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Abstract
Airguns are low-powered weapons that use compressed air to discharge pellets. They are sometimes purposely fired to break
glass windows and windscreens in criminal incidents. Forensic experts are frequently required to determine the impact velocity
of fired pellet in the cases that the airgun is not available for firing test. The aim of this study is to estimate the impact velocity
via the analysis of the crack patterns in the glass and the deformation features of the fired pellet.
Terminal ballistic experiments were conducted using airguns and lead pellets to shoot glass sheets at varied velocity. Crack
patterns including conical, radial, and concentric cracks were found in glass targets. The results show that the size of conical
crack is roughly proportional to the impact velocity. Thus the conical crack pattern can be qualitatively used to estimate the
approximate range of the impact velocity.
The hollow-structured lead pellet tended to deform after impacting the glass sheet. The mushrooming deformation caused the
increase of diameter and the decrease of length for the deformed pellet. Some mushroomed material fragmented from the pellet and caused the decrease of diameter at the highest impact velocity. Statistical analysis reveals that the length decrease shows
strong correlation with the impact velocity (r = 0.93 and r2 = 0.87) and significant dependence on the impact velocity (p = 3.1×10-6
for ANOVA). The simple linear regression equation for the length decrease vs. the impact velocity is suitable for quantitative
estimation of the impact velocity and legal status determination for the fired airgun.
Because the terminal ballistic effects are affected by the features of both pellet and target, it is recommended that the same
type of pellet and glass sheet involved in the shooting incident shall be used while conducting terminal ballistic experiments for
the estimation of the impact velocity.
Keywords: terminal ballistics, airguns, airgun pellets, glass sheets, impact velocity

Introduction
Airguns are powered by compressed air or some
other pressurized gas rather than combustion gases
generated by gunpowder. Thus they are classified as
low-powered weapons and under a less strict control in
Taiwan. Domestic people are legally permitted to own
airguns that have no wounding capability. The official

definition for wounding capability of guns is that the
discharged projectile has a kinetic energy capable
of perforating human skin at the most powerful and
appropriate shooting distance. And the workable official
criterion of wounding capability is a muzzle energy
density of 20 J/cm2 [1–3].
Although airguns are usually regarded as harmless
recreational devices, they are sometimes purposely
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discharged to break glass windows and windscreens in
criminal incidents such as property damage, threatening,
thefts, and robbery due to the extensive applications
of glass in our everyday life [4,5]. Forensic experts are
frequently required to determine the legal status of the
airgun used basing on the crack patterns of the glass
targets when the fired airgun is not available for the firing
test to determine its muzzle velocity and kinetic energy.
Silicate glass is often called as supercooled liquid.
Actually, although the structure of glass is not organized
as a crystalline solid, it is still more rigid than a liquid.
Glass has relatively low density, high hardness, and high
compressive strength. However, it is brittle and low in
tensile strength. Like all other brittle materials, glass
breaks without significant plastic deformation when
subjected to stress. It means that glass absorbs relatively
little energy prior to fracture and can be perforated by
projectiles at relatively low impact velocity. Thus the
perforation of a glass sheet by an airgun pellet cannot
be directly interpreted as the fired airgun has wounding
capability.
The deformation of lead projectiles and leadcored jacketed projectiles after impacting high-hardness
targets has been reported in prior publications [6,7]. The
feasibility of using the deformation of full metal jacketed
handgun bullet to estimate the shooting distance has also
been described in the literature [8]. Because the energy
density of a fired pellet is critical to the determination
of the legal status of the fired airgun, the aim of this
study is to estimate the impact velocity via the analysis
of the crack patterns in the glass target and deformation
features of the fired pellet. The evaluated impact velocity
could be used to calculate the energy density and then to
determine the legal status of the airgun.

A BMC 19 chronograph (Kurzziet, Germany) with a
measuring range of 85–1400m/s was used to measure the
pellet velocity. The chronograph is equipped with two
infrared lightscreens suitable for all light conditions.

Experimental Method Design
The glass sheet was setup to be perpendicular to
the line of flight of the pellet. The airgun was supported
and levelled, and one pellet was then fired directly at the
glass sheet. The impact velocity was measured by the
ballistic chronograph in which the start sensor and the
stop sensor were designed to be 34.5 cm apart. The start
sensor and the glass sheet were placed 1.0 and 2.35 m
from the muzzle of the airgun, respectively.
Because the lower measurement limit of BMC 19
chronograph is 85 m/s, the velocity of fired pellets was
adjusted to a range between 85 and 200 m/s. Different
velocity of fired pellets were obtained by varying the
number of pumps of the used multi-stroke pneumatic
airguns (see Table 1).
The deformed pellet was recovered after each test
firing and the deformed diameter (D), deformed length
(L), and remained mass of the pellet were measured.
The crack patterns of the impacted glass were visually
examined to find the change of fracturing features and
the association between the crack patterns and the impact
velocity.

Materials and Methods
Research Equipment and Materials
The experiments were performed using two models
of 5.5 mm caliber multi-stroke pneumatic airguns
(Crosman P1322 and Crosman P392PA). Additionally,
the 5.5 mm caliber Diabolo-type wadcutter lead pellets
(Crosman) were used (see Fig. 1). The mass, diameter,
and length of the used pellets are 0.93 g, 5.5 mm, and 6.3
mm, respectively. Commercial glass sheets measuring
450 × 450 × 5 mm were used as the impact targets.

Fig. 1 A 5.5 mm caliber Diabolo-type wadcutter lead
pellet used in this study.
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Results and Discussion
Crack Pattern Analysis of the Impacted Glass Sheet
Thirteen test firings were conducted at different
velocity ranged from 89.2 to 198.2 m/s as shown in Table
1. With the exception of one test firing, crack patterns
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including the conical crack surrounded by radial cracks
with/without concentric cracks were found around the
impact point of all glass targets (see Fig. 2). The pellet
fired at 111.7 m/s didn’t break the glass sheet and thus
left no cracks at all. This unusual testing result will be
further discussed later.

A

C

Fig. 2 Conical (A), radial (B), and concentric (C) cracks in an impacted glass sheet.
The ballistic penetration process of brittle plates
has been documented in literature [9]. After the initial
impact, tensile cracks appear around the impact point
forming circular rings. These cracks spread along the
principal stress planes which are roughly 25°–75° from
the surface normal. Once the cracks reach the back side,
they form a cone-shaped crack which is wider on the exit
side. The conical crack is usually used to determine the
point of impact and the direction of the impact on the
glass.
At the time when the conical crack is forming, the
glass is stretched, causing tensile stress on the distal side
directly opposite to the impact point. The tensile stress
induces radial cracks begin on the back side and radiate
out from the impact point [10]. After the appearance of
radial cracks, the concentric cracks initiate on the impact
surface are created due to the occurring of new stress
caused by the Rayleigh waves [11].

Crack patterns for the test firings at varied impact
velocity were documented using polarized light
photography where an LCD monitor screen was used as
the background to enhance the clarity of crack patterns
(see Fig. 3).
At the lowest impact velocity of 89.2 m/s, only the
conical and radial cracks were found in the glass (see
Fig. 3A). At the impact velocity around 110 m/s, the
conical crack became bigger, however, the radial cracks
became shorter and the concentric cracks were still
absence (see Fig. 3B). As the impact velocity increased
to about 150 m/s, the concentric cracks appeared, and the
size of the conical cracks further increased, but the radial
cracks stopped shortening and became longer again (see
Fig. 3C). At the velocity near 200 m/s, pulverized glass
powders formed a white ring in the conical crater. The
size of the conical crack further increased and merged
with the concentric cracks and the length of radial cracks
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became the shortest among that of all tested impact
velocities (see Fig. 3D).
The crack patterns observed in this study do not
coincide with that reported in literature where the radial
cracks are reported to be longer at higher impact velocity
[12]. The experimental results indicate that the length
of radial cracks and the size of concentric cracks are
not proportionally related to the impact velocity. The
radial and concentric cracks are thus unsuitable for the

estimation of the impact velocity. Nevertheless, the size
of conical cracks is roughly proportional to the impact
velocity with the exception of the test firing that the
pellet didn’t break the glass. And the pulverized glass
powders in the conical crater were only present at higher
impact velocity. The conical crack pattern can thus be
qualitatively used to estimate the approximate range of
impact velocity.

A

B

C

D

Fig. 3 Crack patterns in the glass sheets impacted by airgun pellets at varied velocity: (A) 89.2 m/s, (B) 112.1 m/s,
(C) 152.1 m/s, (D) 190.6 m/s.

The Deformation of Airgun Pellet after Impact
The hollow-structured lead pellet tended to deform
after impacting the glass. The deformation mode in the
pellet at the lowest impact velocity was mushrooming,

which is characterized by plastic deformation without any
splitting and cracking of the pellet. The mushrooming
brought about the increase of the pellet diameter and the
decrease of its length. The splitting on the edge of the
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mushroomed end was observed at higher impact velocity
when strains exceeding the ductility of lead material.
When the impact velocity was further increased, some
mushroomed material fragmented from the impact end
of the pellet due to the shear cracking of the edge and
caused the decrease of the pellet diameter.
The diameter and length of each deformed pellet
are listed in Table 1. The pictures of mushroomed pellets
after impact are shown in Fig. 4. From Table 1 and Fig. 4,
the change of the deformation mode and the deformation
magnitude as the impact velocity increased are easily
recognised.
The pellet started to deform even at an impact
velocity as low as 89.2 m/s, where the length of the
pellet decreased from 6.30 mm to 3.87 mm and the
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diameter of the pellet increased from 5.50 mm to 8.25
mm. The deformation magnitude of the pellet had a
tendency to increase as the impact velocity increased.
When the impact velocity increased to 153.3 m/s, the
diameter of the pellet expanded to 11.75 mm and the
length shortened to only 2.48 mm as shown in Table
1. However, because there were no fragmentations of
the pellets, the mass of the pellets were not changed for
the impact velocity ranged from 89.2 m/s to 153.3 m/
s. At the highest velocity of 198.2 m/s, a small part of
the pellet material separated from the mushroomed end
(see Fig. 4) and resulted in the decrease of not only the
diameter but also the mass of the pellet. The mass of the
pellet decreased from 0.93 g to 0.65 g.

Table 1 The experimental design and the diameter and the length of the deformed pellet at varied impact velocity.

Impact velocity
(m/s)

Airgun used

Number of pumps

Pellet diameter
(mm)

Pellet length
(mm)

89.2

Crosman P1322

3

8.25

3.87

101.5

Crosman P1322

4

8.62

3.83

111.4

Crosman P1322

5

9.10

3.48

111.7

Crosman P1322

5

10.03

3.19

112.0

Crosman P1322

5

9.61

3.29

112.5

Crosman P1322

5

9.49

3.22

120.9

Crosman P1322

6

10.54

3.01

126.5

Crosman P1322

7

10.77

2.99

137.6

Crosman P1322

9

10.98

2.91

151.6

Crosman 392PA

4

13.82

2.19

152.1

Crosman 392PA

4

13.61

1.77

153.3

Crosman 392PA

4

11.75

2.48

198.2

Crosman 392PA

9

10.97

1.69
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Fig. 4 The pictures of the mushroomed pellets at varied impact velocity.

The Estimation of the Impact Velocity Using
Deformation Features of the Pellet
The increase of diameter, the decrease of length, and
the diameter to length ratio (D/L) for all deformed pellets
are listed in Table 2. It can be observed from the table
that these features for the deformed pellet are all roughly
proportional to the impact velocity. Thus these features
are all feasible to be used to the estimation of the impact
velocity.

Among the four pellets that possess an impact
velocity around 110 m/s, the pellet with the impact
velocity of 111.7 m/s demonstrates the most significant
magnitude of deformation (see Table 2). Because the
deformation of this pellet absorbed more energy than
the other three pellets, the subsequent penetration power
of the pellet decreased. The pellet was thus unable to
perforate the glass sheet and left no cracks in the glass as
mentioned above.

Estimating Velocity of Airgun Pellet
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Table 2 The diameter increase, the length decrease, and the D/L ratio for the deformed pellets at varied impact velocity.

*

Impact velocity (m/s)

Diameter increase (mm)

Length decrease (mm)

D/L ratio*

89.2

2.75

2.43

2.13

101.5

3.12

2.47

2.25

111.4

3.60

2.82

2.61

111.7

4.53

3.11

3.14

112.0

4.11

3.01

2.92

112.5

3.99

3.08

2.95

120.9

5.04

3.29

3.50

126.5

5.27

3.31

3.60

137.6

5.48

2.39

3.77

151.6

8.32

4.11

6.31

152.1

8.11

4.53

7.69

153.3

6.25

3.82

4.74

198.2

5.47

4.61

6.49

D/L: the ratio of deformed diameter to deformed length.

Taking the impact velocity as independent variable
and the diameter increase, the length decrease, and the
D/L ratio for the deformed pellet as dependant variables,
the Pearson correlation coefficient r and the coefficient of
determination r2 were obtained to measure the strength of
the correlation. A simple linear regression analysis was
used to model the relationship between these features
of the deformed pellet and the impact velocity. And
an ANOVA at a significance level of 0.05 was used to
provide information about levels of variability within
these regression models.
The results indicated that the correlation coefficient
r and the coefficient of determination r2 for the diameter
increase (y) and the impact velocity (x) were 0.60 and
0.36, respectively. The linear equation obtained was y
= 0.0356x + 0.421 as shown in Fig. 5. The correlation
coefficient r and the coefficient of determination r2 for the
length decrease (y) and the impact velocity (x) were 0.93
and 0.87, respectively. The linear equation obtained was
y = 0.0225x + 0.4728 as shown in Fig. 6. The correlation
coefficient r and the coefficient of determination r2 for

the D/L ratio (y) and the impact velocity (x) were 0.82
and 0.67, respectively. The linear equation obtained was
y = 0.0484x - 2.2844 as shown in Fig. 7.
The p-values of the ANOVA results for the diameter
increase, the length decrease, and the D/L ratio respectively vs. the impact velocity were 0.03, 3.1×10-6, and
0.0006 (see Tables 3–5). Because the p-values are all less
than 0.05, the dependence of these deformation features
on the impact velocity are all significant. Thus these linear regression models are appropriate for the estimation
of the impact velocity.
It is obvious that among these deformation features
of pellets, the length decrease shows the strongest correlation with the impact velocity (r = 0.93 and r2 = 0.87)
and the most significant dependence on the impact velocity (p = 3.1×10-6 for ANOVA). This means that the
length decrease for the deformed pellets would be the
most suitable feature for the estimation of the impact
velocity when the fired airgun is not available for test
firing in the case of shooting at glass. Thus the linear
regression equation for the length decrease vs. the im-
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pact velocity is suitable for the quantitative estimation
of the impact velocity.
Terminal ballistic experiments at varied impact
velocity shall be carried out to obtain sufficient reference
data required for the estimation of the impact velocity in

questioned shooting incidents. Because the crack patterns
of an impacted glass can be affected by the features of
the pellet and the target, it is strongly recommended that
the same type of pellet and glass involved shall be used
while conducting terminal ballistic experiments.

Fig. 5 The linear regression graph of the diameter increase for deformed pellet vs. the impact velocity.

Fig. 6 The linear regression graph of the length decrease for deformed pellet vs. the impact velocity.

Estimating Velocity of Airgun Pellet

Fig. 7 The linear regression graph of the D/L ratio for deformed pellet vs. the impact velocity.

Table 3 The ANOVA results for the model of the diameter increase vs. the impact velocity.

Model

df

SS

MS

F

p-value

Regression

1

12.750

12.750

6.217

0.03

Residual

11

22.560

2.051

Total

12

35.310

Table 4 The ANOVA results for the model of the length decrease vs. the impact velocity.

Model

df

SS

MS

F

p-value

Regression

1

5.1156

5.116

74.574

3.1×10-6

Residual

11

0.7546

0.069

Total

12

5.870

Table 5 The ANOVA results for the model of the D/L ratio vs. the impact velocity.

Model

df

SS

MS

F

p-value

Regression

1

23.606

23.606

22.703

0.0006

Residual

11

11.438

1.040

Total

12

35.043

35
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Conclusion
Both the crack patterns in the glass and the
deformation features of the pellet are related to the impact
velocity when an airgun fired at a glass sheet. Among
the crack patterns of the conical, radial, and concentric
cracks, the change of the conical crack size is the most
suitable feature for the estimation of an approximate
range of impact velocity. Among the diameter increase,
the length decrease, and the diameter/length ratio of the
deformed pellet, the length decrease shows the strongest
correlation with and the most significant dependence on
the impact velocity. Thus the simple linear regression
equation for the length decrease vs. the impact velocity
is most suitable for the quantitative estimation of the
impact velocity and then the determination of the legal
status of the airgun in the case that the airgun involved is
not available for the determination of its muzzle velocity.

Acknowledgements
The authors are indebted to the Ministry of Science
and Technology, Taiwan, R.O.C. for financial support.
The number of grant is MOST 107-2410-H-015-002.

References
1. Meng H-H. The forensic examination of air guns.
Police Sci Bimonthly 2010; 191: 63-86. (In Chinese)
2. Lee H-C, Meng H-H. The development of witness
plate method for the determination of wounding
capability of illegal firearms. Forensic Sci J 2011;
10:19–28. [Full text freely available at: http://fsjournal.cpu.edu.tw/]
3. Meng H-H, Tsai P-C, Chen Y-H. The effect of ambient temperature variation to the muzzle energy of airguns. Forensic Sci J 2013; 12:47–56. [Full text freely
available at: http://fsjournal.cpu.edu.tw/]
4. Meng HH. A study on the legal issues of air weapon
control prescribed in the control act of firearms ammunitions, and blades. Final report of research project
supported by MOST ROC, NSC 101-2410-H-015005, 2012. (In Chinese)
5. Gun control network. Gun incidents in great Britain,
[cited 2018 October 31]. Available at: http://www.
gun-control-network.org/press/gun-incidents-in-theuk/.

6. Haag L-C. Where are the bullets? The explanation for
the lack of recognizable bullets or significant bullet
fragments at certain shooting scenes. AFTEJ 2012;
44(3):196–207.
7. lanka B. Bullet deformation on unyielding targets.
AFTEJ 2011; 43(3):218–229.
8. Bresson F, Franck O. Estimating the shooting distance of a 9-mm Parabellum bullet via ballistic experiment, Forensic Sci Int 2009; 192(1-3):e17–e20.
9. Carlucci DE, Jacobson SS. Ballistics: Theory and
design of guns and ammunition. Boca Raton (USA):
CRC Press, 2013.
10. Harshey A, Srivastava A, Yadav V-K, Nigam K, Kumar A, Das T. Analysis of glass fracture pattern made
by .177″ (4.5 mm) caliber air rifle. Egyptian J Forensic Sci 2017; 7:20–27.
11. Walley S-M. An introduction to the properties of
silica glass in ballistic applications. Strain 2014;
50(6):470–500.
12. Haag MG, Haag LC. Shooting incident reconstruction. USA: Academic press, 2011.

