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Abstract. The article presents the assessment of rigidity of ship intermittent connections.
The stress distribution and the values of rigidity coefficients of intermittent connections of
the structure have been studied. The analysis is based on the results of computational proce-
dures which follow the finite and boundary element methods to the contrary of the numerical
methods used by other authors who cover the same topic. It has been established that there is
a great variance and a lot of allowances in rigidity coefficients, as well as methods for their
calculation. An analysis of methods for determining rigidity coefficients has shown that they
cannot practically be introduced into the computer-aided system for ship structure design in
the form presented in appropriate literary sources. In addition, the paper covers various ap-
proaches to interpretation of the rigidity coefficients of intermittent connections and methods
for their calculation using the example of a discontinuous plate. It is shown how to apply
the finite and boundary element methods with their possible integration into computer-aided
design systems.

Keywords: rigidity of intermittent connections; rigidity factor; computer-aided system for
ship structure design.

AnnHoranus. IIpuBeneHa oleHKa K€CTKOCTH MPEPLIBUCTBIX CBSI3€il CyJOBOr0 Ha3HAYECHMUS.
W3yvatorcst pacripeseneHle HalpsDKeHWH M BEJIMYMHBI  KOI(M(OHUIMEHTOB HKECTKOCTH
MPEPBIBHBIX CBS3eM KOHCTPYKLUHM. 3a OCHOBY aHajiu3a IPUHUMAIOTCS pPEe3yIbTaThbl
pPacUeTHBIX IPOLEAYP METOAAMM KOHEYHBIX M TIPAHUYHBIX 3JICMCHTOB B CPAaBHEHUU C
YHUCIICHHBIMU aHAJIMTUYECKUMH JIPyTUX aBTOPOB. YCTAHOBIICHO, 4YTO KOY()(PHUINEHTHI
JKECTKOCTH, a TaK)Ke€ METOJbl MX OMPEIENICHHs CHIIBHO Pa3lIMualoTcs MEXIy COOO0H, UMEIOT
MHOKECTBO JONYIICHUH. AHanM3 METONOB OINpeAeieHus] Kod(P(UIMEHTOB KECTKOCTH
[I0Ka3aJjl, YTO B TAKOM BUJE, KAK OHU M3J1araroTCsl B JIUTEpPAType, BHEAPEHUE UX B CUCTEMY
aBTOMAaTU3UPOBAHHOIO IIPOEKTUPOBAHUSI CYJOBBIX KOHCTPYKLIUK ITPAKTUYECKU HEBO3MOXKHO.
PaccMoTpeHb! pa3iinuHble MOAX0/Ibl K TPAKTOBKE KOI(PPUIIMEHTOB KECTKOCTH MTPEPBIBUCTHIX
CBA3CM M METOABl UX ONPEICIICHUS Ha IpUMEpe INPEPbIBUCTOM IutacTuHbl. ITpuopsrcs
IIyTH UCIOJIb30BAHUS METONOB KOHEUHBIX U IPAHUYHBIX JIEMEHTOB C BO3MOXKHOCTSIMHU UX
MHTETPUPOBAHUS B CUCTEMbI ABTOMATU3UPOBAHHOIO IPOCKTUPOBAHUSL.

KiaroueBnle cj10Ba: XECTKOCTh MPEPLIBUCTBIX CBH3eﬁ; KO3(1)(1)I/IIII/IGHT KCCTKOCTH, CUCTCMaA
ABTOMATU3UPOBAHHOT'O IMPOCKTUPOBAHUA KOHCprKI_[I/Iﬁ CyaAOBOI'O Ha3HAYCHMUH.

AmnoTanis. HaBeneHo OIiHKY KOPCTKOCTI TIEPEPUBYACTHX B’ SI3¢H CYTHOBOTO TPU3HAYCHHS.
BuBuaeTscs po3moOmin Hampy)KCHb 1 3HAUCHb KOCQIIIEHTIB KOHIICHTpAIii HaIpyXeHb
MepepuBYACTHX B 53¢ KOHCTPYKIii. 3a OCHOBY aHalizy IpUHMAIOTECS pEe3yNbTaTh
PO3paxyHKOBUX MPOLELYp METOJAaMM KIHIEBHX 1 TI'DaHWYHUX EJIEMEHTIB IOPIBHAHO 3
poboTamul iHIMX aBTOPIB. BcTaHOBIEHO, MO KOS(IIIEHTH KOPCTKOCTI, a TAKOXK METOAU
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iX pO3paxyHKy IyXe Pi3HAThCA MDK COOO0, MAIOTh BENHKY KiJIBKICTh MPUIMYIICHb. AHATi3 METOIIB BH3HAYCHHSI
KOe(III€HTIB )KOPCTKOCTI IMOKa3aB, 0 B TAKOMY BHUIJISI/, SIK BOHU TOJIaHi B JIiTEpaTypi, BOPOBAIKEHHS X B CHCTEMH
ABTOMATH30BAHOTO IPOEKTYBAHHS CYAHOBUX KOHCTPYKLIM NPAKTHYHO HEMOXJIHMBE. PO3MIAHYTO pi3HI MigXomau IO
TIyMa4yeHHs Koe]ili€HTIB )KOPCTKOCTI MEPEepUBUACTUX B sI3€id, 1 METO/M X BU3HAYCHHSI HA TIPUKIIAJII TIepepUBIACTOl
IIJIaCTUHU. HaBO}IHTLCﬂ IIJIAXHW BUKOPHUCTAHHA MeTO}liB KiHHeBI/IX i T'paHUYHUX €JIEMEHTIB 3 MOKJIMBOCTSIMU
iHTeryBaHHH B CUCTEMHU aBTOMAaTHU30BaHOI'O IPOCKTYBAHHS.

KoarouoBi ciioBa: >KOpCTKICTh IepepuBYATHX B’si3ei; KOE]ILIEHT JKOPCTKOCTI; CHUCTEMa aBTOMAaTH30BaHOTO
HpoeKTyBaHHSI KOHCprKHiﬁ Cy[[HOBOl“O HpI/I3Ha‘IeHHH.
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Problem statement. Design dimensions of the con-
nections of ship structures are conventionally assigned
based on the conditions of strength, rigidity and stability.
If it is an intermittent structure, the degree of its contri-
bution to the overall strength is usually characterized by
such a term as rigidity. In turn, the indicator of a struc-
ture’s rigidity is the rigidity coefficient.

The coefficient of rigidity of intermittent connections
has a completely different interpretation as compared to
the one adopted for a continuous structure subject to ten-
sion, bending and torsion. The rigidity performance of
ship discontinuous structures is assessed judging from
the shear stresses and displacements at the junction be-
tween discontinuous and continuous parts.

Latest research and publication analysis. Hull
structures contain a lot of connections with a limited
length and a sharply changing cross section. These con-
nections are called intermittent because they have a sub-
stantial effect on the longitudinal or transverse strength
of ship structures (depending on their orientation on the
ships hull).

A sharp change in cross section of the hull connec-
tion or its interruption leads to a redistribution of stresses
and change in rigidity. Numerical evaluation of rigidity
of a discontinuous structure is performed on the basis
of rigidity coefficient that takes into account the effect
of the discontinuous part of the structure. In the study
of deformation of intermittent ship structures, they are
conventionally divided into two components: the section
that is continuous over the entire length of the structure
and the adjoining discontinuous section, i.e., the one that
covers only a part of the structure length. The forces of

interaction of these sections are assessed with the pro-
vision of equality of the deformations along the line of
their junction.

Current requirements for the design of ship struc-
tures make a point for employing domestic systems of
computer-aided ship design, for instance, as it is sug-
gested in [1].

Many papers consider the design of intermittent ship
hull connections [2—7] largely relying upon assessment
of their rigidity coefficients. The data they provide is
quite contradictory and dissociated in a large number of
sources due to the diversity of pairing forms between the
discontinuous and continuous parts of the structure.

THE ARTICLE AIM is to generalize and system-
atize the concept of rigidity coefficient of ship structures,
as well as the methods for their assessment.

The analysis of the methods for determining rigid-
ity coefficients has shown that they can hardly be intro-
duced into domestic computer-aided systems for ship
structure design in the form presented in appropriate
literary sources, since they contain many allowances
poorly implemented in the system. Up-to-date numeri-
cal methods for the assessment of the stress-strain state
of intermittent connections allow for the use of finite
element (FEM) and boundary element (BEM) methods
[1]. The ultimate goal of this study is to determine the
rigidity coefficients of intermittent connections based on
numerical methods for the assessment of the stress-strain
state of hull structures.

Basic material. Intermittent connections are formed
both along and across the ship hull, affecting both the
longitudinal and transverse strength of ship hull struc-
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tures at the same time. A significant place is occupied
by superstructures, which are part of the continuous
ship hull. The publication [3] deals with the study of the
stress-strain state of ship superstructures as a type of in-
termittent ship structures.

In the study of the stress-strain state of intermittent
connections, their discontinuous parts are mentally sepa-
rated from the continuous part. It is supposed that there are
shearing and normal interaction stresses along the line of
their junction. These stresses are determined based on the
condition that the deformations along the junction line of
the discontinuous and continuous parts are equal.

In the first place, one should compare the intermittent
ship connections to the structures that have cutouts. In
general, intermittent connections are exposed to stretch-
ing, bending, and shearing forces. Formation of intermit-
tent connections of the structures with cutouts is shown
in Fig. 1. The object of analysis is a ship structure with
relatively large cutouts which is subject to stretching.
It is clear that the intermittent connections are singled
out through splitting the structures along their symme-
try axes. Such allocation of intermittent ship connections
allows combining the tasks of assessment of the stress-
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strain state both of the ship structures with large cutouts
and of the intermittent ship structures. In turn, this allows
for the use of similar mathematical models, calculation
procedures, and methods.

As it follows from Fig. 1, the most common pattern
is a stretchable plate having a rectangular cutout with
rounded corners (see Fig. 1,a). Meanwhile, Fig. 1,b
shows an intermittent structure formed when condition-
ally splitting the structure along the longitudinal axis of
symmetry. Splitting along two axes of symmetry results
in an intermittent connection shown in Fig. 1,c.

In the plates with two (Fig. 1,d) and four cutouts
(Fig. 1,9), intermittent connections form similarly. For
the plate with two cutouts, intermittent connections are
shown in Fig. 1,b and 1,c. For a plate having four cut-
outs (Fig. 1,g), an intermittent connection can take the
form shown in Fig. 1,h.

Fig. 1,i presents an intermittent connection typical
for suspended foundations and structures loaded with
centripetal forces.

Intermittent connections appear as design solutions
devised during the design of hull structures. A brief anal-
ysis of these design solutions is shown in Fig. 2.
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Fig. 1. Stretching diagrams for plates with various cutouts: a — a plate with a single cutout; b, ¢ — intermittent connections formed
at the presence of a single cutout; d — a plate with a double cutout; e, f — intermittent connections formed at the presence of a
double cutout; g — a plate with four cutouts; h — an intermittent connection formed by four cutouts; i — an intermittent connec-
tion under the action of centripetal forces
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Fig. 2. Diagrams of formation of intermittent connections on the basis of design solu-

a — half-width of the ship superstructure; b — part of the foundation for the main
power plant; ¢ — reinforcement under concentrated weight loads; d — festoons of
bottom stringers in the forepeak; e — structure of a bracket floor; f — structure of
transition of the keel stringer into a longitudinal framing; g — structure of transition
from one framing profile to another; h — structure of the foundation for the turbine
assembly; i — transition of a three-layer structure to a stacked structure by means of

bolting; j — structure of joining of a sandwich structure with a stacked structure by
means of attachable belts

With the purpose of analyzing the stress-strain state
of the structure, it is feasible to consider a simple struc-
ture in which one of the connections ends abruptly. This
problem is considered in papers [2; 4] for the plate ex-
posed to stretching. The aim of these studies is to deter-
mine the rigidity coefficient of intermittent connections.
It is presented as a ratio of the shear force intensity g, to
the shear displacement u, of the discontinuous part of
a relatively continuous structure. This definition is ex-
pressed in [2] as follows:

k-=a/u, (1

where the shear displacement is of the following form:
h
B-
gy @
Ug = T~ >
q 0 G
Here 7, is the shear stresses in the cross section of

the continuous part deduced from the equilibrium condi-
tion at the plane stress state:
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Txyz - (-)I. ax ) dy + (r,\:y )03 (3)

Paper [2] assumes that in the cross sections of the
discontinuous area that is remote from the end cross sec-
tions, normal stresses hardly depend on the y coordinate
of the cross section in the discontinuous part. The shear
force intensity along the line of attachment of the discon-
tinuous part to the continuous one is equal to

-t
gt (4)
a—%

Equations (2) and (3) include the following quanti-
ties: t is the thickness of the discontinuous part of the
plate, h is its width (height), y is the coordinate of the
cross section in the discontinuous part, (rxy)0 is the shear
stress on the bottom edge of the discontinuous part with
the thickness t, B-(h/2) is the distance of the mean dis-
placement point from the line of attachment to the con-
tinuous part of the structure, B is the parameter.

The B parameter is given such a value that the lon-
gitudinal force perceived by the discontinuous part and
determined according to the approximate theory is equal
in magnitude to the force value established through find-
ing an exact solution of the plane problem of the elastic-
ity theory.

The complexity of calculation of the specified pa-
rameter 3 resides in the fact that the plane problem of
elasticity theory does not have an exact solution for all
intermittent ship structures. Thus, determination of the
rigidity coefficient of the discontinuous part requires
finding the point of its cross section, the longitudinal
displacement of which is equal to its mean displacement
during uniform stretching of the discontinuous part. It is
the difference in displacement of this point and the point
of application of the shear forces (in the same cross sec-
tion) that defines the shear displacement of the discon-
tinuous part. Expression (4) is based on the approximate
theory of intermittent connections. It makes an allow-
ance that in the cross sections of the discontinuous part
sufficiently distant from its end cross sections, normal
stresses hardly depend on changes in the vertical coordi-
nate y (see [2]).
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A somewhat different interpretation of the rigid-
ity coefficient is given in paper [7]. It also defines the
rigidity coefficient as the coefficient of proportionality
between the shear force g _and the shift A . By the shift
we mean the displacement of the center of gravity of the
discontinuous part relative to the center of gravity of the
continuous part. Such a shift is made up of three compo-
nents T and the shift in the connection between them A,.
Then we have

A=A A (5)

Accordingly, each term in expression (4) is calcu-
lated as follows:

A=aks A =q/k; A =g/,

In accordance with [7], when a weld joint is used
to connect the discontinuous and continuous parts, the
coefficient should be taken equal to infinity, and the shift
value A, becomes equal to zero.

For the rigidly coefficient of the continuous part K|
[7], the following expression is adopted:

K=%=E%_, 6)
B g
Joo

where G is the shear modulus, e is the distance between
the center of gravity of the discontinuous part and its bot-
tom edge, T is the shear stresses in the cross sections of
the discontinuous part depending on the distance from
the bottom edge to the discontinuous part.

The dependence of the parameter  on the relative
height of the discontinuous part is shown in Fig. 3. Since
the upper limits of integration in expressions (2) and (6)
are the same, the product of this parameter by the half-
height of the discontinuous part B-(h/2) actually indicates
the distance of the center of gravity of the discontinuous
part to its bottom edge e, .

The values of B-(h/2) and en were compared for an
intermittent plate with the length of the discontinuous
part | = 2.0 m, its height being h = 0.4 m, with the junc-
tion between the discontinuous and the continuous part
along an arc of a circle with the radius R that is equal
to the height h. The results of the comparison show that
the discrepancy between the specified values does not

1,0

“‘——'-..____‘\
0‘8 \\
0,6 \\
04
-‘-\—--_.___
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0,2
0 0,2 04 06 08 1,0 12 14 16

Fig. 3. Dependency of the coefficient 3 on the relative height of the intermittent connection h/l, according to [6]
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exceed 1.5%. Hence, the distance of the mean displace-
ment point from line of junction to the discontinuous part
of the structure can be used instead of the distance from
the center of gravity of the discontinuous part to its bot-
tom edge. Analyzing the diagrams of the formation of
intermittent connections shown in Fig. 1 and 2, we can
conclude that it is very difficult to determine the value of
B:(h/2) or e for most of them.

Using the numerical methods for assessing the
stress-strain state of a structure, it is much simpler to plot
a diagram of the shear stress distribution along the line
of junction of the discontinuous and continuous parts of
the structure. With the help of these stresses, one can cal-
culate the deformations and, ultimately, the rigidity coef-
ficient of the structure under consideration.

As an example, the coefficient of rigidity was deter-
mined for a plate schematically shown in Fig. 4,a. The
boundary element (fictitious load) method was used to
establish the shear stresses in the intermittent connection
and assess the stress-strain state of the entire structure.
The plate was subject to stretching. Fig. 4,b presents the
diagrams of sheer stresses arising in this case at different
levels of the discontinuous part of the plate. At the end,
the shear stress distribution is approximated with linear
dependencies (Fig. 4, C), as suggested in [3].

By analyzing the pattern of the formation of intermit-
tent connections shown in Fig. 1 and 2, one can conclude
that some of them are symmetric, while some lack sym-
metry. In the intermittent connections with no symmetry,
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simple stretching leads to flexural deformation. This fact
complicates estimation of the rigidity coefficient, effi-
ciency of the structure, and concentration of stresses.

The potential opportunity to approximate the shear
stress distribution along the junction line between the
continuous and discontinuous parts of any structure can
significantly simplify determination of its rigidity coef-
ficients.

It follows from Fig. 4,b that sheer stresses decrease
systematically as the cross sections approach the free
edge of the discontinuous part of the plate. The peak of
sheer stresses is observed on the arc of coupling of the
discontinuous and continuous parts of the plate at the
point of intersection of the radius originating from the
vertical at the angle of 30°.

Determination of sheer stresses, such as that shown
in Fig. 4,a—c, can be easily realized by means of numer-
ical methods, including the boundary element method.
The structures of intermittent connections can be rather
diverse. Therefore, there arises the problem of determin-
ing the rigidity coefficients of intermittent connections of
various designs using the possibility of computation of
the sheer stresses at the junction line between the discon-
tinuous and continuous parts of a ship structure. For ex-
ample, the results shown in Fig. 4, ¢ should be analyzed
and compared with the data proposed in [3].

The algorithm for calculating the rigidity coefficient
of the discontinuous structure shown in Fig. 4,a can have
the following form.

l!
|
|
ht=1/2h }
|
|
hi=1/3h |} sty
|
| P'_:./
|
|
| —T |
nl=1/4k } == -
|
|
I 25l
|
| —
e [L.-—Hr""TH__Tf_lT [
—_—) B

- =

Fig. 4. Diagram of stretching of a discontinuous plate and distribution of sheer stresses along the height of the discontinuous part
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1. Split the junction line between the contiguous and
discontinuous parts of the plate into equal sections with
the interval AX.

2. Using the data on the acting sheer stresses tij and
Tjk, calculate the intensity of the acting load:

a; :(rij + tjk)AX/2, (7

where i, j and k are the boundaries of individual sections.
3. For each section, determine the deformations u ai

u,, =17,/2G, ®)

where t, is the plate thickness, and G is the transverse
modulus of elasticity, which is calculated as follows:

G =E/2(1+W);

for steel, G =7.69-10* MPa.
4. Calculation of the rigidity coefficient kr for each
interval:

k.= q,.jcp/ Ugs 9)

where q . is the averaged intensity of the load in the in-
terval.

Based on the results of calculation of the sheer stress-
es 7, shown in Fig. 4, ¢, the rigidity coefficient of the dis-
continuous plate (Fig. 4,a) was calculated according to
the formulas (7) to (9). As a result of computational pro-
cedures, it was established that k is equal to 15384 MPa.
It is expedient to compare the results of calculations with
the dependencies proposed by other authors with the ex-
ample of the same plate shown in Fig. 4, a.

Publication [6] offers the following dependency to
determine the rigidity coefficient:

ijc

Gty
S 10
e2(1-272) (19

where e, is the distance of the center of gravity of the
cross section of the discontinuous part to its bottom
edge, f, is the total cross sectional area of the discontinu-
ous part, f =t h.
Hence, for an intermittent connection (see Fig. 4,a),
t = 0.01 m, while e, is calculated with the help of the
following expression:
. %—g)R2+?1!IR (1)

L+R(2-3)
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A somewhat different representation of the rigidity
coefficient is given in [2, 3]:

_Gty (12)

" pla-B

where f is the parameter determined according to Fig. 3,
depending on the ratio h/I; at h/I = 0.2 it makes up 0.97;
h is the height of the discontinuous part of the connec-
tion, | =2 m is its total length.

In accordance with (12), the rigidity coefficient K_ is
equal to 5232.7 MPa.

In paper [7], the expression for the rigidity coeffi-
cient is virtually the same as in (10):

_ 26t
ke er(1- L5 (13)
Summing up the results of the calculations with the de-
pendencies (10), (12) and (13), K is equal to 7705.4 MPa
according to (10), 5232.7 MPa according to (12); and
7705.4 MPa according to (13). The same dependence is
described in [4], resulting in the k_value of 5232.7 MPa.
The same applies to the expressions presented in pa-
per [3], where K = 5232.7 MPa. The difference between
them varies from 32.1% to 47.25%, which calls for re-
finement and analysis, since the coefficients listed were
determined with the help of approximate formulas. When
calculating the rigidity coefficients, it appears expedient
to be able to determine both shear stresses and strains at
the junction between the discontinuous and continuous
parts of the structure, which would allow obtaining the
required coefficients.

CONCLUSIONS. The patterns of occurrence of in-
termittent connections as part of a ship structure were
systematized. There are basically two such patterns: of
intermittent connections based on splitting of the struc-
tures with cutouts and formation of intermittent con-
nections on the basis of design solutions. Analytical
determination of many quantities necessary to calculate
the rigidity coefficient is quite difficult. In this light, it
was proposed to employ the numerical definition of the
stress-strain state of discontinuous structures by means
of the finite or boundary element methods. In such way,
one can proceed to calculate the rigidity coefficients. The
algorithm was tested using the example of a stretchable
discontinuous plate.
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