comparative study to evaluate and validate the
kinetic energy balance model against the statistical models pre-
sented in STANAG 2920 and NIJ Standarde0101.06.
2. Methods

2.1. STANAG 2920\NIJ Standarde0101.06

This work is intended to identify the result accuracy of the ki-
netic energy balance model against the results obtained using the
test methods described in STANAG 2920 and NIJ Standard-0101.06.

Ballistic testing is based on the approach whereby the complete
penetration within a specified velocity range is determined using
specified projectiles fired at soft armour and/or hard armour, per-
sonal armour items, components, or material samples [1,2].

The ballistic test arrangement presented in the two standards is
similar and is depicted in Figs. 1 and 2 show the equipment of the
ballistic laboratory used for the measurements .

It is comprised form a launcher, which in our case consists of a
7.62 mm � 51 mm instrumented barrel, placed at 7.8 m away from
the target. This distance will ensure that the yaw angle of the
projectile will be at its minimum, maintaining at the same time a
relatively small space requirement.

Between the barrel muzzle and the target, an infrared velocity
measurement screen system is interposed, which will measure the
velocity of the projectile.

The projectile is a bullet-simulating projectileerifle (BSP-R)
developed in the framework of a previous study [14]. Its design is
presented in Fig. 3. It is manufactured from a single solid block of
34CrNiMo6 steel. This type of steel will ensure the penetration of
the target material suffering only plastic deformations. This prop-
erty is useful for reasons that will be discussed when the energy
balance model will be introduced, further into the present work.

The velocity of the projectile is varied by adjusting the propul-
sive powder quantity.

The assessed materials are 500 mm � 500 mm plates of St37,
St52,304 L, and 50 mm � 50 mm SiC glued with Nolax® onto
120 mm � 120 mm AlMg5eAl2O3 plates, with thicknesses, 10 mm,
4 mm, and 4 mm for the steels, and 5 mm for the SiC and
AlMg5eAl2O3 respectively [13,15]. To evaluate the energy absorp-
tion of the St36, St52, and 304 L steels the size of the samples was
reduced to 120 mm � 120 mm. For each of these materials,
appropriate projectile velocities were used to ensure the specifi-
cations of the standards.



Fig. 2. Experimental arrangement used for ballistic testing: Launcher (left); Drello LS velocity screens (centre); Target (right).

Fig. 3. Depiction of a 7.62 mm calibre BSP-R.
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The STANAG 2920 specifies that the target must be strapped to a
witness plate (WP) material (0.5 mm thick aluminium plate) in a
retainer. The distance between the target and the WP should be at
least 14 cm. The surface area of the back face signature (BFS
container, Fig. 1) material in its retainer shall be orthogonal to the
line of fire.

The result of each impact is to be qualified as a complete
penetration (CP) or a partial penetration (PP). Complete penetra-
tion (CP) of the plate occurred when the projectile, a fragment of
the projectile, or a fragment of the armour material penetrates, is
embedded, or passes through the used WP material.

The steel test plate will be impacted in a pattern also specified
by the STANAG 2920 and presented in Fig. 4 left (see Fig. 6) (see
Fig. 7) (see Fig. 8) (see Fig. 5).

Because the manufacturing time and cost for the brittle mate-
rials were high, the size of the tested plates is reduced to a square of
120mm� 120mm. To accommodate them, amounting systemwas
Fig. 4. Impacting pattern: Steel plate
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designed to receive the plates and the witness plate, presented in
Fig. 4 right.

Both standards, STANAG 2920 and NIJ 0101.06 are using Probit
and Logit regression models to estimate the V50, by computing the
maximum likelihood for perforation from the velocity-perforation/
no perforation pairs observed during the tests.
2.2. Energy balance model

The energy balance model test setup is similar to the one
described in STANAG 2920 and NIJ Standarde0101.06 with the
particularity that the target system indicated in the standards is
replaced by a pendulum, the witness plate by a retaining box. A
high-speed camera is also added, to film and track the projectile
and resulting fragments after impact.

The pendulum is fixed to the laboratory's ceiling with four steel
cables that inwidth run outwards, with an approximate angle of 5�,
s (left); Brittle materials (right).



Fig. 5. Pendulum design: Pendulum base (left); Pendulum outer frame (centre); Assembly (right).

Fig. 6. Fragment retaining box (left); Recuperated fragments (centre and right).

Fig. 7. High-Speed camera video file post-processing. Displacement tracking of the pendulum and the projectile.
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towards the ceiling. This outwards angle makes the pendulum
more stable. The impact will occur at the centre of mass to avoid
inducing a rotational movement to the pendulum.

Steel cables are capable to withstand the great applied forces
and they facilitate the damping of the vibrations that occur in the
pendulum during the impact. Their length should be as large as the
environment allows. This will make the pendulum's vertical
displacement and induced potential energy (PE) neglectable for any
small horizontal displacement. To ensure that the horizontal dis-
placements are kept to a minimum, weight can be added to the
pendulum.

Each cable is previewed with turnbuckles that allow adjusting
their length for levelling the pendulum.

The design accommodates ballistic test plates with maximum
dimensions of 120 mm � 120 mm.
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The tested sample will be placed between the pendulum base
(Fig. 5eleft) and the pendulum outer frame (Fig. 5ecentre).

The BSP-Rs were launched with a velocity of 840 m/s to ensure
the weapon system's nominal velocity. 7.62 mm � 51 mm cartridge
cases were used to accommodate the propulsive powder. The
tested velocities are sufficient for the BSP-R to perforate the test
plate.

The deformed projectile and resulting fragments will be
collected from the retaining box (see Fig. 6) placed under the
pendulum. They will be weighed on a precision scale (0.01 g) type
"Adam Equipment ADP 360/L", before and after the impact, and
their mass will be used to compute their respective energies.

The projectile's impact with the ballistic protection material is
filmed with a high-speed camera which one at a frame rate of
20,000 frames/s, placed orthogonally to the projectile's trajectory.



Fig. 8. Velocity estimates: (a) Pendulum; (b) Residual velocity of the projectile.
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This framerate allows tracking and estimating the displacement of
the pendulum and projectile. The velocity measurement uncer-
tainty associated with the high-speed camera has an elevated de-
gree of precision, being at the same time robust and reliable [16].

The video file is analysed afterwards with motion detection
software. This allows for estimating the displacement of the
pendulum and the projectile (see Fig. 7).

The velocity of the pendulum and the projectile is computed
using the "Tracker®" [17] motion detection software.

Just after the impact, the projectile view is hidden by the
pendulum and both the projectile and pendulum have a deceler-
ating motion. Therefore, a decreasing linear regression, the red line
on the graphs (see Fig. 8), was applied to determine the value of the
intercept term that represents the velocity of the projectile or
pendulum, just after the collision occurred.

The estimated velocities using linear regression will be used to
calculate the energy transferred to the pendulum assembly
(pendulum and ballistic protection material) by the projectile and
the residual projectile energy.

Unlike the classic pendulum, the potential energy (PE) is
neglected because of the pendulum's small rotational angle (q).

DPE¼MgRcm � ð1� cos qÞ (1)

From the continuous mechanics we have the strain energy
equation.

1
2
m _x2 þ1

2
kx2 �mgx ¼ const (2)

where the first term represents the total kinetic energy (KEt) cor-
responding to the energy of the projectile before the impact, the
second term is the strain energy (SDEt)and the last one is the po-
tential energy, which in our case is negligible.

Eq. (2) can be written as follows:

1
2
m _x2 þ1

2
kx2 ¼ const (3)

The kinetic energy balance for the studied system is the
following:

KEpend þKEf þ KEproj þ SDEt ¼ KEt (4)

where KEt (unit: J) is the kinetic energy of the projectile before
impact, KEpend (unit: J) is the kinetic energy of the pendulum, KEf
(unit: J) is the kinetic energy of the fragments, KEproj (unit: J) is the
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kinetic energy of the projectile after impact, and SDEt (unit: J) is the
total strain energy used to deform the target material and the
projectile.

STANAG 2920 and NIJ 0101.106 standards assume that the V50
estimation considers both energies (SDEt), the kinetic energy for
the deformation of the projectile and the material's deformation.

Combining Eqs. (3) and (4) we obtain.

SDEt ¼ SDEmat þ SDEpd (5)

In other words, the above equation can be written as

SDEt ¼ Fmat � ðxmatÞ
2

þ
Fp �

�
xpd

�
2

(6)

where Fmat and xmat are the force and deformation of the projectile
and the material, Fp and xpd are the force and deformation of the
projectile.

Applying Newton's third law, we canwrite that Fp¼ Fmat, and Eq.
(6) can be written as follows:

SDEt ¼ Fp � ðxmatÞ
2

þ
Fp �

�
xpd

�
2

¼
Fp �

�
xmat þ xpd

�
2

¼
mp � ap �

�
vmat þ vpd

�
� t

2
¼
mp � vp �

�
vmat þ vpd

�
2

(7)

wheremp and vp¼ ap·t are themass velocity and acceleration of the
projectile before impact and t is the impact duration, vmat and vpd
are the deformation rates of the material and projectile.

Knowing that the projectile and material are deforming at the
same rate (vmat ¼ vpd) Eq. (7) can be written as

SDEt ¼mp � vp � ðvmat þ vmatÞ
2

¼2 �mp � vp � vmat

2
¼mp � vp

� vmat

(8)

From Eq. (8) it is clear that the deformation of a projectile and
tested material depend on the impact velocity of the projectile and
the rate of deformation of the both. During tests the projectile was
launched at velocities that ensured the complete penetration of the
tested material. Noting with v2perf ¼ vp·vmat Eq. (8) can be rewritten
as follows:
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SDEt ¼mp � v2perf (9)

From Eqs. (4) and (9) we can deduct the projectile velocity (vperf)
for which it will perforate the ballistic protection material, as
follows:

vperf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 �

�
KEp � KEpend � KEf � KEproj

�
mp

vuut ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � SDEt

mp

s
(10)

*where mp is projectile mass before impact.
We will obtain several vperf estimations equal to the number of

measurements performed. The average of these values will be
calculated and represents the best estimate for V50.

The number of recorded results for the energy balance method
is not statistically significant. For this reason, the bootstrapping
method was used to generate a statistically significant number of
results. Bootstrap is a statistical inferences method like the Monte
Carlo simulation, with the essential difference in the generation of
random variables from a given distribution (assumed known a
priori) such as the Normal, chi-squared, student-t, etc. Whereas
bootstrap uses random sampling with replacement [18].

Bootstrapping is resampling and replacing values from a single
dataset to create a larger number of simulated data sets. This pro-
cess allows for calculating standard errors, constructing confidence
intervals, and performing hypothesis testing for numerous types of
sample statistics [18].

3. Results

3.1. STANAG 2920\NIJ Standarde0101.06

For each one of the three tested materials employing the spec-
ifications of STANAG 2920/NIJ Standard 0101.06, the quantity of
propulsive powder was adjusted according to the standard's
recommendation.

Table A1 in Appendix A1, is presenting the obtained results for
every tested material.

The "0" and "1" values in the "perfo/no perfo" column of the
table are equivalent to "no perforation" and "perforation" of the
ballistic protection material, respectively.

The results in Table A1 are used to compute the perforation
probability as a function of the impact velocity. The V50 and stan-
dard deviation (s) are estimated by employing the PROBIT method
for STANAG 2920 and LOGIT for NIJ Standarde0101.06. Computa-
tions were performed using an Excel application developed by the
Fig. 9. Perforation probability of ST52.: Logit regressio
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"Defense Research and Development Canada" organization [19].
The red curves in Figs. 9e12 represent the perforation proba-

bilities computed using the two regression models. The green and
purple curves are the upper and lower confidence interval limits.

The "SE" term added to the V50 and standard deviation (s) es-
timates, represents the standard error of these values.

3.2. Energy balance model

To estimate the V50 using the kinetic energy balance model, the
video files recorded by the high-speed camera were analysed using
dedicated software, which was capable of estimating the velocity of
the moving components of the system and their specific standard
error.

SE¼ sffiffiffi
n

p (11)

where n is the number of measurements.
The V50 and standard error (SE) obtained for the four ballistic

protection materials tested using the energy balance models are
presented in Tables A2eA5 Appendixes 2e5.

In the tables, the first four columns are related to the status of
the system before the impact. In the next eight columns, the pa-
rameters after the impact are recorded. The value "NaN" in Table A4
replaces either masses or velocities of fragments that remained
attached to the projectile.

The energy estimations before and after the impact as well as
the V50 values are comprised in the following four columns.

Because the impact of the projectile with a brittle target will
generate multiple fragments with different masses and velocities,
for the computation of their energy the total fragment mass and
their average velocity were considered.

4. Discussions

Table A1 is showing the number of individual measurements
used for the V50 estimation, for all the tested materials, using Probit
and Logit regression models. On the other hand, when the kinetic
energy balance model was employed, the number of performed
measurements decreased to 8 for the ductile materials and 4 for the
SiCeAlMg5eAl2O3.

Tables A2eA5 are presenting the results taken into consider-
ation in the kinetic energy balance model. Their number is low
compared with the minimum number estimated in Ref. [4]. One of
the perspectives of this study is to verify the accuracy and sensi-
tivity of the kinetic energy balance method.
n method (left); Probit regression method (right).



Fig. 10. Perforation probability of 304 L: Logit regression method (left); Probit regression method (right).

Fig. 11. Perforation probability of ST37: Logit regression method (left); Probit regression method (right).

Fig. 12. Perforation probability of SiCeAlMg5eAl2O5: Logit regression method (left); Probit regression method (right).
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The average values of V50 estimated by using the kinetic energy
bootstrapping methods are compared with the results when the
STANAG 2920 and NIJ 01.01.06 methods were used. The results are
presented in Tables 1e4, for each one of the material types that
were evaluated.

Bootstrapping allows generating multiple data series starting
from one series with a small sample size, by random resampling
with replacement. In this way, multiple averages of each data series
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are computed, which in turn will be used to compute their distri-
bution and confidence interval.

Starting from the vperf measured for each of the four materials
tested, 3000 series of values were generated for which the same
number of averages were calculated. Then the distribution and
confidence interval, of these averages were calculated and pre-
sented in Figs. 13 and 14. The average of the 3000 average values is
considered to be the best estimate of V50 of the material.



Table 1
ST52-V50, standard deviation and standard error values.

V50/(m$s�1) SE/(m$s�1) V50 STANAG 2920/(m$s�1) SE/(m$s�1) V50 NIJ-0101.06/(m$s�1) SE/(m$s�1)

Average 360.57 23.18 359.24 2.73 359.1 2.61
s 13.6 9.13 8.82 3.32 4.92 2.09
Average (bootstrapping simulation) 360.59 0.02
s (bootstrapping simulation) 5.15 0.013563

Table 2
304 L-V50, standard deviation and standard error values.

V50/(m$s�1) SE/(m$s�1) V50 STANAG 2920/(m$s�1) SE/(m$s�1) V50 NIJ- 0101.06/(m$s�1) SE/(m$s�1)

Average 381.51 16.80 387.38 38.88 388.31 3.32
s 14.02 8.24 0.13 0.47 2.59 1.82
Average (bootstrapping simulation) 381.52 0.03
s (bootstrapping simulation) 5.27 0.01

Table 3
ST37eV50, standard deviation and standard error values.

V50/(m$s�1) SE/(m$s�1) V50 STANAG 2920/(m$s�1) SE/(m$s�1) V50 NIJ-0101.06/(m$s�1) SE/(m$s�1)

Average 840.65 4.31 839.00 4.13 839.13 4.22
s 8.63 1.05 9.59 4.87 5.72 3.00
Average (bootstrapping simulation) 840.89 3.05
s (bootstrapping simulation) 8.30 0.05

Table 4
SiCeAlMg5eAl2O5eV50, standard deviation and standard error values.

V50/(m$s�1) SE/(m$s�1) V50 STANAG 2920/(m$s�1) SE/(m$s�1) V50 NIJ-0101.06/(m$s�1) SE/(m$s�1)

Average 529.26 7.52 498.94 18.75 499.93 19.68
s 17.12 0.87 31.11 16.90 18.52 10.59
Average (bootstrapping simulation) 529.35 7.39
s (bootstrapping simulation) 7.39 0.37

Fig. 13. V50 distribution and confidence interval limits: Bootstrapping method, ST52 (left), 304 L (right).
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The last two rows of the first three columns in Tables 1e4 are
presenting the mean values of V50 estimates obtained employing
the bootstrap method.

Tables 1e3 show a good correlation between the V50 estimated
values by any of the three methods employed.

The probability distributions of V50 of the three materials are
presented in Figs. 13 and 14.

The histograms in Figs. 13 and 14 are showing the distribution of
the mean estimated V50 values generated using the bootstrapping
method. Their distribution is normal, concentrated around the
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mean values of about 360 m/s for the 4 mm thick ST52, 381 m/s for
the 4mm thick 304 L, 841m/s for the 10mm thick St37 and 529m/s
for the 10 mm thick, right SiCeAlMg5eAl2O5 assembly. The values
are remarkably close to the ones calculated from the direct STANAG
2920 and NIJ 01.01.06 measurements for the St52, 304 L, and St36.

Not the same conclusion is valid for, SiCeAlMg5eAl2O3 where
there is a difference of about 20 m/s between the kinetic energy
balance and STANAG 2920/NIJ 01.01.06 methods. This situation
occurred due to the small number of values Eq. (4) in the data set
used and the assumptions made. Because a large number of



Fig. 14. V50 distribution and confidence interval limits: Bootstrapping method (left ST37); SiCeAlMg5eAl2O5 (right) [11,13].

Table 5
Confidence intervals comparison, St52.

Logit (NIJ 0101.06) Probit (STANAG 2920) Energy balance

V50 max (m/s) from STANAG 2920 method ¼ 365.67 367.82 370.54
V50 min (m/s) from STANAG 2920 method ¼ 353.25 352.25 350.46

Table 6
Confidence intervals comparison, 304 L.

Logit (NIJ 0101.06) Probit (STANAG 2920) Energy balance

V50 max (m/s) from STANAG 2920 method ¼ 394.10 391.62 391.29
V50 min (m/s) from STANAG 2920 method ¼ 383.18 383.11 370.72

Table 7
Confidence intervals comparison, St37.

Logit (NIJ 0101.06) Probit (STANAG 2920) Energy balance

V50 max (m/s) from STANAG 2920 method ¼ 847.13 846.86 845.97
V50 min (m/s) from STANAG 2920 method ¼ 830.48 830.95 834.76

Table 8
Confidence intervals comparison, SiCeAlMg5eAl2O5.

Logit (NIJ 0101.06) Probit (STANAG 2920) Energy balance

V50 max (m/s) from STANAG 2920 method ¼ 537.59 533.11 542.53
V50 min (m/s) from STANAG 2920 method ¼ 467.71 467.60 514.66

B. Stirbu, I. Ndindabahizi, T. Vancaeyzeele et al. Defence Technology 30 (2023) 141e153
generated fragments during the impact, not all of them were
tracked to estimate their velocity. Instead, only the largest ones
were considered, and their global mass was assumed to be equiv-
alent to the difference between the mass of the tested plate before
and after the impact. A second assumption was made on the frag-
ment velocity estimation, which was assumed to be equal to the
average velocity of the fragments that were tracked.

The confidence intervals estimated for the kinetic energy bal-
ance method by using bootstrapping were compared with the
confidence intervals calculated using the "Defense Research and
Development Canada" Excel application and presented in
Tables 5e8.

Tables 5e7 are showing a good correlation between the average
V50 values calculated from the direct measurements using the ki-
netic energy balance model and the confidence intervals estimated
by the PROBIT and Logit regression models.

A positive evolution can be observed for the confidence interval
149
estimated for the SiCeAlMg5eAl2O3, whose upper limit is slightly
higher than the limits estimated by the other two regression
models, and the lower limit is included in the confidence intervals
of the same regression models.

An improvement of the model regarding the estimation of V50
for the brittle materials is to increase the number of recordings or to
have a better estimation of the total kinetic energy of the
fragments.

5. Conclusions

(1) The present works proved that the kinetic energy balance
model generates accurate results for a smaller number of
recordings. This presents an economical advantage for ma-
terials whose manufacturing process costs are elevated, like
the SiCeAlMg5eAl2O3 [15,20], which is in the development
and testing phase.
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(2) STANAG 2920 and NIJ 0101.06 regression models return a
single V50 estimation after computing the maximum likeli-
hood of perforation from several measurements. The kinetic
energy balance model is capable to estimate a value for vperf
from every single measurement. The average of these values
is the best estimate for V50.

(3) For Probit and Logit regression models a sufficiently large
number of measurements are required [4] to ensure an
overlapping zone. On the other hand, the kinetic energy
balance model can predict a V50 value with a lower number
of measurements.

(4) The kinetic energy balance model together with bootstrap
analysis provides accurate results with a confidence level like
the consecrated regression models presented in STANAG
2920 and NIJ 0101.06.

(5) A too-low number of measurements will result in poor ac-
curacy of the estimation. This behaviour is presented in
Figs. 13 and 14 and Tables 4 and 8.

(6) Using the energy balance approach to estimate the V50 re-
quires more expensive equipment and it is more time-
consuming for the post-processing of the results than the
methods presented in STANAG 2920 and NIJ 0101.106.

(7) Because it requires a significantly lower number of mea-
surements (minimum 7) to accurately predict the V50 than
the Probit and Logit models, and taking into consideration
the economical aspect of the ballistic protection materials, it
is a good alternative method to the regression models.
Appendix A1

Table A1
Peroration/No Perforation results as a function of impact velocity.

Shot ST52 304 L

Velocity/(m$s�1) Perfo/No Perfo Velocity/(m$s�1) Perfo/No Perfo

1 356.55 0 348.89 0
2 370.08 1 383.03 0
3 340.62 0 419.94 1
4 346.53 0 393.18 1
5 361.66 1 387.79 1
6 349.97 1 397.94 1
7 355.12 0 395.06 1
8 345.7 0 405.09 1
9 333.15 0 365.63 0
10 356.65 0 376.03 0
11 369.13 1 404.43 1
12 360.17 1 392.25 0
13 363.46 1 394.16 1
14 369.55 1 402.35 1
15 382.08 1 360.23 0
16 358.5 1 347.85 0
17 361.95 1 364.4 0
18 360.88 1 348.49 0
19 375.5 1 346.37 0
20 355.91 0
21 357.95 0
22 357.64 0
23 337.04 0
24 349.64 0
25 333.93 0
26 325.42 0
27 345.96 0
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(8) It was shown that the V50 estimation for ductile materials
using the kinetic energy balance model and BSP-R, is accu-
rate because, after the impact, only one fragment is dis-
located from the target material. The impact of the BSP-R
with a brittle target will remove multiple fragments of
different masses and velocities. Using the total mass of the
fragments and the average velocities gives good predictions
of V50. To improve the method to compute the energy of each
fragment by assigning to each one its respective mass and
velocity.

(9) Future work can be done to compare the energy balance
model with the STANAG and NIJ standards for the aramid
composite fabrics. Once the method will be validated for
these materials, the energy balance model will find imple-
mentation in works where manufacturing of the materials is
expensive and time-consuming.
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Velocity/(m$s�1) Perfo/No Perfo Velocity/(m$s�1) Perfo/No Perfo

854.5 1 702.35 1
790 0 501 0
799 0 595.1 1
819.5 0 576.4 1
829.5 0 536.05 1
870.5 1 556.35 1
845.5 1 426.95 0
813.5 0 462 0
861 1 468.35 1
841 1 464.8 0
844.5 1 448.25 0
844.5 0 474.45 0
808.5 0
848 1
835 0
833 1
817.5 0
843.5 0
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Table A2
V50 results for St52.

Shot 1 Shot 2 Shot 3 Shot 4 Shot 5 Shot 6 Shot 7

Before impact Velocity of the projectile/(m$s�1) 524.54 516.19 502.23 512.85 520.85 506.97 473.57
Mass of target before/kg 0.4641 0.4603 0.4583 0.4552 0.4542 0.4513 0.4576
Mass of BSP-R/kg 0.00828 0.0083 0.00831 0.00827 0.00829 0.00828 0.00828
Mass of pendulum/kg 10.95 10.95 10.95 10.95 10.95 10.95 10.95

After impact SE Vpend/(m$s�1) 0.026 0.018 0.029 0.029 0.031 0.032 0.0210
Vpend/(m$s�1) 0.1066 0.1109 0.1168 0.2157 0.1237 0.9789 0.1244
SE Velocity of target fragment/(m$s�1) 2.57 18.85 27.90 19.42 12.85 20.78 30.34
Velocity of target fragment/(m$s�1) 310.82 314.07 334.74 451.20 463.37 475.28 299.00
SE Velocity of BSP-R/(m$s�1) 7.10 17.92 17.03 15.14 4.93 7.86 18.21
Velocity of BSP-R/(m$s�1) 342.50 328.50 313.60 330.80 347.50 317.00 284.70
Mass of target fragment/kg 0.00150 0.00120 0.00130 0.00120 0.00140 0.00120 0.00120
Mass of BSP-R/kg 0.00834 0.0083 0.0083 0.00826 0.00828 0.00828 0.00828
Mass of target/kg 0.4626 0.4591 0.457 0.454 0.4528 0.4501 0.4564
SE/(m$s�1) 7.55 26.01 32.69 24.62 13.76 22.22 35.39 23.18 9.13
V50/(m$s�1) 373.46 379.81 369.40 352.29 338.22 349.96 360.88 360.57 13.60
Energy after impact/J 561.69 507.09 481.04 574.35 650.32 557.02 389.29 Average s
Energy pendulum/J 0.06 0.07 0.08 0.27 0.09 5.46 0.09
Energy fragment and BSP-R/J 561.62 507.02 480.96 574.09 650.23 551.56 389.20
Energy before impact/J 1139.09 1105.75 1048.02 1087.55 1124.48 1064.06 928.45

Appendix A3

Table A3
V50 results for 304L material.

Shot 1 Shot 2 Shot 3 Shot 4 Shot 5 Shot 6 Shot 7

Before impact Velocity of the projectile/(m$s�1) 509.44 499.49 525.27 504.13 501.95 499.68 486.14
SE Vpend/(m$s�1) 0.4482 0.4506 0.4569 0.4582 0.455 0.4574 0.4591
Mass of BSP-R/kg 0.00827 0.00827 0.00826 0.00828 0.00828 0.00830 0.00828
Mass of pendulum/kg 10.95 10.95 10.95 10.95 10.95 10.95 10.95

After impact SE Vpend/(m$s�1) 0.035 0.041 0.033 0.035 0.034 0.029 0.0362
Vpend/(m$s�1) 0.1367 0.09916 0.1119 0.1086 0.09975 0.1108 0.1107
SE Velocity of target fragment/(m$s�1) 8.19 5.34 14.36 15.01 17.09 33.17 7.33
Velocity of target fragment/(m$s�1) 317.80 333.90 241.60 315.00 240.85 264.50 280.90
SE Velocity of BSP-R/(m$s�1) 9.83 4.82 3.60 11.31 8.36 9.51 7.49
Velocity of BSP-R/(m$s�1) 297.00 329.30 347.10 299.00 305.30 302.80 270.03
Mass of target fragment/kg 0.00090 0.00110 1.00160 0.00220 0.00150 0.00150 0.00070
Mass of BSP-R/kg 0.00826 0.00827 0.00826 0.00826 0.00827 0.00829 0.00823
Mass of target/kg 0.4473 0.4495 0.4553 0.456 0.535 0.04559 0.4584
SE/(m$s�1) 12.79 7.19 14.81 18.79 19.03 34.51 10.48 16.8 8.24
V50/(m$s�1) 400.51 355.26 379.61 372.24 385.14 381.36 396.44 381.51 10.02
Energy after impact/J 409.75 209.71 544.27 478.37 428.37 432.52 327.67 Average s
Energy pendulum/J 0.11 0.06 0.07 0.07 0.06 0.07 0.07
Energy fragment and BSP-R/J 409.86 509.77 544.34 478.98 428.98 432.59 327.74
Energy before impact/J 1073.15 1031.64 1139.50 1052.17 1043.07 1036.15 978.39

Appendix A4

Table A4
V50 results for St37 material.

Shot 1 Shot 2 Shot 3 Shot 4 Shot 5 Shot 6 Shot 7

Before impact Velocity of the projectile/(m$s�1) 842.62 853.15 853.00 852.81 855.09 861.02 859.25
Mass of target before/kg 1.1086 1.0390 1.0820 1.1002 1.1406 1.0190 0.9945
Mass of BSP-R/kg 0.00826 0.00825 0.00827 0.00824 0.00827 0.00825 0.00828
Mass of pendulum/kg 10.95 10.95 10.95 10.95 10.95 10.95 10.95

(continued on next page)
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Table A4 (continued )

Shot 1 Shot 2 Shot 3 Shot 4 Shot 5 Shot 6 Shot 7

After impact SE Vpend/(m$s�1) 0.085 0.146 0.135 0.117 0.125 0.121 0.123
Vpend/(m$s�1) 0.430 0.498 0.463 0.527 0.509 0.546 0.519
SE Velocity of fragment and BSP/(m$s�1) 5.29 6.44 6.95
Velocity of fragment and BSP/(m$s�1) 159.30 98.60 112.30
SE Velocity of target fragment/(m$s�1) 8.62 7.13 16.00 11.15
Velocity of target fragment/(m$s�1) 127.50 121.40 99.13 136.10
SE Velocity of BSP-R/(m$s�1) 5.37 7.95 5.35 6.78
Velocity of BSP-R/(m$s�1) 119.20 121.50 104.00 115.20
Mass of fragment and BSP/kg 0.0136 0.01195 0.0133
Mass of target fragment/kg 0.00525 0.00575 0.00370 0.00350
Mass of BSP-R/kg 0.00785 0.00785 0.00760 0.00760
Mass of target/kg 1.103 1.033 1.077 1.096 1.135 1.015 0.991
SE/(m$s�1) 7.55 26.01 32.69 24.62 13.76 22.22 35.39 23.18 9.13
V50/(m$s�1) 373.46 379.81 369.40 352.29 338.22 349.96 360.88 360.57 13.60
Energy after impact/J 99.56 101.80 173.85 59.76 85.43 61.06 84.45 Average s
Energy pendulum/J 1.11 1.49 1.29 1.67 1.57 1.78 1.61
Energy fragment and BSP-R/J 98.44 100.31 172.56 58.09 83.87 59.28 82.85
Energy before impact/J 2932.33 3002.44 3008.66 2996.41 3023.42 3058.09 3056.61

Appendix A5

Table A5
V50 results for SiCeAlMg5eAl2O5 material.

Shot 1 Shot 2 Shot 3 Shot 4

Before impact Velocity of the projectile/(m$s�1) 853.00 857.00 843.00 860.00
Mass of target before/kg 0.4641 0.4603 0.4583 0.4552
Mass of BSP-R/kg 0.00830 0.00830 0.00828 0.00830
Mass of pendulum/kg 10.95 10.95 10.95 10.95

After impact SE Vpend/(m$s�1) 0.26 0.678 0.78 0.625
Vpend/(m$s�1) 0.431 0.428 0.502 0.129
SE Velocity of target fragment/(m$s�1) 22.72 23.93 23.55 19.04
Velocity of target fragment/(m$s�1) 463.90 474.50 455.96 527.97
SE Velocity of BSP-R/(m$s�1) 17.36 29.26 21.82 24.48
Velocity of BSP-R/(m$s�1) 616.50 684.50 623.50 659.30
Mass of target fragment/kg 0.00123 0.00194 0.00108 0.00154
Mass of BSP-R/kg 0.0077 0.0075 0.0081 0.0078
Mass of target/kg 0.1373 0.1350 0.1403 0.1387
SE/(m$s�1) 6.77 8.77 7.31 7.21 7.52 0.86
V50/(m$s�1) 535.88 507.57 548.01 525.57 529.26 17.12
Energy after impact/J 1827.81 1978.78 1698.76 1923.00 Average s
Energy pendulum/J 1.029 1.015 1.397 0.092
Energy fragment and BSP-R/J 1826.78 1977.76 1697.36 1922.91
Energy before impact/J 0.26 0.678 0.78 0.625
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