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Abstract. The results of the analysis of emergency statistics indicate that the problem of improving the safety of sea
navigation remains very relevant. At the same time, one of the causes of serious damage to the hulls of ships is the ef-
fect of intense locally distributed loads, which often lead to the destruction of structures and even the death of ships.
A promising way to solve this problem is the introduction of onboard intelligent systems into the practice of ship op-
eration. To develop a local strength control unit, it is necessary to have methods for calculating structural elements be-
yond the elastic limit that provide the required accuracy with minimal computing power. A technique has been devel-
oped to take into account the effect of subsidence of frames adjacent to the loaded frame on the deformation of the lo-
cally loaded side overlap, and an assessment of the possibility of its application in the local strength control unit of the
onboard intelligent system has been carried out. The presented technique is based on the realization of the hypothesis
“about the instantaneous opening of plastic hinges”. The comparison with the calculation results using the finite ele-
ment method implemented in the ANSYS software package is carried out. An acceptable for strength calculations
of ship hull structures agreement of the results was noted, which indicates the possibility of practical use of the devel-
oped methodology, in particular when implementing the local strength control unit in on-board intelligent systems.
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AnHoOTanms. Pe3ynpraThl aHanu3a aBapuHHOM CTaTHCTHKU CBHIETEIBCTBYIOT O TOM, YTO IpOOJieMa IOBBHIIICHHS
0€301aCHOCTH MOpEIIIaBaHUs OCTACTCSI BeCbMa aKTyaslbHOU. [Ipy 3TOM OHON U3 MPUYMH BOSHUKHOBEHHS CEPhE3HBIX
MOBPEXKJCHUIN KOPIyCOB CYJIOB SBISIETCS ICHCTBUE MHTEHCHUBHBIX JIOKAIBHO PACHPEACICHHBIX HArpy30K, IPUBOLS-
IIMX HEePEeAKO K pa3pylIeHHI0 KOHCTPYKIHUH M maxke rudenu CymoB. I[IepCIeKTHBHBIM ITyTE€M peIICHHS YKa3aHHOH
poOIEMBI SIBIISIETCS BHEAPEHUE B MIPAKTHKY IKCIUTyaTallil Cy0B OOPTOBBIX MHTEIUIEKTYaIbHBIX cHcTeM. [l pa3pa-
60TKM 6510Ka KOHTPOJIS MECTHOH MPOYHOCTH HEOOXOJMMO pacronaraTb METOJAMH pacyeTa 3JEMEHTOB KOHCTPYKIMI
3a MPEAENoM YNPYTroCTH, 00eCIeUunBaOIUMU TPeOyeMyI0 TOYHOCTh PH MHUHHMAIIBHBIX 3aTpaTax BBIYMCIUTENbHBIX
MoInHocTei. Pa3paboTana MeTonMKa, MO3BONAIONIAS YYUTHIBATH BIHSHHE MPOCAJKH CMEXHBIX C HarpykaeMbIM
MIMAHTOYTOB Ha Ae(OPMHUPOBAHUE JTOKATIBHO 3arpyKEHHOT0 OOPTOBOTO MEPEKPHITHUS, H MPOBEIEHA OIIEHKAa BO3MOXK-
HOCTH €€ NPUMEHEHUs B OJIOKe KOHTpPOJISI MECTHOH NpOYHOCTH OOPTOBOM MHTEIUICKTYalbHOH crucTteMsl. IIpencras-
JICHHAs] METOIUKa OCHOBaHA Ha peall3allud THIOTE3bl «0 MTHOBEHHOM PACKPBITHU IIACTHYECKUX IIApHUPOBY. IIpo-
BEJICHO COIIOCTABJICHUE C PE3yJIbTATaMH pacueTa 110 METOAy KOHEYHOr'O 3JIEMEHTA, PEaIM30BAHHOIO B IPOrPaMMHOM
nakere ANSYS. OrmeudeHo npuemieMoe 1l IPOYHOCTHBIX PACUETOB CYI0BBIX KOPIIYCHBIX KOHCTPYKIIMI COrIacoBa-
HHE Pe3ylbTaToB, UTO CBHJETENBCTBYET O BO3MOXKHOCTH MPAKTUYECKOTO MCIOJIB30BaHUS Pa3pabOTaHHONW METOIHKHY,
B YaCTHOCTH MPH pealn3aiiy 010Ka KOHTPOJISE MECTHOI MPOYHOCTU B GOPTOBBIX MHTEIIEKTYaIbHBIX CUCTEMAX.

KiroueBbie cjioBa: OOPTOBbIC MHTEIUICKTYaJIbHBIE CHCTEMbI, KOHTPOJb IPOYHOCTH, MECTHAS IIPOYHOCTb, IIACTHYE-
ckue nedopmaryu, 6anka Habopa, MIIACTUYECKUI IAPHUP, NPOrHd, METO.T KOHEYHBIX 3JIEMEHTOB

Jns murupoBanus: bypaxoscxuil E. I1., Bypaxosckuii I1. E., Bepesouxun A. B., FOcuin B. M. K Bompocy o BeIGope
METOJIOB pacuera B 3ajadax KOHTPOJII MECTHOW MPOYHOCTH B OOPTOBBIX MHTEIUICKTYalbHBIX CHCTeMax // BecTHuk
AcTpaxaHCKOro rocylapcTBEHHOro TexHHuYeckoro yHuepcutera. Cepusi: Mopckas TexHHKa W TexHousorus. 2023.
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Introduction

Increasing the safety of navigation is one of the key
issues in the marine equipment operation. Statistics
shows that, despite the improvement of hull structures,
equipment and navigation aids, significant number
of the world fleet vessels continue to have shipwrecks
and one of the most common reasons for the loss
of ships is unfavorable weather conditions. The inter-
action of a vessel with the external environment in
such conditions is characterized by significant uncer-
tainty, as a result of which a person is often unable to
take right decisions on the control of the vessel that
would enable to prevent emergency situations.

A promising trend for improving navigation safety
is the development and implementation of on-board
intelligent systems that would allow to carry out real-
time monitoring of the stability, unsinkability and
strength of a vessel under extreme operating condi-
tions [1-4]. In this case, the on-board intelligent system

for monitoring operational strength has to contain
a number of blocks, and, in particular, blocks for
monitoring general and local strength.

Requirements for on-board intelligent strength
monitoring systems

When monitoring local strength, the condition
of both plate and beam elements of the ship's hull has to
be assessed (Fig. 1), and it is necessary to take into ac-
count the interaction of individual elements in the pro-
cess of perceiving intense locally distributed loads [5-7].
To monitor the condition of a shell plate of a vessel, some
methods have been proposed [8, 9] that allow timely de-
tection of the occurrence of a dangerous state and warn
the navigator about the need to implement measures to
reduce force impacts on the hull structure. Considering
that deflection is an integral characteristic of the strength
of ship structures, it is first of all necessary to control its
value when accepting operational loads.
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MONITORING THE OPERATIONAL STRENGTH OF A VESSEL BASED ON AN ON-BOARD
INTELLIGENT SYSTEM
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Fig. 1. Conceptual model of an integrated computing complex control of the operational strength of the vessel

Since the risk of destruction of the beam structures
of the ship's hull is determined by the value of the
maximum relative plastic elongations of the beam ma-
terial in the area of the dent, the on-board intelligent
system has to monitor these elongations. The operation
of the local strength control unit of the on-board intel-
ligent system in real time requires the use of calcula-
tion methods that ensure minimal expenditure of com-
puting power while maintaining satisfactory accuracy
of the result obtained. With such tough restrictions, the
use of generally accepted methods, for example FEM,
is not always possible, since the calculation time for
most practical tasks is an order of magnitude longer
than when using engineering methods [5-7, 10].

These make it possible to significantly reduce the
number of unknown variables that should be deter-
mined in the process of structure deformation analysis
in comparison with numerical calculation methods,
and provide the ability to analyze the structures defor-
mation beyond the elastic limit in real time mode. The
implementation of such a unit in the on-board intelli-
gent operational strength monitoring system will allow
the navigator to make timely decisions to change the
vessel's operating mode, for example, to stop fishing in
glagons. This will not only reduce the amount of dam-

age to ship hull structures, but would also prevent the
loss of ships, as was the case, for example, with the
large fishing freezer trawler “Kapitan Bolsunovsky”
that carried out fishing in conditions of glagons impact
on the hull [11]. The analysis showed that the use
of engineering methods in the tasks of studying the
deformation of beam structures of ship hulls instead
of numerical methods enables to reduce the calculation
time by one to two orders of magnitude, depending on
the specific problem, while maintaining the required
accuracy.

The setting of the problem

The accuracy of engineering calculations is directly
related to taking into account the physical and geomet-
ric features of the deformation of hull structures. The
more fully the main dominant factors are taken into
account, the more accurate the result will be. Let us
consider the problem of deforming a locally loaded
ship grillage (Fig. 2, a). We will build the solution
based on the hypothesis “about the instantaneous
opening of plastic hinges” [10]. A similar problem has
already been considered in [5-7] under the assumption
that the frames adjacent to the loaded one do not un-
dergo deformation.
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Fig. 2. Side grillage in the process of loading: a — loading scheme; b — longitudinal forces in the grillage elements

Let us complicate this task by assuming that an in-
crease in load leads to deformation of the frames adja-
cent to the loaded one. In this case, after the formation
of the collapse zone, longitudinal forces will arise [7],
which will act on adjacent frames (Fig. 2, b). The
magnitude of longitudinal forces directed both along the
loaded frame (77) and in the transverse direction (75)
can be assessed by dividing the structure into rigid and
flexible connections according to the method described
in [10]. Taking into account the sharp attenuation
of longitudinal forces, it can be assumed that taking
into account the deformation of the first pair of adja-
cent frames (No. 1 in Fig. 2, b) can be limited to de-
termining the collapse pattern of the grillage. In prin-
ciple, using a similar scheme, it is possible to consider
the influence of deformation of frames more distant
from the loading site (No. 2 in Fig. 2, b).

The purpose of this study, in accordance with the
above, is to develop a methodology that allows us to
take into account the effect of subsidence of frames
adjacent to the loaded frame on the deformation
of a locally loaded side grillage, and to evaluate the
possibility of its use in the local strength monitoring
unit of the on-board intelligent system.

Under the action of an intense locally distributed
load on the frame of the ship side grillage, it will deform
along with the vessel shell plating that acts as an elastic-
plastic base and at the same time is an attached girdle.
In this case, the design diagram of the loaded frame will
have the form of a beam lying on an elastic-plastic base
with sequential inclusion of rigidities [5, 7]. In this case,
the frames adjacent to the loaded frame will also be
deformed due to the action of longitudinal thrust forces

(Fig. 3).

)

Fig. 3. Scheme of transferring forces to an adjacent frame

This will lead to a decrease in the rigidity of the
base of the loaded frame and an increase in its deflec-
tions. It should be noted that the greatest decrease in
the rigidity of the base of the loaded frame will be ob-
served at the point of loading, since here the deflec-
tions of the adjacent frame will be maximum. As you
move away from the loading site, the decrease in the
rigidity of the loaded frame will be less pronounced,
since as you move away from the center of loading,
the deflections of adjacent frames will also decrease.

Thus, the elastic-plastic base on which the loaded
frame lies will be a base with sequential inclusion
of rigidities, and its parameters will continuously
change along the length of the loaded frame. However,
to a first approximation, the loaded frame can be divid-
ed into a number of sections, within which it will lie on
a foundation with sequential inclusion of rigidities, the

10

parameters of which remain unchanged within the sec-
tion, i.e. use the calculation schemes outlined in [5-7].

Development of calculation methods

Let us consider the deformation of the frame adja-
cent to the loaded frame. As a first approximation, we
can assume that the load acting on the adjacent frame
is applied according to the trapezoidal law (Fig. 4).
The intensity of the load on the frame adjacent to the
loaded frame is determined from the condition

q3 Wm

where wy is the deflection of the loaded frame at the
point where the load is applied; wy. — deflection
of the loaded frame at the location of the maximum
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bending moment.

Considering that in the area of maximum bending
moment the shear force is zero, the load intensity of the
intermediate frame can be found from the condition:

40ty _p
2

where /., is the distance from the loading point to the
maximum bending moment.
After the transformations you can find:

- Pm
ql - Zlmax (WO + Wmax ) '
Pwmax
q; =

2 lmax (WO + Wmax ) '

The design diagram of the frame adjacent to the
loaded one can be considered as a beam lying on an

4,

elastic-plastic base with variable rigidity. The charac-
teristics of this elastic-plastic base are determined by
considering the deformation of a cantilever beam-strip
in a state of complex bending.

In the elastic stage of operation of a cantilever
beam-strip, its deflection can be determined from the
expression

B Ra3(l—p,2)

3 is the complex bending

where f(2u) = M
u

T(1-p’
M 4 argument of the com-
EI 2

plex bending function; a — transverse spacing.

function; u =

/

max

Fig. 4. Calculation scheme of the frame adjacent to the loaded

The rigidity coefficient of the elastic base in this
case is determined by the formula

R 3E]

K=—= :
o @ (1-p) f,(4u)b

where b is the width of the beam-strip.
For a plastic string, deflections can be determined
from the expression

_Ra
fa,

0

f

Accordingly, the base stiffness coefficient can be
found from the expression

T
k=2_

e

ab’

It should be noted that the magnitude of the longi-
tudinal forces acting in the cantilever beams-strips
separated from the outer shell and supporting the
frame adjacent to the loaded one changes when mov-
ing along the frame. It is of greatest importance at the
point of loading, gradually decreasing with distance
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from it. In addition, this force depends on the magnitude
of the external load applied to the frame. Thus, the
frame adjacent to the loaded one at each loading stage
should be considered as a beam lying on a base with
a rigidity variable along the length of the beam, i.e.

K=A£2).

To calculate such a beam, along with the methods
presented in [12], an approach can be used that in-
volves dividing the beam into separate sections, within
which the rigidity of the base is assumed to be con-
stant. At the same time, with an increase in the number
of sections, the accuracy of the calculation also in-
creases, however, as the analysis shows, in most prob-
lems with accuracy sufficient for practical use, one can
limit oneself to dividing the beam into three sections.

In accordance with the above, to determine the de-
flection of the frame adjacent to the loaded one, we
divide it into three sections, two of which are beams
of finite length, lying on an elastic-plastic base, and
the third is semi-infinite (Fig. 5). Fictitious supports
are shown at the boundaries of the plots.
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Fig. 5. Calculation scheme for determining the drawdown adjacent to the loaded frame

The equation of the elastic line of each of the sec-
tions, within which the rigidity of the base is assumed
to be constant, is determined by the known dependen-
cies presented, for example, in [12]. The integration
constants included in these expressions are determined
from the boundary conditions, taking into account the
continuity of the functions of the main bending param-
eters at the locations of the fictitious supports.

It is advisable to carry out the calculation of the
frame adjacent to the loaded frame using the hypothe-
sis of “instantaneous opening of plastic hinges”. As the
load on the adjacent frame increases, a plastic hinge
will form in the center of the load (Fig. 6), while fur-
ther calculations are carried out according to the
scheme outlined above, taking into account the
changed boundary conditions.

S

[

L,

Fig. 6. Calculation scheme of the adjacent frame after the formation of a plastic hinge

The scheme for correcting the rigidity of the elas-
tic-plastic base of the frame is shown in Fig. 7. The
following notations are used in the figure: / — force-
deflection relationship of a beam-strip of a shell plate
lying on rigid supports; 2 — approximation of the
force-deflection relationship of a beam-sheathing strip
without subsidence of supports; 3 — approximation
taking into account the settlement of frames adjacent
to the loaded one; w,q — deflection of the frame adja-
cent to the loaded one, determined according to the
dependencies presented above; w; — deflection of the
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loaded frame; w; — deflection, at which there is
a change in the rigidity of the elastic-plastic base of the
loaded frame without taking into account the subsid-
ence of frames adjacent to the loaded one; wy;, — de-
flection, at which there is a change in the rigidity
of the elastic-plastic base of the loaded frame, taking
into account the subsidence of the frames adjacent to
the loaded frame. The use of this calculation method
makes it possible to determine the deflections of local-
ly loaded frames, taking into account the deformation
of beams adjacent to the loaded one.
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Fig. 7. Scheme for correcting the rigidity of the elastic-plastic base of the loaded frame

Results and discussion sults of FEM calculations using the ANSYS software
The results obtained were compared with the re-  package (Fig. 8).

Type: Directions] Deformstian(y Asis)
e .

Global Coordinate Systern
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108203073

20029e-TMax
-0.0069663

Fig. 8. General view of the deformed side grillage

Figure 9 shows the distribution of plastic elonga-  visability of using the concept of a plastic hinge [13]
tions at the loading site. The figure shows a strong  when solving such problems.
localization of these elongations that confirms the ad-

.

Fig. 9. Plastic elongations at the point of loading of the side grillage
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Figure 10 presents a comparison of the calculation
results using the methodology developed by the au-
thors and using FEM using the ANSYS software pack-

age. As can be seen from Fig. 10, there is good agree-
ment between the results.

P, kN
600 ¥4
FEM
400 >
proposed method
200 ="
X
0 20 40 60 80 w, tnm

Fig. 10. Comparison of calculation results according to the proposed method and using the FEM

Conclusions

The analysis showed that one of the promising
ways to increase the efficiency of fleet operation and
navigation safety is the use of on-board intelligent
strength monitoring systems. Their development re-
quires calculation methods that allow strength assess-
ment with minimal consumption of computing power.

The calculation results using the developed method are
in good correspondence with those obtained using
FEM that allows us to recommend the presented meth-
od for practical use, for example, when implementing
a local strength monitoring unit in on-board intelligent
systems in real time.
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