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Abstract. Transshipment cranes of the checkpoint of the Lenpodyemtransmash plant are widely used in river and sea
ports, at industrial enterprises for grappling transshipment of bulk cargo and for working with piece loads or contain-
ers, as well as for transshipment of scrap metal and rolled metal using lifting electromagnets. It is proposed to elimi-
nate the uncertainties caused by the incompatibility of one-dimensional (rod) and two-dimensional (plate) finite ele-
ments having a different number of degrees of freedom, 12 and 20, when developing digital twins of portal cranes
of the Lenpodyemtransmash plant on the example of the CHECKPOINT 16/32t crane by approximating axisymmetric
shells of the portal head with rod finite elements. The method is based on the equality of the potential shear energy
of the finite element model of the plate and the potential energy of the approximating rod model, the elements
of which work on tension/compression, which made it possible to move from the finite element model of the GEAR-
BOX 16/32t reloading crane, built on the basic finite elements of Kirchhoff plates, to the finite element model of the
crane based on the core base finite elements. A mathematical model of a matrix equation of static equilibrium with
many degrees of freedom is proposed, the numerical solution of which by the Gauss method allows us to proceed to
six-component internal forces in each finite element due to the corresponding vector of external loads reduced to the
degrees of freedom of the calculated finite element model. The possibility of inter-pretation of bearing elements
of spatial metal structures of portal cranes by both one-dimensional rod and two-dimensional plate finite elements is
investigated, a re-evaluation of traditional views on the computational analysis of the stress-strain state of metal struc-
tures of portal cranes in the field of reliable determination of their bearing capacity during operation in ports, especial-
ly in the field of assessing post-repair risk analysis and the resource of reloading cranes is proposed, those who have
completed the standard service life in the port and have undergone capital repairs. A calculated rod finite element ide-
alized model of a PPC 16/32t gantry crane for transshipment of cargo in river and sea ports is constructed, demonstrat-
ing the transition from a real design to a calculation model based on geometric principles of discretization of both rod
and continuum elements by the basic rod end elements of the crane, as a result of which the digital calculation model
should be detailed and complex, like a system with many degrees of freedom. The algorithm of application of the digi-
tal calculation model of the crane is given on the example of static finite element calculation analysis of the KPP
16/32t crane.
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HayuHnas cratbs

KoneuHo-3j1eMeHTHas1 Moaesb eperpy30uHoro kpana KIIII 16/321
JJISl IepPeBAJIKU I'PY30B B PEYHBIX M MOPCKHX MOPTAaX

Haoexcoa Banepveena [ynvzep™, Anamonuit Bukmopoeuyu Kopaonun

Acmpaxanckuii 2ocyoapcmeenHbiil mexHuuecKull yHugepcumen,
Acmpaxans, Poccus, ndulger@yandex.ru™

Annotanus. [leperpysounsre kpans! KIIIT 3aBona «JIeHnoxbeMTpancMarny IMHPOKO UCTIOIB3YIOTCS B PEUHBIX M MOPCKHX
MOpTax, Ha MPOMBIIUIEHHBIX NMPEANPUATHAX I rpeiiepHOi meperpy3Ku ChITYyYHX TPY30B U A PabOTHI CO IUTYYHBIMH
rpy3aMH WM KOHTefHepaMy, a TakoKe Ul MEPErpy3Kd MeTauIojioMa M METaUIONpOKaTa ¢ MOMOIIBIO TPY30MOAbEMHBIX
9NIEKTPOMArHUTOB. [IpeyIoKeHO YCTpaHWUTh HEONPENEeTIeHHOCTH, OOYCIOBICHHBIE HECOBMECTUMOCTBIO OIHOMEPHBIX
(CTEepKHEBBIX) U ABYMEPHBIX (IIACTUHYATHIX) KOHEYHBIX JIEMEHTOB, HMEIOIINX Pa3INYHOE KOJIMYECTBO CTENEHeH cBOOO-
11, 12 1 20, npu pazpaboTke HHU(pPOBBIX TBOWHUKOB HMOPTAIbHBIX KPaHOB 3aBoja «JIeHNOabEMTpaHCMAIy HA MpHUMEpe
kpara KIIIT 16/32T myTeM anmpoKCHMaliH OCECHUMMETPHYHBIX 000JI0YEK OroJIOBKA MOpTaja CTEp)KHEBBIMU KOHEUHBIMU
aneMeHTaMU. MeTox OCHOBaH Ha PaBEHCTBE NOTEHIMAILHON PHEPIUH CIIBUTA KOHEYHO-3JIEMCHTHOH MOJIENH ILIACTHHBI
M TOTEHIMAIbHON SHEPruM amIpOKCHUMHPYIOIIEH CTEp)KHEBOH MOJENH, JJIEMEHThl KOTOpOH paldoTaroT Ha pacTsike-
HHe/CKaThe, 9TO MO3BOJIMIIO EPEHTH OT KOHEYHO-2JIEMEHTHOI Mojieny neperpy3odHoro kpana KIIIT 16/32t, moctpoeHHoi
Ha 0a30BBIX KOHEYHBIX JIEMEHTax InTacTuH Kupxroga, kK KOHeTHO-2JIEMEHTHOI MOJIEN KpaHa Ha OCHOBE CTEP)KHEBBIX 0a-
30BBIX KOHEUHBIX 371eMeHTOB. [Ipesoxena MaTemMaTieckas MOZIETIb MATPHYHOTO yPaBHEHHSI CTATHUECKOTO PABHOBECHS CO
MHOTHMH CTETICHSIMH CBOOOIBI, YHCIIEHHOE PEIICHNe KOTOPOro METonoM [ aycca Mo3BossieT MepeiTH K IIeCTHKOMIIOHEHT-
HBIM BHYTPEHHUM YCWIMSIM B Ka)KIOM KOHEYHOM 3JIEMEHTE, OOYCJIOBIEHHBIM COOTBETCTBYIOIMM BEKTOPOM BHEIIHHX
Harpy30K, MPUBEJECHHBIX K CTENEHsIM CBOOO/BI PACUETHON KOHEUHO-3IEMEHTHON Mozeny. MccnenoBaHa BO3ZMOXKHOCTb HH-
TepHpeTaliy HeCYIINX 3JIEMEHTOB HMPOCTPAHCTBEHHBIX METAUIOKOHCTPYKIMH IOPTAIBHBIX KPAHOB KaK OIHOMEPHBIMH
CTEPXKHEBBIMY, TaK M JABYMEPHBIMU IUIACTHHYATHIMHM KOHEYHBIMH 3JIEMEHTaMH, HPEIIOKEHA IIepeoleHKa TPaIUIMOHHBIX
B3IVIA/IOB HA PACUETHBIH aHAIU3 HANPSHKEHHO-Ie(OPMUPOBAHHOIO COCTOSHUS METaJIOKOHCTPYKIMH TOPTAIbHBIX KPaHOB
B 00JIACTH IOCTOBEPHOT'O ONIPE/IENICHHS UX HECYIIel CIIOCOOHOCTH IIPY AKCILTyaTallii B OPTax, 0COOCHHO B 00JIACTH OLICH-
KU TIOCJIGPEMOHTHOTO DPHUCK-aHAIM3a M pecypca INeperpy30dHbIX KPaHOB, OTPAOOTABIIMX HOPMATHBHBIA CPOK CITyXKOBI
B TOPTY U TOABEPIHYBILINXCS KalUTaIbHO-BOCCTAHOBUTENBHOMY peMoHTY. IlocTpoeHa pacueTHasi CTepKHEBas KOHEYHO-
SJIEMEHTHas! WeaTM3UpOBaHHas Mozielb nopransHoro kpana KIIIT 16/32T1 mis nepeBaiku rpy30B B PEUHBIX U MOPCKHX
TOpTax, JEMOHCTPUPYIOIAs IIEPEXOX OT JEeHCTBUTENBHOM KOHCTPYKIIUH K PAaCUETHOH MOZIEIH, B OCHOBY KOTOPOTO HOJIOXKe-
HBI TEOMETPUYECKUE TPUHIIMIBI AUCKPETH3ALMHI KaK CTEP)KHEBBIX, TAK U KOHTUHYAJIbHBIX 3JIEMEHTOB 0a30BbIMH CTEPIKHE-
BBIMU KOHEYHBIMH 3JIEMCHTAMU KpaHa, B pe3yJbTaTe 4ero nugposast pacueTHast MOJIEIb JODKHA OBITH JICTAIBHOM U CIIOXK-
HOM, KaK CHCTeMa CO MHOTHIMH CTEIeHsIMI cBOOOAEL. [IpuBeseH anroput™ npuMeHeHnst TudpoBOi pacueTHOH MoaeH Kpa-
Ha Ha MPUMepe CTATUYECKOro KOHEYHO-3JIEMEHTHOr0 pacueTHoro aHanu3a kpana KITIT 16/32T.

KiioueBble c10Ba: nopraibHbIi KpaH, pacueTHas KOHCUHO-3JIEMEHTHAsE MOJEIb, CTCP)KHEBOW KOHEUHBIH 3IIEMEHT,
JIMCKPETH3alHsI, CTEIICHb CBOOO/IbI, MATPUYHOE YPABHEHHE CTATHYECKOIO PABHOBECHS

Jlast uurupoBanus: [ynveep H. B., Kopabnun A. B. Koneuno-sneMeHTHas Mozenb neperpysoudoro kpana KIIIT 16/321
JUISL TIEPEBAJIKK IPY30B B PEUHBIX U MOPCKUX Moprax // BecTHHK ACTpaxaHCKOTO rocyJapCTBEHHOI'O TEXHHYECKOIO
yauBepcutera. Cepusi: Mopckas Texauka u rexaonorus. 2023. Ne 4. C. 104-114. https://doi.org/10.24143/2073-1574-
2023-4-104-114. EDN EIKOGU.

Introduction

Considerable experience has been accumulated in
the application of finite element theory in the computa-
tional analysis of machine-building and other types
of structures based, as a rule, on four types of basic
finite elements - rod (one-dimensional), plate, two-
dimensional, tetrahedral and hexahedral - as three-
dimensional finite elements, the basics of theory and
practice of which are presented in a number of authori-
tative publications, among which the leading positions
are considered to be assigned to the authors of several
reprinted editions of the monograph by A. V. Perel-
muter and V. 1. Slivker [1], who, in their fundamental
work, it is possible for the first time, following
I. D. Evzerov [2], identified the problem of incompati-
ble finite elements, which is repeated again in the

works of the team of authors [3], in the reference mon-
ograph edited by V. 1. Myachenkov [4], in chapter 2 “Fi-
nite element representation of models” by D. G. Shim-
kovich [5, 6], as well as in other well-known works on
finite element modeling by V. A. Postnov and
I. Ya. Kharkhurim [7], I. I. Goldenblat and V. L. Ba-
zhanov [8], A. S. Gorodetsky and I. D. Evzerov [9]
and others. In these works, taking into account the
authoritative opinion of Y. G. Panovka [10], it is ad-
visable to simplify the process of modeling structures,
it is recommended to outline real plates with finite
element Timoshenko rods [11] (see also [6]), or re-
place the plate with a finite element grid and “embed”
into it the adjacent finite element structural element
“rod” according to the principle “separation of the
abutment area”. This interpretation of incompatible
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finite elements is obviously reflected in the programs
of finite element analysis [12], including the well-
known programs ANSYS [13] and CAD-2000 [14],
including the work of D. G. Shimkovich [6] in relation
to the computational analysis of “lifting type equip-
ment”. However, in the works listed above, the transi-
tion from “qualitative” proposals to “quantitative”
solutions was missed when switching from the param-
eters of continuum plates to their rod finite element
interpretation in relation to the paired shells of the por-
tal heads of Lenpodyemtransmash cranes operated in
river and sea ports throughout Russia. Here, the au-
thors of this work used the experience gained in the
works [15-18] in the computational analysis of the
spans of buildings with crane loads of domestic spent
nuclear fuel storage facilities, made taking into ac-
count the requirements of the standard [19], which is
what this article is devoted to.

Problem statement

The analysis of the rod system of the portal crane
KPP 16/32t, (the final in the model series of cranes), as
a system of finite elements, using the method of rod
interpretation of the continuous shell bearing elements

of the metal structures of the portal head of the crane
and to develop a finite element calculated static model
of the crane KPP 16/32t, based on an algorithmic
model of its statistical calculation up to determination
of the 12-component vector of internal forces in each
finite element of the computational-static model.

The stiffness characteristics of the load-bearing
elements of metal structures are determined depending
on the basic finite elements used by the designer,
which are the basis of the computational and static
crane model, the central parameter of which is its stiff-
ness matrix of the K.y, order, where n is the number
of degrees of freedom of the model equal to 6U, where
U — the number of nodes of the discrete approximation
of the continuum elements of the actual crane design
(Fig. 1), which, within the limits of the correspondence
of the finite element model of the crane (digital twin) to
its actual design (Fig. 1, b) and the required accuracy
of solving the static equilibrium equation of the n-th order

(K], % 0h, ={P), (1)

it is determined by the compatibility of the finite ele-
ments used.

A TTTTT

Fig. 1. General view of the KPP 16/32t crane at boom departures of 10-30 m and 10-20 m: a — actual design: / — portal;
2 — pivoting device; 3 — boom departure change mechanism; 4 — boom; 5 — cargo ropes and suspension of the main lift;
6 — portal head shells; 7 — trunk; § — flexible guy ropes; 9 — load of a movable counterweight on a rocker arm; /0 — load capacity
limiter; /7 — frame; /2 — frame head; /3, 14 — mechanisms of closing and supporting winches; /5 — rotary platform;
16 — cable current supply mechanism; /7 — crane movement mechanism (4 pcs.); b — computer structural model
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In order to avoid the uncertainties that arise when
connecting rod and plate end elements of the portal
head at the nodes, it is proposed to represent plate
(continuous) elements of the crane metal structure
(Fig. 2, a) with rod analogues (Fig. 2, b), which is typ-
ical for portal cranes of the Lenpodyemtransmash plant

h2=8

of the type of KPP 16/20t and KPP 16/32t (Fig. 3), in
which the portal head is made in the form of 2 ax-
isymmetric shells (Fig. 2), assembled in the mounting
mode from two halves with diametrically arranged
internal vertical flanges.

]

Fig. 2. Rod interpretation of the continuous shell system of the portal head of the portal crane of the KPP 16/32t:
a — shell parameters; b — rod interpretation by finite elements 34-35, and further, up to 64-65 (x, y, z — local coordinate system)

Z 1z
Flexible guy ropes
\\,94

32000 &
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97]
26800
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210

9380

Flexible guy ropes

Fig. 3. Finite element calculation and static model of the portal crane of the KPP 16/32t:
a —nodes U =97, degrees of freedom n = 6U = 582;
b — the same, taking into account the finite element interpretation of the crane machine
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Obviously, the process of discretization of continu-
ous elements of the crane's metal structure should take
into account that elastic-gravitational finite-element
design models of lifting cranes are evaluated by the
restoring forces of 2 fields: elastic, depending on the
stiffness characteristics of the bearing elements of metal
structures and gravitational, whose restoring forces are
the gravitational gravity of the payload transported by
the crane on a flexible rope polispast suspension with
a height of 20 meters or more, loads of mechanisms,
movable and fixed counterweights, etc.

The core interpretation of the continuous shells
of the portal head and the development of a calcu-
lated static model of the crane

If we take a massive rod as the basis for finite ele-
ment modeling of a crane, as a system with many de-
grees of freedom n=6U=6 - 97 = 582, where U =97 —
is the number of nodes of the calculated static model
(Fig. 3), each node has 6 degrees of freedom

T.j

v ={5.5,8.0,0,0.} 7,

where & — are translational; ¢ and 6 — are rotational
degrees of freedom of the terminal cross sections
of the finite elements relative to the axes of the local
xyz coordinate system of each finite element (Fig. 3);
T — is the transposition index.

Then the finite element model of the crane in the
general coordinate system will be determined by the
coordinate vector of the nodes

zhio= {wz) (z) ... (vz) .2},

and for each jk finite elements of the model, a vector
of source data will be generated

{S}jk ={L,A,E G,I, Iy, ]pa V}T’

where S — is the number of finite elements of the mod-
el, then, respectively, length, cross-sectional area, elas-
tic and shear modulus; {S}* — are moments of inertia;
v — is the Poisson's ratio.

Since the heads of the portals of cranes of the KPP
type are made of sheet steel (Fig. 2, a), they should be
modeled with plates [16], or plate structures should be
modeled with conditional rods, which is considered
appropriate when performing verification calculations
of cranes for static and dynamic loads accepted ac-
cording to GOST [20].

Here, in Fig. 2, b, the vertical walls of axisymmet-
ric cylindrical shells are represented by vertical rods
emanating from the corners of hexagons modeling the
bottom of the portal head, whose geometric character-
istics 34-46 and 40-52, 35-47 and 41-53, 36-48 and
42-54, 37-49 and 43-55, 38-50 and 44-56, 39-51 and
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45-57 — moments of inertia J,, J,, J, and the area 4
of the cross sections of which are calculated according
to the formulas proposed and tested in [21]:

/S h
szlz(ll Z)bl; Jy:ibf;
-V
)
1
A=bh; J, =§blhf,

where b, — is the distance between the vertical condi-
tional rods (2.84 m); &, — is the thickness of the verti-
cal walls of the shells; v — is the Poisson's ratio.

The lower plane of the paired shells is represented
by conditional rods that are chords of circles: 34-35
and 40-41, 35-36 and 41-42, 36-37 and 42-43, 37-38
and 43-44, 38-39 and 44-45, 34-39 and 40-45, and the
upper plane symmetrical to it are interpreted by condi-
tional rods whose geometric characteristics, according
to the method [21], have the form:

gty

h3
LT T

= b
12(1—v ) 3)

A=bhy; J, %bzhj,

where b, = H/3 — is the linear size of the radius of the

lower or upper bottom; H = 2.14 m is the height of the
shells; /1, — is the thickness of the lower or upper bottom.

In addition to the vertical and circumferential condi-
tional rods, we indicate that the radial rods, the lower:
34-40, 35-41, 36-42, 37-43, 38-44 and 39-45 and the
upper ones symmetrical to them, belonging to the portal
in the notation of formulas (2) and (3) have the form:

" h
J. = 2 b; J =-=2b;
To2(1-v?) RS VA
A=bh,; Jpzéblhj.

Additionally, we note that the models of the rods
of the lower plane of the rotating part of the upper struc-
ture of the crane 58-59-...-63 hinge on the upper plane
of the portal shells with rods 46-58, 47-59, ..., 51-63 and
are centered in the rotation mode of the upper structure
by the central trunnion 64-65, rigidly pinched into the
portal head at node 64 (Fig. 2, b).

To account for rigidity diagonal rod elements must
be introduced for the shift of the side rod panels of
model hexagons (Fig. 2, b is not shown), the parameters
of which, at the choice of the calculator, are accepted
according to the recommendations [22] given in Table.
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Interpretation of the shear stiffness of plate elements of cylindrical shells of the portal head*

No. Panel diagram Longitudinal force in the grid Equivalent shear stiffness
& i
TEesy EAab
NG Q2 Gh =
1 ~— — g+ g2 2 ( )1 3
Sy | N=gJa +b (a2+b2)/2
a
AN
/ X Gh EAab
2 2 &}k B ‘12 ) ( )2 - 5 }é
pd 134 N=q\7+b 2[“+b2]
% 4
a
DN
s
\4
; P Nogleer (Gh), ==
=9 > ( a+ bz) 2
a

* h — is the thickness of the wall or bottom; g — is the distributed load.

Finite element computational analysis of the
computational and static crane model KPP 16/32t

Now, after presenting the actual design of the KPP
16/32 crane with rod end elements, we write down
a matrix equation of static equilibrium similar to (1)

[K]nxn‘ < { v} 1on :{Pgt}cl)?c , @)

osC osc

where [K],x, — is the stiffness matrix of the complete
crane system (Fig. 3) in the general xyz coordinate
system, in the formation of which the stiffness matri-
ces of individual jk finite elements using the transfor-
Jk
12x12
coordinate system inherent in each finite element into
the general coordinate system, after which the matrix
[K],x, in (4) is formed by the superposition method

ey jk,T Jk Jk
[K]"x" = Z [T]12><12 [K]12x12 [T]12x12 > ©)

mation matrix [T ] are translated from the local

05C k=1 LCS

where T — is the transposition index; n = 582 is the
number of degrees of freedom of the model (Fig. 3).
Here we also indicate that the matrix [T ]{;12 i

expression (5) is diagonal:

(7T a0z =T IAIIANAN AT

where [Al3x; — the matrix of a linear transformation
of the basis of the local coordinate system is at the
basis of a common system of coordinates is defined by
the Euler angles (Fig. 4) [23].

7

Fig. 4. Transition from the local coordinate system to the
general coordinate system of finite elements jk

If the angles B, and P, are obvious in Fig. 4, then
vz — is the angle of pure rotation, then the matrix [A]3x3
will take the form:
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cosf, cosy, —sinf sinf,  siny,
(Al = cosB, siny, =
—sinfB, cosy, —cosf, sinf, siny,

The trigonometric values of the angles B, and B,
in (6), expressed in terms of the coordinates of the
beginning and end of the finite elements jk — x* y/*

—cosf, siny, —sinf sinf cosy,|sinf cosp,

cosf cosy, sinf3, (6)

sinf3, siny, —cosp, sinf,cosy, |cosP, cosP, "

and Z"*, in the general coordinate system oxyz, its
length ljk and the length of its projection onto the
plane zox — (/).» are determined by the formulas:

)

J =2 ) (e -w)

I, \/(xk_xj)2+(yk _yf')2+(zk —zj)z

cosfP, = =
-y
sinf3, = =
1,
z —Zj
cosP, = =
(Z)..,
k_ i
. X —X
sinf, = =

(7).,

The displacement vector of the nodes of the computa-
tional static model {v}., in the matrix equation (4) is
formed taking into account (1) and is determined by the
number of degrees of freedom n = 6U, where U — is the
number of nodes of the model, which, as it follows from
Fig. 3, is set by the designer (calculator).

The load vector {Py}x, in equation (4) of the n-th
order is formed according to GOST [20], where all
loads are reduced to degrees of freedom of the compu-
tational static model.

For the purposes of forming the stiffness matrix of the
complete system in (4), the stiffness matrix of a separate

Jk element [ K ]1’ ., in (5) is represented blockwise
LCS

. K i K Jk
[K]illez — [[ ]2;6 [ ]2;6 , (7)
Les [K]6x6 [K]6><6

in which each of the blocks in (7) of finite elements jk

occupies a place in the complete matrix [K],x, accord-

ing to the numbering of the degrees of freedom

of nodes j and k, while the blocks in (7) have the form
. . T

of matrix formulas in which [K]IZX() = ([K]jk ) :

6x6

[ 12EJ, 6EJ, ]
7 o 0 0 —= 0
12EJ 6EJ
0 = 0 = 0 0
L L
0 o H o 0 0
(KT = 6EJ ’ 4EJ ’
0 = 0 0 0
L L
6EJ, AEJ,
-— 0o 0 0 0
L L
GJ
0 0o 0 0 0 s
L L ]
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[12EJ,
L3
12EJ .
0 I .
0 0
kk
[K]GX() = 6EJ
0 T =
6EJ,
l?
0 0
12EJ,
- 0
l?
12EJ
0 - =
0 0
Jk
[K]GXG = 6EJ
0 T =
6EJ, .
l?
0 0

{v}ijflz

LCS

= i _ ik Jk
x12 [K]lxll x [T]12><12
LCS LCS
Conclusion

Two factors are taken into account when designing
a rod finite element design and static model of a check-
point crane, the brands of which were designed and
mastered by production according to a single technical
task and are currently operated in river and sea ports
of Russia and CIS countries.

First, if the designer of portal cranes needs internal
efforts in each jk finite element to make any verifica-
tion decisions, then they are determined after solving
equation (4), for example, by the Gauss method [24],

then, after isolating from the general solution {v} xn
osc

the displacements of the nodes of individual jk finite
ik

{le
osc

the general coordinate system to the local coordinate

elements elements {v} and their translation from

-[7)

<{v}

6EJ
0 0 2 J
6EJ
- 2 = 0 0
E 0 0 0
L
0 4EJ 0 0
L
4EJ
0 0 J
L
GJ,
0 0 0 L
L
6EJ
0 0 - 2 2
6EJ
0 I s 0 0
L
2FEJ
0 X 0 0
L
0 2EJ,
L
GJ
0 0 -—£
L |
s X ®)
osc
J.T
ﬂJ (0.0,N.1.0,01.) o)
Ix2 | T .
osc (QXQ},NZMXM},MZ )kWT

system the internal forces in each jk finite element,
taking into account (8), are determined by the matrix
formula (9).

The second factor obliges the designer to take into
account the characteristics of the nodes, which, unlike
the rigid fictitious finite element connections imposed
on them, can be spherical or cylindrical hinges, com-
plete or relative to individual axes of oxyz. In this case,
the blocks of the stiffness matrix (7) must be trans-
formed by the method of the well-known Jordan new
exceptions, taking into account the nature of the con-
nections in the nodes of the computational static mod-
el, which differ from the elastic fictitious pinches in-
herent in the matrix (7) [25].

In addition, it should be emphasized that the rod fi-
nite element design and static model of the KPP 16/32t
crane proposed in the article can be presented compre-
hensively, where, along with rod end elements,
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2-dimensional plate end elements should be used for the
portal head shells, as is customary in particular in [26],
for span beams of bridge cranes, where the justification

for the compatibility of one-dimensional and two-
dimensional finite elements is accepted according to [1].
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