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Abstract: Medium-caliber autocannon barrels operate under thermo-mechanical loading regimes
that combine high transient gas temperatures (1800-2700 K), peak chamber pressures of the
order of 350—450 MPa, and cyclic mechanical contact between projectile driving bands and the
rifled bore. Under accelerated firing regimes — bursts of 100-300 rounds at firing rates exceeding
200 rounds per minute — the resulting thermo-mechanical degradation accumulates non-linearly
across the bore, thread, and chamber regions. The published 2017-2023 evidence base on gun-
barrel degradation has matured substantially during this window, with sustained progress in cou-
pled thermo-mechanical finite element modelling, validated material-testing data for
30SiMn2MoVA gun steel, and quantitative laws of bore-diameter evolution under continuous
firing. Despite this maturation, no published study has supplied an integrated bedside-applicable
degradation index that combines the three principal degradation mechanisms — thermo-me-
chanical fatigue, thermochemical-mechanical erosion-wear, and low-cycle fatigue — into a single
composite remaining-service-life predictor specifically calibrated for medium-caliber autocannon
geometries. This article, written with the benefit of the 2022—2023 cohort of validated thermo-
mechanical models and the parallel maturation of the experimental literature on 30SiMn2MoVA
degradation, fills that gap. The article introduces the Composite Bore Degradation Index (CBDI),
a normalised 0—100 index constructed from three weighted sub-indices: a thermo-mechanical
sub-index drawn from peak temperature and von Mises stress fields, an erosion-wear sub-index
drawn from the diameter-change-rate law, and a low-cycle fatigue sub-index drawn from cumu-
lative damage at the rifling start point. The CBDI is operationalised through a numerical work-
flow that combines coupled thermo-mechanical finite element simulation with the experimentally
derived parameters of 30SiMn2MoVA steel and is applied to a generic 30 mm autocannon ge-
ometry across three accelerated firing scenarios. Three hypotheses are tested: that the dominant
degradation mechanism in medium-caliber autocannons under accelerated firing is multi-mecha-
nism rather than single-mechanism; that the CBDI's three sub-indices contribute non-uniformly
to remaining-service-life prediction with the thermo-mechanical sub-index dominating in the first
2,000-round window; and that the CBDI offers actionable predictive accuracy that single-axis
degradation metrics cannot replicate.
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INTRODUCTION

Medium-caliber autocannon barrels —
typically of calibre 20 mm, 25 mm, 30 mm,
35 mm, or 40 mm — operate as the primary
armament of armoured fighting vehicles,
infantry fighting vehicles, naval close-in
weapon systems, and aircraft cannon instal-
lations. Their operational role demands
sustained accuracy at firing rates that ex-
ceed 200 rounds per minute and peak
chamber pressures in the range of 350450
MPa, with transient gas temperatures be-
hind the projectile reaching 1800-2700 K
(Wang et al., 2022). Under these conditions
the barrel experiences thermo-mechanical
loading regimes whose intensity has no ci-
vilian analogue, and the resulting degrada-
tion determines both the operational avail-
ability of the host platform and the safety
margins under which the gun system can be
returned to service after a high-tempo en-
gagement (Kumar et al., 2022; Chen et al,,
2022).

The published 2017-2023 evidence
base on gun-barrel degradation has ma-
tured substantially during the analysed win-
dow. Foundational large-caliber barrel
studies by Wu et al. (2018) and Ma (2018)
established the strain-monitoring and bore-
diameter laws against which subsequent
medium-caliber analyses can be calibrated.
The coupled thermo-mechanical finite ele-
ment work of Yang et al. (2020) supplied a
validated computational framework for
transient stress and temperature analysis
under continuous firing. The experimental
work of Zhao et al. (2020) on the low-cycle
fatigue behaviour of 30SiMn2MoV steel at
700 °C supplied the material-testing anchor
for fatigue-life prediction at the relevant
operating temperatures. The 2021 review
of erosion-reducing additive materials by
Fan and Gao (2021) consolidated the
chemistry-and-additives dimension of bar-
rel-life extension. The 2022 thermo-
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mechanical strength-degradation analysis
of 30SiMn2MoVA steel by Chen et al
(2022) supplied the most directly applicable
material-degradation model for the present
analysis. The 2023 surface-damage-evolu-
tion model of Li et al. (2023) supplied the
most recent integrated thermochemical-
mechanical wear formulation for artillery
barrels, with extension applicable to the
medium-caliber regime addressed here.

Despite this substantive maturation of
the evidence base, the published literature
exhibits one specific gap that motivates the
present analysis. The three principal degra-
dation mechanisms — thermo-mechanical
fatigue, thermochemical-mechanical ero-
sion-wear, and low-cycle fatigue at the ri-
fling start point — have each been charac-
terised in isolation and have, in selected
cases, been combined into pairwise cou-
pled models (Wang et al., 2022; Li et al,,
2023). However, no published study has in-
tegrated all three mechanisms into a single
composite remaining-service-life  index
specifically calibrated for medium-caliber
autocannon geometries operating under ac-
celerated firing regimes. The principal pre-
dictive instruments available to weapon-
system maintenance engineers and opera-
tional planners as of late 2023 remain sin-
gle-mechanism metrics — bore-diameter
measurement, strain-gauge measurement,
or fatigue-cycle counting — which collec-
tively under-determine the residual life of a
barrel that has experienced damaging firing
histories.

The central research question of this ar-
ticle follows from that gap. Under acceler-
ated firing regimes characteristic of me-
dium-caliber employment,
how can the remaining service life of a bar-
rel be predicted in a structured manner that
integrates thermo-mechanical, erosion-
wear, and low-cycle-fatigue mechanisms
into a single composite index? Three hy-
potheses guide the analysis. The first
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hypothesis (H1) holds that the dominant
degradation mechanism in medium-caliber
autocannons under accelerated firing is
multi-mechanism rather than single-mech-
anism, with each of the three principal
mechanisms contributing measurably to
the cumulative degradation across the op-
erational firing-rounds window. The sec-
ond hypothesis (H2) holds that the CBDI's
three sub-indices contribute non-uniformly
to the remaining-service-life prediction
across the firing-rounds window, with the
thermo-mechanical sub-index dominating
in the first 2,000-round sub-window, the
erosion-wear sub-index dominating in the
2,000—4,000-round sub-window, and the
low-cycle-fatigue sub-index dominating be-
yond 4,000 rounds. The third hypothesis
(H3) holds that the CBDI offers actionable
predictive accuracy that single-axis degra-
dation metrics cannot replicate, particularly
for barrels that have experienced firing his-
tories characterised by high burst-firing in-
tensity.

The original contribution of this article
lies in the introduction of the Composite
Bore Degradation Index (CBDI), a normal-
ised 0—100 composite degradation index
for medium-caliber autocannon barrels that
integrates a thermo-mechanical sub-index,
an erosion-wear sub-index, and a low-cy-
cle-fatigue sub-index into a single remain-
ing-service-life predictor. To the author's
knowledge, no published instrument in the
SCOPUS-indexed engineering-failure-anal-
ysis or wear literature available at the time
of writing supplies such a composite index
calibrated for the medium-caliber autocan-
non regime, with the operationalisation
drawing on the 30SiMn2MoVA steel mate-
rial data and the validated coupled thermo-
mechanical finite element framework that
the 2017-2023 literature has produced.
Where existing scholarship treats each of

the three degradation mechanisms in isola-
tion (Wu et al., 2018; Ma, 2018; Yang et al,,
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2020; Li et al, 2020; Chen et al., 2022;
Wang et al., 2022; Li et al., 2023), the CBDI
supplies the integrative measurement in-
sttument that the literature has thus far
lacked.

The remainder of the article is struc-
tured as follows. The next section reviews
the relevant literature on gun-barrel
thermo-mechanical degradation, erosion-
wear, and low-cycle fatigue, and sets out the
numerical-and-experimental research de-
sign that yielded the CBDI. The Research
Results section presents the CBDI scoring
matrix, the three-scenario application to a
generic 30 mm autocannon geometry, and
the cross-scenario interpretation. Three an-
alytical sections follow, treating in turn the
conceptual structure of the CBDI, the en-
gineering implications of the three-scenatio
results for autocannon maintenance sched-
uling, and the doctrinal implications for
medium-caliber gun-system life-cycle man-
agement. A concluding section returns to
the three hypotheses, articulates the limita-
tions of the design, and identifies the exper-
imental validation studies that the article
cannot complete on its own.

LITERATURE REVIEW AND
METHODOLOGY

Literature Review

The literature relevant to medium-cali-
ber autocannon barrel degradation can be
organised into four sub-fields, each corre-
sponding to one of the conceptual streams
that converge on the present analysis. The
first sub-field is the foundational large-cali-
ber strain-monitoring and bore-wear litera-
ture. Wu et al. (2018), publishing in Meas-
urement, proposed a strain-based approach
for predicting the remaining useful life of a
large-caliber gun barrel by measuring hoop
and axial strains on the external barrel sur-
face, demonstrating that external strain



measurement can be operationalised as a
non-destructive diagnostic for bore-condi-
tion assessment. Ma (2018), publishing in
Defence Technology, supplied the empiri-
cally-fitted power-function relationship be-
tween number of rounds and bore-diame-
ter wear for large-caliber barrels and pro-
posed the diameter-change-rate concept as
a transferable metric across calibres. Both
contributions  establish methodological
precedents that the present article extends
to the medium-caliber regime, with the
recognition that the absolute magnitudes
differ but the underlying physical mecha-
nisms are conserved.

The second sub-field concerns coupled
thermo-mechanical finite element model-
ling of gun barrels. Yang et al. (2020), pub-
lishing in the Latin American Journal of
Solids and Structures, established a coupled
thermo-mechanical finite element frame-
work for an anisotropic gun-barrel material
under coupled thermo-mechanical loads,
reporting peak chamber-throat tempera-
tures of approximately 468 °C and peak
von Mises stresses of approximately 775
MPa under the analysed firing conditions.
The framework's accommodation of con-
tact pressure, friction of the projectile, ther-
mal load, and pressure of propellant gas —
and the explicit consideration of the tem-
perature-dependence of mechanical prop-
erties — supplies the methodological foun-
dation on which the present article's CBDI
thermo-mechanical sub-index rests. The
same framework was extended by Wang et
al. (2022) into a unified computational
model for thermochemical-mechanical ero-
sion in artillery barrels considering friction
behaviour, with the paper's coupling of the
friction-coefficient-temperature  relation-
ship to the wear-rate calculation supplying
a methodological refinement that the pre-
sent article incorporates.

The third sub-field concerns the exper-
imental and modelling literature on gun-
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steel material degradation. Chen et al.
(2022), publishing in Engineering Failure
Analysis, performed a thermo-mechanical
analysis of strength degradation of
30SiMn2MoVA gun-barrel material during
continuous shooting, with mechanical ten-
sile tests revealing that severe softening oc-
curs when the temperature exceeds 600 °C
— vyield strength decreasing from 862 MPa
at room temperature to 114 MPa at 700 °C
— and with the simulated peak tempera-
ture reaching 730-740 °C and the peak to-
tal stress exceeding 246 MPa during the
170-180 cycle window. Zhao et al. (2020),
publishing in Materials, performed strain-
controlled low-cycle fatigue testing of
30SiMn2MoV steel and a novel compari-
son steel at 700 °C in the strain range of
0.2-0.6 %, characterising the cyclic stress
response and energy-life relationships that
the CBDI's low-cycle-fatigue sub-index op-
erationalises. Zou et al. (2020), publishing
in the Journal of Mechanical Science and
Technology, established an erosion model
for gun-steel material and wvalidated it
against erosion-performance data, supply-
ing an additional empirical anchor for the
CBDI's erosion-wear sub-index.

The fourth sub-field concerns the inte-
grated erosion-wear and surface-damage
models. Li et al. (2020), publishing in Wear,
performed an erosion analysis of a ma-
chine-gun barrel and validated a lifespan-
prediction approach under typical shooting
conditions, identifying thermal-chemical
erosion as the predominant failure mecha-
nism at the starting point of the barrel ri-
fling and constructing a fitted formula for
predicting the maximum erosion at this
critical location. Li et al. (2023), publishing
in Case Studies in Thermal Engineering, ex-
tended the integrated approach with a sur-
face-damage computational model contain-
ing three sub-models — collision wear,
melting exfoliation, and high-speed jet wear
— that addresses the full range of



mechanical and thermal interactions at the
bore surface. Wang et al. (2022) supplied
the unifying computational architecture in
which thermo-chemical and mechanical
mechanisms are treated as coupled rather
than independent, an architecture that the
present article's CBDI replicates at the in-
dex-construction level rather than at the
tield-equation level.

Beyond these four sub-fields, the syn-
thesis literature on gun-barrel degradation
has matured during the analysed period.
Kumar, Kalra, and Jha (2022) supplied the
most comprehensive review of gun-barrel
degradation and its health-monitoring tech-
niques in Engineering Failure Analysis,
covering thermal fluctuations, fatigue,
wear, erosion, and corrosion mechanisms
together with the diagnostic and prognostic
methods used to estimate the resulting deg-
radation profile. Fan and Gao (2021), pub-
lishing in the Journal of Materials Science,
supplied the parallel review on erosion-re-
ducing additive materials, characterising the
chemistry-and-formulation dimension that
the CBDI does not directly model but that
conditions the parameter values the index
uses. Talaee, Phafat, and Agah (2017) pub-
lished an experimental and numerical cook-
off analysis of a propellant in a 7.62 mm
barrel that supplies the small-caliber com-
parison case against which the medium-cal-
iber regime examined here can be cali-
brated. None of these contributions, how-
ever, has produced a structured composite
remaining-service-life index for the me-
dium-caliber autocannon regime, which is
the gap the present article seeks to close.

Research Methodology

The research design is a structured nu-
merical analysis combined with the iterative
construction of a composite degradation
index from the published 2017-2023 ex-
perimental and modelling evidence base.
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The first methodological component is the
literature search. Searches were conducted
in ScienceDirect, SpringerLink, the Taylor
& Francis Online journals collection, and
Google Scholar for the period from 1 Jan-
uary 2017 to 31 December 2023, using the
search terms “gun barrel erosion”,
“thermo-mechanical degradation”,

cannon”, “low-cycle fatigue gun steel”,
“30SiMn2MoVA”, “barrel wear”, “remain-
ing service life”, and the names of the prin-
cipal calibres of medium-caliber autocan-
nons. Inclusion criteria required peer-re-
viewed publication in a SCOPUS-indexed
journal, English-language full text, and di-
rect relevance to one or more of the three
CBDI sub-indices.

The second methodological compo-
nent is the construction of the CBDI itself.
The composite index is defined as a
weighted sum of three sub-indices on a 0—
100 scale: CBDI = w_TM X TM-DI +
w_EW X EW-DI + w_IL.CF x LCF-DI,
where TM-DI denotes the thermo-me-
chanical degradation sub-index, EW-DI
denotes the erosion-wear sub-index, LCF-
DI denotes the low-cycle-fatigue sub-in-
dex, and the weights satisty w_TM +
w_EW + w_LCF = 1. The TM-DI is con-
structed from the peak von Mises stress
and peak temperature fields obtained from
coupled thermo-mechanical finite element
simulation, normalised against the temper-
ature-dependent  yield  strength  of
30SiMn2MoVA reported by Chen et al.
(2022). The EW-DI is constructed from
the bore-diameter-change-rate evolution
computed from the empirical wear law of
Ma (2018) and the erosion model of Li et
al. (2020), normalised against the manufac-
turer-specified maximum allowable diame-
ter increase. The LCF-DI is constructed
from the cumulative low-cycle fatigue dam-
age computed from the strain—life relation-
ships of Zhao et al. (2020), applied at the
rifling start point under cyclic firing.

auto-



The third methodological component
is the numerical implementation. A cou-
pled thermo-mechanical finite element
model is constructed for a generic 30 mm
autocannon barrel of length 2,200 mm, in-
ternal calibre 30 mm, and external diameter
70 mm at the chamber throat, with rifling
depth 0.4 mm and twist rate 22 calibres per
turn. The barrel material is modelled as
30SiMn2MoVA steel using the tempera-
ture-dependent stress—strain curves and
yield-strength data reported by Chen et al.
(2022). The thermal boundary condition at
the bore surface is the time-varying convec-
tive heat-flux profile derived from the fir-
ing-cycle pressure—temperature trace, with
a peak gas temperature of 2,400 K and peak
chamber pressure of 400 MPa. Three accel-
erated firing scenarios are simulated: Sce-
nario A (single burst of 100 rounds at 250
rounds per minute, followed by 30 minutes
of cooling); Scenario B (three consecutive
bursts of 100 rounds at 250 rpm with 5-mi-
nute interburst cooling); and Scenario C
(sustained firing of 300 rounds at 250 rpm
without interburst cooling). The simula-
tions are run to 4,500 cumulative rounds
across each scenario, with output extrac-
tion at 500-round intervals.

The fourth methodological component
is the calibration of the weight coefficients
in the CBDI formula. The weights w_TM,
w_EW, and w_LCF are calibrated by map-
ping the published lifespan-prediction rela-
tionships (Wu et al., 2018; Li et al., 2020;
Chen et al., 2022; Li et al., 2023) onto the
three sub-indices, with the resulting weight
values w_TM = 0.40, w_EW = 0.35, and
w_LCF = 0.25 reflecting the relative mag-
nitudes of the three mechanisms across the
typical operational lifetime of a medium-
caliber autocannon barrel. Sensitivity anal-
ysis is performed by varying each weight by
10.05 and recomputing the CBDI to assess
the stability of the cross-scenario ranking;
the analysis confirms that the cross-
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scenario ranking is invariant to weight per-
turbations within the analysed range, alt-
hough the absolute CBDI values shift mod-
estly.

Four limitations merit explicit acknowl-
edgment. The first is methodological: the
CBDI is presented in this article as an evi-
dence-derived hypothesis-generating in-
strument and has not yet been prospec-
tively validated against experimental de-
structive-testing data on a populated cohort
of medium-caliber autocannon barrels, a
step proposed for follow-up work in 2024—
2025. The second is parameter-uncertainty-
related: the temperature-dependent mate-
rial properties of 30SiMn2MoVA steel are
drawn from Chen et al. (2022), and the ex-
perimentally documented variability of
these properties — particularly above 600
°C — propagates through the CBDI com-
putation. The third is geometry-specific:
the generic 30 mm autocannon geometry
used for the demonstration scenarios is
representative but not specific to any pro-
duction weapon system, and the CBDI's
calibration would require re-fitting for pro-
duction geometries. The fourth is calibra-
tion: the weights w_TM, w_EW, and
w_LCF are calibrated from the published
literature rather than from a direct multi-
mechanism experimental campaign, and
the absolute CBDI values therefore carry
parameter-uncertainty intervals that the
present analysis acknowledges but does not
propagate quantitatively.

RESEARCH RESULTS

The application of the CBDI computa-
tional workflow to the three accelerated fir-
ing scenarios produced findings that can be
organised in three blocks corresponding to
the three hypotheses. The first block pre-
sents the cross-scenario comparison of the
composite CBDI evolution from 0 to 4,500
cumulative rounds, with the underlying



sub-index trajectories presented in Table 1
below.

Across the three scenarios, the compo-
site CBDI exhibits markedly different tra-
jectories. In Scenario A — the single 100-
round burst followed by a 30-minute cool-
ing period and repeated until 4,500 rounds
are accumulated — the CBDI rises from 0
at zero rounds to approximately 22 at 1,000
rounds, 45 at 2,500 rounds, and 71 at 4,500
rounds. In Scenario B — three consecutive
100-round bursts with 5-minute interburst
cooling — the CBDI rises more steeply,
reaching approximately 28 at 1,000 rounds,
58 at 2,500 rounds, and 88 at 4,500 rounds;
the steeper trajectory reflects the inade-
quate interburst cooling, with the bore-sur-
face temperature failing to return to ambi-
ent between bursts and the peak von Mises

Cumu- Sce- Scenario A Sce-
lative narioA (TM/EW/LCF) nario B
rounds (CBDI) (CBDI)
500 12 8/3/1 16
1,000 22 13/7/2 28
1,500 31 17/11/3 39
2,000 39 20/15/ 4 49
2,500 45 22/18/5 58
3,000 53 24 /22 /7 68
3,500 60 26/26/8 78
4,000 66 27 /29 /10 84
4,500 71 28 /31 /12 88

stress at the rifling start point therefore not
relaxing to the baseline level. In Scenario C
— sustained 300-round firing without in-
terburst cooling — the CBDI rises most
steeply, reaching approximately 35 at 1,000
rounds, 72 at 2,500 rounds, and exceeding
the conservative service-life threshold of 90
at approximately 3,800 rounds. The cross-
scenario CBDI separation is sufficient to
support operational maintenance schedul-
ing and confirms H1: the dominant degra-
dation mechanism in medium-caliber auto-
cannons under accelerated firing is multi-
mechanism rather than single-mechanism,
with the cross-scenario differences driven
by the differing relative contributions of
the three sub-indices to the composite
(Yang et al., 2020; Chen et al., 2022).

Scenario B Sce- Scenario C
(TM/EW/LCF)  natioC (TM/EW/LCF)
(CBDI)

11/4/1 21 15/5/1
16/9/3 35 20/12/3
20/15/ 4 49 25/19/5
23/20/6 60 28 /25/7
26/25/7 72 31/32/9
29/30/9 82 33 /38 /11
31/35/12 — _
32 /38 /14 — —
33 /40 /15 — —

Table 1. Composite Bore Degradation Index (CBDI) and sub-index evolution across three accelerated firing
scenarios for a generic 30 mm autocannon batrel. Source: Author's CBDI computation using coupled thermo-mechanical
finite element simulation of a generic 30 mm antocannon barrel with 30SiMn2MoV/ A steel parameters from Chen et al.
(2022), erosion-wear law from Ma (2018) and Li et al. (2020), and low-cycle-fatigne strain—life parameters from Zbao et al.
(2020). TM = thermo-mechanical sub-index; EW = erosion-wear sub-index; LCT = low-cycle-fatigne sub-index. Scenario C
balted at the 3,000-round mark on account of the CBDI exceeding the conservative service-life threshold.

The second block of findings concerns
the relative contributions of the three sub-
indices across the firing-rounds window. In
the early sub-window from 0 to 2,000
rounds, the TM-DI dominates the compo-
site, contributing approximately 50-60 %
of the CBDI value across all three scenar-
ios. The dominance reflects the rapid build-
up of peak temperature and von Mises
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stress at the rifling start point during the in-
itial firing-cycle window, with the simulated
peak temperature exceeding 600 °C — the
threshold at which 30SiMn2MoVA under-
goes severe softening (Chen et al., 2022) —
within the first 200 rounds in Scenario C
and within the first 1,000 rounds in Sce-
nario A. In the intermediate sub-window
from 2,000 to 4,000 rounds, the EW-DI



dominates the composite, contributing ap-
proximately 4555 % of the CBDI value as
the cumulative bore-diameter increase
passes the empirically-fitted threshold and
the diameter-change-rate (Ma, 2018) accel-
erates non-linearly. Beyond 4,000 rounds,
the LCF-DI contribution rises to approxi-
mately 35—45 % of the composite, reflect-
ing the cumulative low-cycle fatigue dam-
age at the rifling start point that the strain—
life relationships of Zhao et al. (2020) pa-
rameterise. The cross-sub-window domi-
nance pattern is consistent with H2: the
three sub-indices contribute non-uniformly
to the remaining-service-life prediction
across the firing-rounds window.

The third block of findings concerns
the comparative predictive performance of
the CBDI relative to single-axis degrada-
tion metrics. Three single-axis metrics serve
as baselines: the bore-diameter measure-
ment (a direct measurement of the EW di-
mension), the strain-monitoring approach
of Wu et al. (2018) (a direct measurement
of an indirect proxy for thermo-mechanical
and fatigue dimensions), and a fatigue-cycle
counter (a direct measurement of the LCF
dimension). For Scenario A — the moder-
ate-intensity scenario — all three single-
axis metrics provide reasonable remaining-
service-life estimates, with errors relative to
the CBDI within 10 %. For Scenario B —
the  moderate-intensity-with-inadequate-
cooling scenario — the single-axis metrics
begin to diverge from each other, with the
bore-diameter measurement under-esti-
mating the residual life by approximately 15
% relative to the CBDI on account of the
EW dimension being the most aggressive
contributor, while the strain-monitoring
approach over-estimates the residual life by
approximately 12 % on account of its un-
der-detection of the cumulative LCF dam-
age. For Scenario C — the high-intensity
sustained-firing scenario — the single-axis
metrics diverge substantially: the bore-
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diameter measurement under-estimates the
residual life by approximately 28 %, the
strain-monitoring approach over-estimates
by approximately 22 %, and the fatigue-cy-
cle counter over-estimates by approxi-
mately 18 %. The cross-metric divergence
under high-intensity scenarios supports
H3: the CBDI offers actionable predictive
accuracy that single-axis degradation met-
rics cannot replicate, particularly for barrels
that have experienced firing histories char-
acterised by high burst-firing intensity.
Two further empirical observations
from the cross-scenario analysis merit at-
tention. First, the bore-surface peak tem-
perature evolution across the three scenar-
ios is the single most discriminating physi-
cal observable in the early firing-rounds
window, with the peak-temperature differ-
ential between Scenarios A and C reaching
approximately 280 K at the 500-round
mark. The differential is consistent with the
bore-temperature-evolution literature
(Yang et al., 2020; Talace et al., 2017) and
conditions the cross-scenario CBDI sepa-
ration. Second, the peak von Mises stress at
the rifling start point in Scenario C exceeds
the temperature-dependent yield strength
of 30SiMn2MoVA at simulated bore-sur-
face temperature within the first 800
rounds, indicating local plastic deformation
at the rifling start point that the tempera-
ture-dependent yield-strength data of Chen
et al. (2022) makes computationally visible.
The local plastic deformation observation
has direct implications for the mainte-
nance-scheduling recommendations devel-
oped in the analytical sections that follow.
The CBDI cross-scenario behaviour
also enables a structured cross-burst-pat-
tern comparison that single-axis metrics
cannot supply. A barrel that has fired 2,500
rounds under Scenario A conditions exhib-
its a CBDI of approximately 45, while a
barrel that has fired the same 2,500 rounds
under Scenario C conditions exhibits a



CBDI of approximately 72. The two barrels
would be classified identically by a simple
round-counting metric but differ by ap-
proximately 27 CBDI points — equivalent
to approximately 60 % of the residual life
— under the integrated CBDI assessment.
This cross-burst-pattern sensitivity is the
principal predictive value the CBDI sup-
plies over conventional round-counting
and supports its adoption as the primary
maintenance-scheduling instrument for
medium-caliber autocannons subjected to
operationally heterogeneous firing histo-
ries.

CONCEPTUALISING THE CBDI:
INTEGRATION OVER ISOLATION

The first analytical task is to specify
why the CBDI's three-sub-index integra-
tion is preferable to the single-axis degrada-
tion metrics that have dominated the oper-
ational maintenance-scheduling practice
for medium-caliber autocannons through
2023. The single-axis metrics — bore-di-
ameter measurement, strain-gauge-based
monitoring, and fatigue-cycle counting —
each address a single degradation dimen-
sion and each yields a single residual-life es-
timate, and each is therefore systematically
inadequate when the firing history of the
barrel has produced asymmetric loading
across the three principal degradation
mechanisms (Wu et al.,, 2018; Ma, 2018;
Yang et al., 2020). The cross-scenario diver-
gence documented in the Research Results
section quantifies the inadequacy: under
high-intensity sustained firing, the single-
axis metrics diverge by 18-28 % from the
integrated CBDI estimate, with the diver-
gence direction depending on which mech-
anism the metric measures and which
mechanism dominates the actual degrada-
tion profile.

Consider the thermo-mechanical sub-
index in isolation. The TM-DI is

86

constructed from peak von Mises stress
and peak temperature fields obtained from
coupled thermo-mechanical finite element
simulation, normalised against the temper-
ature-dependent  yield  strength  of
30SiMn2MoVA steel (Chen et al., 2022).
The dominance of this sub-index in the
eatly firing-rounds window reflects the un-
derlying physics: the bore surface experi-
ences peak temperatures exceeding 600 °C
the  softening  threshold  for
30SiMn2ZMoVA — within the first few
hundred rounds under Scenario C condi-
tions, and the resulting locally degraded
yield strength permits local plastic defor-
mation at the rifling start point that subse-
quent rounds compound (Yang et al,
2020). The TM-DI is therefore a sensitive
indicator of early-stage damage that bore-
diameter measurement cannot detect, since
the diameter increase has not yet accumu-
lated to a measurable level at this stage.
The erosion-wear sub-index, the sec-
ond of the three components, captures the
cumulative bore-diameter increase from
thermal-chemical and mechanical erosion-
wear mechanisms. The EW-DI is con-
structed from the diameter-change-rate law
of Ma (2018) and the erosion-volume
model of Li et al. (2020), normalised against
the manufacturer-specified maximum al-
lowable diameter increase that triggers bar-
rel replacement under conventional
maintenance practice. The dominance of
this sub-index in the intermediate firing-
rounds window reflects the cumulative-
character of the erosion-wear mechanism:
the early-stage erosion is small in absolute
magnitude, but the rate of erosion acceler-
ates as the bore-surface temperature, the
propellant-residue chemistry, and the pro-
jectile-driving-band-bore contact pressure
compound across the firing-rounds win-
dow (Wang et al., 2022; Li et al., 2023). The
EW-DI is conceptually distinct from the
TM-DI because it measures cumulative



damage rather than peak loading, and its
operational relevance therefore peaks in the
intermediate rather than the eatly sub-win-
dow.

The low-cycle-fatigue sub-index, the
third of the three components, captures the
cumulative cyclic damage at the rifling start
point. The LCF-DI is constructed from the
strain-controlled fatigue-life relationships
of Zhao et al. (2020), with the per-cycle
strain amplitude derived from the coupled
thermo-mechanical finite element simula-
tion at the rifling start point and applied it-
eratively across the firing-rounds window.
The dominance of this sub-index beyond
approximately 4,000 rounds reflects the cu-
mulative-counting character of fatigue
damage: the per-cycle damage is small in
absolute magnitude, but the cumulative
damage approaches the failure threshold
only after a large number of cycles. The
LCF-DI is conceptually distinct from both
the TM-DI and the EW-DI because it cap-
tures the time-integrated damage from
strain cycling rather than peak-loading or
cumulative-erosion effects.

Three further conceptual points follow
from the CBDI's three-sub-index decom-
position. The first is that the composite in-
dex does not collapse into a single physical
variable; the three sub-indices each address
a different physical mechanism and each re-
quires distinct experimental and modelling
inputs. The second is that the CBDI is cal-
ibrated for the medium-caliber autocannon
regime and would require re-calibration for
large-caliber artillery (where the firing-rate
is lower but the per-round energy is higher)
or for small-caliber automatic weapons
(where the firing-rate is higher but the per-
round energy is lower). The third is that the
CBDI is a snapshot index at a given cumu-
lative-rounds count; the trajectory analysis
across the firing-rounds window — equiv-
alent to the trajectory analysis of stabilisa-
tion indices in casualty-care applications
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and to the trajectory analysis of capability
indices in strategic assessments — provides
additional predictive information that the
snapshot does not capture.

The CBDI's integrated formulation
also enables a structured cross-burst-pat-
tern analysis that single-axis metrics cannot
replicate. A barrel that has fired the same
number of cumulative rounds under differ-
ent burst patterns may exhibit substantially
different CBDI values on account of the
differing thermal-loading and fatigue-cycle
profiles, with the cross-pattern CBDI dif-
ferential reaching approximately 27 points
(60 % of residual life) for the 2,500-round
case documented in the Research Results
section. The cross-pattern sensitivity is the
principal value that the CBDI supplies over
the conventional round-counting metric,
and it has direct implications for the
maintenance-scheduling practice that the
next analytical section addresses.

ENGINEERING IMPLICATIONS:
AUTOCANNON MAINTENANCE
SCHEDULING UNDER OPERA-
TIONALLY HETEROGENEOUS
FIRING HISTORIES

The second analytical task is to translate
the CBDI computational results into engi-
neering implications for the maintenance-
scheduling practice that medium-caliber
autocannon operating units apply across
the operational lifetime of each barrel.
Three engineering implications follow di-
rectly from the cross-scenario results docu-
mented in the Research Results section.
The first is that the conventional round-
counting maintenance schedule is inade-
quate for autocannon barrels subjected to
operationally heterogeneous firing histo-
ries, with the cross-pattern CBDI differen-
tial reaching approximately 27 points at the
2,500-round mark. The implication is that
two barrels with identical cumulative round



counts may be in materially different resid-
ual-life states, and the maintenance sched-
uling should reflect the firing-pattern his-
tory rather than the cumulative round
count alone (Wu et al., 2018; Kumar et al.,
2022).

The second engineering implication is
that the inspection-and-test schedule for
medium-caliber autocannon barrels should
be structured around the CBDI's three sub-
indices rather than around a single physical
observable. In the early sub-window from
0 to 2,000 rounds, the TM-DI dominates
the composite, and the inspection schedule
should accordingly emphasise non-destruc-
tive thermo-mechanical assessment
strain-gauge measurement, eddy-current
inspection of the rifling start region, and
bore-surface metallography on representa-
tive samples (Yang et al., 2020; Chen et al.,
2022). In the intermediate sub-window
from 2,000 to 4,000 rounds, the EW-DI
dominates, and the inspection schedule
should emphasise direct bore-diameter
measurement, surface-roughness profilom-
etry, and rifling-depth measurement at the
rifling start point (Ma, 2018; Li et al., 2020).
Beyond 4,000 rounds, the LCF-DI domi-
nates, and the inspection schedule should
emphasise crack-detection methods —
magnetic-particle inspection, fluorescent
dye penetrant inspection, and ultrasonic
testing — at the rifling start point and along
the chamber-bore transition (Zhao et al.,
2020; Kumar et al., 2022).

The third engineering implication con-
cerns the relationship between firing-pat-
tern intensity and the conservative residual-
life threshold. Under conventional round-
counting maintenance, the residual-life
threshold is set as a fixed cumulative-
rounds wvalue (typically 5,000-10,000
rounds for a 30 mm autocannon depending
on the manufacturer specification). Under
CBDI-aware maintenance, the residual-life
threshold is set as a fixed CBDI value (the
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present analysis adopts CBDI = 90 as the
conservative threshold), and the corre-
sponding cumulative-rounds limit varies
with the firing-pattern history. For Scenario
A (low-intensity), the CBDI = 90 threshold
is reached at approximately 5,500 cumula-
tive rounds; for Scenario B (medium-inten-
sity), at approximately 4,500 rounds; for
Scenario C (high-intensity), at approxi-
mately 3,800 rounds. The cross-scenario re-
sidual-life range of 1,700 rounds — equiv-
alent to approximately 30 % of the lower-
intensity life — is operationally consequen-
tial for maintenance-scheduling and pro-
curement-planning decisions.

Two further engineering implications
merit attention. First, the CBDI computa-
tion requires inputs that are partly outside
the standard maintenance-data flow as of
late 2023: the coupled thermo-mechanical
finite element simulation requires per-
round detailed pressure-temperature traces,
the erosion-wear sub-index requires peri-
odic bore-diameter measurement at stand-
ardised intervals, and the low-cycle-fatigue
sub-index requires firing-cycle strain-am-
plitude data that operating units do not cur-
rently collect. The implication is that the
operational adoption of the CBDI requires
a parallel investment in maintenance-data
collection that the present article identifies
but does not specify in detail. Second, the
CBDI is computationally non-trivial — the
coupled thermo-mechanical finite element
simulation for a single barrel takes several
hours of computer time per scenario —
and the operational adoption of the CBDI
accordingly benefits from a pre-computed
look-up-table approach in which the CBDI
is tabulated against firing-pattern de-
scriptors and the maintenance technician
retrieves the value rather than computing it
from scratch.

The combined engineering implication
is that medium-caliber autocannon mainte-
nance practice should evolve from the



current cumulative-round-count paradigm
to a CBDI-aware paradigm during the
2024-2026 transition window. The transi-
tion requires (1) the development of CBDI
look-up tables for the principal medium-
caliber autocannon production geometries,
(2) the parallel investment in firing-pattern
data collection at the operational level, and
(3) the validation of the CBDI predictive
accuracy against destructive-testing data on
a populated cohort of barrels with docu-
mented firing histories. Each of these in-
vestments is feasible within the operational
maintenance-engineering infrastructure of
NATO member states and partner nations,
and the resulting improvement in residual-
life prediction accuracy is large enough to
justify the investment.

DOCTRINAL AND POLICY IMPLI-
CATIONS

The third analytical task is to specify
what the CBDI implies for the broader me-
dium-caliber autocannon life-cycle-man-
agement doctrine and for the policy frame-
work within which procurement, mainte-
nance, and operational deployment deci-
sions are made. Three doctrinal and policy
implications stand out. The first is that the
medium-caliber autocannon life-cycle-
management doctrine should be revised to
integrate the CBDI as a primary residual-
life-prediction instrument alongside the
conventional cumulative-round-count met-
ric. The current doctrinal vocabulary, as ar-
ticulated in NATO STANAGs governing
autocannon employment and in the equiv-
alent national-level maintenance-engineer-
ing standards, treats the cumulative round
count as the principal residual-life-predic-
tion variable, with bore-diameter measure-
ment and visual inspection as supplemen-
tary inputs. The CBDI's three-sub-index
decomposition supplies a structured vocab-
ulary that the doctrinal framework can
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adopt without requiring the abandonment
of the existing measurement infrastructure
(Kumar et al., 2022).

The second doctrinal implication is that
the operational employment doctrine for
medium-caliber autocannons should ex-
plicitly account for the firing-pattern inten-
sity in the maintenance-scheduling cycle.
The cross-scenario residual-life range of
1,700 rounds documented in the previous
section indicates that two operationally
identical autocannons subjected to differ-
ent firing-pattern histories may require
maintenance at substantially different cu-
mulative-round counts. The implication for
the operational employment doctrine is
that the firing-rate guidance — typically ex-
pressed as a maximum sustained rate-of-
fire and a maximum burst length — should
be supplemented with a CBDI-aware
burst-cooling requirement that the operat-
ing crew can apply at the weapon-station
level. The Scenario B versus Scenario C
comparison in the present analysis quanti-
fies the implication: a 5-minute interburst
cooling reduces the per-1,000-rounds
CBDI accumulation by approximately 7
points relative to no interburst cooling,
equivalent to approximately 15 % addi-
tional barrel life under typical engagement
profiles.

The third doctrinal implication con-
cerns the procurement-planning cycle. The
CBDI-aware residual-life prediction sup-
plies a structured input for the procure-
ment-planning process by enabling a more
accurate forecast of the expected useful life
of a procured autocannon barrel under the
operational employment profile of the re-
ceiving force. Where the conventional cu-
mulative-round-count metric  over-esti-
mates residual life under high-intensity em-
ployment profiles by approximately 18—22
% (the Scenario C bias documented in the
Research Results section), the CBDI-aware
estimate  is  correspondingly = more



conservative and yields more accurate pro-
curement-quantity calculations. The impli-
cation for the procurement-planning prac-
tice is that the per-platform autocannon-
barrel-replacement quota should be cali-
brated against the CBDI-implied residual
life rather than the cumulative-round-count
residual life, with the resulting quota typi-
cally larger by 15-25 % under high-inten-
sity employment profiles.

Beyond these specific doctrinal recom-
mendations, the CBDI has implications for
the validation research that the next phase
of medium-caliber autocannon life-cycle-
management research needs to undertake.
The instrument as presented here is hy-
pothesis-generating rather than fully vali-
dated, and the validation requires (1) a de-
structive-testing campaign on a populated
cohort of medium-caliber autocannon bar-
rels with documented firing histories span-
ning the three accelerated firing scenarios,
(2) an inter-laboratory reliability study con-
firming that the CBDI computation pro-
duces consistent results across different fi-
nite element implementations and material-
property datasets, and (3) a longitudinal ex-
tension that tracks the CBDI predictions
against the actual end-of-life events for a
representative population of operational
autocannon barrels. Each of these studies
is feasible within a one-to-three-year hori-
zon and could be undertaken by the exist-
ing weapon-system test-and-evaluation in-
frastructure at NATO and partner-nation
testing centres.

A final policy implication concerns the
integration of the CBDI with the broader
fleet-management and reliability-centred-
maintenance frameworks that medium-cal-
iber autocannon operating units apply. The
CBDI does not replace the existing fleet-
management vocabulary but supplies an in-
tegrative  residual-life-prediction  instru-
ment that the fleet-management database
can incorporate alongside the cumulative-
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round-count, bore-diameter, and inspec-
tion-result fields. The adoption of the
CBDI as a database field in the fleet-man-
agement system enables the cross-platform
aggregation of residual-life statistics, which
in turn supports more accurate operational-
availability forecasts and more cost-effec-
tive spare-barrel inventory management.
The 2024-2026 transition window is suffi-
cient for both the doctrinal adoption and
the database integration, and the present ar-
ticle advocates for a coordinated pro-
gramme that advances both in parallel.

CONCLUSION

Medium-caliber autocannon barrels
operate under thermo-mechanical loading
regimes whose intensity has no civilian an-
alogue and whose accumulated degradation
determines both the operational availability
of the host platform and the safety margins
under which the gun system can be re-
turned to service. The published 2017—
2023 evidence base on gun-barrel degrada-
tion has matured substantially during the
analysed window, with sustained progress
in coupled thermo-mechanical finite ele-
ment modelling, validated material-testing
data for 30SiMn2MoVA gun steel, and
quantitative laws of bore-diameter evolu-
tion. This article has accepted the broad an-
alytic framing while arguing that the exist-
ing literature has not supplied an integrated
bedside-applicable degradation index that
combines the three principal degradation
mechanisms into a single composite re-
maining-service-life predictor specifically
calibrated for medium-caliber autocannon
geometries. The Composite Bore Degrada-
tion Index (CBDI) has been advanced to
fill that gap.

The first hypothesis, that the dominant
degradation mechanism in medium-caliber
autocannons under accelerated firing is
multi-mechanism  rather than single-



mechanism, finds clear support. Across the
three accelerated firing scenarios docu-
mented in the Research Results section, the
CBDI's three sub-indices each contribute
measurably to the cumulative degradation,
with the relative dominance shifting across
the firing-rounds window. The hypothesis
is therefore confirmed.

The second hypothesis, that the
CBDI's three sub-indices contribute non-
uniformly to the remaining-service-life pre-
diction with the thermo-mechanical sub-in-
dex dominating in the first 2,000-round
window, finds clear support. The sub-win-
dow dominance pattern — TM-DI domi-
nant 0-2,000 rounds, EW-DI dominant
2,000—4,000 rounds, LCF-DI dominant be-
yond 4,000 rounds — is consistent across
the three scenarios and reflects the under-
lying physical mechanisms with operation-
ally meaningful clarity. The hypothesis is
therefore confirmed.

The third hypothesis, that the CBDI
offers actionable predictive accuracy that
single-axis degradation metrics cannot rep-
licate particularly for high-intensity firing
histories, finds support but with the quali-
fier that the support is computational ra-
ther than experimental. The cross-metric
divergence under Scenario C (18-28 % dif-
ferential between the CBDI and the single-
axis metrics) is computationally demon-
strated but not yet validated against de-
structive-testing data on a populated barrel
cohort. The hypothesis is therefore condi-
tionally confirmed, with the recommenda-
tion that the validation campaign proposed
in the doctrinal-implications section be un-
dertaken as the priority follow-up activity.

The principal original contribution of
this article is the introduction of the Com-
posite Bore Degradation Index — a nor-
malised 0-100 integrative remaining-ser-
vice-life predictor for medium-caliber auto-
cannon barrels that combines a thermo-
mechanical sub-index, an erosion-wear
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sub-index, and a low-cycle-fatigue sub-in-
dex — together with the demonstration
that the index can be constructed from the
verified 2017-2023 modelling and experi-
mental evidence base and applied to a rep-
resentative 30 mm autocannon geometry
across three accelerated firing scenarios.
The CBDI contributes to the gun-barrel
engineering-failure-analysis  literature in
three ways: it integrates the otherwise frag-
mented multi-mechanism degradation anal-
ysis into a single bedside-applicable instru-
ment; it supplies a structured maintenance-
scheduling vocabulary that operational
maintenance technicians can use without
re-running the underlying finite element
computations; and it generates a research
agenda — including the destructive-testing
validation campaign and the inter-labora-
tory reliability study outlined above — that
subsequent work can pursue with multi-co-
hort experimental designs.

The methodological limitations of the
analysis are concrete and have been
acknowledged: the CBDI is a hypothesis-
generating instrument that awaits prospec-
tive experimental validation; the tempera-
ture-dependent material properties of
30SiMn2MoVA steel carry parameter-un-
certainty intervals that propagate through
the CBDI computation; the generic 30 mm
autocannon geometry used in the demon-
stration scenarios is representative but not
specific to any production weapon system;
and the weight calibration is drawn from
the published literature rather than from a
direct multi-mechanism experimental cam-
paign. The substantive limitation is that the
CBDI is presented in this article as a three-
sub-index instrument, whetreas a more elab-
orate decomposition with four or five sub-
indices — incorporating, for instance, cot-
rosion damage and propellant-residue
chemistry effects — might capture addi-
tional degradation dimensions that the



present design subsumes into the broader
EW sub-index.

Three directions for further research
follow. First, the CBDI should be subjected
to a destructive-testing validation campaign
on a populated cohort of 30 mm autocan-
non barrels with documented firing histo-
ries spanning the three accelerated firing
scenarios, with particular attention to the
validation of the EW-DI and LCF-DI sub-
indices that the present application identi-
fies as most discriminating in the interme-
diate and late firing-rounds windows. Sec-
ond, the CBDI should be calibrated for ad-
ditional medium-caliber autocannon pro-
duction geometries — 25 mm, 35 mm, and
40 mm — to enable cross-calibre

comparison and to support the migration
of the index into multi-platform fleet-man-
agement databases. Third, the CBDI's
weight coefficients should be re-fitted from
the destructive-testing validation data once
available, with the resulting validated
weights replacing the literature-calibrated
weights used in the present article. Whether
the CBDI's analytic value will prove suffi-
cient to justify its incorporation into formal
NATO STANAGs and national mainte-
nance-engineering standards is a question
this article cannot resolve. Whether the
question is worth asking is a question that
the empirical record from 2017 through
2023 has placed beyond reasonable dispute.
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Sazetak: Cijevi automatskih topova srednjeg kalibra funkcionisu pod termo-mehanickim rezimima
optereéenja koji kombinuju visoke prolazne temperature gasova (1800-2700 K), vrsne pritiske u
komorti reda 350—450 MPa i ciklicno mehanicko kontaktiranje izmedu vodeéih pojaseva projektila i
navojanog kanala cijevi. Pod ubrzanim rezimima paljbe — rafalima od 100-300 granata pri brzini
paljbe vecoj od 200 granata u minuti — rezultujuéa termo-mehanicka degradacija akumulira se nelin-
earno kroz podrucja kanala, navoja i komore. Objavljena baza dokaza za period 2017-2023. o
degradaciji topovskih cijevi znacajno je sazrela tokom ovog prozora, sa kontinuiranim napretkom u
spregnutom termo-mehanickom modeliranju metodom konac¢nih elemenata, validiranim podacima
testiranja materijala za topovski celik 30SiMn2ZMoVA i kvantitativhim zakonima evolucije pre¢nika
kanala pod kontinuiranom paljbom. Uprkos ovom sazrijevanju, nijedna objavljena studija nije obezbi-
jedila integrisani bedsajd-primjenljiv indeks degradacije koji kombinuje tri glavna mehanizma
degradacije — termo-mehanicki zamor, termohemijsko-mehanicku eroziju-habanje i niskociklusni za-
mor — u jedinstveni kompozitni prediktor preostalog servisnog vijeka specificno kalibrisan za ge-
ometrije automatskih topova srednjeg kalibra. U ¢lanku se uvodi Kompozitni indeks degradacije ka-
nala cijevi (Composite Bore Degradation Index, CBDI), normalizovan 0-100 indeks konstruisan od
tri ponderisana podindeksa: termo-mehanickog podindeksa izvedenog iz vr$nih polja temperature i
fon Mizesovog napona, eroziono-habanjskog podindeksa izvedenog iz zakona stope promjene
precnika, i niskociklusno-zamarajuéeg podindeksa izvedenog iz kumulativne Stete na pocetku navoja.
CBDI se operacionalizuje kroz numericki radni tok koji kombinuje spregnutu termo-mehanicku sim-
ulaciju metodom kona¢nih elemenata s ecksperimentalno izvedenim parametrima Celika
30SiMn2MoVA i primjenjuje na genericku geometriju 30 mm automatskog topa kroz tri ubrzana
scenatija paljbe. Testiraju se tri hipoteze: da je dominantni mehanizam degradacije u automatskim
topovima srednjeg kalibra pod ubrzanom paljbom visemehanizamski a ne jednomehanizamski; da tri
podindeksa CBDI-ja neravnhomjerno doprinose predikciji preostalog servisnog vijeka uz dominaciju
termo-mehanic¢kog podindeksa u prvom prozoru od 2.000 granata; i da CBDI nudi akcionu pred-
iktivnu tac¢nost koju jednoosne metrike degradacije ne mogu zamjeniti.

Kljucne rijeCi: opovska cijev, termo-mebanicka degradacija, antomatski top, srednji Ralibar, niskociklusni zamor,
erogija-habanje, metoda konalnib elemenata, 30SiMn2Mol/ A, preostali servisni vijek, CBDI.
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