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1. Introduction

Large-volume vertical cylindrical steel tanks are widely 
used in the oil refining industry to store oil or petroleum 
products. Considering that vertical cylindrical tanks are 

categorized as particularly responsible structures, their 
destruction can lead to environmental disasters, significant 
material costs, and human casualties [1–3]. Construction 
and operation of tanks should be based on sound scientific, 
technically possible, fundamentally new design and econom-
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This paper reports a study of the 
frequencies and vibration modes of 
a vertical steel tank with a vari-
able wall thickness in the ANSYS 
software suite using a finite-ele-
ment model of vibrations of a tank 
with a volume of 3000 m3 for oil and 
petroleum products, hardened by a 
prestressed winding. The simula-
tion was carried out for two vari-
ants of fixing the upper edge of 
the tank wall, which correspond 
to cases of absence or presence of 
tank coating. The estimation cases 
for the coefficients of the tension 
force of the wire relative to its ten-
sile strength were investigated: at 
k1=0.2; k2=0.4; k3=0.6 and k4=0.8. 
Variation studies were carried out 
both taking into account the addi-
tional loads caused by the action 
of hydrostatic pressure from the 
maximum and half poured oil into 
the tank, and without oil. The mag-
nitude of changes in the vibration 
frequencies of the tank wall with-
out the influence of the coating var-
ies within 12–27 % and when tak-
ing into account the influence of 
tank coating, 21–62 %, depending 
on the degree of filling of the tank. 
The revealed pattern relates to the 
fact that a decrease in the tension 
force of the filament in the winding 
leads to an increase in the frequen-
cy of oscillations. Thus, pre-stress 
can be applied to regulate the oscil-
lation frequency of the tank wall. 
By decreasing which in the wind-
ing, it is possible to increase the 
natural frequencies of the wall and 
to lower the frequencies through 
an increase in the prestress. The 
research results can be used in the 
future as anti-seismic measures in 
the design and construction of steel 
vertical cylindrical tanks, as well 
as to improve the strength char-
acteristics of existing cylindrical 
structures
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ically justified solutions. This leads to the need for additional 
research into the development of scientific foundations for 
assessing the strength, stability, and durability of vertical 
cylindrical tanks, taking into account actual operating con-
ditions [4, 5]. When designing reservoirs operated in seis-
mically hazardous areas, research is carried out in the field 
of structural vibrations [6–13]. As a result of seismic load, 
there is a possibility of structural failure of the tank in the 
areas of bolted joints, dents [6, 7], welds [8, 9], and in other 
places of stress concentration [10–13]. 

Therefore, studies aimed at analyzing the vibration 
frequencies of the wall of a steel vertical cylindrical tank 
for petroleum products, hardened by a prestressed winding, 
are relevant; the results could be in demand by research and 
design institutes. 

2. Literature review and problem statement

To ensure long-term and trouble-free operation of large 
tanks, technical solutions are implemented aimed at enhanc-
ing the strength of structures. Thus, one of the options for 
strengthening the finished structure is to apply the winding 
to the outer surface of the wall when studying the free vibra-
tions of the liquid in the tank [14]. The model of free vibra-
tions of a tank without liquid is considered in [15]. A similar 
model, but with the use of composites as a winding, was built 
in study [16]. However, in these works, the vibration fre-
quencies of the tank wall were investigated without taking 
into account prestresses. The winding is taken into account 
in this model as additional mass and as wall thickening. At 
the same time, the stressed-strained state of the tank with a 
winding of steel wire and composite filament with a filament 
winding pitch of 1:1, 1:2, and 1:3 showed the effectiveness of 
its use. Its application prevents the localization of stresses 
in the ring layers of the tank wall due to the action of liquid 
pressure. This model of free oscillations of the liquid in the 
tank. It makes it possible to determine the natural modes 
and natural frequencies of oil oscillations in a tank filled to a 
predetermined level. The authors also conducted a study [15] 
of displacements in the wall of the tank at the same tension of 
the thread for wire with a diameter of 3 mm, 4 m, and 5 mm. 
It should be noted that the specification of the diameter of 
the wire does not affect the qualitative result of studies of the 
laws of the influence of the pre-tension force of the winding 
on the vibrations of the tank. In this case, the model of free 
vibrations of a tank without liquid makes it possible to de-
termine the natural frequencies and eigenmodes of the tank 
wall under given conditions for fixing the structure. 

Article [17] reports the results of modeling the ampli-
fication of the same input movement by soil layers of two 
different sites. Geographically, the plots are located at a 
distance of 10 km from each other. Under such conditions, 
when designing earthquake-resistant objects, design engi-
neers usually use the same set of estimation accelerograms 
to calculate the combination of emergency loads. The 
simulation results presented in article [17] showed that 
soil reinforcement during the same input movement, even 
in closely spaced and, at first glance, similar in geological 
structure, areas can differ significantly. Paper [18] con-
siders the classification of destruction of cylindrical steel 
tanks from the action of seismic loads. The features of the 
static calculation of shells are revealed. The physical and 
mechanical properties of the material and the geometric 

parameters of the vertical tank were determined. A full-
size finite-element model of a filled vertical steel tank has 
been developed. The calculation of the filled vertical steel 
tank was performed, and the values of the frequencies 
and periods of natural oscillations were obtained. As a 
reinforcement of tanks, the use of composite materials with 
nanoinclusions is proposed [19].

Study [4] gives a simple and effective model that takes 
into account the effects produced at the base of the tank 
(i.e., lifting and swinging), as well as the flexibility of the 
soil and nonlinear effects in the anchor system. A compre-
hensive analysis of the effects of the interaction of the soil, 
foundation, and structure in combination with the influence 
of the convective part of the liquid was carried out for three 
fixed cylindrical steel tanks. These structures were subject-
ed to lateral seismic loads, and three seismic vibrations of 
the soil and four different options for soil flexibility were 
also considered. The results make it possible to better un-
derstand the seismic response of anchor tanks and show that 
the soil-foundation-structure interaction reduces critical re-
sponse parameters. These findings may serve as motivation 
for possible changes to existing seismic design standards. 
In the cited study, only the issue of forced vibrations of the 
structure was considered.

In [20], a parametric study was carried out using numeri-
cal simulation for a dynamic load in the form of an explosion. 
The study took into account the internal level of the liquid, 
the wall thickness, the yield strength of the material, the 
restrictive conditions, and the intensity of the explosion 
using the finite-element method. The wall thickness of the 
tank varies between 10 mm, 20 mm, 30 m, and 40 mm, while 
the filling level of the internal liquid varies between 25, 50, 
75, and 100 %. Similar experimental studies into the effect 
of liquid pressure in partially filled tanks were carried out 
in [21]. However, these studies looked at traditional design 
parameters only.

In [22], the maximum error of numerical calculations 
was established in comparison with the analytical solution 
in the consideration of problems of free oscillations of a cy-
lindrical shell. Article [23] reports the results of modeling 
the operation of metal tanks filled with water. Study [24] 
describes a methodology for numerical analysis of a com-
posite structure under operational loads associated with 
transportation. In [25], a cylindrical tank for storing pet-
rochemical products is considered. It is noted that a typical 
tank design has a wall that is modeled by a thin shell. The 
dynamic response of the structure to the external explosive 
load was investigated. The structure is reinforced with 
anti-explosion strips. Simulation was carried out at vari-
ous parameters of anti-explosion strips during an external 
explosion. Article [26] studies the features of deformation 
processes of cylindrical steel tanks with defects. The lon-
gitudinal bending of the tank wall at constant external 
pressure was studied. It is shown that the presence of initial 
defects in the design significantly reduces the strength of 
the tanks.

When numerically simulating vibrations of a hardened 
winding of the tank wall, it should be borne in mind that 
the construction of an accurate winding model is extremely 
difficult and inefficient while the use of an averaged model 
is effective. The possibility of using averaged mechanical 
characteristics for numerical studies of structures is shown 
in [27–29]. To take into account the change in the wall 
thickness of the tank in height, it is most effective to solve 
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the problem by the finite-element method in a three-dimen-
sional statement. 

As shown in [30–32], this approach is relevant for the 
study of real industrial structures. The basic laws of the 
process of oscillation of engineering structures are given in 
monograph [33].

Our review of publications showed that the vibration 
frequencies of a steel vertical cylindrical tank for petroleum 
products, hardened by a prestressed winding, are poorly 
studied and require additional research related to the use of 
prestress to protect against dynamic influences in the form of 
horizontal vibrations, taking into account the filling level of 
the structure. In the future, such studies could be positively 
used as anti-seismic measures by designers and engineers in 
order to improve the strength characteristics of existing cy-
lindrical structures.

3. The aim and objectives of the study

The purpose of this study is to determine the regu-
larities of the influence of the pre-tensioning force of the 
winding on the vibrations of the tank wall. This issue will 
make it possible to further adjust the frequencies by chang-
ing the tension force of the filament in the winding for two 
cases, taking into account the influence of the tank coating 
and without it.

To accomplish the aim, the following tasks have been set:
‒ to investigate the frequencies and vibration modes of 

the winding-hardened tank wall without taking into ac-
count the influence of the tank coating; 

‒ to investigate the frequencies and vibration modes of 
the winding-hardened tank wall, taking into account the 
influence of the tank coating.

4. The study materials and methods

The object of this study is the process of vibrations of the 
wall of a steel vertical cylindrical tank for petroleum prod-
ucts, hardened by a prestressed winding, taking into account 
and without the influence of the tank coating at different 
levels of filling the structure.

During operation, the wall of the tank hardened by the 
prestressed winding is exposed to the internal pressure 
from the poured oil and the external pressure from the 
winding. As a result of this impact, stresses arise in the 
tank wall. Their magnitude affects the vibrations of the 
structure. The amount of pressure on the wall of the tank 
from the winding can be changed by tensioning the fila-
ment in the winding. The pressure value depends on such 
parameters as the pitch of the winding turn, the thickness 
of the thread, and the force of its tension [14‒16]. This 
pressure partially compensates for the effect of the hydro-
static pressure of the oil. At the same time, the presence of 
a winding on the wall of the tank changes the frequency 
spectrum of the structure [34‒38]. On the one hand, the 
presence of a winding increases the mass of the structure, 
which leads to a decrease in the frequency spectrum. On 
the other hand, the prestressed winding increases the 
rigidity of the structure, which leads to an increase in the 
frequency spectrum. Which of these effects will prevail is 
determined by a number of factors related to the winding 
parameters.

The spectrum of frequencies and vibration modes of the 
winding-reinforced wall of a vertical cylindrical steel tank 
with a volume of 3000 m3 is investigated. The problem is 
solved by the finite-element method, which is implemented 
in the ANSYS Workbench software suite. 

The geometric characteristics of the vertical steel cylin-
drical tank are given in Table 1.

Table 1

Geometrical characteristics of vertical steel cylindrical 
tank [14–16]

No. Geometrical parameter Value, m

1 Inner diameter, D 18.38

2 Tank height, h 11.92

3 The height of the bottom layer, h1 1.49

4 The height of the second layer, h2 1.49

5 The height of the third layer, h3 2.98

6 The height of the top layer, h4 5.96

7 The wall thickness of the bottom layer, t1 0.008

8 The wall thickness of the second layer, t2 0.006

9 The wall thickness of the third layer, t3 0.005

10 Top layer wall thickness, t4 0.004

11
Maximum liquid loading height in seismically 

hazardous areas
11.08

At the point of attachment of the wall of the tank with 
the bottom, the boundary conditions for rigid fastening are 
set. Boundary conditions at the upper edge are considered 
of two types. The first type, the free edge, corresponds to 
an uncoated tank. The second type, in the absence of move-
ments in the normal direction to the wall, corresponds to a 
coated tank. The magnitude of the hydrostatic pressure of oil 
on the inner surface of the tank wall depends on the height 
of the oil loading. Its quantitative characteristics were deter-
mined earlier in works [14‒16]. Oil splashes in the tank are 
not taken into account.

The tank is made of C245 steel: modulus of elasticity, 
E=2.1·1011 Pa; Poisson ratio; v=0.3; density, ρ=7850 kg/m3; 
yield strength, σ0,2=245 MPa. The appearance of zones of 
plastic flow of the material is considered unacceptable. The 
study examines a winding made of 65T steel with yield 
strength σ0.2=785 MPa; wire diameter, 4 m; winding pitch is 
close [14‒16].

The oscillation of elastic shells of rotation, partially 
filled with an ideal incompressible fluid, was considered. The 
system of equations of motion is symbolically written in the 
following form [19]:

( ) ( ) ,L U M U P+ = 			    (1)

where U=U(x, y, z, t) is the displacement vector; 
L is the operator of elastic forces;
M is the operator of mass forces;
P=P1(x, y, z)n+P2(x, y, z)n – total pressure on the tank wall;
n is the external normal to the tank wall.
Let’s consider the loading scheme of the tank wall (Fig. 1).
The outer surface of the tank wall is affected by the dis-

tributed pressure P1 from the prestressed winding. The mag-
nitude of the thread tension force is determined according to 
the dependence given in [22–25].

The equilibrium equation is considered on the basis of 
the moment-free theory of shells:
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The integration and transformation of expression (2) 
leads to equality at the point P=N. Based on this, it is possi-
ble to determine the contact pressure of the winding on the 
tank pc:

.
·2c

N
p

b R
=

π
 			   (3)

The distributed pressure P1 is determined on the basis of 
contact pressure (3) under the assumption that the pressure 
is evenly distributed over the outer surface of the tank wall 
by the width of the wire diameter. 

The hydrostatic pressure P2 is determined by the follow-
ing formula [21]:

( ) ( )2 ,P h pg h d= − −  			   (4)

where p is the density of the liquid filling the tank; 
g – acceleration due to gravity; 
d is the height to which the liquid is poured. 
This study investigated crude oil with a density 

of 850 kg/m3. The acceleration due to gravity was assumed 
to average 9.81 m/s2.

The oscillations of the oil tank reinforced by the winding 
are represented in the form of a series:

( ) ( ) ( )
1

, , , , , ,
m

k k
k

U x y z t c t u x y z
=

=∑ 		  (5)

where uk (x, y, z) are the eigenmodes of the tank; ck(t) are 
unknown coefficients that depend only on time.

The natural vibration modes satisfy the orthogonality 
condition:

( )2 , , ,k k k k j kjLu Mu Mu u=ω = δ  		   (6)

where 2
kω  is the natural frequency of oscillations corre-

sponding to the uk oscillation mode of the tank. 
Thus, taking into account representation (5) and con-

dition (6), equation (1) with loads represented in the form 
of (3) and (4) is reduced to the problem of eigenvalues. The 

problem is solved by the finite-element method in the AN-
SYS Workbench software package. 

At the current level of development of computer technol-
ogy and software, it is advisable to analyze the influence of 
the parameters of the prestressed winding on the vibrations 
of the tanks by numerical methods. Numerical studies into 
the frequencies and vibration modes of a tank filled to a 
given height with oil with a prestressed winding made of 
steel wire stretched with a given force are carried out in the 
Modal calculation module. This model is associated with the 
Static Structural calculation module (Fig. 2).

When determining the frequencies and vibration modes 
of the wall of the tank with the winding, the change in the 
mass of the tank due to the application of the winding was 
taken into account. The additional mass was modeled on 
the outer surface of the tank wall. The convergence check of 
the solution for the finite element mesh used was performed 
earlier [14–16].

The numerical simulation algorithm includes two stag-
es (Fig. 3). 

In the first step, the stresses in the tank wall are de-
termined in the Static Structural design module under 
specified boundary conditions. The boundary conditions 
at the bottom end were selected as Fixed Support. And 

Fig. 1. Scheme of loading the wall of the tank with the 
distributed pressure from the tension of the winding thread 

P1 and the hydrostatic pressure P2 

Fig. 2. Diagram of the estimation model

Fig. 3. Algorithm of the computational model
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for the upper end, two options were considered. For the 
first option, no restrictions were set, and for the second 
option, Displacement restrictions were set in the form 
shown in Fig. 4.

The hydrodynamic pressure is set on the inner surface 
of the tank wall and is determined according to depen-
dence (6). Calculations were carried out for three cases. For 
the case of maximum filling of the tank with oil (Fig. 5), for 
the case of half filling, and for the case of an empty tank. 

Note that the calculation model makes it possible to 
simulate the hydrodynamic pressure for any arbitrary level 
of filling the tank with oil.

The case was considered when the winding is applied to 
the entire outer surface of the wall. The distributed pressure 
Р1 on the outer surface of the tank wall is given as a constant. 
The magnitude of this constant, depending on the tension 
force of the filament in the winding, can be determined 
by formula (3). The change in the tension force of the fila-
ment in the winding was simulated by changing the tension 
force coefficient of the filament k, 0<k<1. For calculations, 
P1=k·36.991 kPa was taken. Calculations were carried out 
for four variants of the thread tension force: k1=0.2; k2=0,4; 
k3=0,6; k4=0.8. In this case, the distributed pressure on the 
outer surface of the tank wall was as follows: 

P11=7,398 kPa; P12=14,796 kPa; 

P13=22,195 kPa; P14=29,593 kPa.

The frequencies and modes of vibrations of pre-stressed 
hydrostatic pressure tanks without winding for the cases of 
maximum and half filling with oil were also studied. 

5. Results of investigating the vibration frequencies of 
the wall of a steel vertical cylindrical tank strengthened 

by a prestressed winding

5. 1. Frequencies and modes of vibrations of the wind-
ing-hardened tank wall without taking into account the 
influence of the tank coating

5. 1. 1. For a tank filled with oil as much as possible 
The results of our calculations of the vibration frequencies 

of the tank wall, taking into account the prestressed state 
from the tension of the filament in the winding for the case 
of maximum filling with oil, showed that they are all paired. 
Table 2 gives the first ten significant oscillation frequencies.

The vibration modes corresponding to the significant 
oscillation frequencies given in Table 1 were studied. It was 
found that the modes were the same for all coefficients k, i.e., 
they do not depend on the tension force of the wire in the 
winding. For the case of a tank without winding, the vibra-
tion modes take the same form. The modes corresponding to 
the first four frequencies are shown in Fig. 6 [15].

Fig. 4. Boundary conditions at the upper end for the second 
model: a ‒ general view of the model in axes; 	

b ‒ table of accepted conditions

a

b

Fig. 5. Scheme for calculating the hydrodynamic pressure of the maximally filled tank: 	
a – table of accepted conditions; b – general view of the model in axes

a b
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Table 2

Vibration frequencies of the wall of the tank, 
reinforced by a winding of steel wire with 

different thread tension, taking into account 
the maximum hydrostatic pressure, Hz

Signif-
icant 

frequen-
cy No.

The tension coefficient of the filament in 
the winding

Tank with-
out winding 

[15]
k1=0.2 k2=0.4 k3=0.6 k4=0.8

1 13.44 12.02 11.52 10.99 10.44

2 14.38 12.27 11.97 11.66 11.35

3 17.54 15.73 15.17 14.58 13.97

4 19.55 16.85 16.74 16.63 16.52

5 27.40 22.08 21.52 20.95 20.36

6 27.68 26.72 26.70 26.68 26.65

7 35.03 30.48 29.97 29.44 28.90

8 36.13 31.83 31.58 31.33 31.07

9 38.19 32.65 32.47 32.30 32.13

10 39.95 36.11 35.81 35.51 35.20

Fig. 7 shows the change in the first five oscillation frequen-
cies depending on the tension force of the wire in the winding. 

The lower broken line in black corresponds to the max-
imum tension coefficient k4=0.8. The blue and green lines 
are plotted for the tension coefficients k3=0.6 and k2=0.4, 
respectively. The upper broken line in red corresponds to 
the tension coefficient k1=0.2. At the same time, the case of 
a tank without winding is not shown in the plot (Table 2). 
Thus, for the case under consideration, a decrease in the ten-
sion force of the filament in the winding leads to an increase 
in the oscillation frequency.

5. 1. 2. For a tank half filled with oil
The results of our calculations of the vibration frequen-

cies of the tank wall, taking into account the prestressed 
state from the tension of the filament in the winding for the 
case of half filling with oil, showed that they are all paired. 
Table 3 gives the first ten significant oscillation frequencies.

Table 3

Vibration frequencies of the wall of the tank, reinforced by 
a winding of steel wire with different thread tension, taking 

into account half the hydrostatic pressure, Hz

Significant 
frequency 

No.

The tension coefficient of the filament in the winding

Tank without 
winding

k1=0.2 k2=0.4 k3=0.6 k4=0.8

1 14.11 13.16 12.89 12.61 12.32

2 16.81 15.11 14.72 14.31 13.90

3 17.51 16.99 16.88 16.77 16.66

4 23.12 21.09 20.67 20.24 19.80

5 27.29 26.81 26.79 26.76 26.74

6 30.70 28.46 28.02 27.58 27.12

7 35.83 35.22 34.73 34.22 33.71

8 38.20 38.52 38.35 38.18 37.99

9 39.68 41.30 41.22 40.88 40.31

10 41.49 41.99 41.44 41.15 41.07

The vibration modes corresponding to the significant 
oscillation frequencies given in Table 3 were studied. It is 
found that the modes are the same for all coefficients k, i.e., 
they do not depend on the tension force of the wire in the 
winding. For the case of a tank without winding, the vibra-
tion modes take the same form. The vibration modes corre-
sponding to the first four frequencies are shown in Fig. 8. 

Fig. 9 shows the change in the first five vibration frequen-
cies depending on the tension force of the wire in the winding.

The lower black broken line corresponds to the maxi-
mum tension coefficient k4=0.8. The blue and green lines 
are plotted for the tension coefficients k3=0.6 and k2=0.4, 
respectively. The upper broken line of red corresponds to 
the tension coefficient k1=0.2. At the same time, the case of 
a tank without winding is not shown in the plot (Table 3). 
Thus, for the case under consideration, a decrease in the ten-
sion force of the filament in the winding leads to an increase 
in the oscillation frequency.

Fig. 6. Vibration modes of the tank, reinforced with a 
winding of high-strength steel wire, taking into account the 

maximum hydrostatic pressure: a – mode I; b – mode II; 	
c – mode III; d – mode IV [15]

a b

c d

Fig. 7. Vibration frequencies of the tank at different tension forces of the wire 
in the winding: the case of maximum hydrostatic pressure
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5. 1. 3. For a tank without oil
The results of our calculations of the vibration frequen-

cies of the tank wall, taking into account the pre-stressed 
state from the tension of the filament in the winding without 
oil, showed that they are all paired. Table 4 gives the first ten 
significant oscillation frequencies.

The vibration modes corresponding to the significant 
oscillation frequencies given in Table 4 were studied. It is 
found that the vibration modes are the same for all coeffi-
cients k, i.e., they do not depend on the tension force of the 
wire in the winding. The modes corresponding to the first 
four frequencies are shown in Fig. 10. The presented vibra-
tion modes for an unfilled tank correspond to the previously 
obtained modes for a tank filled with oil as much as possible.

Table 4

Vibration frequencies of the wall of the 
tank, reinforced by a winding of steel wire 

with different thread tension, without 
hydrostatic pressure, Hz

Signif-
icant 

frequen-
cy No.

The tension coefficient of the fila-
ment in the winding

Tank 
without 
winding

k1=0.2 k2=0.4 k3=0.6 k4=0.8

1 12.75 11.03 10.48 9.91 9.29

2 13.367 11.65 11.34 11.01 10.68

3 17.253 14.71 14.10 13.47 12.81

4 18.54 16.61 16.50 16.39 16.27

5 26.832 21.21 20.63 20.03 19.42

6 27.336 26.67 26.65 26.62 26.60

7 34.103 29.73 29.23 28.71 28.17

8 34.781 30.59 30.30 30.03 29.76

9 37.543 31.82 31.63 31.46 31.28

10 39.457 34.46 34.14 33.83 33.50

Fig. 11 shows the change in the first five vibration fre-
quencies depending on the tension force of the wire in the 
winding.

The lower black broken line corresponds to the maxi-
mum tension coefficient k4=0.8. The blue and green lines 
are plotted for the tension coefficients k3=0.6 and k2=0.4, 
respectively. The upper broken line of red corresponds to 
the tension coefficient k1=0.2. At the same time, the case of 
a tank without winding is not shown in the plot (Table 4). 
Thus, for the case under consideration, a decrease in the ten-
sion force of the filament in the winding leads to an increase 
in the oscillation frequency.

Fig. 8. Vibration modes of the tank, reinforced by a winding 
of high-strength steel wire, taking into account half the 

hydrostatic pressure: a – mode I; b – mode II; 	
c – mode III; d – mode IV

a b

c d

Fig. 9. Vibration frequencies of the tank at different tension forces of the wire in 
the winding: the case of half hydrostatic pressure
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Fig. 10. Vibration modes of the tank, reinforced by a winding 
of high-strength steel wire, without hydrostatic pressure: 	

a – mode I; b – mode II; c – mode III; g – mode IV
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5. 2. Frequencies and modes of vibrations of the wind-
ing-hardened tank wall, taking into account the influence 
of the tank coating

5. 2. 1. For a tank filled with oil as much as possible
The results of our calculations of the vibration frequen-

cies of the tank wall, taking into account the prestressed 
state from the tension of the filament in the winding for the 
case of maximum filling with oil, showed that they are all 

paired. Table 5 gives the first ten signifi-
cant oscillation frequencies.

The vibration modes corresponding to 
the significant oscillation frequencies giv-
en in Table 5 were studied. It was found 
that all vibration modes corresponding to 
the initial frequencies have a large number 
of nodes around the circumference of the 
cylindrical shell, while there are no nodes 
along the generatrix. For different coef-
ficients k, they may differ in the number 
of nodes in the circumferential direction. 
For the calculated case k1=0.2, the modes 
corresponding to the first four frequencies 
are shown in Fig. 12.

Fig. 13 shows the change in the first 
five vibration frequencies depending on 
the tension force of the wire in the 
winding. 

The lower black broken line corre-
sponds to the maximum tension coefficient k4=0.8. The 
blue and green lines are plotted for the tension coefficients 
k3=0.6 and k2=0.4, respectively. The upper broken line of 
red corresponds to the tension coefficient k1=0,2. At the 
same time, the case of a tank without winding is not shown 
in the plot (Table 5). Thus, for the case under consideration, 
a decrease in the tension force of the filament in the winding 
leads to an increase in the oscillation frequency.

Fig. 11. Vibration frequencies of the tank at different tension forces of the wire 
in the winding: the case of the absence of hydrostatic pressure
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Fig. 12. Vibration modes of the tank, reinforced with a winding of high-strength steel wire, taking into account the maximum 
hydrostatic pressure: a – mode I; b – mode II; c – mode III; d – mode IV
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Fig. 13. Vibration frequencies of the tank at different tension forces of the wire in the winding: the case of maximum 
hydrostatic pressure
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Table 5

Vibration frequencies of the wall of the tank, reinforced by 
a winding of steel wire with different thread tension, taking 

into account the maximum hydrostatic pressure, Hz

Significant 
frequency 

No.

The tension coefficient of the filament in the winding

Tank without 
winding

k1=0.2 k2=0.4 k3=0.6 k4=0.8

1 17.71 16.86 15.95 14.97 13.94

2 17.73 17.06 16.39 15.69 14.47

3 19.06 18.03 16.93 15.75 14.95

4 19.26 18.84 18.40 17.92 16.52

5 21.56 20.42 19.21 17.96 17.50

6 22.72 22.48 22.24 21.34 19.93

7 25.08 23.90 22.66 21.99 21.74

8 28.66 28.32 27.11 25.82 24.46

9 28.95 28.34 27.61 26.81 25.98

10 29.14 28.38 27.71 27.06 26.41

5. 2. 2. For a tank half filled with oil
The results of our calculations of the vibration frequen-

cies of the tank wall, taking into account the prestressed 
state from the tension of the filament in the winding for the 
case of half filling with oil, showed that they are all paired. 
Table 6 gives the first ten significant oscillation frequencies.

The vibration modes corresponding to the significant oscil-
lation frequencies given in Table 6 were studied. It was found 
that all vibration modes corresponding to the initial frequen-
cies have a large number of nodes around the circumference 
of the cylindrical shell, while there are no nodes along the 
generatrix. For different coefficients k, they may differ in the 
number of nodes in the circumferential direction. For 
the calculated case k3=0.6, the modes corresponding 
to the first four frequencies are shown in Fig. 14.

Table 6

Vibration frequencies of the wall of the tank, 
reinforced by a winding of steel wire with different 

thread tension, taking into account half the 
hydrostatic pressure, Hz

Significant 
frequency 

No.

The tension coefficient of the filament in the 
winding

Tank without 
winding

k1=0.2 k2=0.4 k3=0.6 k4=0.8

1 17.16 15.03 14.06 12.95 11.74

2 17.19 15.04 14.11 13.00 11.79

3 18.44 15.09 14.26 13.45 12.58

4 18.46 15.14 14.27 13.46 12.60

5 18.55 17.26 16.38 15.16 13.82

6 18.60 17.27 16.48 15.27 13.94

7 22.24 17.52 16.78 16.29 15.79

8 22.25 17.61 16.79 16.30 15.80

9 22.29 21.54 20.78 19.57 18.29

10 22.43 21.55 20.94 19.75 18.47

Fig. 15 shows the change in the first five vibration frequen-
cies depending on the tension force of the wire in the winding.

The lower black broken line corresponds to the maximum 
tension coefficient k4=0.8. The blue and green lines are plotted 
for the tension coefficients k3=0.6 and k2=0.4, respectively. 
The upper broken line of red corresponds to the tension coeffi-

cient k1=0.2. At the same time, the case of a tank without wind-
ing is not shown in the plot (Table 6). Thus, for the case under 
consideration, a decrease in the tension force of the filament in 
the winding leads to an increase in the oscillation frequency.

5. 2. 3. For a tank without oil
The results of our calculations of the vibration frequen-

cies of the tank wall, taking into account the prestressed 
state from the tension of the filament in the winding without 
oil, showed that they are all paired. Table 7 gives the first ten 
significant frequencies of oscillations.

The vibration modes corresponding to the significant oscil-
lation frequencies given in Table 7 were studied. It was found 
that all vibration modes corresponding to the initial frequen-
cies have a large number of nodes around the circumference of 
the cylindrical shell, while there are no nodes along the genera-
trix. For different coefficients k, they may differ in the number 

Fig. 14. Vibration modes of the tank, reinforced by a winding of 
high-strength steel wire, taking into account half the hydrostatic 

pressure: a – mode I; b – mode II; c – mode III; d – mode IV

a b

c d

Fig. 15. Vibration frequencies of the tank at different tension forces of 
the wire in the winding: the case of half hydrostatic pressure
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of nodes in the circumferential direction. For the 
calculated case k4=0.8, the modes corresponding to 
the first four frequencies are shown in Fig. 16.

Table 7

Vibration frequencies of the wall of the tank, 
reinforced by a winding of steel wire with different 
thread tension, without hydrostatic pressure, Hz

Significant 
frequency 

No.

The tension coefficient of the filament in the 
winding

Tank with-
out winding

k1=0.2 k2=0.4 k3=0.6 k4=0.8

1 14.01 11.77 10.16 8.09 5.28

2 14.77 11.86 10.44 8.91 6.85

3 15.09 13.39 11.81 9.65 7.06

4 17.34 13.62 12.52 11.59 10.58

5 17.71 16.51 14.90 12.93 10.59

6 21.31 16.63 16.01 15.50 14.97

7 21.74 20.37 18.77 17.02 15.06

8 25.41 21.18 20.92 20.66 19.77

9 26.72 23.71 22.76 21.48 20.40

10 26.89 24.53 23.06 21.76 20.72

Fig. 17 shows the change in the first five oscillation fre-
quencies depending on the tension force of the wire in the 
winding. A decrease in the tension force of the filament in the 
winding leads to an increase in the frequency of oscillations.

The lower black broken line corresponds to the maximum 
tension coefficient k4=0.8. The blue and green lines are plotted 
for the tension coefficients k3=0.6 and k2=0.4, respectively. 
The upper broken line of red corresponds to the tension coeffi-
cient k1=0.2. At the same time, the case of a tank without wind-
ing is not shown in the plot (Table 7). Thus, for the case at hand.

6. Discussion of results of investigating the vibration 
frequencies of the wall of a steel vertical cylindrical tank

The study based on finite-element modeling in the stan-
dard calculation modules of the ANSYS software package is 
a continuation of our work [14–16]. Previously, the model of 
free oscillations of a liquid in a tank and the model of free os-
cillations of a tank without a liquid were investigated, which 
is a classical modal analysis. 

In this study, a variant of a typical tank with a volume of 
3000 m3 with different internal loads, which is characterized 
by the level of filling, was also considered. Also, the outer 
surface of the tank wall is affected by the distributed pressure 
from the prestressed winding (Fig. 1). For comparison, the 
simulation was carried out for two variants of fixing the upper 
edge of the tank wall, which correspond to cases of absence or 
presence of a tank coating.

Prestresses k·σ02, 0<k<1, caused by four options for the 
tension of the wire in the winding, were studied. The esti-
mation cases for the coefficients of the tension force of the 
wire relative to its tensile strength were studied: at k1=0.2; 
k2=0.4; k3=0.6; k4=0.8. 

The results showed that at maximum hydrostatic pres-
sure without the influence of the coating, the vibration 
frequencies of the tank walls decrease by 22.3 % as the ten-
sion force increases to 0.8 (Table 2, Fig. 6, 7). At half hydro-
static pressure, this indicator is 12.7 % (Table 3, Fig. 8, 9). 
And when the tank is empty, the indicator decreases by 
27.1 % (Table 4, Fig. 10, 11), in all cases only the first signif-
icant frequency was analyzed. Similar results were obtained 
with the influence of tank coating. For example, at maximum 
hydrostatic pressure, the vibration frequency of the tank 
wall decreased by 21.2 % (Table 5, Fig. 12, 13). And with 
half and empty, this indicator decreased by 31.5 % (Table 6, 
Fig. 14, 15) and 62.3 % (Table 7, Fig. 16, 17), respectively, 
where only the first significant frequency was also analyzed.

Taking into account the solved problems, the magnitude 
of changes in the vibration frequencies of the tank wall with-
out the influence of the coating as a whole varies within 12–
27 % and taking into account the influence of the tank coat-
ing 21–62 %, depending on the degree of filling of the tank. At 
the same time, for all the variable calculations carried out, the 
regularity of the influence of the value of the prestresses in the 
winding on the vibration frequencies of the tank was revealed. 
It relates to the fact that a decrease in the tension force of the 

Fig. 16. Vibration methods of the tank, reinforced with a 
winding of high-strength steel wire, without hydrostatic 

pressure: a – mode I; b – mode II; c – mode III; d – mode IV

a b

c d

Fig. 17. Vibration frequencies of the tank at different tension forces of 
the wire in the winding: the case of maximum hydrostatic pressure
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filament in the winding leads to an increase in the frequency 
of oscillations. Thus, it is possible to increase the frequency 
of oscillations of the tank by reducing the prestresses in the 
winding, and to lower them by increasing them. As a result of 
the study, a patent of the Republic of Kazakhstan for an inven-
tion [39] and a patent for a utility model [40] were obtained. 

A regularity has been revealed that a decrease in the ten-
sion force of the filament in the winding leads to an increase 
in the frequency of oscillations. This makes it possible to ad-
just the vibration frequency of the tank wall by changing the 
prestress. By reducing it, it is possible to increase the natural 
vibration frequencies of the tank wall and vice versa. 

Our results of studies on the effect of the pre-tensioning 
force of the winding on the vibrations of the tank wall could 
be used in the operation of the winding-hardened structure 
of a vertical steel tank in seismically dangerous areas. At the 
same time, it is possible to detune the vibration frequencies of 
the wall of the structure from the resonant frequencies by ten-
sioning the winding filament by a given amount, taking into 
account the filling level of the tank. As a continuation of the 
issue under consideration, it is possible to note possible stud-
ies in the field of the impact of forced oscillations of the tank 
under the influence of dynamic loads, as well as the influence 
of the friction force between the shell and winding.

7. Conclusions 

1. The frequencies and vibration modes of the wind-
ing-hardened tank wall were investigated without taking 
into account the influence of the tank coating with the ten-
sion force of the steel wire relative to its tensile strength: at 
k1=0.2; k2=0.4; k3=0.6; k4=0.8. The results showed that at 

maximum hydrostatic pressure, without taking into account 
the influence of the coating, the vibration frequencies of the 
tank walls decrease by 22.3 % as the tension force increases 
to 0.8. At half hydrostatic pressure, this indicator is 12.7 %, 
and when the tank is empty, the indicator decreases by 27.1 %, 
in all cases only the first significant frequency was analyzed.

2. The frequencies and vibration modes of the wind-
ing-hardened tank wall were investigated, taking into account 
the influence of the tank coating. The tension force of the steel 
winding relative to its tensile strength was taken as follows: 
k1=0.2; k2=0,4; k3=0.6; and k4=0.8. The results showed that at 
maximum hydrostatic pressure, the vibration frequency of the 
tank wall decreased by 21.2 %, and at half filling and empty 
tank, this indicator decreased by 31.5 % and 62.3 %, respective-
ly. In all cases, only the first significant frequency was analyzed. 
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