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Abstract. Loading and unloading operations
are an integral part of the technological process of
construction. Cranes of various types are mostly
used to perform these works.

In modern industrial and civil construction,
tower cranes of the stationary type are widely used,
which are used in the construction of various types
of structures and buildings.

Today, it is impossible to imagine a panorama
of a city or a fairly large rural village without the
upward, light openwork silhouettes of tower
cranes. They are clearly visible against the back-
ground of new residential buildings, wherever
progressive changes are taking place, where con-
struction is underway. More than 200,000 tower
cranes are used on construction sites in the country
today.

But when using tower cranes, special attention
must be paid to their operation in adverse condi-
tions, because they are mechanisms of increased
danger.

One of the important factors in the unfavorable
conditions during the full-scale Russian invasion of
Ukraine was the shock waves that arise as a result
of missile strikes. These shock waves, in turn,
cause air pressure and oscillations on the Earth's
surface and cause certain seismicity.

To ensure trouble-free operation and increase
the reliability of tower cranes, it is important to
take into account dynamic loads, which are several
times greater than static loads, when calculating
structures and components of their working
equipment.

Ensuring the stability of stationary tower
cranes, especially in the conditions of martial law,
is one of the important theoretical and practical
tasks. The most important aspect of solving this
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problem is ensuring stability under the conditions
of air shock waves.
Keywords: tower crane, air shock wave, stabil-

ity.
INTRODUCTION

Tower cranes are the most used among con-
struction cranes that solve the issue of mecha-
nization of loading and unloading work in
construction. But their accidents account for
40% of the total number of accidents of boom
lifting cranes [1, 2].

The fall of tower cranes occurs both in our
country and abroad, even if all operating rules
and safety requirements are observed. The
development and subsequent improvement of
domestic tower cranes, especially in wartime,
is impossible without researching the loads
that act on the crane during air shock waves.

Since the beginning of the large-scale inva-
sion of the territory of Ukraine, many areas
have been damaged during shelling. In particu-
lar, active hostilities took place on the territory
of the Kyiv region within the settlements: Ir-
pin, Bucha, Borodyanka, Makariv, Gostomel,
Vorzel, etc. The result was the destruction and
damage of a large number of buildings and
structures and various equipment on construc-
tion sites and, accordingly, also tower cranes.
The tower cranes suffered damage to their
metal structures from shock-explosive dam-
age, and stationary cranes fell on the rails,
which is not typical for further operation in
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peacetime conditions. Therefore, first of all,
damage to the metal structures of tower cranes
and the direct impact of an air blast wave on
the stability of these cranes should be ana-
lyzed, which will allow a more systematic ap-
proach to solving this problem [3, 4].

There are studies on the stability of tower
cranes under conditions of wind loads, strong
gusts of wind, which can be close to an explo-
sive wave in a certain area of damage.

So, for example, work [5] does not take into
account the dynamic effect of wind load on
tower cranes, but only refers to their design
standards, which do not take into account the
dynamic component of the wind in the calcula-
tions. At the same time, the design and opera-
tional features of cranes are not taken into ac-
count.

In work [6], there was a study of the
movement of cranes under the influence of
wind loads, the parameters of cranes under the
influence of wind were determined. A calcula-
tion method is proposed to find the highest
speed of movement of a crane by the wind and
to predict the movement of the crane accord-
ing to wind maps. Such work can be close to
the study of the effect of an air shock wave on
the stability of tower cranes on a rail track or
on quick-mounting cranes.

The above-mentioned works complement
each other, but, unfortunately, do not provide a
holistic approach to accounting for the impact
of wind loads on the work of cranes, and espe-
cially the impact of air shock waves.

PURPOSE OF THE ARTICLE

The purpose of the work is to analyze the
nature of damage to metal structures of tower
cranes under the influence of an air shock
wave.

PRESENTING MAIN MATERIAL

The necessary information on the distribu-
tion of wind loads on the metal structure of
tower cranes can be obtained using analytical
dependencies, numerical computer or physical
modeling in wind tunnels [7].

The existing norms for calculating cranes
for wind load, as noted above, are based on
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coefficients that take into account drag, change
in dynamic pressure in height, dynamic pres-
sure and windward area of the structure [7].

Preparation of a mathematical model de-
scribing the effect of wind load on the metal
structure of the tower crane is carried out in
several stages. At the first stage, a three-
dimensional monolithic model of the crane is
built without taking into account the fineness
of the structural elements and the internal
structure (Fig. 1, a). The deformed monolithic
structure of the tower crane is then subtracted
from the volume of the airspace model (Fig. 1,
b).

b
Fig. 1. Object model: a — 3D crane model; b — air-
space model

The result is a hollow mathematical model
with gaps that determine the design of the
crane. By setting the boundary conditions of
the resulting three-dimensional model, the
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characteristics of the real physical object of the
tower crane and the air environment are as-
signed.

The next, most laborious step is to create a
mesh consisting of approximating a solid
model of airspace with finite elements (vol-
ume). Two methods are used: the finite vol-
ume method, which is determined by the de-
pendence of the Reynolds number on the drag
coefficient when studying the dynamics of
wind flow, and the finite element method
when studying modeling the wind loads of
cranes.

Let's take a closer look at the features of
building a finite volume model. The finite vol-
ume method is based on approximating the
integral form of the equilibrium equation of
the problem to the finite volume of spacetime,
each of which contains the boundary of a cer-
tain node of a regular or irregular grid. Sam-
pling of integral equations is performed using
piecewise polynomials or kinematic difference
approximations of solutions.

Let us consider in more detail the general
states of the method of finite volumes set forth
in [8], using the example of the equation of
balance of the quantity of ¢ in the control

volume Q bounded by a surface S =2XS

with an external normal n:

[P940 15 [hgds = [QdQ,
o ot Qs O (1)

q=pVo-aVe,

where ( — flux density vector ¢ of a quantity

including convective and diffusion compo-
nents; Q — distribution density of volumetric

J—

sources; V' — velocity vector; p — medium

density; o — diffusion coefficient. The quality
¢ can include, for example, the internal ener-

gy of the current medium, the concentration of
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impurities, the kinetic energy of turbulence
and so on.

According to the finite volume method,
spatial sampling of the problem is performed
by dividing the computational area into small
tangential volumes and writing the corre-
sponding equilibrium relations (1). In each
control volume, the desired mesh solution has
1 "binding" point. Most products focused on
solving 3D-zadach in areas of complex geome-
try use cells in the computational grid as con-
trol volumes. The grid node is located at the
top of the polyhedron, the grid line runs along
its edges, and the value of the desired value
comes from the geometric center of the cell
(Fig. 2).

To obtain a discrete analogue of the balance
equation in the selected cell, it is necessary to
calculate the integrals included in (1) using
quadrature formulas:

€’
’ (2)
[ QdQ ~ Qpe,
0

jﬁads ~S,—
S

where S_(; = Sea — conditional vector of the
face plane, calculated as a vector derivative of

its diagonals, q_é — vector of flux density ¢ at

the center of the face.
For tangent cells, the surface integral over

their common face S, was calculated identi-

cally. This requirement ensures the conserva-
tism of the numerical scheme, that is, the exact
observance of the balance ¢ according to

equation (1) for the entire region of the current
[9]. The method of approximation of integrals
affects such important properties of a numeri-
cal scheme as accuracy, stability, monotony,
etc. In this work, the finite volume method is
used to approximate the cylinder model when
constructing a relationship between the Reyn-
olds number and the drag coefficient (Fig. 3).

ISSN(online)2709-6149. Mining, constructional,
road and melioration machines, 105, 2025, 12-19



MPHNYI TA THIAHIMAABHO-TPAHCTIOPTHI MALLIMHA

Fig. 2. A structured grid of control volumes with the "binding" of variables to the center of the cell: ¢ — the
node of the grid; ' — the center of the cell; « —the center of the face

b

Fig. 3. 3D model preparation sequence: a — block
structure; b — mesh

Next, consider the main provisions of the
finite element method. The main idea of the
finite element method is any continuous value
(displacement, temperature, pressure, etc.). It
can be approached using a model consisting of
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individual elements. In the finite element
method, the entire field matrix consists of a
matrix of individual elements represented as a
function of unknown nodes. For each of these
elements, the continuous quantity under study
is approximated as a piece-continuous function
based on the value of the continuous quantity
under study at the endpoints of this element.
The variational formulation of the initial
boundary value problem is used to define the
decomposition [10, 11].

Further consideration of the main limiting
conditions leads to a constant change in the
overall matrix. Similarly, the value set in the
element node creates a vector of generalized
node loads. To additionally take into account
the resulting system of equations, determine
the value of the desired function in the node.

The main stages of implementation of this
method are:

1. Discretization of the problem, that is, the
representation of the region (volume) V as a
set of finite elements connected by nodes.

2. Get the matrix of elements.

3. Constructing a common matrix of all
field and charge vectors.

The first stage of the finite element method
is to divide the space occupied by the body
into several elements. Discretization of regions
(units) includes the number, size, and shape of
subdomains used to construct models of dis-
crete entities. The smaller the linear size of the
finite element h, the greater the number of
elements in the model, exponentially increas-
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ing the calculation time and reducing the anal-
ysis error (Fig. 4) [12].

Element size

¢ —

Element size h, mm

Fig. 4. Element size and solution duration depend-
ency

Two basic methods are used to construct a
finite element lattice: constructing an arbitrary
lattice and constructing an ordered lattice.
Neighboring elements can vary greatly in size,
but any mesh will be created automatically. An
ordered mesh is created by dividing the geo-
metric elements of the model into several
parts. In an automatically generated grid with a
large number of elements, the number of nodes
takes precedence over the number of elements

(Fig. 5).
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Fig. 5. Unstructured finite element airspace grid

From Fig. 5. it can be seen that the size of
the finite elements changes as it approaches
the cavity describing the stationary tower
crane. The value of the maximum and mini-
mum finite element is set to manual.

The ratio between nodes and elements is
approximately 2:1 for flat arbitrary grids and
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6:1 for arbitrary three-dimensional grids with
tetrahedral elements [8]. The finite elements
may be linear (first order elements) or parabol-
ic (second order elements). Linear elements
have straight sides and nodes only in the cor-
ners. Thus, the minimum number of nodes of a
three-dimensional element is 4. Parabolic ele-
ments can have intermediate nodes along each
side. With an equal number of elements, para-
bolic elements give greater accuracy of calcu-
lations, since they more accurately reproduce
the curved geometry of the model and have
more accurate shape functions (approximating
functions). However, calculation using higher
order finite elements requires more computer
resources and more machine time.

Generation of grids, both of course volu-
metric and of course elemental, in the
SOLIDWORKS software complex is carried
out at the software level by the universal net
generator SOLIDWORKS Flow Simulation.

After building the grid, it is necessary to set
boundary conditions describing the behavior
of the environment, external disturbing ac-
tions, physical properties of the object under
study, and so on. Note that the boundary con-
ditions for these methods are set identically in
the SOLIDWORKS Flow Simulation prepro-
cessor. The placed airspace model in the pre-
processor acts as a domain to which general
physical properties and environmental behav-
ior (density, temperature, turbulence model,
initial speed, pressure, etc.) are assigned.
Boundary conditions describing external ac-
tions and properties of the investigated object
are applied to the domain. The boundary con-
ditions are: an inlet (surface or face) with a
certain parameter of the inlet flow velocity, an
outlet (surface or face) with a certain specified
parameter of the outlet pressure, a Flo function
that assigns physical properties to an object of
a surface that simulates it.

Consider the most important parameter of
the domain — the turbulence model. As noted
above, wind loading should be considered as a
turbulent current due to the small kinematic
viscosity of the air. Turbulent currents are
characterized by fluctuations in the velocity
field. When solving the Navier-Stokes equa-
tion describing such currents, an approach
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based on the use of time-averaged quantities is
used. As a result, solving modified equations
requires less machine resources, but additional
unknowns appear.

Various turbulence models are used to close
the resulting equations. The choice of the op-
timal turbulence model depends on the type of
flow of a specific class of problems, the re-
quired accuracy of the solution, the available
computing resources, and the like. The most
commonly used models of turbulence in
COSMOS Works are: standard K —& model,
low-Korenolds k —& model; a quadratic k —¢
model and a group of K-w models (SST
model — Shear — Stress Transport) and the
Spalart-Almaras model (SA model) [6].

The K—w model group is represented by
the SST model (Shear - Stress Transport). The
standard kK —wW model takes into account the
low-field effects of compressibility and the
propagation of shear perturbations, but it is
significantly inferior in breadth of application
to models of the K—& group. The SST stress
shift transfer model uses a K —w model in the
wall region and a transformed k—g& model
away from the wall.

It should be noted that the usual element
grid of the tetrahedron allows you to create
cells that are similar in shape to the boundaries
of the calculated region and zones of large
gradients, which allows you to expand the
boundary layers well. At the same time, creat-
ing a tetrahedron mesh is very laborious. Of
course, the volume grid allows you to create
rectangular cells, which can lead to a worse
resolution of the boundary layer.

There are a number of ways to expand the
areas of boundary layers and high gradients.
Examples of such methods are adaptive locally
shredded mesh technology and subnet geome-
try expansion technology implemented in the
SOLIDWORKS Flow Simulation mesh gener-
ator. Technology adaptive locally crushed
mesh allows you to split the selected cells in
all directions in a given number of times
(adapt to a given level). In this case, the cells
located next to the crushed one are ground so
that the size of the two adjacent cells does not
differ by more than 2 times.
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Grinding cells can be set both in volume
and on the surface. Subnet geometry expan-
sion technology allows you to automatically
accurately reproduce the shape of the surface.
In this work, studies of the effect of wind load
on the metal structure of the crane were carried
out using the SST turbulence model. The
choice of this model is based on the studies
conducted by the authors [8], from which it
turns out that when modeling the flow around
poorly flowing bodies with an unfixed break-
away point, it is necessary to use the SST tur-
bulence model, since with sufficiently large
parameters Y +, calculation errors can reach

narrow limits and, as a result, due to the com-
plexity of the tower crane design, calculation
errors are minimal.

Below, we give the results of numerical
modeling of the cylinder flow obtained using
the SOLIDWORKS Flow Simulation postpro-
cessor (Fig. 6), (Fig. 7).

Figure 6 shows the current lines, which
show that at a small value of Reynolds number

(Re =10) the wind flow is laminar. A slight

increase in the Reynolds number leads to tur-
bulence of air jets and the formation of turbu-
lent swirls.

The obtained results of modeling the flow
around a cylindrical body, presented on Fig. 8,
indicate that mathematical numerical modeling
using the finite element method and the finite
volume method gives accurate results, subject
to the rules for constructing volumetric mesh-
es, setting boundary conditions and choosing a
turbulence model.

CONCLUSION

In matters related to the study of the aero-
dynamics of tower cranes, it is advisable to use
finite-element mathematical models, since all
design features are taken into account.

As a model of turbulence, it is preferable to
use the SST (Shear — Stress Transport) model,
designed for the study of complex shapes and
structures.

When flowing around the tower and the
head of the boom in the wind position, the
wind flows turbulently swirl, loading the metal
structure of the boom along the entire length.
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AHaTi3 10CTiTKeHb CTAlIOHAPHUX OAIITOBUX
KPaHiB NP BiTPOBUX HABAHTAKEHHIX

Eseeniii opbamiox®, JImumpo Miwyx®,
Onez Bynasxa®, Ceimnana Komoywvra®

L24Kuiscokuil nayionanbhuil ynisepcumem
OyOigHUYymMea i apximexmypu,
STOB «KCM-TPAHC»

Anoranisi. HaBantaxxyBanbHO-pO3BaHTa)KyBa-
JbHI POOOTH € HEBi EMHOIO CKIIaJ0OBOK0 TEXHOJIO-
TiYHOTO Tporecy OymiBHUITBA. /[ BHUKOHaHHS
X poOIT 3Ae0LIBIIOTO 3aCTOCOBYIOTH KPaHH Pi3-
HUX THIIIB.

B cyyacHOMy mpOMHCIOBOMY Ta LUBIIBHOMY
OYIIBHUIITBI IIMPOKO 3aCTOCOBYIOTHCA OAaIiToBi
KpaHH CTallioOHAPHOTO THITY, SIKi BUKOPUCTOBYIOTh-
Csl IPHM CIIOPY/PKEHHI PI3HUX TUMIB criopyn Ta Oy-
JTIBEJIB.

Ha OyniBHUITBaX pi3HUX KpaiH CHOT'OJHI BHKO-
pucToByrOTh moHaa 200 THC. OAlITOBUX KpaHiB.

Ilin yac BUKOpPUCTAaHHS OAIITOBUX KpaHiB OCO-
0By yBary HeoOXiJHO MPUIIATH iX eKCIUTyara-
il B HECHPUATIMBUX YMOBaX, TOMYy TaKi CHCTEMH
€ MeXaHI3MaMU I ABHILEHO] HeOE3IMEKH.

OpHuM 13 BaxJIMBUX (aKTOPiB HECTPHUITIMBHX
YMOB TIpY MIOBHOMACIITAOHOMY POCIHiCBKOMY BTO-
prHEeHHI B YKpaiHy CcTalld yJapHi XBHII, SKi BUHU-
KalTh B pe3yibTari pakeTHUX yaapis. Lli ymapai
XBWII CHPUYUHSIOTH, B CBOIO YEpPry, HMOBITPSIHUH
TUCK Ta KOJIMBAHHS HAa 3€MHii MOBEPXHi Ta 3yMOB-
JIOIOTH TIEBHY CEHCMIUHICTb.

s 3abe3neyenns Oe3zaBapiitHOi poOOTH 1 Tin-
BUIICHHS HAIIHHOCTI OAIITOBMX KpaHIB IPU PO3-
paxyHKax KOHCTPYKIIIH 1 KOMIUIEKTYFOUUX eJeMe-
HTIB X po00O4Oro oOJaZHaHHS BaXXJIMBO BPaxoBY-
BaTH IMHAMIYHI HaBaHTAKEHHSA, AKI B JEKUIbKa
pasiB MepeBHIIYIOTh CTATUYHI HABAHTKEHHSL.

3abe3neueHHs] CTIMKOCTI CTalliOHApHUX OarTo-
BUX KpaHiB, 0COOJIMBO B YMOBaxX BOEHHOT'O CTaHy,
€ OJIHUM i3 BOXJIMBUX TEOPETUYHUX 1 MPAKTUIHUX
3aBIaHb. HallBaXJIMBIIIUM aclieKTOM BUPILICHHS
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ILOTO 3aBAaHHSA € 3a0€3MCUeHHS CTIMKOCTI 32 YMOB
MOBITPSIHUX yJAPHUX XBUJIb.

KuarouoBi ciaoBa: OamToBuii KpaH, MMOBITpsSHA
yIapHa XBUJIA, CTIHKICTb.
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