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ABSTRACT

The analysis of the accident rate of crane structures
indicates that the most common cause of accidents with tower
cranes is the wind load. The wind load is considered under
working and non-working condition. In the working state, the
maximum wind load is considered, at which the operation of the
crane with the rated load is ensured. In the non-working state,
the calculation is carried out using the coefficient accounting for
the change in dynamic pressure depending on the height of the
location from the ground surface of the given structural element
in the non-working and working states of the crane. However,
the regulatory documents as a rule do not consider the random
nature of the wind load, although the research materials on
changes in wind speed (gusts), proposed in the scientific and
technical literature, indicate the interval character of their action.

The objective of the research was to study the nature of
loading of the tower crane structures, which makes it possible to
assess the change in the oscillatory process in the element of the
crane metal structure exposed to the action of the wind load.

The design scheme proposed in the article considers
the change in intensity of the wind load along the height of
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the crane and the random nature of its change, which
together lead to the occurrence of longitudinal, torsional, and
bending vibrations. Oscillations of the crane metal structure
were considered by the authors as oscillations of an oscillator
with given parameters of the oscillation amplitude, system
masses (boom and tower), and the weight of the load being
lifted. The mechanical state of the system (rigidity and
elasticity) was considered as well.

Theoretical studies of the system under consideration were
carried out in two versions:1) as of an elastic-viscous medium;
2) as of a continuous system.

The results obtained made it possible to reveal the physical
nature of the oscillatory process and to carry out quantitative
assessment of the change in the loading of the metal structures
of the tower crane.

The theoretical studies allowed to obtain expression, which
makes it possible to evaluate the change in the oscillatory
process in the element of the crane metal structure exposed to
the action of the wind load, which has a random nature of
loading.
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INTRODUCTION

Tower cranes are widely used in civil
engineering, e.g. in transport construction for
building of infrastructure facilities.

According to the statistics of the Federal
Service for Environmental, Technological and
Nuclear Supervision of the Russian Federation',
the largest number of accidents related to lifting
equipment occurs with tower cranes. For
example, in 2020, during the operation of all
types of lifting structures, 53 accidents were
recorded, of which the largest number of cases
(11) fell on tower cranes. As a result, seven
people died. According to the author [1, p. 1] this
figure is of 82 %.

The most common cause of tower crane
accidents is wind load. According to data of the
American National Standards Institute (ANSI)
there were 1125 accidents wot tower cranes
world-wide during 2000-2010 decade. There
were 780 fatal injuries, while 23 % of those
accidents were due to high wind load?. The
necessity to account for wind conditions for safe
operation is indicated not only by crane
manufacturers but also by crane operators. The
significance of that factor is highlighted by the
fact that there is a group of companies
manufacturing special equipment to warn about
dangerous access of values of wind speed?.

In Russia, the account of the wind load is
regulated by GOST [State standard] 1451-77*
when designing metal structures and mechanisms,
brakes, when determining the power of the
engines, intrinsic and load stability of the crane.
The wind load on the crane in working condition
is deemed to be the maximum wind load, at
which operation of the crane with the rated load
is ensured. In the non-working state, the
calculation is carried out using the coefficient
considering the change in dynamic pressure
depending on the height of the location from the
ground surface of the given structural element in

! Annual report of the Federal Service for Environmental,
Technological and Nuclear Supervision, 2019. Moscow, STC
Industrial safety, 2020.

2 Wind Conditions and Crane Safety. [Electronic resource]:
https://www.windcrane.com/anemometer-wind-crane. Last
accessed 25.04.2021.

3 Zajicek, C. Effect of Wind Speed on Cranes. [Electronic
resource]: https://www.cranewarningsystemsatlanta.
com/post/ effect-of-wind-speed-on-cranes. Last accessed
25.04.2021.

* GOST [State standard] 1451-77 Lifting cranes. Wind load.
Standard and method of determination. Moscow, Gosstandard
USSR, 1977, 19 p.

the non-working and working states of the crane.
There are international and national regulations
in other countries, e.g., AS 1418.5 and EN 13000
are used in Australia regarding mobile cranes [2].

The same author [2] underlines the economic
effect of the correct choice of the model of the
crane based on the admissible wind load.
Observations at a location showed that the use
of a crane with admissible wind load rate of
20 m/s instead of a crane with admissible wind
load rate of 12 m/s allows to increase the number
of work hours by 342 % [2].

The existing practices of observing changes
in wind speed show that its change has a random
nature [3] which will invariably lead to a change
in the loading of the elements of the crane’s metal
structure [4]. In work [5, pp. 44—46], the average
statistical frequency of changes in the wind gust
was noted, equal to 55-65 s, although other
research materials [6, p. 32], carried out in Russia
and abroad, show averaged rate of 0,5-5 s, that
means that they differ by an order of magnitude.

Consequently, according to the data of later
studies [5, pp. 44-46] the frequency of wind
impact on a structural element will be equal to
0,0182-0,0154 5. Such a spread cannot but lead
to a change in the longitudinal, transverse, and
torsional vibrations of the metal structure of the
tower crane. As a result, internal forces in the
considered metal structures will bear bending,
torsional, and longitudinal vibrations (Pic. 1).
Considering the influence on the metal structure
of the tower crane, as on the system, from
a periodically arising gust of wind, and
considering the metal structure of the crane,
which is a system consisting of a boom, a tower,
and a load, it is evident that the effect of
vibrations from the weight of the raised, lowered,
or fixed load does not exclude the fact that the
structure enters a near-resonance state.

To verify this hypothesis the goal was set to
study the oscillatory process in the construction
of the crane and, using the methods of system
analysis and differential equations, to reveal the
nature of the oscillatory process.

It is worth noting that there are research
works dedicated to the description of the models
of the impact of wind load on operations
performed by cranes, particularly on the cargo,
transported by rotary truck crane [7].

RESULTS
Let’s consider the loads acting on the crane
in a first approximation (see Pic. 1). Here ¢ and
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Pic. 1. Loads acting on the crane
(according to GOST 1451-77).
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g, are the distributed load from the gravity of the
tower and the boom, respectively, N; p and p, —
wind pressure on the tower and the cargo,
respectively, N/m?; P—weight of the cargo being
lifted, N.

In this case, it is necessary to consider the
change in intensity of the wind load along the
height of the crane and the random nature of its
change. Its action, in combination with cargo
characteristics, leads to the occurrence of
longitudinal, torsional, and bending vibrations.

Oscillations of any mechanical system can
be represented as oscillations of an oscillator
[8, p. 125; 5, p. 76].

Using the methodology for calculating
oscillatory systems [10, p. 127], we write the
boom oscillations in the form of a differential
equation. Boom vibrations:

Ay
dr’

dy

+k y=r@, )

where y — amphtude of oscillations;

m — mass of the system,;

h — viscosity of the structure (coefficient of
friction, proportional to speed), which is
analogous to elasticity;

k — stiffness factor.

In accordance with Euler’s solution [11,
p- 282], the general solution of equation (1) will
be sought in the form:

v =clyl(®) + c2+v2(), @)
where ¢/ and c¢2 — integration constants.
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Let’s compose the characteristic equation:
mer? + her + k= 0.

Then the equation (2) takes the form:
y = cleiot + c2°e—iwt = recos(ot+Q). 3)

We will seek the solution using the total
energy of the system (kinetic and potential) [6,
p. 3211

mev: key* 1 dyY )
g BV L (2 k2|,
2 T2 2 {m (dt wkey )

The oscillation frequency is equal to:

w=\/§. (5)

Substituting (3) into (4), we obtain that the
total energy of the system will be equal to:

E=%°m'o)2'r2°sin2(a)°t+(p)+
1 2 2 1 2
+5'k-r *Cos (o)*t+(p)=5'k°r = const.

Considering elasticity of the system and using
(1) and (4), we investigate the change in the total
energy of the system in time by differentiating
equation (4).

9E_1 1 me @ LY oy |
da 2 dr dr’ dt

2
dy ( h.dy ke y)+k y.d =_h.(dJ’J )
T drt dt dt dt

The resulting sign «—» indicates damping of
the oscillatory process in the system. However,
the action of the next gust of wind will inevitably
lead to summation of oscillations, which can
cause its near-resonance phenomenon.
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The solution to the above equation will have
the form [11, p. 326]:
y= Cl.efat + cz.efbt,
where a and b are the roots of the characteristic
equation.

To determine the coefficients ¢, and c,, we
set the initial conditions:
dy
dt by =0

If the discriminant of the characteristic
equation satisfies the condition D > 0, then using

the initial conditions, we obtain:
_bry+y, .l

y |x=10: Yos

a= b-a ’
c, _a*),+Y, eel
a-b

Let’s consider the scheme shown in Pic. 1 as
a continuous system. We consider that the total
energy of the system is:
u = uelas + uext,
where uelas = PeAl.

The total elongation is the sum of the
elongations of the i-th sections:

(6)

Al = (yi+1 -V )2 (6*)
=

where s — variation interval.
Then:

i = S (=)’ (7)

elas 2 'l’l =1 Wi+l il

Uy == F* . (®)
Substituting (7) and (8) in (6), we get:

wmg S a=2) -3, ©)

When the system is in balanced state at

a fixed time interval (9), we have:
ou

=0.

oy, (10)
And in the absence of balance:

ou

a—yi — min, (1 1)

that is, a compensating force is needed to
return the system to an equilibrium position. We
represent the right side of equation (9) as:
ou
oy, 2- h
P
*;°(J’i+1 =2y, +yi—1)7F;'

Under stationary conditions:

yi—l)_z'(ym_yt):l_E:

(12)

Let’s make an equation for two adjacent
points (Fi = F):

P
;.(yi+l_2.yi+yi—l)+1;;:o'

_ @=Dei h-F .

y=-CEPLEE (13)
When yn =0 we get:
__(n=Deih-F . _ _

Y= Y i=1L2...(n-1).

It is obvious that in the expression (6") the
value:

1+1 yl_ '
PR

Then (6%) can be rewritten as:

ue/as=i[}2)'y = } *h Z[ ey l Ax.

i=l

Ifh — 0 we get:
Pey"+ f(x)=0.

Or:

¥ =g f). (14)

Using the initial conditions, with y(0) = 0
y(I) = 0 function f(x) = f, = const, then equation

(14) will have the form:
y'=—£’ xX+c;
y=—&-x2 +o o x+c

P 2 1 2°

Considering the initial conditions:
c,=0;
_hll
P2
Whence the required function will look like:
foexe(l-x)
2.p

S

y:

In case of the action of an elastic force, work
is spent to overcome the elastic forces:

Y . . k'y,z
Z!(k Py =3 =%,

where k — elasticity coefficient.
Then the expression (6) will have the form:

=3 (-v) Zyt ZF v (19)

2¢h 43

However, con51der1ng the design scheme of
atower crane, the state of the latter in case of loading
is changed by two parameters x and y, which change
in time by interrelated functions of the form:

x=x(1)
{y =y(). (16)

These functions change over time at a rate:

u=

ZT‘P(X ¥
(17)
L 0x.y).

The initial conditions for solving the system
of differential equations (17) are determined from
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the equilibrium condition of the system which is
elastic deformation, i.e.:
Vo= YorXliio= X3
Vle=0:%],,=0.
that is:
{ P (Xo’ yO) =0
Q(Xo 5 yO) =0.

Under wind load, displacement of points of
the system will be equal to:
{x(to) =X,+AX,

Y(to) =W +Ayo’
Substituting (18) in (17):

(18)

IO _pix e ax v+ ay)=(P), A+ () =y
d(Aty) ' ' v
7=Q(xo+Ax,yo+Ay)=(Qx)0 “Ax+(0)), *Av.

The characteristic equation of the system has
the form:

(2)» (), |
(QX )0 (QX )0 —p

For imaginary p = r + i-s, the solution of the
system has the form:
ept = ert- (cos st + i - sin st). (20)

The analysis of equation (20) shows that the
growth or damping of oscillations is determined
by the sign of the root of the characteristic
equation p, if p is a real root, and by the sign 7,
if p is imaginary.

Obviously, if at least one root of the equation
is equal to 0, then equation (20) will have the
form:
e—at =

That is, the object is motionless and is in

a state of equilibrium, which is impossible in real
life.

CONCLUSIONS

The analysis showed that the existing
regulations in Russia governing the calculation
of crane structures do not consider the random
nature of the wind load.

The carried out theoretical studies made it
possible to obtain expression (20), which makes

it possible to evaluate the change in the oscillatory
process in the element of the crane metal
structure exposed to the action of the wind load,
which has a random nature of loading.
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