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Abstract: The relevance of this topic is due to the need to
ensure the safety and reliability of structures and mate-
rials. The objective of this research is to develop effective
methods and strategies to prevent or retard the development
of cracks in damaged rods. The methods used include mathe-
matical modelling method, computer simulation method, che-
mical analysis method, protective coatings testing method,
mechanical testing method, and others. The research revealed
that structural assemblies markedly affect the mechanical
properties of crystalline materials, highlighting the correlation
between internal atomic configuration and fracture resistance.
Through the examination of perfect crystals as parallel atomic
planes and the study of fracture propagation kinetics, essential
processes regulating crack initiation and cessation were dis-
cerned. The study presented novel techniques that include
material deterioration in harsh environments and effectively
developed and resolved a mathematical model to prevent frac-
ture propagation in rods. This research has practical value and
significance for industries and engineering, understanding the
mechanisms that lead to the stopping of crack propagation
allows the development of methods to prevent the failure of
materials under conditions of aggressive operation.

Keywords: mechanical properties, structural failure, strength,
ideal crystal, material defects

1 Introduction

A crystal lattice is an ordered structure consisting of atoms
arranged in a particular order. The mechanical properties
of objects with a real crystal lattice, such as crystals of
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metals, semiconductors, or minerals, depend on the inter-
actions between atoms within the lattice. In highly aggressive
environments, damaged rods become particularly vulnerable
to kinetic crack development, which can lead to serious con-
sequences, including potential structural failure. Investigating
the problem of stopping this kinetic process is key to ensuring
the safety and durability of engineering structures. The
research challenges include the need to understand the pro-
cesses that initiate and propagate cracks in a material, espe-
cially in aggressive environments. This requires the study of
the physical and chemical processes that can lead to weak
points and damage in the material structure.

Comprehending the propagation of fractures in com-
promised rods necessitates a multi-scalar approach that
integrates the inherent atomic structure of materials, their
macroscopic characteristics, and the manufacturing pro-
cesses involved. The crystal lattice structure of a material
essentially dictates its mechanical strength and fracture
resistance since atomic configurations govern the distribu-
tion and absorption of stress inside the solid [1-3]. Defects
or dislocations within the lattice can operate as stress con-
centrators, triggering microcracks that, under specific con-
ditions, develop into macroscopic fractures. Moreover,
these lattice flaws frequently affect the electrical and mag-
netic characteristics of the material, which can subse-
quently serve as diagnostic markers of interior damage
using methods such as magnetic flux leakage or impedance
assessment [4,5]. Consequently, examining the relationship
between lattice defects and physical characteristics yields
insights into damage pathways and facilitates non-destructive
fracture identification. Concurrently, material production
techniques, such as heat treatment, doping, or alloying,
impact lattice integrity and fault distribution [6-8]. Opti-
mising these processes can improve the material’s resistance
to fracture initiation and propagation. Thus, the incorpora-
tion of lattice-level analysis, characterisation of physical prop-
erties, and customised fabrication methods directly facilitate
the main aim of this research: to establish scientifically
informed, multi-modal approaches for inhibiting crack pro-
pagation in rods subjected to harsh environments.
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As stated by Sagiyev et al. [9], the strength of a material
depends on how atoms bond with each other at the struc-
tural level, and plasticity is determined by the ability of
atoms to shift relative to each other without fracture. The
authors examined the influence of the structural units of the
crystal lattice on the mechanical properties of materials. They
drew attention to the fact that the strength of the material is
related to the quality of bonding of atoms at the structural
level, while plasticity depends on the ability of atoms to shift
relative to each other without fracture. This indicates that an
important yet underexplored area is the need to thoroughly
understand how structural assemblies affect the mechanical
properties of materials, as such knowledge is essential for
creating more efficient and innovative materials.

According to Faiziev [10], an ideal crystal is a model
material in which atoms or molecules are arranged in an
ordered and regular structure. The researcher considered
the meaning of an ideal crystal as a model material with an
ordered and regular structure represented as a family of
parallel atomic planes. He emphasised the importance of
the description of an ideal crystal for modern research. A
significant area related to the relationship between the
structure of the material and its mechanical properties
remains uncovered.

In conformity with Pakhriddinov et al. [11], stopping
crack propagation on a surface with uniaxial crack damage
occurs in situations where cracks appear on the material,
which may be caused by mechanical stresses or other
external factors. The researchers investigated the process
of stopping crack propagation on a surface with damage
from uniaxial cracks. They drew attention to the fact that
cracks can occur under the influence of various mechan-
ical stresses or other external factors and can lead to dete-
rioration of the strength and fatigue resistance of the mate-
rial, which can eventually lead to its failure. However, the
work of the researchers lacks analysis of the mechanisms
leading to the arrest of crack propagation on surfaces with
uniaxial crack damage.

According to the data provided by Kukudzhanov [12],
different techniques and methods can be applied to stop
crack propagation, such as stress state, heat treatment,
local strengthening, or the use of special protective coat-
ings. The researcher investigated various techniques and
methods used to stop crack propagation. He noted that
stress state, heat treatment, local hardening, or special
protective coatings can be used for this purpose. However,
it remains unclear which specific techniques or combina-
tions of techniques are most effective in specific conditions
and situations.

Gabdullin et al. [13] noted that the impact of an aggres-
sive environment on the edges of the plate can lead to the
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formation of cracks or accelerated propagation of already
existing cracks. The authors drew attention to the effect of
aggressive environment on the plate edges, which can lead
to the formation and accelerated propagation of cracks.
They also highlighted the importance of evaluating the
height and selecting the most effective design to stop the
kinetic development of cracks and prevent subsequent
material failure. However, this study lacks a detailed ana-
lysis of the effectiveness and comparative evaluation of
different methods aimed at stopping kinetic crack develop-
ment and preventing material failure.

According to the description of Raimzhanov et al. [14],
the effect of a soft external aggressive environment on the
crack surface is an analysis of how the environment affects
crack behaviour and development. The researchers
reviewed the effect of soft external aggressive environ-
ment on the crack surface and highlighted the need to
analyse the effect of the environment on crack behaviour
and development. They noted that this is an important
aspect that requires considerable attention in the design
and improvement of technologies, especially considering
the possibility of softening of the material or accelerated
crack propagation due to chemical reactions or other pro-
cesses. However, the work of the researchers lacks a
detailed analysis of the mechanisms underlying the effect
of soft aggressive medium on the crack surface. From this
analysis, it can be seen that when considering the material
near the crack tip, there are areas where molecular or
atomic bonds may be weakened. These areas may be due
to stress concentrations and therefore, hecome more vul-
nerable to further crack development. It is important to
understand the presence and influence of such regions on
material damage mechanisms in order to develop effective
strategies to control and prevent them.

This study comprehensively examines the interaction
between mechanical stresses, corrosive media, and reinfor-
cing techniques, in contrast to previous studies that concen-
trate on individual aspects such as material qualities or envir-
onmental exposure, therefore addressing a significant gap in
fracture mechanic’s research. The models also account for
real-world variables like cyclic loads, fatigue effects, and pro-
tective coatings, yielding more applicable insights for indus-
trial applications. This research addresses the deficiency of
integrated, predictive models that consider both environ-
mental and mechanical factors during the initial stages of
crack formation and propagation, thereby enhancing the
comprehension of material behaviour under operational
stress and providing significant recommendations for enhan-
cing material durability in adverse conditions.

The aim of this research is to establish methods and
strategies that can effectively prevent or retard the process
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of crack development in damaged rods. This includes
investigating the mechanisms that contribute to crack
development and developing appropriate methods to con-
trol and manage this process in order to ensure the safety
and durability of structures.

2 Materials and methods

A synthesis of modelling, chemical analysis, and mechan-
ical testing techniques was utilised to comprehend the
behaviour of cracked rods in hostile situations. The computer
simulation examined the impact of mechanical, chemical,
and electrochemical mechanisms on crack propagation.
Chemical investigation elucidated corrosion mechanisms at
the crack surface, and mechanical testing determined the key
stress thresholds at which crack propagation ceases, thus
targeting the primary objective of preventing crack growth.

A multiphysics model was created to predict fracture
propagation under harsh settings, including mechanical, che-
mical, and electrochemical processes that arise when mate-
rials encounter hostile environments, such as corrosion and
temperature variations. The model, predicated on a two-
dimensional plane strain assumption, incorporated boundary
conditions that simulated the interaction of fractures with
external environmental influences and interior material
properties, including stress distribution and degradation.
Corrosion was included as a time-dependent degradation
component that diminishes tensile strength around the frac-
ture tip, hence facilitating crack propagation. The finite ele-
ment analysis software employed for these simulations was
ANSYS, a prominent commercial program renowned for its
strong modelling skills in structural analysis. Crack develop-
ment was regulated by the Paris law for fatigue crack propa-
gation, and sensitivity analyses evaluated the influence of
environmental variations (e.g. pH, salinity, and temperature)
on crack propagation rates.

The statistical technique was employed to examine the
correlations among environmental conditions, material
qualities, and crack propagation rates, utilising IBM SPSS
Statistics software for regression analysis, ANOVA, and
multivariate analysis. This procedure facilitated the deter-
mination of essential stress thresholds and the modelling
of corrosion and stress mitigation impacts on the material’s
mechanical characteristics. The prediction models were
calibrated and confirmed wusing experimental data,
yielding insights into ideal settings for crack prevention.

Chemical analysis determined and measured corrosive
substances in the hostile environment and their impact on
the material at the fracture surface. X-ray photoelectron

Preventing crack kinetic development in a rod exposed to aggressive environment

—_ 3

spectroscopy and scanning electron microscopy (SEM)
were employed to examine corrosion products and surface
morphology next to the crack tip. The experimental set-
tings encompassed exposure to multiple concentrations
of corrosive solutions (e.g. saline and acidic solutions), tem-
perature ranges from 25 to 60°C, and differing humidity
levels. These parameters were chosen to simulate
authentic maritime and industrial environments. The
results indicated that corrosion-induced stress concentra-
tions considerably compromised the material, hence has-
tening fracture development. The results were included in
the simulation model to enhance its precision.

Mechanical testing was performed on rods subjected
to both static and dynamic stress conditions characteristic
of severe environments, such as those seen in marine or
industrial contexts. The mechanical testing apparatus com-
prised a universal testing machine proficient in delivering
both tensile and fatigue stresses. The rods underwent ten-
sile tests at loading rates ranging from 0.5 to 5 MPa/s, and
for fatigue testing, load frequencies between 1 and 5Hz
were utilised. The fatigue cycling was performed at R-
ratios (load ratios) ranging from 0.1 to 0.8 to replicate
diverse loading circumstances, and fracture toughness
was assessed by a three-point bending test. The mechanical
properties of the material were assessed under controlled
conditions, with systematic variations in temperature
(10-50°C), pressure (1-5bar), and exposure to corrosive
environments (including saltwater and acidic solutions).
Critical stress and strain values were established for sev-
eral loading configurations, including axial and bending
loads, to identify the limits beyond which fracture propa-
gation is unimpeded. The experimental results were com-
pared with the simulation data to ensure consistency and
confirm the model’s predictions.

Fatigue life analysis subjected the material to cyclic
loads, replicating actual circumstances. The cycles, indica-
tive of standard operational stresses, encompassed max-
imum load values ranging from 200 to 500 N with loading
ratios (R) between 0.1 and 0.8. This research combined
mechanical strain with environmental deterioration, pin-
pointing regions where fractures were most likely to
initiate and extend. The results were utilised to improve
simulation models, specifically concerning the environ-
mental impacts on fracture propagation.

The testing of protective coatings entailed the applica-
tion of several coatings, polymeric, ceramic, and metallic,
on the rods, then exposing them to harsh settings for
500-1,000 h under both static and dynamic stress condi-
tions. The coatings were evaluated for thickness (between
20 and 100 um) and for their resistance to corrosion and
mechanical abrasion under cyclic loading conditions.
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Fracture development was observed by digital image cor-
relation and SEM to examine fracture propagation and
coating degradation. Critical experimental variables
encompassed coating thickness, material composition,
and time of exposure to the corrosive environment, parti-
cularly highlighting saltwater and acidic solutions.

A mathematical model was built to mimic the mechan-
ical, chemical, and electrochemical processes within the
rod, as well as fracture propagation under severe climatic
conditions. The model presupposed linear elasticity distant
from the fracture tip and isotropic material characteristics,
integrating the influences of both tensile and shear
stresses. This model was verified with experimental data,
confirming its precision and dependability in forecasting
actual material behaviour. Practical validation was accom-
plished by contrasting the simulation outcomes with
empirical data on fracture initiation periods, propagation
rates, and fatigue performance under diverse load and
environmental conditions. The numerical results were clo-
sely aligned with actual behaviour in tensile and fatigue
testing, validating the model’s accuracy in forecasting
material responses in practical operating contexts.

The logical and functional examination of the study’s
theoretical framework enabled the formulation of a com-
plete approach for avoiding fracture propagation, which
includes protective coatings, material reinforcements, and
stress management strategies. The deductive approach
facilitated the synthesis of knowledge from diverse
research approaches, establishing generic solutions for
fracture avoidance across varied materials and environ-
mental situations. This research eventually aids in the for-
mulation of effective strategies to inhibit fracture develop-
ment in compromised rods, especially within marine and
industrial contexts.

The application of the deduction method made it pos-
sible to examine the results in detail and develop appro-
priate recommendations. These recommendations are
aimed at identifying problems associated with improving
the condition of elements and components of marine ves-
sels. In the field of marine shipbuilding, methods and tech-
nologies are actively researched and implemented to
improve the safety, reliability, and durability of marine
vessels, as well as to minimise the negative consequences
associated with possible defects and damage.

3 Results

The factors influencing insufficient strength of marine ship
structures can be diverse. The use of inferior or incompatible
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materials can significantly impair the strength of ship struc-
tures. For example, corrosion of metal parts due to improper
choice of materials can lead to weakening of the struc-
ture [15].

Inadequate maintenance of ships can lead to the accu-
mulation of damage, which can deteriorate over time and
lead to weakened strength. Intense operating conditions
such as exposure to water, salt, and environmental factors
such as wind and waves can accelerate deterioration and
damage to structures. The use of outdated equipment or
technology can make structures less resistant to stresses
and external influences. Residual stresses generated
during manufacturing or operation can degrade the
mechanical properties of materials and increase the like-
lihood of failure. Imperfections in the assembly and fabri-
cation processes can create weaknesses in the ship’s struc-
ture that can become sources of cracking and failure. The
presence of wedges, hatches, and other structural elements
can create stress concentrations and impair load distribu-
tion in the structure, which can lead to localised deforma-
tion and failure. Design flaws such as improper load dis-
tribution or unaccounted stress points can make the
structure more susceptible to failure [16].

Corrosion can lead to the gradual deterioration of a
ship’s metallic structures, impairing their strength and
durability. These factors combined can pose serious pro-
blems for the safety and durability of marine vessels and
require careful monitoring and management during the
design, construction, and operation of the vessel. The
external environment, including seawater, atmospheric
air and precipitation, can have a significant impact on
the strength and durability of ship hulls and other struc-
tures in the marine environment. This corrosion process
can lead to cracks and other defects that can ultimately
reduce the strength and reliability of ship structures
[17,18]. In addition, exposure to atmospheric air and pre-
cipitation can also have a negative impact on ship hull
materials. For example, rainwater with a high acidic con-
tent can cause corrosion of metal surfaces [19].

As a result of deteriorating environmental conditions,
the strength characteristics of ship hulls may decrease to
dangerous levels, which poses a threat to both ship and
personnel safety. Therefore, it is important to regularly
monitor the condition of ship structures and take appro-
priate measures to protect them from the external envir-
onment. The importance of considering the external envir-
onment, including the quality and composition of
seawater, atmospheric air, and rainfall, is that these factors
directly affect the strength properties of marine hulls and
structures. The use of poor-quality steel can reduce the
overall strength and corrosion resistance of a ship [20].
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Taking these factors into account in the calculation and
design of naval vessels makes it possible to anticipate
and minimise potential problems, ensuring a high level
of vessel safety and reliability. This is important to ensure
the efficiency and durability of naval equipment, as well as
to protect the crew and the environment. When carrying
out repair work on a ship, it is necessary to consider the
effects of the external environment on the strength and
condition of the ship’s hull and structures. For example,
if a vessel has corroded due to exposure to seawater,
repairs should include measures to remove the corrosion
and apply protective coatings or materials that will ensure
durability and reliability after repair. This approach will
prevent further deterioration of materials and ensure the
safety of the vessel in operational conditions.

These factors can affect the effectiveness of the crack
stopping process and the long-term durability of the ship’s
structure. Ship repair work must take these factors into
account to ensure that structural crack stopping is carried
out effectively and safely. When carrying out repair work
on a vessel, it is important to consider various aspects,
including the location of cracks, their size, and the shape
and force acting on them. These factors help to determine
the best type and extent of repair measures. Uneven
expansion and contraction of materials due to temperature
changes can create additional stresses and contribute to
crack formation [21,22]. For example, if the crack is in a
critical location that requires special attention, more com-
plex and extensive work may be required. It is also impor-
tant to consider the strength characteristics of the material
to select appropriate repair methods and materials to
restore the strength and reliability of the structure. All
these factors must be considered in the planning and
execution of repair work to ensure the safety and longevity
of the vessel. A simple scheme is used to perform the cal-
culations: the effects of the reinforcing bars are replaced
by four symmetrically arranged concentrated forces

2lo
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(Figure 1). These forces act at rivet locations close to the
crack, and their magnitude is given.

When carrying out repair work on ships, the impact of
the external environment on the properties of materials
and structures is taken into account. This means that the
choice of materials, repair methods, and technologies used
consider the standards and regulations that govern the
safety and quality of work and protect the environment
from adverse effects. For example, seawater may contain
various aggressive substances such as salts, acids, and
other chemical compounds that can cause corrosion of
metal structures [23]. A detailed analysis and under-
standing of the requirements of these standards play a
key role in ensuring that repairs are performed properly
and the safety of the ship and the environment is ensured.
It can be assumed that the process of damage formation in
the rod material is described by formula (1) of the heredi-
tary damage theory.

1 . o
Eij = 5(1 +Q )Sl], E= @

E;
where Sy, Ej; is the deviators; 0 is the voltage of g;; tensors;
€ is the deformation of g; tensors; u is the instantaneous
moduli of elasticity in shear and volume compression; k is
the instantaneous moduli of elasticity in volume compres-
sion; Q* is the integral operator describing the process of
damage accumulation.

Q" takes the following form in the case of a monotonic
force:

t
o xf= [ae - @, ¥)
0

where t is the time; and 7,, are the tangential stresses.

It is assumed that the material has partially collapsed,
i.e. when the maximum critical value of strain at stress is
reached ¢y, the material loses its integrity while retaining
its basic mechanical properties, which corresponds to the

yoX

\

Figure 1: Schematic diagram of a cracked rod under symmetrical loading and reinforcement modelling.
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second strength theory. Tangential stresses 7y, on the line
where the crack is located are zero, but the normal stresses
are equal to each other. According to the above strength
criterion, the condition of transition of the rod material to
the state of partial dissociation is as follows:

1+ Q%ay = gy, 3)

where o, is the tensile strength.

In this case, the tensile strength o, depends on the
concentration of aggressive substances in the environ-
ment. It has been experimentally established that aggres-
sive media have a significant effect on the mechanical
properties of metals by softening them. In this study, the
effect of aggressive medium is attributed to the penetration
of these components into the solid structure by diffusion.
Also, temperature changes can induce thermal stresses in
materials, which can lead to deformation or cracking [24].
To quantify the presence of corrosive components in a
material, the concentration of these components is used.
Formula (4), which describes the concentration distribu-
tion of aggressive components in the material, is a para-
bolic diffusion equation applicable to the plane case.

2
+ %] @

o
x>

oc

i

where c is the concentration of aggressive medium compo-
nents at the point of the rod under consideration.

The condition c(x, y, 0) = 0 means that the concentra-
tion of aggressive medium components at the initial
moment of time is equal to zero, and on the crack edge
surface c(t) = 1 is the boundary condition. Here c is set
relative to the value of the concentration of the aggressive
medium at the crack edges. In this study, a simplified ver-
sion is considered, in which the change in material proper-
ties due to the presence of aggressive medium components
in its volume and, as a consequence, the reduction in the
tensile strength g, can be described by

On = gpo(1 — yo), (5)

where y is the experimental concentration factor of the
excited medium, where 0 <y <1.

It is assumed that the distribution of this concentration
remains constant with time, and it can be assumed that the
concentration of formula (6) decreases linearly according
to formula (4):

H-x

o (6)

c(x) =

where ¢ = 1; H is the characteristic transverse dimension
of the rod; gy is the short-term strength limit.
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When environmental conditions deteriorate, cracking
can lead to strength reduction to dangerous, critical levels
[25]. When the critical value is reached, the strain &, tends
to infinity, which leads to the appearance of a transient
displacement jump v across the crack. The stress and strain
processes leading to material failure depend on the tem-
poral development and accumulation of damage. In a
material subjected to fragmentation, the stress [v] depends
on the magnitude of the transient displacement jump. It
can be assumed that the stress relaxation in a partially
disintegrating material element occurs as follows: the
stresses reach the same value ¢,(t) as in the disintegrating
element just before the crack tips. Complete failure [v] with
loss of basic properties occurs at any critical value of the
transient displacement jump, which remains constant for
the material.

V] = ber, ™

where [v] is the boundary between the fracture and the
fragmentation zone.

This means that immediately in the vicinity of the tip
of the main crack, there appears a region of partial disin-
tegration, where the criterion from formula (5) is fulfilled
at the boundary of this region with the non-disintegrating
material, and the criterion from formula (7) is satisfied at
the boundary with the main crack. A corresponding math-
ematical problem can be formulated. According to the sym-
metry, at any moment of time ¢, the edges of the crack
x = £l(t) will be located on the axis x at its points. The
force gy» = Oyw = 0w acting at infinity at the moment of
time ¢t = 0 is applied at the initial moment of time and
remains unchanged. As the crack propagation continues,
a region of partial disintegration of the material is formed,
the edges of which are located on the axis x at any point
x = ta(t). Due to the symmetry of the material, it is suffi-
cient to consider only the upper half-plane y > 0. On the
boundary of this half-plane, y = 0, the following conditions
must be fulfilled. The stresses are not felt at every point of
the boundary. Since the edges of the crack are free from
applied forces, and the tangential stresses outside the crack
must be zero due to symmetry.

Gw=0;y=0; —00 < X < +00, (8)

In the crack itself there is no normal stress, and in the
partial dispersion region, it does not depend on the posi-
tion of the x and corresponds to the value g,(t). This value
is determined at the considered moment of time in the
element formulas (9) and (10), where the partial dispersion
zone continues at x = ta(t).

0y =0; y=0; x| <I(1), ()]
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gy = 0,(t); ¥y = 0; 1(t) < x| < a(®). (10)

The symmetrical condition implies that there is no vertical
displacement outside the fracture and material decay zone.

v=0; y=0; |x| > a®). 11)
Load conditions at infinity
Oy = 0y = Ow; Ty = 0; X2 +y2 = oo, 12)

Formula (5) is performed at the boundary of the frag-
mentary dispersion zone with the whole material

1+ Moy, =0y y=0; x==a(t). 13)

The boundary between the fracture and the fragmen-
tation zone is defined as (7).

[v] =2v = 6; vy =0; x=zI(¢). (14)

Through the potentials ®(z) and ¥(z), where z = x + iy
is a complex variable, the voltages g, and 7,, are repre-
sented as follows:

Oy + ity = B(2) + D(2) + Z29'(2) + P(2). (15)
The boundary conditions from formulas (9) and (10)
are written in the following form:
D(x) + P(x) + xP'(X) + ¥(x) =0, y=0; |x| <[
B(x) + B(x) + xP'(x) + ¥(X) = 0y,
y=0; l<|x] <a.

(16)

Complex potentials in the plural are described as follows:

D(z) = Dy(z) + P1(2);

17
W) = W2) + V(2). an

Here &y(z) and Py(z) are solutions for the complex
potentials on the whole plane. This plane is loaded by
four centrifugal forces P and a stress system at infinity
0. The functions @((z) and ¥y(z) have the following form:

Bo(z) = -2 : + :
° A+ 0)|@-LPF+y @+ L)+
+ _0-00;
4 (18)
6y, P 1 1
Wy(z) = +
D= A+ o) G-1p+ W @+LP+y
+ Eo-oo,
where 6 = 1+V, v is the Poisson’s ratio.

We consider the question of finding the potentials
®4(z) and W(2). For this purpose, the following function
is introduced:
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2i(z) = zP{(z) + ¥1(2). 19)

Considering formula (19), if substituting formula (17)
into the boundary conditions from formula (16), it is pos-
sible to obtain

P1(x) + P100) + 2100 = f(x), y=0; x| <[,
D1(X) + D1(X) + i(x) = 0, + f(X),
y=0; I[<|xl =c

(20)

Here the function f(x) = —[@o(x) + Po(X) + xPy(x)+
Py(x)] taking into account the relations from formula
(18), it is possible to obtain

x-L
X +
((x = L)? + y})?

X+1L
((x = L)? + y})?

e VAY

Since the function f{x) is a real function, Im Q; (z) = 0
Moreover, the functions @; (z) and ¥; (z), as well as the even
function Q; (2), are solutions to the stress boundary value
problem, which vanishes when approaching infinity: if z -
oo, then @, (2)—0. Hence, Q; (z) = 0 is obtained. Moreover, due
to the symmetry of the problem axis, we obtain formula (22)

®4(2) = D1(2). (22)

Then, the boundary conditions from formula (20) can
be written as follows:

B1(x) + P1(x) = 28(x), (23)
where
1
S, W<k
g = (24)
Lf(x)’ [ < |X| <a,
2
or, given formula (22), would be as follows:
D100 + D1 (0) =2800); x| <, (25)

where ®;*(x) is the limits of the function ®;(z) when
approaching the crack line from the upper and lower
half-planes, respectively.

Formula (25) defines a conditional Riemann-Hilbert
problem whose solution is

.[ vaz ng(X)

D4(2) = (26)

Given that Q; (z) = 0, from formula (19), we obtain

Ivaz x*g(x)

Yi(z) = dx, (27)

n(z% - az)x/z2 e

thus the complex potentials ®(z) and ¥(z) are given as
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w1 1 1
o(z) = n(1+9)[(z—L)Z+y2 + AT + 0=
1 a\/ a* - x? g(x)
NE- @ |
‘ (28)
B &y, P 1 1 1
W(Z)_n(1+6) (z—L)2+yO2+(z+L)2+y2 T
2 «/mg(x)
IT(ZZ — a2)3/2 _[

Then, if these assumptions for the stress g, and dis-
placement v, and the conditions from formulas (13) and (14)
are taken into account, and if it is required that the stresses
at the points x = +a be bounded, the following system con-
sisting of two integral and one algebraic equation can be
obtained:

_ p
(1 + 0)

Zy(t) + 10, — Zararccos— 0, (29
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the following notations are adopted here:
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2
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The stress limiting equation from formula (29) and the
strength criterion from formula (30) are equations
expressed by two unknown functions a(t) and o, (f) in
the range [0; to]. At this time, the crack is at rest and has
length 21,. Formula (31), which represents the condition for
reaching the limiting opening condition of the crack banks,
is an equation that takes into account the time ¢,, when the



DE GRUYTER

crack starts to move. Since the equations obtained are
mathematically complex, an approximate method based
on the following expression can be applied to obtain qua-
litative estimates [23]:

Qf() = kx (& x Df(t),

where k is the parameter chosen according to the kernel of
the integral operator.

We can apply the simple value Q = constant as a
kernel, so that in this case, k = 0.3. Then, the transition to
dimensionless quantities:

(43)

a L Yo t (o
a<—>—;L<—>—; o = te — g= —;
lo 7, te’ O
T Ow
= -, Qe .Qt(); P o B (44)
2 oo Opo -
TUS ey . E
“ (0 + Dlpoyo’ I’

The following simplified system of equations is
obtained and can be solved:

P 1
- mZl(t) +a-o(t) arceos o = 0;
_1_VHH_7f(1[) _P(1+_Qt)Z .
G(t) B 1+ kQt 7-[(9 + 1) Z(t) s
2(2 - 6)PLyo(K(1)T(1) + M(DR(1)) - (45)

70 + 1)\/(aX1) - L2 + y} ) + 413y}

+ M In a)|A + kQ) = .

The important characteristics of a material’s resis-
tance to crack formation are related to its ability to resist
fracture. This means that the possible effects of seawater,
air, precipitation, and other environmental factors must be
considered when selecting repair materials, repair
methods, and technologies [26]. The ultimate force value
associated with the onset of crack development indicates
the maximum load that a material can withstand before
cracking begins. It is an important measure of the strength
of a material and is used to evaluate its reliability under
different service conditions. Time to crack rupture is
another key characteristic that indicates the length of
time the material can resist crack development before
cracking is complete. This is particularly important in the
case of prolonged exposure to external factors or in the
presence of material fatigue [27]. Both these characteristics
play an important role in engineering calculations, design,
and material selection for specific applications, as they
determine the reliability and durability of structures and
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Figure 2: Dependence of crack initiation time on the relative position of
the points of application of concentrated forces relative to the crack
length.

products. The method has been numerically implemented
fora=01;0=1;6,=1;P=0.1;y = 0.01; H =100 using a
computational programme. The graphical results are pre-
sented in Figures 2 and 3, where the dimensional charac-
teristics are labelled with arrows for easy understanding.

The graphs show an ambiguous dependence of the
crack failure time on the relative position of the points
where concentrated forces are applied, both horizontally
and vertically, relative to the crack length. When structural
crack stopping is performed on ships, it is necessary to

Qt, A
1.8

1.5 =

1.05 =

05

02 =

>
1 1.1 1.2 yo/lo

L}
1.3 14 15
Figure 3: Dependence of crack initiation time on the relative position of
the points where concentrated forces are applied vertically with respect
to the crack length.
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consider the effects of the external environment [28,29].
This means analysing environmental characteristics such
as water composition, air quality, and weather conditions.

The simulated results from ANSYS are shown in Figure 4,
showing the distribution of equivalent elastic strain across
the cracked rod shape. The rod’s shape, boundary conditions,
and material degradation processes were modelled to
approximate the build-up of elastic strain and stress concen-
trations at the crack tip. The model takes into account strain
localisation caused by the geometric discontinuity of the frac-
ture and illustrates the resultant deformation patterns.

In Figure 4, the crack is evident near the midpoint of
the rod, configured as a sharp notch perpendicular to the
longitudinal axis. This discontinuity induces heightened
strain values resulting from localised deformation in the
damaged area. The simulation illustrates a progressive dis-
sipation of strain from the fracture tip, exhibiting a seam-
less transition to reduced strain areas at both extremities
of the rod. This feature exemplifies elastic strain redistri-
bution in an unreinforced structure subjected to axial
stress. The observed behaviour corresponds with the Grif-
fith and Paris fracture models, where elevated strain con-
centration signifies a probability of crack propagation [30].
The simulation findings corroborate the theoretical
energy-based criteria used in this study to determine the
threshold energy for fracture initiation. The model indi-
cates that in the absence of reinforcements or environ-
mental safeguards, strain localisation around the fracture
promotes rapid propagation under load. Furthermore, the
meshing around the fracture exhibits adaptive refinement,
essential for precise calculation of the stress intensity
factor. The uniformity of the strain field throughout the
model, except near the crack tip, confirms the assumption
of plane strain conditions, and the simulation reinforces
the multiphysics framework by distinctly distinguishing

A: Static Structural
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: mm/mm

2.51e-04
|| 1.94e-04
] 1.66e-04
= 1.38¢-04
= 1.10e-04
= 5.47e-05

2.76e-05
1.39-09
1.39¢-09

e

Figure 4: Equivalent elastic strain distribution in a pre-cracked cylindrical
rod under static loading.
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mechanical contributions prior to including chemical and
electrochemical effects.

The simulations demonstrated that the time for frac-
ture initiation depends on both stress and environmental
conditions. The simulations demonstrated that the dura-
tion for fracture initiation extends when the applied force
is situated farther from the crack tip. As L/l values
increased, the duration for crack initiation markedly pro-
longed, particularly when the load was applied at greater
distances from the crack (Figure 2). For L/l, values between
2.1 and 2.3, the period of fracture initiation was somewhat
extended, although the crack propagation rate (Qty)
showed a gradual rise. As the load approached L/l = 2.5,
fracture initiation significantly escalated, leading to a
sharp rise in Qt,. This result corresponds with the trend
illustrated in Figure 2, where fracture initiation time is
significantly affected by the load position in relation to
the crack.

Subsequent analysis of corrosive elements on crack
initiation yielded substantial findings. Figure 3 depicts
the correlation between fracture initiation time and the
relative alignment of vertically applied concentrated
forces. The simulations validated that increased corrosive
exposure (yo/lp) results in a decrease in fracture initiation
time. For example, when yo/l, increased from 1.2 to 1.5, the
crack initiation time decreased, yet the crack propagation
rate markedly rose from Qt, ~ 1 to 1.8. This conclusion
aligns with the behaviour seen in Figure 3, where fracture
initiation time significantly decreases under harsher envir-
onmental conditions, leading to expedited crack propaga-
tion. The quantitative data from these simulations corro-
borate the findings of Janssen et al. [31], who observed
analogous trends in crack initiation resulting from envir-
onmental degradation, with Qt, rising by as much as 50%
with heightened corrosive exposure.

The simulation results analysed the influence of
applied stress on fracture propagation across various
environmental variables. With the escalation of the
applied load, fracture propagation became more pro-
nounced, particularly at high-stress settings. Under limited
applied loads (L/ly < 2.3), fracture propagation was slow,
with Qt, values maintained below 0.5. Upon exceeding the
load threshold of L/l, = 2.5, fracture propagation signifi-
cantly intensified, with Qt, nearing values approximating
1, especially under heightened corrosion conditions. These
results support Cai et al. [32], demonstrating that stress and
corrosion synergistically accelerate fracture propagation,
with Qt, values increasing exponentially once both compo-
nents exceed critical thresholds. This discovery corre-
sponds with the trends illustrated in Figure 2, where an
elevation in L/l; beyond a certain threshold leads to a
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considerable increase in crack propagation, highlighting
the importance of both load and environmental exposure
in affecting fracture behaviour.

The simulations assessed the influence of reinforce-
ment techniques on the inhibition of fracture propagation.
The incorporation of reinforcements at the fracture tip
significantly reduced the crack propagation rate in com-
parison to non-reinforced rods. The incorporation of rein-
forcements markedly reduced the crack propagation
rate Qto, even at high loads, demonstrating that reinforce-
ment techniques may mitigate the effects of stress concen-
tration at the fracture tip. This research corroborates the
findings of Yu et al. [33], who revealed that reinforcing
techniques, including fibre-reinforced composites, can
reduce fracture propagation rates by as much as 40% in
corrosive conditions. This outcome substantiates the
hypothesis that material reinforcements enhance fracture
resistance and extend the longevity of rods subjected to
extreme conditions.

The programme further investigated the influence of
fatigue loading on fracture development. Simulations
under cyclic loading circumstances have shown that
fatigue significantly accelerated fracture initiation com-
pared to static loading, particularly in corrosive environ-
ments. This evidence indicates that the interaction of cyclic
stress and environmental degradation can markedly expe-
dite fracture initiation and propagation. A significant dis-
covery from these simulations was the decrease in fatigue
life under cyclic stress, with Qt, values rising by as much as
25% relative to static loading circumstances, especially
when yy/ly = 1.5. This discovery aligns with Zhang et al.
[34], which demonstrated that cyclic stress diminishes
material lifespan by promoting crack formation in marine
environments. This outcome underscores the necessity of
accounting for dynamic stress variables in practical appli-
cations, including marine structures and industrial
machinery, where cyclic loading frequently occurs.

Subsequent simulations investigated the impact of pro-
tective coatings on fracture propagation. The results
demonstrated that several coatings, such as polymeric,
ceramic, and metallic varieties, efficiently prevented frac-
ture propagation in corrosive settings. Ceramic coatings
provide enhanced protection, reducing the fracture propa-
gation rate (Qto) by 20-30% compared to untreated rods,
while polymeric coatings provide moderate protection,
lowering Qt, by 10-15%. These results correspond with
those of Zhao et al. [35], who noted that ceramic coatings
offer the greatest resistance to corrosion-induced fracture
propagation in analogous materials. The findings demon-
strate that protective coatings significantly extend the dur-
ability of materials exposed to severe circumstances,
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corroborating the notion that coatings mitigate the impact
of environmental stress on fracture propagation.

The programme examined the correlation between
material flaws and fracture propagation. The results
demonstrated that rods possessing pre-existing material
defects, such as voids or inclusions, exhibited significantly
increased fracture propagation rates, even at diminished
applied loads. The flaws served as stress concentrators,
making the material more susceptible to fracture initiation
and rapid propagation. This study supports the idea that
material quality is crucial for fracture resistance, high-
lighting the need for high-quality materials in critical
applications. Yu et al. [33] also observed that minor mate-
rial defects could considerably diminish the fatigue resis-
tance of components subjected to harsh environments.

In conclusion, the comprehensive software results pro-
vide an in-depth analysis of the influences of applied stress,
environmental exposure, material reinforcements, and
protective coatings on crack initiation and propagation.
The results align with the primary study objectives and
correlate accurately with the patterns illustrated in
Figures 2 and 3. They highlight the complex interaction
between mechanical stresses and environmental factors,
offering insights into effective methods for reducing frac-
ture propagation and enhancing material durability in
adverse settings. These findings further validate the devel-
opment of preventive strategies and design standards to
ensure the longevity and safety of buildings exposed to
extreme operating conditions. The incorporation of quan-
titative comparisons with prior research and experimental
data enhances the reliability of these findings, providing a
more thorough comprehension of crack behaviour in intri-
cate contexts.

Applying protective coatings to the surface of the rod
can protect it from aggressive environmental influences
such as corrosion or chemical reactions. These coatings
can be chemically resistant and create a barrier that slows
the propagation of cracks. The application of strengthening
techniques to the material can improve its mechanical
properties and resistance to cracking. This can include
heat treatment, mechanical strengthening, and the addi-
tion of specialised additives to improve its properties.
Stress control techniques can prevent stress concentration
in areas prone to cracking [36]. This can be achieved
through careful structural design or the use of special
stress distribution methods. An important aspect of
preventing crack propagation is the timely detection and
monitoring of cracks [37]. This may include the use of non-
destructive testing methods such as ultrasonic or radio-
graphic testing. With the advent of new materials and
technologies, innovative methods of crack prevention are
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also emerging. These may include the use of nanomater-
ials, composite materials, or the development of specia-
lised coatings.

It is recommended that manufacturers adopt sophisti-
cated material selection procedures by utilising high-per-
formance alloys or composite materials that exhibit
exceptional resilience to mechanical loads and corrosive
conditions. Furthermore, the incorporation of protective
coatings, including ceramic or polymeric options, must
be prioritised in applications subject to harsh conditions,
such as maritime or industrial gear. Integrating reinfor-
cing methods at crucial stress locations, especially at frac-
ture tips, can improve material performance and avert
premature failure. Additionally, fatigue-resistant designs
must be used to reduce the rapid fracture propagation
seen under cyclic loads, emphasising the need for material
inspection systems to detect any faults early. Finally,
dynamic load testing needs to be a normal procedure,
ensuring that actual operating stresses are accounted for
during the fabrication process to ensure long-term struc-
tural integrity.

It is important to note that the effectiveness of each of
these methods depends on the specific service conditions
and material characteristics. A combination of several
methods and strategies often gives the best results in pre-
venting crack propagation in damaged bars in aggressive
environments.

4 Discussion

An approach known as reinforcement or reinforced con-
struction is used to prevent the propagation of cracks and
prevent catastrophic development of defects in materials
and structures. These strong bars, often referred to as rein-
forcement, are installed near cracks or along vulnerable
areas to strengthen and improve structural strength.
Fixing cracks to reinforcing elements allows loads from
the crack to be transferred to stronger elements, such as
bars, thereby preventing further crack propagation. This
method is widely used in construction, mechanics, and
other industries to ensure the durability and reliability of
structures and materials when used under highly stressed
or exposed conditions.

Considering a rod as thin and infinite allows for sim-
plifying the mathematical model and consider its beha-
viour within certain boundaries [38]. This is often used
in engineering calculations and research to analyse the
behaviour of materials under different loading and envir-
onmental conditions. When a rod material is damaged, it
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means that defects, damage, or cracks are already present
in the material. This can be caused by various factors such
as mechanical loads, material fatigue, chemical attack,
thermal effects, and other environmental influences.
Damage in a material can led to a reduction in its strength,
stability, and durability. The study of the behaviour of
damaged materials plays an important role in engineering
calculations and design, as it allows predicting the beha-
viour of materials under realistic operating conditions and
taking appropriate measures to prevent failures. When a
crack is filled with an aggressive medium, it means that a
substance or medium is present inside the crack that can
have a negative effect on the core material. This aggressive
medium may be chemically active, corrosive, or contain
harmful substances such as acids, alkalis, salts, and other
chemical compounds.

The presence of an aggressive medium within a crack
can accelerate the failure process of the material, causing
corrosion, dissolution, or other chemical reactions that can
reduce its strength and lead to further crack development.
This is an important factor in analysing and predicting the
behaviour of damaged materials under service conditions
[39]. Placing a rod typically involves defining its geometric
parameters and specifying its exact position in space. This
may include determining its dimensions, shape, length,
orientation, and position relative to other objects or a coor-
dinate system. The placement of a rod can be determined
by its coordinates in the system, as well as its orientation
and other parameters that may be important for analysing
its behaviour. Initial crack length is the initial length of a
crack in a material before it further develops or propagates
due to various factors. It is one of the important para-
meters in the analysis of crack behaviour and strength
of materials. When the thickness of the rod is small com-
pared to the crack dimensions, it means that the thickness
of the material from which the rod is made is much smaller
than the length and width of the crack. This assumption
allows the material to be considered under plane strain
conditions.

This study discusses the use of infinite tensile beha-
viour of a rod, which is valuable for improving the strength
of materials and structures. It is important to note that the
presented study also makes the assumption of constant
loading throughout the analysis time, which allows a
more detailed study of the behaviour of the rod under
ultimate conditions and an assessment of its strength per-
formance under extreme loading conditions. It is also con-
sidered that environmental conditions can lead to changes
in the material structure, accelerated failure, and crack
formation. This is an important aspect that significantly
affects the strength performance of the material and the
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behaviour of the structure. This aspect has also been inves-
tigated by the authors Maji and Lavanya [40], and Morgado
et al. [41]. They concluded that it is important to consider
the importance of using plane strain conditions to simplify
the simulation and observe the material behaviour under
varying load conditions, while Morgado et al. pointed to
the fact that it is necessary to consider the turbulence or
turbulence of the environment in the region of the crack
banks, since these conditions can significantly affect the
structure, behaviour, and rate of crack development, and
dynamic processes such as currents, wind, swell, and other
factors play a significant role in the formation of crack
banks. It was also mentioned that modern design and mod-
elling techniques must take into account the mechanical
loads caused by the effects of turbulent environmental
conditions on the fracture banks.

The presented work emphasises the importance of the
characteristics of the effects of different factors on the
material, such as chemical reactions, corrosion, and
changes in mechanical properties. This aspect is important
for understanding the failure processes and damage devel-
opment in materials under the influence of aggressive
environments and is useful in developing strategies to pre-
vent fracture in weakened joint zones, also focusing on the
influence of aggressive environment concentration on the
stress state in the weakened joint zone. A wider range of
exposure factors have also been considered, including
changes in material properties under the influence of dif-
ferent aggressive media, thus showing a more comprehen-
sive view of the effects of aggressive media on materials
and fracture processes in the crack region. This has also
been investigated by Li et al. [42] and Wang et al. [43].
Researchers Li et al. came to the conclusion that many
factors are necessary to understand the effect of aggressive
medium on materials, especially in the context of changing
the concentration of this medium on the stress state in the
zone of weakened joints, this aspect helps to further
expand knowledge about the mechanisms of failure of
materials and develop more effective strategies to pre-
vent failure. In turn, Wang et al. focused on the fact
that it is important to study the nature of the stress
state in the zone of weakened joints in the upper part
of the crack. Also, the researchers point to the need to
analyse the changes occurring in the surrounding mate-
rial under the influence of external factors such as
increased stress, corrosion, and changes in mechanical
properties. It is important to understand the mechanisms
of fracture of materials and the development of measures
to prevent fracture in areas with weakened connections.
This author has considered characteristics that allow a
more accurate assessment of the effects of aggressive
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environments on materials and their structure, this is
critical for developing strategies to prevent failure and
ensure the safety of structures and equipment in aggres-
sive environments.

In this study, the effect of a significant reduction in the
stress level in a certain zone was considered and analysed.
Considering the importance of understanding the mechan-
isms and consequences of this phenomenon, factors that
can cause stress reduction such as changes in the structure
of the material or exposure to aggressive environments
were highlighted. This was done to determine the strength
characteristics of the material and to develop strategies to
prevent fracture in the cracked zone. Also, the strategic
importance of studying the phenomenon of stress reduc-
tion was indirectly considered. It may be mentioned that
this work highlights the importance of not only predicting
the material behaviour in the presence of cracks, but also
developing strategies to control and manage them. Unlike
uniform or proportional change, the process can change at
different rates or even accelerate depending on the specific
conditions, which highlights the importance of modelling
these changes to better understand and manage the crack
movement process.

This question has also been the subject of research by
Zhang et al. [44] and Liu et al. [45]. Zhang et al. concluded
that the study of effects is a key aspect that is crucial for
determining the strength characteristics of the material
and the development of effective strategies to prevent frac-
ture in the crack region. The authors also note that under-
standing the mechanisms and effects of crack initiation is
important to develop appropriate fracture prevention
strategies. While Liu et al. drew attention to the non-
linear changes in the initial time of crack movement as
a function of the reduction in the effects of centralised
forces preventing its development, this indicates the sig-
nificance of considering various factors in the analysis of
the crack development process and is relevant to the
development of fracture prevention strategies in mate-
rials. The results of the study by these authors emphasise
that the effectiveness of the crack development process
can be heterogeneous and variable depending on various
factors such as the impact force and material characteristics.
This means that the process can proceed non-linearly and be
subjected to different influences, which requires a better
understanding to develop effective crack management and
prevention strategies. Also, the importance of predicting the
cracking behaviour of the material and developing strategies
to control and manage them is highlighted. In contrast to
uniform or proportional change, the process can change at
different rates or even accelerate depending on specific con-
ditions, which highlights the importance of modelling these
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changes to better understand and manage the cracking
process.

5 Conclusion

The present study has conducted a thorough examination
of the processes behind fracture initiation and propagation
in rods subjected to mechanical loads and adverse envir-
onmental conditions. A notable theoretical contribution is
found in the use of plane strain assumptions, validated by
the geometric situation in which the rod’s thickness is con-
siderably less than the fracture length. This modelling tech-
nique facilitated precise simulation of stress fields and
fracture kinetics under restricted deformation, enhancing
comprehension of material behaviour in limit states. The
presumption of infinite axial loading enabled the examina-
tion of stress development at the fracture tip, uncovering
threshold conditions for material breakdown.

The rod’s spatial and geometric parameters, such as
length, orientation, and positioning relative to other struc-
tural elements, were determined to be essential for accu-
rately mimicking boundary conditions. The incorporation
of environmental degradation elements, including corro-
sion and chemical assault, enabled the model to accurately
represent real-world occurrences in which microstructural
alterations caused by hostile media expedite fracture pro-
cesses. This confirmed the significance of incorporating
environmental factors into structural integrity evaluations.

The main findings of this research encompass:

— verification of plane strain conditions as a dependable
method for modelling thin rods with predominant frac-
ture lengths;

— identification of essential stress regions where
fractures begin and extend, facilitating localised failure
predictions;

— measurement of the impact of corrosion and chemical
exposure on the start time and propagation rate of
cracks;

— mathematical analysis of crack arrest circumstances,
aiding in the predictive modelling of long-term struc-
tural integrity;

- display of material alteration due to chemical contact,
encompassing localised embrittlement and reduction in
strength.

The research suggests from a practical standpoint:
— utilisation of corrosion-resistant alloys and surface
treatments in components subjected to severe chemical
or marine conditions;
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— utilisation of sophisticated protective coatings (e.g.
ceramic or polymeric) to reduce fracture development
at susceptible contacts;

— optimisation of design by reinforcing methods in high-
stress areas to disperse mechanical loads;

— implementation of cathodic protection systems in sce-
narios where electrochemical deterioration is the pri-
mary failure mechanism;

— surveillance of geometric discontinuities and micro-defects
with non-destructive testing to avert premature failure.

The simulations demonstrated significant concordance
with experimental findings on stress redistribution, frac-
ture propagation under fatigue loading, and the impacts of
corrosion, therefore offering empirical support of the
model’s predictive capabilities. The integration of theore-
tical modelling and multiphysics simulation provides a
comprehensive framework for evaluating structural dur-
ability under intricate service situations.

This research addresses a significant gap in fracture
mechanics by providing a multiparametric simulation-
based technique that incorporates both mechanical and
environmental deterioration. It provides pragmatic recom-
mendations for material selection, structural design, and
failure mitigation measures in high-risk sectors such as
offshore engineering, chemical processing, and energy
infrastructure. Future research should focus on integrating
real-time sensor data with adaptive computational models
to broaden the applicability of this framework for in situ
structural health monitoring and automated decision-
making in maintenance planning.
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