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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 pro-
gressive changes are taking place, where construc-
tion 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
problem is ensuring stability under the conditions
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of air shock waves, which cause the effect of dy-
namic loads on the metal structures of the crane.

Keywords: tower crane, air shock wave, stabil-
ity, dynamic loads.

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.

The fall of tower cranes occurs both in our
country and abroad, even if all operating rules
and safety requirements are observed. The de-
velopment 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.

PURPOSE OF THE RESEARCH

Analyze studies of stationary tower cranes
under wind loads in operating and non-
operating conditions of the crane.

PROBLEM ANALYSIS

In recent years, research and publications
on this topic are not so much in Ukraine. A
significant contribution to the study of this
problem was made by the works of
Gaidamaki V. F. [1], ErofeevaM. 1. [2],
Ivanenko O. I. [3], Grigorova O. V. [4]. In
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these works, individual issues of movement
and braking of lifting cranes under the influ-
ence of wind are considered. All these works
complement each other, but unfortunately, do
not give a holistic approach to accounting and
the impact of wind loads on the operation of
lifting cranes, and especially the effect of air
shock waves.

Analysis of recent scientific works in recent
years has shown that the stability of tower
cranes is influenced by: imperfection of calcu-
lation methods, the state of influence of dy-
namic loads, the impact of loads on supporting
elements, the effect of wind loads.

The work of Haidamaki V. F. [1] does not
take into account the dynamic impact of wind
load on tower cranes, but only refers to the de-
sign standards, which also do not take into ac-
count the dynamic component of wind in the
calculations. This does not take into account
not only the design and operational features of
cranes, as well as the sailing of cargoes and the
speed of the crane elements, which can in-
crease the total loads on the mechanisms dur-
ing their movement against the wind.

In the work of YerofeevaM. I. [2] it is
shown that it is not necessary to use the entire
set of observations over the wind to determine
the maximum wind speeds of various capaci-
ties, and it is sufficient to limit itself to con-
structing an integral curve of the repeatability
distribution of lunar highs. It is proposed to
take into account the design wind speeds de-
pending on the type of facility and the de-
signed duration of its operation.

Ivanenko O. I. [3] proposed a mathematical
model of the mode of operation of portal
cranes under the dynamic influence of wind.
The method of studying the main performance
indicators of portal cranes and justification of
permissible wind loads for their working con-
dition by numerical methods is proposed.
Method of calculation of dynamic characteris-
tics of crane structures by finite elements
method is proposed, which allows to deter-
mine dynamic influence of wind on crane load
stability at design stage.

Other aspects of studies of the impact of
wind loads on tower cranes and structures are
given in the work of Grigorov O. V. [4]. It
proposes a method for optimizing design wind
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speeds for non-operating and operating states
of tower cranes, based on the conditions of
minimum annual operating costs and the cost
of lifting one ton of cargo, in which the crane
weight is expressed by the value proportional
to the square of the wind speed.

METHODOLOGY

The main document for calculating the
wind load of cranes is the standard of Ukraine
DSTU ISO 4302:2017 [5], which establishes
the norms and methods for calculating cranes
in non-operating and operating conditions.
Another document containing the procedure
for calculating the wind load of cranes is the
International standard 1SO 4302-1981 [6],
where two groups of indicators are established:
wind speed and design pressure; coefficient of
aerodynamic force (drag coefficient), depend-
ing on the type of structure and wind direction.

The estimated wind speed is taken as the
average value for a certain period of time, the
so-called mediation period of 1-2 minutes. For
the non-operating condition of cranes, the
wind speed of the parallel ground surface is
taken once every five years as the value de-
termined by a two-minute measurement in the
area of installing cranes at a height of 10 m
above the ground surface.

The correct choice of wind speed for the
idle condition of the crane is important in
terms of cost savings. If the calculations take a
large load from the wind, and therefore, out of
the appearance of high-speed wind, on the one
hand, the probability of capsizing will de-
crease, and the associated losses will decrease.
On the other hand, this will lead to an increase
in the weight of the crane, the cost of its manu-
facture and operation.

For the operating condition of cranes, the
wind speed at a height of 10 m above the
ground for construction, installation, as well as
boom-type self-propelled cranes should be
taken equal to 14 m/s, and for cranes that are
installed at facilities that exclude the possibil-
ity of interruption of work, 28,5 m/s. The static
component of the wind load on the crane
should be taken into account in all design cas-
es.
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Normal operation of all cranes requires en-
suring their stability under the influence of
forces during operation with or without load.

One of the main groups of cranes requiring
detailed stability studies are free stationary
tower cranes. For them, the results of calcula-
tions are used when choosing a counterweight,
determining the total weight of the crane, as
well as when arranging mechanisms.

The stability of tower cranes is ensured on-
ly by their own weight. Tipping moments cre-
ate loads acting outside the reference circuit:
wind load, horizontal component of weight of
cargo and inertia force during start-up or brak-
ing of lifting mechanism.

Stability shall be ensured at any combina-
tion of loads and all crane positions. Under
normal operating conditions and the occur-
rence of any allowable loads, tipping should
not occur.

General provisions of calculation of stabil-
ity of boom tower cranes are set out in
NPAOP 0.00-1.80-18 "Occupational safety
rules during operation of lifting cranes, lifting
devices and corresponding equipment” [7].

In accordance with DSTU ISO 4302:2017
[5], when calculating the load stability, the
torque created by the weight of the cargo is
taken as the tipping moment; at calculation of
own stability - moment created by wind of idle
state. The holding moment is created by the
weight of the crane and can be reduced by the
influence of the crane tilt, as well as by the
action of inertia forces and wind in the work-
ing state of the crane.

Close to this method is the method of de-
termining the load stability of the crane by the
position of all the forces acting on the crane
relative to the supporting circuit of the crane.

The criterion for crane stability is the stabil-
ity factor, which characterizes the degree of
approximation of the point of application of
the supporting loop equal to the rib. Point of
application of resultant vertical reference pres-
sures is taken as point of intersection of direc-
tions of this resultant with plane of reference
contour.

The stability factor of the crane in a certain
direction is the ratio of the size of the refer-
ence circuit measured in the analyzed direction
at a distance from the point of application of
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the resulting vertical reference pressures to the
furthest edge of the reference circuit when
measured in the same direction.

This method also takes into account addi-
tional actions on the crane: inertia forces,
wind, site slope, etc., and the numerical value
of the crane load stability factor is determined
by the formula:

k= 2 >12, (1)
|+ b’
where b — distance from the axis of rotation to
the line of direction of all loads acting on the
stability of the loaded crane, | — distance from
crane rotation axis to tipping rib.

This method has not been recognized due to
the uncertainty of the value of the load stabil-
ity coefficient, depending on the distance be-
tween the crane supports. Therefore, cranes
with different distances between the tipping
ribs must have different load stability factors,
although the actual stability will be the same.

The method was further developed in the
works, where it is shown that the static stabil-
ity of the crane is ensured provided that the
center of gravity of the crane is located during
operation with 40% overload within the refer-
ence circuit.

For a rigid model, the use of the energy sta-
bility criterion is proposed:

ACOH >k 2
Ay ()

where A, — limit value of operation, which
IS necessary for tipping the crane (holding
work), Ay, — operation of all operating forces
causing crane transfer (transfer operation).

The value of the holding work without tak-
ing into account the base plate:

0,5n+aR

I Rpgr cosede =
0,57-aR (3

=Rpr(@—cosag) = Rxgtg0,50

Acon =
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where R =% G; —equivalent to vertical static

forces, ag, pr —polar coordinates of the tip-
ping point R relative to the received origin of
the tipping edge, xg — Cartesian coordinate of

the rollover point R.
Crane tipping operation:

Pk +ok

—o)do =
n_IB(KQ+Gb)pQCOS(n @)de ”

= (Q+Gp)sinak (Xg +¢g)tg0,505.

Atip =

In the case of evaluation of static stability,
the condition for rollover during calculation by
these formulas becomes:

GK ) XK — thgO,SaR
ka XQ + ythO,SaR 1

Q+Gy = (5)

where G, — boom weight reduced to her tip,
Xk, Yk Xg» Yo — coordinates of the center

of gravity of the crane and cargo, ag — polar

coordinate of the adjoining point of the result-
ing vertical static forces.

Any stability calculation method shall de-
termine the minimum crane weight required to
ensure its operability under specified operating
conditions [8].

The wind effect on the steel structure of the
crane is characterized by the following main
parameters: the average wind speed, mediated
over a certain interval of time; maximum wind
speed with repeatability over a certain period
of time; wind gusts (gusts); duration of gusts
(periods) and wind direction.

The average wind speed, the value is medi-
ated over a certain interval of time. This pa-
rameter is initial in the calculations of cranes
for wind resistance.

In this work, consider the maximum wind
speed during squally and gusty winds, which
will be close to the air shock wave, respective-
ly, in the fourth and fifth zones of destruction.

First of all, consider the gusty wind. Char-
acteristic of wind gusts, gust coefficient K is

equal to the ratio of maximum speeds in gusts
Vmax to average speed V,:
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Ky = omax (6)

The inertia of existing wind speed meas-
urement devices leads to an inevitable error in
the records of such pulsations [9]. Therefore,
the wind speeds V., and V., are not deter-

mined by the instantaneous value, but by the
average value in a small (not more than a few
seconds) time interval, usually t=3-5s.

The squalor of the wind — frequent and
sharp increases in average speed, which is de-
termined by a fairly long period of time. In the
tasks related to the study of the main indicators
of crane operation, it is necessary to allocate
two types of winds: sustained gusty wind and
squally wind. In sustained, vomiting winds,
the change in velocity over time is short-lived,
lasting a little more than a few seconds of pul-
sations, around a roughly constant mean. With
squally wind, in addition to short-term pulsa-
tions, there is a sharp increase in the average
wind speed, determined in a fairly long period
of time. The increase in pressure and speed to
full value at strong squalls can occur in one or
even a fraction of a second. It can be assumed
that the moment of tipping is applied to the
crane suddenly.

Due to the fact that fluctuations in wind
speed near the average value do not cause
changes in signs of force and stress in most
structural elements, the wind load is represent-
ed as a static sum and dynamic components:

V(1) =Vs +B, (7)

where Vg — static component of wind speed
corresponding to the mediated wind speed in a
2-minute time interval, B — dynamic compo-
nent of wind load.

The dynamic component of wind load is de-
termined either by the results of field meas-
urements of wind speed, or by the dependence
of the dynamicity factor &, and the coefficient
taking into account the pulsation component of
wind load m,, B=m,-&. In the work of

Grigorov [4] for generalized crane structures,
approximate values of coefficients
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m, =012...0,0004 - H, where H is the height
of the  tower, E=f(T),  where
T=2+0,02-L; where L is the length of the

crane boom, T is the free oscillation period of
the crane. The relationship between T and §
is shown in Table 1.

Table 1. Relationship between T and &

T,s| 1 2 3 4 5 6 7 8
E) 1,75 | 225 | 2,65 | 295 | 3,16 | 322 | 326 | 33

In [10] the dynamic component of wind
load is investigated, due to wind gusts, the
probabilistic characteristics of which are de-
termined by natural measurements of wind
speed. Table 2 shows the dependence of the
value of the gusty coefficient on the value of
the average speed in the fourth and fifth zones
of air shock wave destruction and the concen-
tration interval with the maximum wind speed.

Table 2. Gust factor Kq versus average wind
speed Vi

Annealing interval t, s
, m/s !
Vin 2 5 10
12.5 1,44 1,41 1,26
30 1,29 1,27 1,26
40 1,26 1,24 1,26
50 1,25 1,21 1,26
ke [
114 NS
1,2 %‘»“ = . S }h=27,3m
1,0 i I e
14 (C
1,2 ~\‘¢ = == }h=15,0m
1,0 e e e e
1,4 A S S S S ——
[y J =N S S S S S — }h=5,7m
1,0 > V,m/c
- npu 1=600c; 1=200c; —————- 1= 10c;

Fig. 1. Dependence of gust coefficient on height
and average wind speed

According to NPAOP 0.00-1.80-18, in the
table we repel the average speed of 12,5 m/s
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because at this speed there should be a stop of
the tower crane. We see that with an average
wind speed of more than 15 m/s, the value of
the coefficient K, does not exceed 1,4 and

with an increase in the average speed gradual-
ly stabilizes around the average value of 1,23.
As you can see, the value K from a height of

more than 15 m does not depend on the con-
centration interval and the height of the crane.
Therefore, this value can be assumed constant
in crane height at speeds up to and greater than
33 m/s, which corresponds to the fourth zone
of destruction from an air shock wave.

The dynamic component of wind load can
be represented as:

AV = SVimi (1) ®)
i=1

where V; — decomposition factor; n; — coor-

dinate functions, ordinary non-random func-
tions.
Receiving for wind flow:

T]I(t) =sin Q)it , (9)

where ; — circular frequencies of gusts (pul-

sations) of wind.

Finally, the wind speed definition expres-
sion, taking into account the dynamic compo-
nent, will be:

Vv :vm[1+i(r<gJ ~Dsineit],  (10)
i=1

where Ky and o; — random static dependent

quantities.
Dependency Ky and o; defined by the

following expression:

Kq -1
= 0,02m or t; = d (11)
-1 0,01

;j K
g

In tasks related to the study of the main in-
dicators of crane operation under the influence
of air shock waves, it is necessary to allocate
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two types of excessive air load: stable gusty
wind (fifth zone of destruction) and squally
wind (fourth zone of destruction). With both
types of air load, the change in speed over time
is short-lived, lasting a little more than a few
seconds of pulsations, around an approximate-
ly constant average. Predicting average wind
speed and excessive air load from waves in a
squall presents a difficult task.

CONCLUSION

The analysis of studies of stationary tower
cranes under the influence of wind load
showed that previous work does not give a ho-
listic approach to accounting and the effect of
wind loads on the operation of lifting cranes,
especially the effect of air shock waves. It has
been found that a change in the dynamics of
wind flow, and therefore the force of wind ac-
tion, leads to a change in the response to the
excitation action expressed by a decrease or
increase in the drag coefficient. For sustained
gusty wind, with an average wind speed of
more than 12,5 m/s, the value of the gusty co-
efficient does not exceed 1,4. As the average
speed increases, the gust coefficient gradually
stabilizes around the average value of 1,23.

In the future, it is necessary to investigate
the impact of wind load and determine the be-
havior of a stationary tower crane from the
impact of the angle of attack of wind flow.
This will allow the driver of the tower crane in
the future to orient the crane with a turn
around its axis to ensure its stability.
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AHaJi3 10caiIzkeHb CTAIOHAPHUX 0AIITOBUX
KPaHiB IPH BiTPOBUX HABAHTAKEHHSX

Eeseeniii opbamiox *, Juumpo Miwyx *,
Onez Bynasxa °, Bonooumup Bonsmiox *

124 Kuiscoxuti nayionanvhuti ynieepcumem
Oyoignuymea i apximexmypu,
$TOB «KCM-TPAHC»

AnoTtanisi. HaBanTaXyBanpbHO-pO3BaHTaKyBa-
JBHI poOOTH € HEBiJl'EMHOIO CKJIAJIOBOIO TEXHOIIO-
Ti9HOTO Tmpolecy OymiBHUITBA. [l BUKOHAHHS
X PoOIT 37€01IbIIOT0 3aCTOCOBYIOTh KpaHH Pi3-
HUX THITIB.

B cyuacHOMy MpOMHCIOBOMY Ta HHBITBHOMY
OYIIBHUIITBI IMPOKO 3aCTOCOBYIOTHCS OAaliToBi
KpaHHU CTAIllOHAPHOTO THUIY, SKI BUKOPUCTOBYIOTh-
Csl IPH CHIOPYPKEHHI PI3HUX TUMIB criopyn Ta Oy-
NIBEJIb.

CpOroJiHi HEMOXXJIMBO YSBUTH COOi MaHopamy
MiCTa 1 JIOCHTh BEJIMKOT'O CUILCHKOTO Cenuiia 0e3
CIPSIMOBAaHUX YBUCH, JIETKUX aXypPHUX CHIIYETiB
OamToBUX KpaHiB. BoHM 100pe moMiTHI Ha T HO-
BUX JKUTJIOBUX 3a0yJIOB, BCIOJIU, /i€ BiJOYBaIOThHCS
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MpOTpecuBHi 3MiHH, ne Wae OyniBHuuTBO. Ha Oy-
TMIBHUITBAX KpaiHH CHOTOJHI BUKOPHUCTOBYIOTH
roHaz 200 Trc. 6amToOBUX KpaHiB.

Ane mix 4ac BHUKOPHCTaHHS OalITOBHX KpaHIB
0COONMBY yBary HEOOXiTHO MPUAUIATH IX eKCILTY-
araiii B HECHPUATINBUX YMOBAX, TOMY IIIO BOHH €
MeXaHI3MaMH MiABUIIEHOT HEOE3MEKH.

OnHuM i3 BaXJIMBUX (aKTOPiB HECTIPUATINBUX
YMOB TIpH MTOBHOMAaCIITAOHOMY pPOCIHICBKOMY BTO-
prHEHHI B YKpaiHy cTand yaapHi XBUJi, SKi BUHH-
KaloTh B pe3ynbTaTi pakeTHUX yaapiB. Lli ymapwi
XBWII CIIPUYMHAIOTH, B CBOIO 4EpPry, MOBITPSIHUN
THCK Ta KOJMBAaHHS HAa 3€MHIN MMOBEPXHI Ta 3yMOB-
JIOIOTh NEBHY CEUCMIUHICTb.

s 3abe3mevenHs Oe3zaBapiiiHOi poboTu 1 min-
BHIICHHS HAIIHHOCTI OAIMTOBUX KpaHIB IPH PO3-
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paxyHKaxX KOHCTPYKIIHM i KOMIUICKTYIOUHX eJieMe-
HTIB iX po60Y0oro 06JaHaHHS BaXXIMBO BPaxOBY-
BaTH JWHAMIYHI HaBaHTa)XEHHS, SIKI B JEKIJIbKa
pasiB MepeBHLIYIOTh CTATUYHI HABAHTAKEHHS.

3abe3medeHHs CTIMKOCTI CTalioHapHUX OamTo-
BHX KpPaHiB, OCOOJIMBO B yMOBaX BOEHHOTO CTaHY,
€ OJIHUM i3 BOXXIJIMBUX TCOPETUYHUX i TMPAKTUIHHUX
3aBaHb. HallBa)KTUBIIIUM acCMEKTOM BHPIIICHHS
IFOTO 3aBAAHHSA € 3a0€3MeUeHHs CTINKOCTI 32 YMOB
MOBITPSHUX YAAPHUX XBWIIb, 1[0 3yMOBIIOIOTH JII0
JUHAMIYHAX HaBaHTaKEHb HA METaJOKOHCTPYKIIT
KpaHy.

KuarouoBi cioBa: OamToBwii KpaH, MOBITPsSHA
yAapHa XBWIS, CTIHKICTh, TUHAMIUHI HABaHTaXKCH-
HSl.
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