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Mopdonoruueckoe uccnegoBaHue raso6eToHHbIX s
610K0B Npu yAapHOM BO3AEMCTBUM 9-MULIMMETPOBOIO
CHapsaja noj, pasHbiMM yriamu

M. Cuurx', P. Poxatru', C. Kymap?, C. l'ynta’

! HauoHanbHbIi MHCTUTYT KPUMUHONOMMN W CyAeBHON 3KcnepTusbl, Hoto-fenu, NHams;
2 HaumoHanbHbI YHUBEPCUTET CyAebHbIX HayK — MccneaoBaTeNbCKiii LLEHTP GasIMCTUKKM U UCTIbITATeNbHBIA NoauroH, MaHanHarap, NHaws;
3 Onenenue cynebHOM MeaMUMHbI U TOKCUKONOrMM BCeMHIMMCKOTO MHCTUTYTa MeAMUMHCKUX HayK, Pamxkor (Tymxapar), MHaus

AHHOTALMA

060cHoBaHMe. beToHHbIE KOHCTPYKLMM, UCTIONb3YeMble B 3aLLMTHBIX COOPYIKEHUSX, TaKUX KaK CKiafbl boenpunacos v byH-
Kepbl, MOABEPKEHbI PaKETHbIM yaapaM, YTo TpebyeT NpoBeAeHUs KOMMIEKCHOM DanMCTUHECKOM OLIEHKM, BRJIKOYaloLLe
MeXaHM3Mbl NPOHMKaHMUA 1 nepdopaumn. BONbLUMHCTBO 3MNMPUYECKUX U aHANIUTMYECKMX MOAENIeN NPOHUKAHWA CHapsLoB
B OETOH HanpaBnieHbl, NpeXae BCEro, Ha onpeaesneHne ryouHbI MPOHMKaHMUS, CKaNbiBaHUA W TONLWMHLI nepdopaumu. B be-
TOHHbIX KOHCTPYKLMSX, NOJBEPrLLMXCA OrHEBOMY BO3AEHCTBMIO, HabNIOAAIOTCA PasfuyHbIe TUMbI Pa3pyLLEHMIA, KOTOpble No-
MOTYT C UAEHTUdUKALMEN MCMONb30BAHHOIO OrHECTPENBLHOMO OPYXMUS U BO3MOXHBIX OFHEBBIX MO3ULMN.

Lienb nccnepoBaHus — m3yuntb 0CO6EHHOCTW OTHEBOrO BO3LENCTBMUS Ha ra3006eToHHbIe 6710KM 9-MUNMMETPOBOIO CHapAaa
B Le/IbHOMETaNMYecKol 060/104Ke, BbIMYLLEHHOMO C AMCTAHLMM 5 M NOA Pa3HbIMK yriaMu. 3afadva CoCTOUT B TOM, YTOObI
chopMMpoBaTh rMNOTe3bl M BbIBOAbI, 0CHOBaHHbIE UCKIIOUYUTENILHO Ha HabnlogaeMblX MOBPEKAEHWSAX, BOSHUKAIOLLMX B pe-
3ynbTaTe nonaganus nynu. TwaTtenbHbIA aHau3 NoNyYeHHbIX NOBPEXAEHUA MOXKET AaTb MHOMO M0JE3HON MHGOPMaLUH.
Matepuanbl U MeTogbl. B uccnefoBaHum ucnonb3oBaHbl 12 ra3ob6eToHHbIX 6/10KOB, B KaXAbli U3 KOTOPbIX Obin BbINYLLEHbI
nynu Kanubpa 9x19 MM nop yeTbipbMs pasnnuuHbiMu yraamu (0°, 15°, 30°, 45°). 3aBUCMMOCTb MeXaY YrIoM BCTPeUM nynm
C Nperpagon 1 pasMepoM BXOAHOTO OTBEPCTUSA OMPEAESIANM METOAOM NOAMOHKM 3JIMNCA.

Pe3ynbratbl. /3yyeHne KapTUHbI pa3pyLUeHWi NoKasano, 4To nmpu yrie BcTpeun 0° MMennch 3HaumTesNbHbIe NOBPEXAEHNS
KaK Ha BXO[LHOM, TaK U BbIXOAHOM 0TBepCcTMAX. C yBeNMyeHWeM yrna BCTpeun AMaMeTp BbIXOLHOMO OTBEPCTUS MOCTENeHHOo
yMeHbLLancA, U B UTore npu yrne 45° nepdopaumsa NONHOCTLIO OTCYTCTBOBaNa. 3Ta TEHAEHUMS KOPPENMpPYeT C XapaKTepoM
pa3pyLUeHnit BOIU3M BXOLHOMO U BLIXOLHOIO OTBEPCTMUI, @ TAKXKE C PacCEMBAHWUEM 3HEPrM B TOUKE YAapa, COOTBETCTBYHOLLEN
Iy BCTPeuM.

3aknouenune. OTMeYeHa TeHAEHUMA MeXAy NOTepeit 3Hepruy CHapsda Mpu yoape U MocnieaylowmuM noBpexaeHNeM no-
BEPXHOCTY ra300eTOHHbIX 6710KOB. AHanM3 YacTuL, ra30beTOHHOrO BJIOKA, OCTABLUMXCS Ha NYNsX, a TaKKe AeTaneit HapesKu
MOMOXKET B OMPe/eNeHNN XapaKTePUCTUK OrHEeCTPesIbHbIX OTBEPCTMIM U OFHECTPESTLHOTO OpYXus, 0OHApYXKEHHOro Ha MecTe
MPecTynieHus.

KnioueBble cnoBa: KpUMWUHanNMCTUYeCKas bannncTuka; 9-MMNIMMeTpOBLIN CHapAL; ra3obeToHHble ONIOKM; TpaeKTopus,
nepdopaums.
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Morphological study of fly-ash block
under angular impact of 9 mm projectile
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ABSTRACT

BACKGROUND: Concrete structures utilized in protective buildings such as ammunition depots and bunkers are susceptible to
missile impacts, necessitating a comprehensive ballistic assessment involving penetration and perforation mechanics. Most of
the empirical and analytical models for projectile penetration in concrete primarily focus on determining the penetration depth,
scabbing, and perforation thicknesses. Concrete structures subjected to firearm attacks exhibit distinct fracture modes that can
aid in identifying the firearm used and potential firing locations.

AIM: This study aims to comprehend the effects of the angular firing of a 9 mm full metal jacketed projectile on aerated
concrete blocks, fired from a 5 m range. The goal is to generate hypotheses and conclusions based solely on the observable
damage resulting from bullet impacts. A meticulous analysis of the incurred damages can unveil a range of possibilities.
MATERIALS AND METHODS: The sample comprised 12 aerated concrete blocks, each subject to 9x19 mm bullets fired from
four different angles: 0°, 15°, 30°, and 45°. The relationship between impact angle and entry hole dimensions was established
using the best-fit ellipse method.

RESULTS: Examination of the fracture pattern revealed significant damage at both entry and exit holes for a 0° impact angle. As
the impact angle increased, the exit hole diameter progressively decreased, culminating in no perforation at a 45° angle. This
trend correlated with fracture patterns near entry and exit holes, along with energy dissipation at the impact site corresponding
to the impact angle.

CONCLUSION: A trend was observed between projectile energy loss upon impact and resultant damage to aerated concrete
block surfaces. Analysis of aerated concrete block components deposited on the bullets, including rifling details, can help link
them to the gunshot openings and firearms recovered at crime scenes.

Keywords: forensic ballistics; 9 mm projectile; fly ash; trajectory; perforation.

To cite this article:
Singh Malika, Rohatgi Richa, Kumar Saurabh, Gupta Sanjay. Morphological study of fly-ash block under angular impact of 9 mm projectile. Russian Journal
of Forensic Medicine. 2023;9(3):255-267. DOI: https://doi.org/10.17816/fm7512

Received: 26.04.2023 Accepted: 02.08.2023 Published: 28.09.2023
V-2
ECOCVECTOR Article can be used under the CC BY-NC-ND 40 International License

© Eco-Vector, 2023


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://eco-vector.com/en/for_authors.php#06
file:///C:/Users/phil_/Desktop/SudMedica%203-2023%20Time/add%2029-09/ 
https://doi.org/10.17816/fm7512

ORIGINAL STUDY ARTICLES Vol. 9 (3) 2023 Russian Journal of Forensic Medicine

DOI: https://doi.org/10.17816/fm7512

IMmER A EATE TR CIRIRAZ SR

Malika Singh', Richa Rohatgi', Saurabh Kumar?, Sanjay Gupta®

T LNJN NICFS National Forensic Sciences University, New Delhi, India;
Z National Forensic Sciences University — Ballistics Research Centre & Testing Range, Gandhinagar, India;
3 Department of Forensic Medicine & Toxicology, All India Institute of Medical Sciences, Rajkot (Gujarat), India

EIF

WOUE. 39 24 e I H R 45 [ 47 2 500 b A P PR VR B L S5 MR 5 5 2 B St g b e, R A 00 B0k
ATV S g i TS L 1 A 1 S G SR IE TRAS o 530 AL 57 308 TR Bt 1 19 K 22 B0 36, R0 43 B A 78 3 L)
T e FERE . WA FLIERE . 522 KA B0k TR B g5 0 2 R I H A [F] ) W 2 =,
XA BT e B A K BRI 7 () R S

B . AW S E T MO FE N K 5 9mm4: 4 g 57 B 30 kL A B i o ST AACER IR 52 . H 1K)
s AR 4 758 o 5 3 B8 170 ] U 82 2 I B A SR B2 AR N 4518« i B A R b AT 40 &k 43 #r ]
LARAE— RIIPLE .

PRI e FE S 12BRAACER A i, FEERERZEIMO0° | 15° « 30° F45° PUANAS[E A R
B9 X 19mm T # T 5o SRS A IEER e TG A E SR 2 AR R .
R, AR RRERI T, £0° KrhdA T, NOAEOLEA W EKER. EE
Wi AR, B OLEARBETIRDN, &AL A FTRERL. X—BEFASAOME O
FLBRE F9 W7 2255 2R S LA B 15 b £ 55 AR o7 F oo S0 67 F) A R FE IR %

GE. MR PR b Bl B R S AACH R T A2 45 2 TH A H o HURRAE T3 b U AACHRAR
A CERERELT BTN, BT EN1 S50 IRIE & IR IR FIAS S B AR R

KA. EFIEEEE, oL, WK, E; S L.

SR
Singh Malika, Rohatgi Richa, Kumar Saurabh, Gupta Sanjay. 9mmifi AL F BE et T B KK EIE ST, Russian Journal of Forensic Medicine.
2023;9(3):255-267. DOI: https://doi.org/10.17816/fm7512

W : 26.06.2023 5% 02.08.2023 RAGHH: 28.09.2023
&
ECO®VECTOR Article can be used under the CC BY-NC-ND 40 International License

© Eco-Vector, 2023

257


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://eco-vector.com/en/for_authors.php#06
file:///C:/Users/phil_/Desktop/SudMedica%203-2023%20Time/add%2029-09/ 
https://doi.org/10.17816/fm7512

258

ORIGINAL STUDY ARTICLES

BACKGROUND

Forensic investigators use different methods to establish
the forensic significance of fired projectiles. These methods
help them in conducting effective investigations to support
legal proceedings. When a projectile hits a target, the
outcomes are contingent on the encountered barriers. The
effects of one or more interactions between a projectile
and barriers that prohibit its penetration at potentially lethal
velocities for vulnerable components constitute the terminal
ballistics of a projectile. The primary goal of a barrier is to
decelerate the projectile, achieved through fragmentation or
deformation. The projectile’s velocity is partially influenced
by factors including propellant type, ignition, and subsequent
high-pressure gas expansion that propels the projectile from
the weapon’s barrel at a substantial muzzle velocity [1, 2].
Understanding the mechanical behavior of solids is essential
to establish a foundation for selecting barrier parameters
crucial in defining terminal interactions [3]. Concrete, showing
distinct characteristics under tension and compression,
presents a more intricate challenge in ballistic assessment
compared to metals. These characteristics help in identifying
the firearm used and potential firing locations. Significant
differences in the physical properties of metals, concrete,
and masonry govern the resisting forces against penetration
and the fracture mechanisms leading to perforation. Concrete
structures under firearm attacks can experience diverse
fracture modes, including complete fracture, penetration,
perforation (full penetration), scabbing, spalling, cracking,
local plugging, and/or global failure (as shown in Figure 1) [4].
Among these, perforation inflicts the most severe damage,
while spalling and scabbing, accompanied by craters at entry
and exit points, represent common failure modes [2].

The trajectory of a bullet holds crucial importance in
reconstructing crime scenes, significantly impacting bullet
performance. As a bullet exists the barrel, it follows a
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Fig. 1. Local Damages and Global Failure.
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parabolic trajectory, curving downward. Regardless of the
muzzle velocity, the bullet experiences an approximate 1.15
m drop in half a second of flight. Point-blank range shots
exhibit an almost flat trajectory. The angle of elevation,
muzzle velocity, and bullet shape collectively determine the
bullet's maximum attainable range. Reconstructing a crime
scene based on bullet trajectory involves analyzing primary
bullet defects, shape, dimensions, and the spatial relation
among primary, secondary, and tertiary bullet defects [1, 5].

AIM

The reconstruction of firearm-involved crime scenes
requires identifying fired-shot characteristics. This study
aims to determine bullet trajectories, aiding in establishing
the firing direction, location, suspect height, and firing angle.
Through meticulous analysis of damages caused by a 9mm
full metal jacketed projectile on AAC blocks at various
angles, diverse possibilities were obtained. Therefore, this
study spans different firing ranges for angles of 0°, 15°,
30°, and 45°. The objectives are to determine the shooter
positions, establish a connection between energy loss and
the damage caused by the 9 mm projectile on the AAC
block with varying firing angles, and establish a relationship
between the bullet trajectory and angles by considering the
structural dimensions of entry and exit points.

MATERIALS AND METHODS

Sample Preparation and Projectile Selection

The study utilized AAC blocks manufactured in accordance
with BIS Standard for Concrete Masonry Units Part 3
Autoclaved Cellular (Aerated) Concrete Blocks (IS 2185 Part-
3:1984). AAC blocks are made by the formation of calcium
silicate hydrate, achieved by reacting sand with calcium
hydroxide under steam and pressure curing in an autoclave
for 14 to 18 hours. These blocks, commonly employed in
constructing walls for houses and bridges, were suitable for
the study’s objectives. The physical specifications of the AAC
blocks are detailed in Table 1 [6, 71.

The firing of ammunition was executed using a 9 x 19 mm
test barrel. A laser was attached to the top of the universal
barrel to aid in pinpointing the impact location on the target.
Standard 9 x 19 mm rimless, center fire type, ball cartridges
(manufactured in 2015/ India) were used. The bullets were
full metal jacketed round-nosed, featuring a lead-antimony
core encased in gilding-metal (Table 2). The cartridges were
tightly coned onto the bullets [8]. The muzzle velocity of the
ammunition was measured using Intelligent IR Gate, with
BMS Test Velocity LG software calculating velocities on a
connected computer via Ethernet. Velocity was maintained at
430+15 m/s. Preliminary blank aiming was conducted, with
reloading performed as needed to attain the desired velocity
using a reloading unit. The characteristics of the 9 mm ball,
both physical and performance-related, are outlined in Table 2.
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Table 1. Physical Specifications of AAC Block
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Test Parameters

Specified Requirements As Per

Observed Value Test Method

(Physical Tests) IS 2185 (Pt-3):1984
Length 60045 mm 600
Height 20045 mm 200 IS 2185 (Pt-3):1984
Width 23045 mm 225
Oven Dry Density (Kg/m?) 551-650 577 IS 6441 (Pt-1):1972

Compressive Strength
(Avg. of 12 units, N/mm?)

(Grade 1) 4.0 Min.
(Grade 2) 3.0 Min.

b4 IS 6441 (Pt-5):1972

Analysis of Projectile Impact Data

A sample of 12 specimens underwent testing within the
indoor environment of the Ballistics Range. The firing was
done at a fixed 5 m distance from the target, with an IR
light gate positioned 2.5 m from the barrel’s muzzle end to
measure initial projectile velocity (gate data transmitted to a
computer via Ethernet, with velocity calculations conducted
through BMS Test Velocity LG software). A laser light
integrated into the firing setup facilitated precise targeting of
the sample’s center. The firing setup is visually represented
in Figure 2 for reference.

RESULTS

Firing and Impact Analysis

The firing process encompassed four angles: 0°, 15°,
30°, and 45°, achieved by adjusting the motorized moving
table to the right. Each shot was directed at the center of the
AAC block samples. In Study 03, identical AAC block samples
were used for each angle of impact. Upon completion of each

Table 2. Observed Standard Parameters of 9 mm Round Nose, FMJ
Projectile

P \J
O}

T = Ogive

i 9/),,}) AV

= &= Bearing Surface

ikt QE— Base Head Stamp

FMJ Round Nose Projectile (9 mm)

Length 14.89 mm
Weight 7.507 g
Base Diameter (Caliber) 8.96 mm
Tip Diameter 7.37 mm
Neck Diameter 8.52 mm
Propellant Filling in Case ([a]bApE]r[(])xg)
Muzzle Velocity 43015 m/s

DOl https://doiorg/1017816/fm7512

test, samples were removed from the motorized table, and
comprehensive photographs of entry and exit holes were
captured. The ballistic impact of the fired 9 mm projectiles
on AAC blocks was subsequently examined.

Visual examination was followed by precise
measurements of different parameters, including entry and
exit hole diameters, depth of penetration (in instances without
exit holes), and depth of crater formation due to scabbing.
Vernier calipers and scales facilitated measurements.
Bullet weight and dimensions were also recorded. During
analysis, damaged areas of the samples were photographed,
and fracture patterns were observed. These patterns were
affected by sample thickness, surface area, and bullet energy
loss upon impact [2, 91.

Energy Analysis and Calculations
For energy analysis, the bullet mass was considered
constant. The study employed the kinetic energy formula:
KE. =—5mv; (1

To determine impact energy, we used the following
equation:

E=m>—/+" (2)

2
vi=vcos 8,

v§=vsin6—gt,

where

» mis the initial bullet mass in kg before surface impact

+ vis the mean muzzle velocity in m/s determined using

an IR gate 2.5 m from the barrel's muzzle end
. viandv’ represent the horizontal and vertical velocity
components, respectively, of the moving projectile
(m/s)

+ Gis the angle of impact in degrees

+ g denotes the acceleration due to gravity (assumed
as 9.8 m/s)

« tis the time of impact (considered as 0.01 s)

For impact energy calculations, mean muzzle velocity
was considered. Entry and exit hole diameters were recorded
using vernier calipers, and GraphPad Prism 9.3.1 was used
for graph plotting. As entry holes were not perfect circles due
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Fig. 2. Graphical Representation of Firing Test Setup.
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to friction and point of impact variance on fly-ash blocks, the  This critical angle signifies the angle of elevation at which
best-fit ellipse method [5, 10, 11, 12] was used to accurately  the projectile starts to ricochet. The absence of penetration
determine impact angles. Recovered bullets underwent at a 45° angle could be attributed to the maximum energy
analysis for deformations by measuring length, weight, loss at this angle. Conversely, the most substantial damage
base, neck, and tip diameters and comparing them against  occurred at a 0° impact angle due to no energy loss as there
standard 9 mm bullet parameters.

Impact Energy Analysis

Using equations 1 and 2, we can establish a relationship influenced by gravity’s acceleration (-g). The projectile’s
between the angle of impact and energy loss. The mass of  horizontal velocity component remains constant across all
the bullet was considered constant at the point of impact,  firing angles.
despite potential deformations occurring during the impact L
but not before that. The results are summarized in Table 3. Determination of Angle of Impact from Entry

From Table 3 and Figures 3 and 4 (created using Hole and Fracture Patterns
GraphPad Prism 9.3.1), it is evident that increasing the angle
of firing impact initially leads to heightened impact energy. Bullets penetrated all samples at all study angles,
Beyond a certain angle, however, there’s a noticeable decline  creating entry holes with no damage visible at 0°and 15°.
in impact energy. The observed fluctuation in the curve might At 30° and 45°, some spalling was evident near entry holes,
be attributed to reaching a critical angle where the curve  as illustrated in Figure 5. On the reverse surface, the bullet
transitions from a gradual increase to a steep decrease. perforated with fragmentation/flying debris, except at a 45°

is no vertical velocity component, resulting in a non-parabolic
trajectory. In contrast, any angle other than this exhibits a
parabolic trajectory with a vertical velocity component

Table 3. Energy Impact and Loss at the Site of Impact w.r.t. Angle of Impact

- , . % Loss of Energy',
Initial Energy' (J) Impact Energy" (J) Energy Loss' (J)
Angle of Impact ) (B) (C=A-B) ( % N 100)
0° 694.02 0.00 0%
15° 694.04 -0.02 -0.003%
694.02
30° 693.86 0.16 0.023%
45° 693.82 0.20 0.029%

Note: (i) — distance from the muzzle end (2.5m); (i) — at point of impact; (jii) — loss in K.E of bullet at time t = 0.01s.

D0l https://doiorg/10.17816/fm7512
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Fig. 3. Impact Energy.

impact angle, which showed no back damage/perforation
(Figure 6). Table 4 depicts fracture patterns at entry and exit
holes for different angles (0°, 15°, 30°, and 45°).

The mean diametric distances of entry and exit
holes were measured and graphed (Table 5, Figure 7).
Graphical analysis showed that the entry hole diameter
increases with higher impact angles, attributed to a
greater surface area of the bullet that comes in contact
with the sample at the point of impact. Conversely, the
exit hole diameter decreases with increasing angles.
At 0°, the exit hole diameter is greater than that of the
entry hole due to no energy loss at the point of impact,
resulting in substantial damage. For other cases, the exit
hole diameter progressively shrinks, with no perforation

‘ " _ q RTE)

0 15 30 45
Angle of Impact (deg)

Fig. 4. Energy Loss.

observed at a 45° impact angle due to increased energy
loss at the point of impact.

Crater depth measurements from the exit hole were
32.23 mm, 29 mm, and 19.90 mm for 0°, 15°, and 30°
angles of impact, respectively. This shows that at 30°, the
bullet traveled the farthest, causing the least damage due to
the maximal energy loss upon impact, compared to 0° and
15°. Impact damage parameters of the major and minor axis
(length, {, and width, w, of the elliptical shape of the entry
hole) were measured and averaged (Table 6). The observed
a and calculated 8 values for the angle of impact indicated
that the calculated angle provided an approximation for
90 — a rather than a, which is the actual angle of impact.
Therefore, to understand the deviation and error in the known

Fig. 6. Exit Holes at 5m Range at Different Angles: 0°, 15°, 30°, and 45°.

00l https://doiorg/1
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Table 4. Fracture Patterns Observed on AAC Blocks

Angle of Impact Entry Damage

Exit Damage

« Penetration
« No loss in impact energy

Perforation
Mean diameter of the exit hole is greater than the

0° « Maximum bullet tip interaction with the target surface mean diameter of the entry hole and is maximum
results in the minimum mean diameter for the entry hole

« Penetration
« Negligible loss in impact energy

« Perforation
« Mean diameter of the exit hole is lesser than the

15° « Decreased bullet tip interaction with the target surface mean diameter of the entry hole and is lesser
compared to 0°, and the mean diameter for the entry than that of 0°

hole lies close to that of 0°

« Penetration and spalling
« Visible loss in impact energy

« Perforation
« Mean diameter of the exit hole is lesser than the

30° « Decreased bullet tip interaction with the target surface mean diameter of the entry hole and lies close to
compared to 15°, and the mean diameter for the entry that of 15°

hole lies close to that of 15°

« Penetration and spalling
« Maximum loss in impact energy

« No back damage/perforation
« No exit hole was present

45° « Minimum bullet tip interaction with the target surface
results in the maximum mean diameter for the entry

hole

Table 5. Diameter of Entry and Exit Holes w.r.t. Angle of Impact

Angle of Impact No. of Shots Fired Mean Diameter of Entry Hole Mean Diameter of Exit Hole
(mm) (mm)
0° 3 13.67 24,93
15° 3 14.42 12.36
30° 3 14.26 12.09
45° 3 22.93 No Perforation
30- - -
7 -+ Diameter of Entry, Angle of Impact Error and Regression Analysis
o Hole fmm) On calculating the error between known and calculated
E e Emlmeter of Exit, values for the angle of impact, a non-uniform variation
8 154 ole (mm) becomes evident, with the maximum variation observed at
£ 30° and the minimum at 0°. However, it is interesting to note
c 10 ° .
a that the least error occurs at 30°, whereas the highest error
57 occurs at 0°, indicating a deviation from expected behavior.
01— | | ¥ Conversely, angles 15° and 45° show consistent patterns

0 15 30 45
Angle of Incidence (deg)
Fig. 7. Diameter of Entry Hole vs. Exit Hole.

and calculated angles, a correction was introduced in the
formula:

B=sin! = x 180, 3)
) m
where, 8" =90- (sin‘1 (i) x 180 ) .
) m

DOl https://doiorg/1017816/fm7512

without such anomalies. Employing both linear and non-
linear regression on the data and plotting the non-linear
regression (Figure 8), it was determined that the absolute
error pattern aligned best with a quadratic equation. Utilizing
GraphPad Prism 9.3.1, a statistically significant result was
achieved through the least-squares fit (R? value 0.9922).
Figure 9 shows the trajectory of the bullet upon impact,
entering the fly-ash block and creating a small hole. This
happened when fired from a 5m range at a 0° impact angle.

Physical Examination of the Recovered Bullets

Bullet recovery was achieved at a 30° impact angle, while
at 45°, recovery required cutting the AAC block with a disc
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Table 6. Calculated and Known Angle of Impact
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Tested parameters

Angle of Impact (a)
No. of Shots Fired
Mean Major Axis (mm)
Mean Minor Axis (mm)

. 180
Calculated Angle of Impact 8 = sin™! (%) x—

Calculated Angle of Impact with Corrected Formula (6" = 90-6)
Error (6 - a)
Standard Deviation

0° 15° 30° 45°
3 3 3 3
15.83 15.64 16.85 29.37
15.75 14.99 14.48 19.99
84.24° 13.42° 59.24° 43.01°
5.76° 16.58° 30.76° 46.99°
5.76° 1.580 0.76° 1.99°
0.04 0.07 0.17 0.10

Error (deg)
T

T - S ——
0 15 30 45

Angle of Impact (deg)

Fig. 8. Least Squares Fit.

grinder. The recovered bullets showed the right-hand rifling
with a clockwise twist, characterized by one turn and six
lands and grooves—indicative of a 9 x 19 mm test barrel.
Deformation was observed at the tip without fragmentation.

Table 7 suggests that at a 30° impact angle, more pronounced
variations in various recovered bullet parameters were noted
compared to the 45° angle.

DISCUSSION

The study’s results indicated penetration and perforation
fracture modes at impact angles of 0°, 15°, and 30° while
spalling occurred at 30° and 45° angles. No perforations
were found at 45°, causing no damage to the AAC blocks'’
backside. Notably, a similar study on steel fiber-reinforced
concrete panels with varying thicknesses and fiber content
reported consistent fracture patterns upon impact with a
9mm FMJ bullet at the center, indicating that damage was
not observed beyond 40 mm [1]. These panels displayed
excellent impact resistance due to their thickness and steel
fiber content. However, in our study, the surface area of

Fig. 9. Trajectory of the Impacted Bullet Fired at 0° from 5m Range.

00I: https://doiorg/1017816/fm7512
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Table 7. Analysis of the Recovered Bullets w.r.t. Angle of Impact
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Dimensions of Bullet Difference in % Loss
Angle No. of Shots | No. of Bullets B Dimensions Before | in Dimensions
of Impact Fired Recovered Standard After Firing and After Firing c
(&) B) (C = |A-B) (% 100)
Length

30° 3 1 14.02 mm 0.87 mm 5.84%
14.89 mm

45° 3 1 1451 mm 0.38 mm 2.55%

Weight
30° 3 1 7.430 g 0.077 g 1.03%
7.507 g
45° 3 1 7.445 g 0.062 g 0.83%
Base Diameter (Caliber)

30° 3 1 8.86 mm 0.10 mm 1.12%
8.96 mm

45° 3 1 8.95 mm 0.01 mm 0.11%

Ogive Diameter

30° 3 1 8.87 mm 0.35 mm 4.11%
8.52 mm

45° 3 1 8.66 mm 0.14 mm 1.64%

Tip Diameter

30° 3 1 6.83 mm 0.54 mm 7.33%
7.37 mm

45° 3 1 7.20 mm 0.17 mm 2.31%

the bullet and the contact time between the bullet tip and
the target surface emerged as influential factors in fracture
patterns. Another study suggested that variations in fracture
modes across different angles can be attributed to concrete
sample composition, with energy absorption partially
converting to fracture energy, thereby generating fracture
surfaces [4]. This energy absorption trend was consistent
with a study involving steel fiber-reinforced concrete panels,
where impact energy absorption increased with greater
thickness and fiber content [1].

Our analysis focused on bullet impact energy to
understand the diverse fracture modes at different impact
angles. Maximum damage and fragmentation were observed
at 0°, associated with minimal energy loss. Conversely, at
45°, the projectile experienced significant energy loss,
causing it to stop within the target without perforation.
The impact energy analysis of the 9mm FMJ projectile
on the target surface, fired from a 5m range, hinted at a
possible critical angle attainment between 15° and 30°. A
review study explored parameters for reconstructing crime
scenes involving inanimate objects, highlighting distinct
impact marks on different target surfaces. Concrete and
wooden surfaces with round or elliptical entry holes and the
ejection of surface materials from exit holes indicated the
non-yielding behavior of these materials [12]. In our study,
the measured entry hole diameters exceeded the caliber of
the 9mm projectile, suggesting the non-yielding behavior of
AAC blocks. It is interesting to know that a deviation was
observed between the angle of impact calculated using the
best-fit ellipse method and that observed on AAC blocks.

DOl https://doiorg/1017816/fm7512

Different studies utilizing best-fit ellipse and 2D ellipse
methods were conducted to accurately determine the angle
of impact and the repeatability of single bullet impacts. While
the ellipse method effectively calculated impact angles up to
30°, an increase in impact angle tended to make impact sizes
more circular than elliptical. This observation aligned with a
previous study where circular impacts at 0° angle of impact
exhibited reduced accuracy [10, 11]. Physical examination of
the recovered bullets revealed characteristics of deformation
without fragmentation. Additionally, AAC block components
and rifling details were on the bullets, providing potential
evidence for linking the bullets to gunshot holes and firearms
at crime scenes.

CONCLUSION

Bullet recovery from crime scenes holds substantial
evidential value aiding in determining firearm characteristics,
caliber, and projectile features such as the number of
lands and grooves. Furthermore, microscopic examination
and characterization help in identifying the weapon type,
facilitating bullet-weapon linkage. Our study focused on
understanding the angular firing impact of a 9 mm round nose
full metal jacketed projectile on AAC blocks. A noticeable
trend was observed between the angle of impact and the
entry and exit hole diameters. Greater impact angles led to
larger entry hole diameters and smaller exit hole diameters,
attributable to impact energy and bullet-surface contact
area at the point of impact. At 0°, the bullet tip interaction
with the target surface was maximized, causing significant
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impact at the exit point. The deviation in calculating the angle
of impact using the best-fit ellipse method was addressed
by modification, yielding a non-homogenous variation best
explained by a quadratic equation plot. A similar study
focused on the trajectory simulation of 7.62 mm/.308" rifle
bullets was previously conducted by one of the authors using
numerical solutions of point-mass equations of motion [13].

Research Limitations

This pilot study's limitations include its single impact on a
single AAC block, with bullets not being recovered for 0° and
15° impact angles, preventing inferential analysis. For a more
comprehensive analysis and crime scene reconstruction,
studying a wall with multiple bullet impacts could be
beneficial. Future research could delve into penetration,
ricochet, and trajectory simulation, exploring combinations
of ammunition and AAC blocks commonly used in criminal
activities.
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