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ABSTRACT. Reliable extraction of the cartridge case after firing is essential to the proper functioning of
a gas-operated gun. This study presents a predictive model for the extraction force of a 7.62 x 39 mm steel
cartridge case, based on the maximum chamber pressure and the contact friction coefficient (between
the cartridge case and the chamber). A Central Composite Design (CCD) with two factors was used to
generate the simulation data from finite element models developed in ANSYS. A reduced quadratic
regression model was constructed and statistically validated, showing a high predictive capability
(R? = 0.969, adjusted R? = 0.953). The model reveals that friction has a stronger influence on the
extraction force than the maximum pressure, and that their interaction is non-linear. Experimental
validation at the design centre, using a custom-built extraction test rig, yielded an average measured
force of 39.10 N, closely matching the predicted value of 38.90N (error = 0.51 %). The proposed model
is a fast and reliable tool for the design and optimisation of ammunition and extractor mechanisms in
small arms.
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validation.

1. INTRODUCTION

For gas-operated guns, reliable extraction of the car-
tridge case after firing is essential for maintaining
uninterrupted cycling and optimal weapon perfor-
mance. Failures in extraction, whether due to ex-
cessive chamber pressure, inadequate extractor design,
or unfavourable frictional conditions, can lead to jam-
ming, increased wear, and system failure, particularly
in combat or during high-rate firing. As such, under-
standing and predicting the extraction force of a fired
cartridge case has significant implications for both the
ammunition design and the firearm reliability.

Previous studies have examined the aspects of
the interaction between the cartridge case and the
chamber through experimental observation, numeri-
cal simulation, and analytical modelling. For exam-
ple, Zuo et al. [I] and Song et al. [2] demonstrated
that increasing the chamber pressure leads to a ra-
dial expansion of the cartridge case, which increases
contact pressure and extraction resistance. Similarly,
Cai et al. [3] emphasised the role of friction in axial
resistance, particularly in post-firing scenarios where
thermal and plastic deformation effects are dominant.
These works laid the foundation for understanding the
mechanics of cartridge case behaviour within a cham-
ber.

However, most prior studies focused primarily on

local deformation, contact pressure distribution, or
strain accumulation within the wall of the cartridge
case. Despite providing valuable insights into failure
modes and material behaviour, they did not directly
quantify the overall extraction force as a function of
key operating variables, such as internal pressure and
friction coefficient. Moreover, even fewer studies have
integrated high-fidelity numerical simulation with sta-
tistical modelling to establish predictive relationships
that can be validated against actual measurements.
This gap is particularly relevant for small-calibre
ammunition such as 7.62 x 39 mm rounds, where minor
variations in chamber pressure or surface friction can
cause disproportionate changes in extraction reliabil-
ity. Access to a fast, physics-based model of extraction
force would improve the design optimisation of car-
tridge cases and extractor mechanisms in such systems,
reducing the need for costly trial-and-error testing.
This study aims to develop a regression-based [4]
prediction model [5] for extraction force by combin-
ing finite element simulations (ANSYS) with a Cen-
tral Composite Design (CCD) experimental matrix.
The model quantifies the influence of maximum pres-
sure and friction coefficient on the extraction force
and is validated against physical measurements using
a custom-built test rig. Therefore, this research pro-
vides a compact yet precise predictive framework to
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Medium level (0) High level (+1)

Element Low level (—1)
Maximum Pressure ppax [MPa] 359.6
Friction coeflicient p 0.05

367.7 375.8
0.14 0.23

TABLE 1. Encoded levels of the variables.

Cartridge case

FIGURE 1. Cartridge case extraction force simulation model.

support future improvements in the design of small
arms and ammunition.

2. MATERIALS AND METHODS

This study investigated the extraction force of
a 7.62 x 39 mm steel cartridge case, widely used in
military applications. All cartridge cases used were
from the same manufacturing batch to ensure geomet-
ric and material consistency. Firing and extraction
tests were conducted at room temperature (22 & 2°C)
in a controlled environment, with dry, clean chamber
surfaces to simulate typical operational conditions.

The two primary input variables studied were the
maximum internal pressure (pmax) and the friction
coefficient (p) at the cartridge case-chamber inter-
face. The range for pmax (359.6 to 375.8 MPa) was
selected based on the measured and simulated inter-
nal ballistics data of the 7.62 x 39 mm cartridge case
reported by Cai et al. [3] and Zuo et al. [I]. This
range captures the realistic variations that result from
differences in propellant performance. The friction
coeflicient p varied from 0.05 to 0.23, which encom-
passes the range typical of dry steel-steel contact as
found in Cai et al. [3] and other tribological studies.

A Central Composite Design (CCD) was employed
using two variables (pmax and p), each at five lev-
els, resulting in a total of thirteen simulation points,
including five replicates at the centre point to evalu-
ate curvature and repeatability. The encoded levels
(2 for pressure and zo for friction) are summarised
in Table |1} and the complete experimental matrix is
presented in Section (3.1

The replicated centre points were obtained through
repeated numerical simulations conducted under iden-
tical forming conditions. To emulate small experimen-
tal variability, the friction coefficient at the centre
point was varied slightly around g = 0.14 (ranging
from 0.138 to 0.142). Since these replications were
based on deterministic simulations, the random error
was nearly zero.

A finite element model [6] [7] and the appropriate
initial and boundary conditions were built in the AN-
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SYS Explicit Dynamics environment, and the data
were then transferred to ANSYS AUTODYN. Appro-
priate material models and parameters were added to
calculate the pressure value of the cartridge case that
impacts the chamber:

e Material model: During firing, the cartridge case
is affected by the Bauchinger effect. The Classical
Bilinear Kinematic Hardening material model in
ANSYS is built based on the Bauchinger effect.
Therefore, the paper uses the shell material model as
Bilinear Kinematic Hardening (BKIN). The breech,
chamber, and housing only deform elastically during
firing, so the material model is selected to deform
isotropically.

e Boundary conditions: Fix the gun barrel, breech,
and housing.

o Initial conditions: Apply a load equal to the pres-
sure of the propellant gas (p(t)) acting on the inner
surface of the cartridge case; the value of p(t) is
taken from the results of solving the internal ballis-
tics of the 7.62 x 39 mm bullet [8HII]. The pressure
is applied uniformly along the inner wall of the car-
tridge case. Frictional contact is modelled along the
outer wall of the cartridge case using the p values
determined in the CCD. The geometry model used
in the simulation is shown in Figure [I]

In the model, the author used the manual meshing
method [7], then refined the mesh to obtain a uniform
element size, increasing the accuracy of the results. To
determine the pressure exerted by the cartridge case
on the chamber, the survey points are placed 2 mm
apart in length on the outer surface of the cartridge
case and the inner surface of the chamber (Figure .

To validate the model, a custom-built test rig was
developed to measure the extraction force experimen-
tally (Figures[3] [4).

Ten rounds were fired under centre-point conditions
(Pmax = 367.7MPa, u = 0.14), and the peak extrac-
tion forces were recorded (Table . The resulting
averages and standard deviations were then compared
with the predicted regression model.
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(A). Survey points on the outer surface of the cartridge case.

(B). Survey points on the inner surface of the chamber.

FIGURE 2. Setting the survey gauge points.

FIGURE 3. Layout of the extraction force testing equipment: 1 — Test weapon, 2 — Extraction force measuring device,

3 — Signal converter, 4 — Computer.

Experiment Maximum cartridge case

number extraction force [N]
The 15% shot 34.81
The 29 shot 40.20
The 3" shot 40.20
The 4t shot 40.20
The 5% shot 40.20
The 6 shot 40.20
The 7' shot 40.20
The 8" shot 40.20
The 9t shot 39.19
The 10" shot 40.20

FIGURE 4. Test layout diagram. extraction force.

TABLE 2. Experimental results for cartridge case
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The extraction

Simulation

number *1
1 -1
2 -1
3 +1
4 +1
5 —1.414
6 +1.414
7 0
8 0
9 0
10 0
11 0

T2 force [N]
-1 16.23
+1 26.67
-1 42.55
+1 146.30
0 35.11
0 92.35
—1.414 3.53
+1.414 74.12
0 38.82
0 39.10
0 38.55

TABLE 3. The simulated results.

3. RESULTS AND DISCUSSION

3.1. FINITE ELEMENT SIMULATION OF
EXTRACTION FORCE BASED ON CCD
DESIGN

A finite element model was developed in ANSYS to
quantify the extraction force of a 7.62 x 39 mm steel
cartridge case. Simulations were carried out follow-
ing a central composite design (CCD) with two input
factors: maximum internal pressure (Pmax) and cham-
ber friction coefficient (), each at five levels. The
matrix included 13 simulation runs, including five
centre-point replicates to assess model curvature and
reproducibility.

The simulated results are summarised in Table Bl
The extraction force varied significantly depending on
the input conditions, ranging from 3.53 N to 146.30 N:

e At low pressure and low friction (p = 359.6 MPa,
= 0.05), the extraction force was relatively small
(16.23N).

o At the highest tested levels (p = 375.8 MPa, u =
0.23), the extraction force increased steeply to
146.30 N.

o At a moderate pressure (367.7 MPa) and extremely
low friction (p ~ 0.013), the force decreased to
3.53 N, illustrating the dominant effect of p.

These results reflect the physical mechanism of car-
tridge case expansion and chamber contact. An in-
crease in internal pressure results in greater plastic
deformation of the cartridge case wall, reducing clear-
ance and enhancing surface contact with the chamber.
This contact substantially resists along-axis move-
ment during extraction when combined with high
friction [5].

While no regression analysis is performed at this
stage, preliminary trends suggest that both pp,.x and p
positively influence the extraction force, with friction
contributing more significantly. These trends justify
the development of a regression model to quantify
these effects more precisely.
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3.2. REGRESSION MODELLING AND
PARAMETRIC INFLUENCE ON EXTRACTION
FORCE

Based on the simulation results in Table a re-
duced second-order regression model was constructed
to quantify the relationship between the extraction
force (F') and the two main factors: maximum cham-
ber pressure (Pmax) and friction coefficient (u). The
model equation in coded variables is:

F = 39.98 4 24.392,

1
+ 30.7225 + 23.33z1 25 + 13.927. )

The regression model was evaluated for statistical
adequacy using summary statistics and analysis of
variance (ANOVA). The results are as follows:

e R? = 0.969, indicates that the model explains
96.9 % of the total variation in the extraction force.

e Adjusted R? = 0.953 and predicted R? = 0.838,
which are in close agreement (AR? < 0.2), indicate
a good internal consistency and predictive capabil-
ity.

e Adequate precision = 27.34, far exceeding the mini-
mum threshold of 4.0, demonstrates a strong signal-
to-noise ratio.

These metrics confirm that the regression model is
statistically robust and can be reliably used to predict
extraction forces within the design space.

Figure |5| shows a strong agreement between the
values predicted by the model and the simulated data.
All the points lie close to the 45° diagonal, further
confirming the accuracy of the model.

The ANOVA results (Table [4)) show that all model
terms — linear (z1, x2), interaction (x; - x2), and
quadratic (z%) — are statistically significant with
p < 0.01. Notably, the friction coefficient (z2) has
the largest linear coefficient (30.72), suggesting that it
is the most influential factor in determining extraction
force.

Although the lack-of-fit in Table [ is statistically
significant (p < 0.05), this effect is attributed to the
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Predicted vs. Actual

150
100
o
2
g 504
o
~
0 -
-50
I | | I I
-50 0 50 100 150
Actual
FIGURE 5. Predicted vs. simulated extraction force.
Source Sum of df Mean F-value p-value
squares square
Model 15854.83 4 3963.71 61.82 <0.0001 significant
A-p 4759.47 1 4759.47 74.23 < 0.0001
B-m 7551.20 1 7551.20 117.77 < 0.0001
AB 2176.62 1 2176.62 33.95 0.0004
A2 1367.54 1 1367.54 21.33 0.0017
Residual 512.95 8 64.12
Lack of Fit ~ 512.18 4 128.04 666.01 < 0.0001 significant
Pure Error 0.7690 4 0.1923
Cor Total 16367.78 12

TABLE 4. ANOVA summary for the regression model.

almost zero random error in the replicated simulation
data. The pure error is extremely small, which exag-
gerates the F-value of the lack-of-fit test, and hence
the significance does not indicate model inadequacy.

The effect of pyax is positive and nonlinear (positive
quadratic term), confirming that the extraction force
increases more rapidly at high pressures.

The effect of the friction coefficient is dominant
and linear, suggesting that even a small increase in p
greatly increases the required extraction force.

The positive interaction term (z; - 9 = +23.33)
indicates a synergistic amplification: when pressure
and friction increase together, the required extraction
force increases disproportionately.

Figure [6] (3D surface plot) illustrates the combined
effects of pressure and friction on extraction force.
A sharp ridge in the response surface at high values
of both variables indicates nonlinearity and strong
interaction.

Figure [7| (contour plot) delineates zones of high
(>100N) and low (<30N) extraction force, show-
ing that it remains manageable only in the lower-left
region (low pmax and p).

Our findings are in good agreement with previous
experimental and numerical studies. For instance,
Zuo et al. [I] and Song et al. [2] reported that increas-
ing chamber pressure causes greater radial plastic ex-
pansion of the cartridge case, which results in higher
contact pressure along the cartridge case-chamber in-
terface. This elevated contact pressure contributes di-
rectly to an increase in the extraction force. Similarly,
Cai et al. [3] emphasised that the friction coefficient
has a dominant influence on the movement of the
cartridge case along the axis, particularly after the
radial clearance has been reduced by pressure-induced
expansion.

The regression model in the current study reveals
a consistent pattern: both peak pressure and friction
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FIGURE 6. 3D surface plot of extraction force with pmax and p.
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FIGURE 7. Contour plot of extraction force response.
coefficient have a strong positive effect on extraction threshold, the effect becomes steeper due to enhanced
force, with friction showing a more pronounced im- plastic expansion and surface contact. The interac-
pact. The quadratic term for pressure confirms that tion between pressure and friction is also significant,
the relationship is nonlinear — at lower pressure lev- indicating that their combined effect is not merely
els, force increases moderately, but beyond a certain additive but mutually reinforcing.
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These insights not only corroborate existing mech-
anistic interpretations of extraction difficulty under
high-pressure conditions but also quantify the trends
within a predictive framework. The regression model
captures these behaviours, providing a foundation for
assessing the sensitivity of extraction force to varia-
tions in design or operating conditions, especially in
scenarios involving elevated pressure or insufficient
lubrication.

3.3. EXPERIMENTAL VALIDATION OF THE
REGRESSION MODEL

To evaluate the predictive accuracy of the regres-
sion model, an experiment was conducted using
7.62 x 39 mm steel-case ammunition. The test condi-
tions were selected to match the centre point of the
design matrix, corresponding to a maximum chamber
pressure (Pmax) of 367.7 MPa and a friction coefficient
(1) of 0.14. The extraction force test rig described in
Section [2] was used to measure the maximum axial
force required to remove the fired cartridge case from
the chamber.

A total of ten rounds were fired under identical
conditions. The recorded extraction forces were con-
sistent, with a mean value of 39.10N and a standard
deviation of 1.2N. Under the same conditions, the
regression model predicted a force of 38.90 N, yielding
a relative error of only 0.51 %. This close agreement
confirms the validity of the regression model in practi-
cal application and demonstrates that the simulation-
based approach can provide physically meaningful
predictions.

A key assumption in this validation was using a fric-
tion coefficient of p = 0.14 in the ANSYS simula-
tions and in interpreting the experimental conditions.
While a direct measurement of dynamic friction dur-
ing firing is not feasible, this value was selected based
on the relevant literature. Specifically, Cai et al. [3]
used p = 0.14 in simulations of steel-steel contact
under chamber pressure conditions.

Although the validation was conducted at a single
design point, the low error and narrow experimental
variation confirm that the model captures the dom-
inant physical mechanisms governing the extraction
force. In future work, further experiments will be con-
ducted at multiple points across the design space to
assess model generalisability more thoroughly. More-
over, a refinement of the assumed friction coefficient
— either through inverse identification techniques or
tribological testing under dynamic pressure — will en-
hance the physical accuracy of the model for a wider
range of applications.

4. CONCLUSION

This study developed and validated a regression model
to predict the extraction force of 7.62 x 39 mm steel
cartridge cases as a function of maximum internal pres-
sure and coefficient of contact friction between the
chamber and the cartridge case. Using a combination

of finite element simulations and Central Composite
Design (CCD), a reduced quadratic model was con-
structed and statistically validated. The model demon-
strated a high predictive capability, with R? = 0.969,
Adjusted R? = 0.953, and Predicted R? = 0.838.

The results revealed that both input factors had
significant effects on extraction force, with the friction
coefficient exhibiting a stronger influence than maxi-
mum pressure. Notably, the interaction between the
pressure and friction was also significant, indicating
that the extraction force increases nonlinearly when
both parameters rise simultaneously. These findings
align well with studies on chamber pressure effects
and cartridge case-chamber friction behaviour.

Experimental validation was conducted using
a custom-built test rig under nominal firing condi-
tions. The mean measured extraction force (39.10 N)
closely matched the model-predicted value (38.90N),
with a relative error of just 0.51 %, confirming the ac-
curacy and physical relevance of the proposed model.

The resulting model is a fast, flexible, and phys-
ically grounded tool for predicting extraction force
during the design of ammunition and chamber optimi-
sation. It can be valuable for future developments in
small arms design, extraction mechanism tuning, and
performance diagnostics. Future work will extend the
validation to cover a range of various conditions and
incorporate dynamic friction modelling for enhanced
realism.
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