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Abstract

Despite the fact that a large amount of small arms ammunition has been used up over the past two years, their stocks in ware-
houses and arsenals in various countries are quite large. And their shelf life is 20 years or more. In addition, over time, the number
of such ammunition will increase.

Among the large number of requirements for modern small arms, one can highlight the provision of the necessary survivabi-
lity of its parts and mechanisms. The problem of barrel survivability is especially important.
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One of the factors affecting barrel survivability is changes in internal ballistics parameters. In turn, these parameters change
when using ammunition whose service life exceeds the warranty.

In this regard, the task of studying the survivability indicators of small arms barrels when using post-warranty ammunition
seems relevant.

The requirements for barrel systems and factors affecting the wear of the barrel bore of powder charges during long-term
storage have been determined.

An analysis of changes in the ballistic characteristics of powder charges was carried out, which allows to state increased wear
of barrels when using ammunition with long storage periods.

The dependencies for determining the limit number of shots from a weapon sample are analyzed.

A method for predicting barrel survivability when using long-term storage ammunition is proposed.

Data are presented on an experimental study to determine changes in barrel survivability as a result of the use of long-term
storage ammunition by estimating changes in the initial velocity of the projectile.

Based on the results obtained, ways for further research are proposed in the direction of expanding the range of ammunition
and weapons.

Keywords: barrel survivability, long-term storage ammunition, forecasting, limit number of shots.
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1. Introduction

The effectiveness and safety of combat use of weapons significantly depend on the degree of
wear of the barrels and the quality of the ammunition used. Therefore, for the armed forces of any
state, the problem of establishing patterns of influence of the state of the ammunition used on the
survivability of the barrels of the barrel systems is of an interspecific nature in its scale.

Despite the fact that over the past two years a large amount of ammunition for small arms
has been transferred to Ukraine by NATO countries (USA, Germany, France, etc.), their existing
stocks are quite large. However, their shelf life is close to 20 years or more [1-7]. In addition, over
time, the number of such ammunition will increase. The negative aspects of storing ammunition
with post-warranty service life are known [3—9]. The main ones are their inconsistency with the
ballistic characteristics of the weapon, the danger of unauthorized fire and explosion, the likelihood
of causing damage to personnel, weapons and equipment during their further use.

During long-term storage, powder charges used in small arms ammunition undergo various
physical and chemical changes. These changes negatively affect the ballistic properties of gun-
powder, which can change so much that the use of ammunition for its intended purpose becomes
dangerous and impractical.

Analysis of studies [10—12] allows to predict the deterioration in the survivability of small
arms barrels when using ammunition with long storage periods. Studies of the main dependencies
of the internal ballistics of small arms show that the values of the powder burning rate and the
maximum pressure of the powder gases are most sensitive to physico-chemical changes in the
powder charge. The results of independent studies in different countries [1, 11, 13—15] indicate that
the intra-ballistic characteristics accompanying the shot of ammunition with a calendar shelf life of
more than 15 years differ significantly from the tabulated ones.

Due to long-term storage of ammunition, gunpowder loses some of its energetic pro-
perties as fuel. This manifests itself in the form of an increase in the maximum pressure of the
powder gases and the burning rate of the powder in the barrel, which leads to a decrease in the
initial velocity of the projectile. In addition, an increase in maximum pressure affects the tem-
perature increase, and this, in turn, affects the thermal state of the barrel bore. Erosion processes
occur, and the thermophysical properties of the barrel material change [16—18]. There is also
a shift in the coordinates of the point of maximum pressure towards the breech end of the barrel.
Analysis of these changes allows to state increased wear of barrels when using ammunition with
long storage periods.

In works [9, 13, 19, 20], researchers provide various formulas for calculating the limit num-
ber of shots from a weapon. However, each of these formulas is focused on taking into account the
influence of individual parameters.
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Thus, Orlov’s formula [9, 13, 19] considers only high-power barrel systems and is not appli-
cable to small arms:
Kr
N=——"7—" 1
Cy-Vy-d?
where N — the number of shots; K7 — thermomechanical coefficient, determined depending on the
calorie content of the gunpowder and the mechanical characteristics of the barrel steel; C, —relative
weight of an artillery shell; V; — initial velocity of the projectile; d — gun caliber; x, y, z — empiri-
cal coefficients.
In the Linte formula [9, 13, 19], the survivability criterion is determined only for artillery barrels:

N =700.70.4°% 2

where n — fire rate; ¢ — elastic limit of the projectile material; g — free fall acceleration; & — resis-
tance of the barrel material; ¢ — projectile weight.

Formulas (1), (2) cannot be used to predict the survivability of small arms barrels, since they
do not take into account the differences in the ongoing processes of internal ballistics in an artillery
barrel and in the barrel of a small arms (assault rifle).

The Gabo-Slukhotsky expression [9, 13, 19] allows to determine changes in the surviv-
ability indicator of barrels of many barrel systems, including small arms, but has a large number
of variables:
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where K — coefficient that depends on the caliber, depth and steepness of the rifling; dy — rifling
caliber; d; — field caliber; A; = W; /W, — umber of volumes of gas expansion in the barrel channel;
W,;=S§"1; — total volume of the barrel bore; S — cross-sectional area of the barrel channel; /; — full
path of the bullet (projectile); W, — volume of the charging chamber; ® — charge mass; ny = k-(1- 1),
k, M, my =k-Ay — coefficients [13]; pg — boost pressure; 7 — powder combustion temperature;
to — temperature of the surface layer of the barrel at the beginning of the bullet cutting into

the rifling; V;/V; — coefficient from table [13]; y, = — coefficient [13]; y — ex-

x+0.75-d/l,

pansion coefficient; / — reduced chamber length; ® — characteristic; p; — muzzle pressure;

Yd = m — coefficient; A — charging density.

In addition, formula (3) does not take into account the maximum pressure of powder gases,
which has a significant impact on the survivability of the barrel.

Yustrov’s dependence [20], in terms of the quantities included in it, is most closely suited
for application to small arms. However, the expression includes an initial velocity indicator (in
the numerator, squared), which is assumed to be constant (tabular), which is incorrect when using
ammunition with long shelf life:

ay C,VE 8¢ "
AT )

where x, y — special functions; ¢ — relative deformation of the barrel walls; k; — temporary resistance
of the driving belt (shell); n — friction coefficient of the driving belt (shell).

All given dependencies are suitable only for comparative calculations or analysis of the
influence of individual parameters.
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However, expression (4), taking into account changes in the initial velocity depending on the
storage period of ammunition, and due to its ease of use, is most suitable for determining changes
in the barrel survivability indicator.

Gerontological changes in the properties of gunpowder charges affect not only the issues of
survivability of weapons. Also, one cannot underestimate the economic component of the impact
of using ammunition beyond the warranty period on preserving the quality of the barrel and the
weapon as a whole. The barrel is an expensive element of the barrel system, moreover, it determines
its suitability for use, and the ammunition itself is a consumable item.

Thus, the problem of survivability of small arms barrels is an urgent scientific problem,
since it is not fully considered in the available sources and therefore there is a need to create
a forecasting methodology that covers the main parameters of intra-ballistic processes, which is
what this study consists of.

The aim of research is to develop a method for predicting the survivability of small arms
barrels when using long-term storage ammunition by determining the dependence of barrel surviv-
ability on various parameters of intra-ballistic processes.

To achieve this aim, it is necessary to solve the following objectives:

1. Develop a theoretical method for predicting the survivability of small arms barrels de-
pending on the storage period of ammunition.

2. Conduct experimental studies to verify the adequacy and confirm the reliability of the
developed method.

2. Materials and methods of research

The object of the experimental study is the process of changing the survivability of small
arms barrels when using post-warranty ammunition.

During the study, the main hypothesis was put forward, which is that when using ammu-
nition with long storage periods, the survivability of the barrel, as the main part of the weapon,
decreases. This research hypothesis was tested experimentally by conducting a series of physi-
cal experiments.

Thus, the study consisted of determining the decrease in the survivability of a weapon barrel
when using ammunition with long storage periods as a result of a change in the initial velocity of
the projectile. The experimental research program for determining the initial velocity of the projec-
tile and the experimental methodology are given in [21-24].

The pilot study was conducted in 2021. The study used six new 5.45 mm assault rifles
AK74 and ammunition of various years of manufacture — 1995, 2011, which corresponds to 26 and
10 years of storage. Two assault rifles were used with ammunition manufactured in 2011. Four as-
sault rifles with ammunition manufactured in 1995.

The firing mode is uniform, in short bursts, without overheating the barrels.

When 4000, 6000, 8000, 10000 shots were fired from each barrel, a series of determina-
tions of the initial velocity of the projectile were carried out. In this case, ammunition with a shelf
life of 10 years was used in order to eliminate the influence of the gerontological changes of the
powder charge on the initial velocity.

In each series, 30 measurements of the initial velocity of the projectile of each weapon sam-
ple were carried out.

The initial velocity of the projectile was determined using a certified optoelectronic mea-
suring complex «MbX-731.4», designed to measure the velocity and energy of a small arms bullet,
metrologically verified, with a maximum relative error of velocity measurement of 0.5 %.

Processing of data from experimental studies was carried out according to the method of
statistical processing of empirical data [25]: checking for the presence of outlier observations, re-
producibility of experiments, and adequacy of the model.

The main simplifications and assumptions used when conducting the experiment and pro-
cessing experimental data:

1. Based on the purpose of the experiment, it was not the absolute value of velocity that was
considered more important, but its change after the use of long-term storage ammunition.
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2. The ratio of the initial velocity of an ammunition projectile with a long shelf life V{f to the
tabulated velocity Vi corresponds to the ratio of the number of shots when using such ammunition
N* to the tabulated number of shots N -V /V{® = N*/ N,

3. Changes in weather conditions are insignificant and were considered the same for all
series of the experiment.

4. The storage conditions for all ammunition used are the same before the experiment.

5. The initial projectile velocities at the beginning of the experiment correspond to the tabu-
lated data due to the fact that the weapons used are new, from the same manufacturer, with the same
ballistic characteristics.

3. Results and discussion

3. 1. Method for predicting barrel survivability

The survivability of a weapon model is determined by the possible number of shots fired be-
fore a significant change in its tactical and technical characteristics. They are determined by the de-
terioration of the accuracy of the fire, the occurrence of cases of the projectile falling off the rifling,
leading to its incorrect flight. With a general survivability of weapons up to N= 100,000 rounds,
the survivability of the barrels is only up to N= 25,000 rounds (Table 1) [26].

The proposed method for predicting barrel survivability structurally consists of two stages:

— the first stage — determining the change in the initial velocity of the striking element de-
pending on the storage period of the ammunition;

— the second stage — determining the possible limit number of shots from a weapon model.

Let’s consider the first stage of the method.

One of the most important performance characteristics of a weapon type is the initial veloc-
ity of the projectile. The works [4, 8, 13, 21, 27] show that with an increase in the storage period of
ammunition, the initial velocity decreases.

Experimental studies [13, 21, 27-30] confirm the negative effect of ammunition storage time
on muzzle velocity. The authors of this study obtained the dependence of the change in the relative
value of the initial velocity of the projectile on the storage life of ammunition at 10 <t <50 years,
in the form of a second-degree polynomial [4]:

W 54051225210 1+ 1.06 5
Vi = T . T+1.06, ®)
where V — initial projectile velocity with a certain shelf life; V{* — initial projectile velocity of new am-
munition in accordance with the tactical and technical characteristics; T — ammunition storage period.
Table 1
Technical resource of weapon barrels
No. Type of weapon Number of shots
1 9 mm PM 4000
2 9 mm APS 8000
3 5.45 mm PSM 3000
4 7.62 mm SVD 6000
5 7.62 mm AKM and its modifications 10000
6 5.45 mm AK74 and its modifications 10000
7 7.62 mm PKM and its modifications 25000
8 7.62 mm RPK and its modifications 20000
9 5.45 mm RPK74 and its modifications 20000
10 12.7 mm NSV 10000
11 14.5 mm KPVT 12000
12 14.5 mm KPVT 6000
13 30 mm 2A72 6000
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The graph of this function is shown in Fig. 1.

According to regulatory documents, if the initial velocity decreases by more than 5 % from
the table value, the weapon model is considered unsuitable for combat use.

Knowing the nature of the physical and chemical processes in powder charges, it is possible
to predict the guaranteed time period for the use of ammunition without deteriorating the ballistic
characteristics of the weapon [13]. Fig. 1 shows that the guaranteed storage life of ammunition
without deteriorating the ballistic characteristics of the weapon is =26 years.
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Fig. 1. Dependence of changes in the relative value of the initial velocity of the projectile
on the storage period of ammunition

The second stage of the method is based on monitoring parameters corresponding to the
internal ballistics of «fresh» ammunition, i.e. with a calendar shelf life not exceeding its war-
ranty period (10 years). However, as stated above, one of the main indicators of deterioration in
barrel survivability is a decrease in the initial velocity of the projectile, caused by the duration of
storage of ammunition. Taking this into account, having analyzed the above dependencies (1-4),
the authors decided to use Yustrov’s expression (4) to check the change in the value of barrel
survivability, but with the need to take into account the change in the initial velocity of the
projectile (Vp).

In the developed method, instead of V), the function V(t) (5) is used. Substituting formu-
la (5) into (4) it is possible to obtain an expression for assessing the survivability of the barrel,
which satisfies the conditions of the study and makes it possible to obtain the most accurate values.
After this, Yustrov’s expression is presented as:

_ay Cy(5-107 12 =5.2-10 - 1+1.06)* Be
Sd A wh

(©)

Parametric studies of this formula suggest that it makes it possible to most accurately deter-
mine the parameter under study for different storage periods of ammunition.

3. 2. Checking the adequacy and confirming the reliability of the developed method

3. 2. 1. Theoretical forecasting of changes in the survivability index for ammunition of
various storage periods

The reliability of the method was checked using experimental data for the 5.45 mm assault
rifles AK74 and ammunition with a shelf life of 20, 30, 40, 50 years. Using expressions (6), the
change in barrel survivability index for ammunition of different storage periods was predicted.
The forecast results are presented in Table 2 and in Fig. 2.

The study determined not absolute, but relative values of barrel survivability indicators de-
pending on gerontological changes in the characteristics of the powder charge for their comparison.

Fig. 2 shows that the graph of changes in the barrel survivability indicator also crosses the
barrel rejection line when using ammunition =26-27 years of storage. The use of ammunition
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beyond this storage period is impractical due to the unsatisfactory condition of the barrel and the
impossibility of using the weapon for its intended purpose. As it is possible to see, the data obtained
using the proposed method correlates with the obtained dependence of the change in the relative
value of the initial velocity of the projectile on the storage period of the ammunition (Fig. 1).

Table 2
Barrel survivability indicators when using ammunition of various storage periods

(2024), «kKEUREKA: Physics and Engineering»

Relative survivability index

Ammunition shelf life

10 20 30 40

50

NYN'b 0.998 0.997 0.929 0.869 0.799

%

' v N rd
0 10 20 30 40 50 T, years
=26 years

Tmax

Fig. 2. Dependence of changes in the relative indicator of barrel survivability on the storage
period of ammunition

These results were compared with experimental data on changes in the initial velocity of the
projectile presented below.

3. 2. 2. Results of experimental studies to determine changes in barrel survivability
indicators

The experimental studies consisted of determining the relative values and nature of changes
in the initial velocities of bullets from the 5.45 mm assault rifles AK74.

According to Table 1, the survivability of the 5.45 mm assault rifles AK74 barrel is deter-
mined at 10,000 rounds.

However, these values are valid under the following conditions:

— firing mode — medium, without obvious overheating of the barrel;

—ammunition with guaranteed service life (internal ballistics parameters — tabular).

When using post-warranty ammunition, the maximum pressure in the barrel increases, the
coordinate of the maximum pressure shifts towards the chamber, the burning rate of the gunpowder
increases, and the force of the gunpowder decreases [4, 8, 13, 21].

Taking into account these changes, it is assumed that the survivability of the barrel will
change due to changes in the parameters of the intra-ballistic process.

The condition of weapon barrels was monitored by measuring the initial velocity of the
bullet [4, 13, 21, 27].

The results obtained during the experiment are summarized in the form of dimensionless
values of the relative values of the initial velocities of bullets V' /V{* and the dependence of their
changes on the service life of the barrels in the shots.

Table 3 shows the results of one series of experiments, which were carried out when
N=10,000 shots were fired from each weapon barrel. Table 4 and in Fig. 3 show the average rela-
tive values obtained in the experimental series with different barrel firings.
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Analysis of the data obtained shows: line 10 shows the maximum permissible reduction in
the initial velocity of the projectile by 5 % from the table value. According to [26], one of the rea-
sons for barrel rejection is a decrease in the initial velocity below this value.

From the data in Table 4 and Fig. 3 it can be seen that changes in the initial velocity of all
six assault rifles practically coincide at the point equal to N ~ 2000 shots. This part of the graph
differs from the normal operation of the barrel with normal ammunition by an amount not exceed-
ing 0.4 %.

Table 3
Relative values of the initial bullet velocity obtained in one series of experiments when the firing
rate reached 10,000 shots

Shot number

Weapon numbers and relative values of initial velocities, V{ / Vi® at N=10000

1 2 3 4 5 6
1 0.9479 0.9488 0.941 0.9399 0.9422 0.93
2 0.9478 0.9485 0.9412 0.9399 0.9418 0.9298
3 0.9479 0.9483 0.941 0.9398 0.942 0.9304
4 0.9482 0.9488 0.9409 0.9402 0.9421 0.9299
5 0.9479 0.9483 0.941 0.9403 0.9421 0.9304
6 0.9476 0.9487 0.9409 0.9402 0.9419 0.9302
7 0.9481 0.9488 0.9407 0.9397 0.9419 0.9301
8 0.9476 0.9486 0.9412 0.9399 0.9418 0.9304
9 0.9478 0.9488 0.9411 0.9401 0.942 0.9299
10 0.9482 0.9489 0.941 0.9399 0.9421 0.9301
11 0.9482 0.9489 0.9412 0.94 0.9418 0.93
12 0.9477 0.9486 0.9412 0.9402 0.9418 0.93
13 0.9479 0.9485 0.941 0.9398 0.9416 0.9302
14 0.9482 0.9488 0.9412 0.9399 0.942 0.9303
15 0.9481 0.9487 0.9411 0.9398 0.9419 0.9302
16 0.9477 0.9488 0.9408 0.9398 0.942 0.93
17 0.9477 0.9483 0.9407 0.9398 0.942 0.93
18 0.9479 0.9484 0.9409 0.9399 0.9421 0.9304
19 0.9479 0.9485 0.9409 0.9398 0.9421 0.9301
20 0.948 0.9485 0.9408 0.9401 0.9418 0.9301
21 0.9478 0.9485 0.9409 0.9399 0.942 0.9302
22 0.9478 0.9485 0.9412 0.94 0.9421 0.93
23 0.9477 0.9487 0.9409 0.9401 0.9422 0.9301
24 0.9477 0.9486 0.941 0.9401 0.9416 0.9301
25 0.9481 0.9486 0.9409 0.9399 0.9419 0.9301
26 0.9481 0.9488 0.9407 0.9402 0.9417 0.9303
27 0.9476 0.9484 0.9407 0.94 0.9418 0.9301
28 0.9481 0.9483 0.9413 0.9397 0.942 0.9298
29 0.948 0.9484 0.941 0.9402 0.9418 0.9298
30 0.9478 0.9486 0.9411 0.9398 0.9422 0.9299
126

Engineering



Original Research Article: (2024), «kKEUREKA: Physics and Engineering»

full paper

Number 2

Table 4
Averaged experimental data

Shot number, N

Weapon numbers and average relative values of initial velocities, V| / Ve

1 2 3 4 5 6
0 1 1 1 1 1 1
4000 0.993 0.993 0.99 0.989 0.991 0.985
6000 0.971 0.971 0.9655 0.965 0.967 0.96
8000 0.9555 0.956 0.9489 0.948 0.95 0.94
10000 0.9479 0.9486 0.941 0.94 0.9419 0.9301
V. A
V:)ab
1.0 1
0.98
0.96
0.951 |
0.94 |
I
0.92 | S
T T T T T T rd
0 2000 4000 6000 | 8000 110000 N
| 7000 9500
| |
= 60% 1

Fig. 3. Change in the relative values of the initial velocity depending on the resource
of the barrels: 1 — theoretically obtained graph of the change in V;; 2, 3 — graphs of changes
in ¥ of assault rifles (No. 1, 2); 4, 5, 6 — graphs of changes in V}, of assault rifles (No. 3-5);
7 — graph of changes in ¥ of the assault rifle (No. 6); 8 — difficult to predict barrel
wear interval; 9 — area of the beginning of a more intense change in Vj;
10 — line of the maximum permissible drop value ¥

Lines 2, 3 are graphs of changes in the initial velocities of bullets of two assault rifles,

which were operated with ammunition of guaranteed shelf life and practically do not differ from
line 1 — the theoretically obtained graph of changes in V.

When using post-warranty ammunition, the best result is lines 4, 5, 6 — three assault rifles,

the values of the initial bullet velocities of which actually decrease by 5 % after 8000 rounds. This
is 80 % of the resource. One sample (line 7) crosses the barrel rejection line with ~30 % of the re-
source being «underdeveloped».

The characteristic point on the graph is the coordinate N=4000 shots. Considering the dis-

crete nature of the control of the initial velocity during the experiment, it can be assumed that the
beginning of a more intense change in the initial velocity lies in the range of ~3000...4000 shots.
The point of 4000 shots is 40 % of the resource, that is, at the remaining 60 % of the barrel life,
more significant deviations in the initial velocity begin and the intensity of barrel wear increases.
At the same time, it can be assumed that with a more intense firing mode, the coordinate of the
point where the intense drop in initial velocity begins will shift up to 3000 shots — 30 % of the
barrel’s life.

The experimental data are correlated with the data obtained theoretically based on the de-

veloped methodology. Thus, the theoretical results are confirmed experimentally, and formula (6)
allows one to determine with sufficient accuracy the survivability of the barrel when using ammu-
nition of a certain shelf life.
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Also, during experimental studies of the survivability of the barrels of 5.45 mm assault
rifles AK74, not only the barrels were examined, but also other parts of the weapon, such as ele-
ments of the mechanical system. As a result, burnout of the gas tube was detected in all tested
samples. This observation is especially important due to the fact that this structural element is not
included in the range of spare tools and accessories (SPA).

Thus, it has been found that not only the barrel, but also other structural elements are affec-
ted by the factors of using long-term storage ammunition. The study of deformations and the state of
the surface layer of automation elements has not been carried out and requires additional research.

4. Conclusions

Predicting changes in barrel survivability is one of the tasks associated with the problem of
ammunition operation. At different storage times, the most important indicator of changes in the
properties of a powder charge is the initial velocity of the projectile.

A method has been proposed for predicting barrel survivability depending on the shelf life
of the ammunition used, which makes it possible to determine this indicator with sufficient accu-
racy and justify the feasibility of their use.

Using the developed method, it has been found that the guaranteed time period for us-
ing ammunition without deteriorating the ballistic characteristics of the weapon is approxima-
tely 26 years.

The adequacy and reliability of the developed method were checked by comparing the ob-
tained theoretical results with the results of experimental studies.

The main result of experimental studies of both small arms and artillery systems should be
considered the identification of a pattern of changes in the initial velocity of a bullet associated with
intense wear of the barrel (its firing and wear), as well as wear of automation elements. The reason
is the use of ammunition with post-warranty storage periods and the influence of modified internal
ballistics factors. Thus, the problems of ensuring the required service life of barrels when operating
weapons with ammunition with post-warranty (long) storage periods can be solved on the basis of
the obtained patterns of barrel survivability depending on the number of shots.

It has been experimentally shown that as a result of the use of ammunition with long storage
periods, the intensity of barrel resource exhaustion increases and, under the influence of factors
caused by this, the indicators and characteristics of the barrel system as a whole change. It has been
found that when using such ammunition, the barrel survivability indicator decreases by 20-30 %
of the table value. It can be predicted that with an increase in the intensity of fire, this indicator will
worsen by ~40 %.

In addition, the detected damage to the gas tube seems practically important, especially
considering that this element is not included in any spare parts. The obtained experimental effect
requires further research in the direction of expanding the range of ammunition and weapons,
as well as research into the structural elements of the barrel system.
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