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Abstract:  At present oil and petroleum products are one of the main fuels in the world and a major source of income 

for many countries' budgets. It is clear that significant resources will be devoted to the restoration of the 

bearing capacity of existing steel cylindrical tanks. In this connection, they are considered to be particularly 

responsible structures, the design and construction of which should be based on strictly justified scientific 

provisions and technically possible, fundamentally new constructive developments, as well as optimal and 

cost-effective design solutions. One of such solution is prestress. Taking into account this fact, the aim of 

this work is a comprehensive study of seismic resistance of vertical steel tanks with the application of 

prestress method. It was found that the frequency of oscillations increases from 8.5% to 24.9% with an 

increase in the level of liquid filling, respectively with an increase in the hydrostatic pressure on the tank 

wall, as a result of theoretical research in the ANSYS software complex. Compared to the container without 

winding, the frequency of prestress container oscillation is significantly reduced regardless of the level of 

liquid filling in the container. Furthermore, the experimental study results of without winding tank 

oscillations frequency depending on the winding step and liquid filling level in the tank decreased by 6% to 

18% compared with tank without winding. The results of the analysis of the experimental results show a 

satisfactory convergence between the values of frequencies (ranging from 1.5% to 10.1%) obtained in the 

design experiment and the tests of models of tank without winding and prestress winding tank. This fact 

indicates the reliability of the selected calculation models and obtained by theoretical value of frequency 

oscillations, and also justifies the proposed method of engineering calculation of frequencies and forms of 

oscillations of prestress winding tank. 
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1 INTRODUCTION 

At present oil and petroleum products are one of the 

main fuels in the world and a major source of 

income for many countries' budgets. It is clear that 

the intensive construction of steel cylindrical tanks 

will continue, and great attention will be paid to 

maintaining them in a functional and technically 

suitable condition and significant funds will be 

allocated to restore the load-bearing capacity of 

existing steel cylindrical tanks. The construction and 

operation of vertical cylindrical tanks are associated 

with high material costs, fire- and explosive, risk of 

environmental pollution, danger to human life [1-9], 

in connection with which they are classified as 

particularly responsible structures, the design and 

construction of which should be based on strictly 

justified scientific provisions and technically 

possible, fundamentally new design developments, 

as well as optimal and cost-effective design 

solutions.  

It is also of particular importance that in the 

Republic of Kazakhstan, areas with high seismic 

activity, where oil and petroleum products storage 

facilities are located, being built or planned, occupy 

about 30% of the territory [10]. 

For a long time, many scientists have 

investigated the problem of resistance of steel tanks 

to operating loads. Thus, the analysis of research 

results of the destruction of reservoirs under seismic 

effects shows the complexity of their dynamic work 

with a simple form. The complexity of this work 

gives the hydrodynamic effect of the stored liquid on 

the tank shell, and especially the inertial component 

of this load [11-16]. The analysis of thin-walled steel 

shell structures was carried out in the work [17]. It is 

shown that when using shell models in addition to 

internal forces and membrane stresses of the shell, 

components of initial deformation and imperfection 

should be taken into account in calculations. Also 

taking into account the changes in shell thickness 

along the forming leads to a significant complication 

of the mathematical model [18].  

Theoretical development of strength evaluation 

of cylindrical shells with liquid exposed to seismic 

effects is presented in the works [19-21], and the 

loss of stability of steel cylindrical shells was 

investigated in the works [22,23]. The possibility of 

reinforcing a cylindrical tank for the storage of 

petrochemical products with anti-cracking bands 

was considered in the study [24]. The results of 

comparative analysis of mechanical properties of 

structural steels and mathematical models, taking 

into account the influence of the temperature of the 

medium on the process of elastic deformation of the 

structures of the reservoir are presented in the works 

[25,26]. The issues of dent repair with carbon fiber 

reinforcement for the purpose of restoring the load 

capacity was considered in the works [27,28]. Thus, 

the results of studies of cylindrical composite shells, 

reinforced by carbon tubes are presented in the 

papers [29,30]. The possibility of using composite 

materials to increase the load capacity of tanks is 

shown. 

The above analysis of literature data on studies 

of vertical cylindrical tanks dynamics in service 

conditions showed that, despite the simplicity of 

shapes and design solutions of tanks, the complexity 

is caused by wall thinness and liquid in the tank. It 

was concluded that there is currently necessity to 

develop design solutions for tanks for seismic areas 

with adjustable parameters, one of the promising 

directions from which is the method of prestress of 

tank shell by winding. It is considered that prestress 

winding not only reduces the stress in the tank wall, 

but also changes its dynamic characteristics [31-

38].According to the idea of this study, the stress 

state control and dynamic characteristics of the tank 

are also considered by an effective selection of 

structural parameters of the prestress (pitch and 

angle of winding, winding force, etc.) [39-43]. 

2 METHODS AND MATERIALS 

2.1  Theoretical study in the ANSYS 
software complex 

The model of a typical steel vertical cylindrical tank 

with a volume of 3,000 m3 was investigated. The 

internal diameter of the tank model is assumed to be 

18.38 m, and the height of the tank wall is 11.92 m. 

The maximum height of liquid discharge according 

to the design data (for seismic areas) is assumed to 

be 11.08 m. The Model of the wall height consists of 

four belts. The lower first belt has a thickness of 8 

mm and height of 1.49 m, the second belt has a 

thickness of 6 mm and height of 1.49 m, the third 

belt has a thickness of 5 mm and height of 2.98 m 

and the upper belts have a thickness of 4 mm and 

height of 1.49 m. Total height of tank 2 is 11.92. The 

mass of the structure is 27 023 kg as shown in figure 

1.  

The bottom edge of the tank wall is restrained for 

the model in the lower T-junction. 

Construction material - C245 steel with 

calculated resistance Rw = 240 MPa. The modulus 
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of elasticity is equal to  and 

coefficient of Poisson is equal to . The 

material density is ρ = 7850 kg/m3. The yield 

strength of steel C245 is σ 0.2 = 245 MPa. The 

appearance of plastic deformation zones was 

considered unacceptable. 

 
 

Figure 1: Structural diagram of the tank with variable wall 

thickness: P1 - tension of winding thread; P2 - hydrostatic 

pressure. 

Three constructive variants of winding of 

prestress winding were investigated. In the first 

variant, the winding yarn was twisted closely to the 

coil with one interval in the diameter of the wire or 

thread, in the second variant - with double interval, 

and for the third - with triple interval. The options of 

wrapping of windings on the tank shell are shown 

schematically in accordance with Figure 2.  

 

I (1:1) II (1:2) III (1:3) 

 

 I(1:1) - single interval in wire or thread diameter;                  

II(1:2) - Double interval in two diameters of wire or 

thread;    III (1:3)- three interval in wire or thread 

diameters. 

Figure 2: Winding diagram of the thread on the tank shell. 

The following physico-mechanical 

characteristics of the winding were taken in this 

study. The steel wire was supposed to be made of 

65T steel. The yield strength was assumed to be σ 

0.2 = 785 Mpa. The diameter of the wire is 

 0,004 m. The options for winding with 

different evenly set steps have been analyzed. At this 

time, the tensile strength of the wire is assumed to be 

equal to: 0.2; 0.4; 0.6; 0.8 from the critical winding 

break. 

2.2 Experimental study of a small-scale 
model of steel vertical tank model 

The object of study is a model of vertical steel 

cylindrical tank for oil and petroleum products, 

which was manufactured based on the similarity 

criteria of the model and natural tank. Geometric 

dimensions of model of steel vertical tank: diameter 

of the model D=919mm, height of the model 

h=596mm, wall thickness of the model t = 1mm. 

The winding is made of steel wire diameter d=2mm. 

The flat plate and bottom of the tank model are 

made of steel sheet. Joining the sheets together by 

welding with grinding welding joint. 

The mechanical properties of the steel wire 

material and the model are given in table 1. The 

mechanical properties of the tension wire winding 

are selected according to [50,51]. 

Table 1: Mechanical characteristics of the wire winding 

material. 

Name of 

characteristics 

Steel 
В , 

Mpа 

    НВ, 

No 

mo

re 

% 

Wire material 

Winding and 

tank models 

Sv-08А 

St 08пс 

310-410 24 60 115 

 

The general view of the vertical steel tank 

designs prepared for testing is presented in 

accordance with figure 3. 
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Figure 3: General view of structural design of vertical 

steel tank. 

In order to fully and reliably achieve the 

objectives of the experimental study on the basis of 

the main model were able to simulate: 1-traditional 

tank structure without winding; 2-tank with prestress 

winding with step of winding steel wire a=d; 3- The 

tank with prestress winding with a = 3d steel wire 

winding step. 

3 RESULTS AND DISCUSSIONS 

3.1 Results of theoretical study on 
seismic resistance of vertical steel 
container reinforced by winding 

3.1.1 Analysis of the effect of winding stress 
force on oscillation frequencies of the 
prestress tank  

The results of the calculations of oscillations of the 

tank wall of the first three forms of oscillations, 

taking into account the influence of winding for tank 

with different filling are shown in figure 4 [44-49].

 

 

 

Figure 4: Values with different frequencies of the self-oscillations of the prestress tank.

As shown in Figure 4, for a fully-filled tank, the 

own frequency of wall oscillations is reduced with 

increasing the stress force of winding thread. So for 

comparison, if the frequency of the own oscillations 

of tank without winding was 13.44Hz, then for pre-

winding by the pressure coil of the tank with a 

tension rate of thread 0.8k the frequency of 

oscillation was 10.44GHz.  

The analysis of Figure 4 shows that when the 

tank is half-filled with liquid, the tension force of the 

winding thread does not have a significant effect on 

the frequency of oscillations.  If the frequency of the 

first form of vibration of the empty without winding 
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tank was 14.11Hz, then the frequency of the 

vibration of the tank with winding with tensioning 

coefficient k1=0.2 -13.6 Hz, winding with tensioning 

coefficient k4=0.8 - 12.32Hz. This fact indicates that 

at high hydrostatic pressures due to the increase of 

contact between the contact thread and the tank 

shell, the joint work with winding and tank shell is 

improved. At the same time, the rigidity of the tank 

shell is increased, which noticeably affects the 

frequency of the first forms of fluctuations of the 

tank wall. 

The analysis of Figure 4 of a liquid-free tank 

shows that when the tank is empty, the tension force 

of the winding thread has a noticeable effect on the 

frequency of oscillations.  If the frequency of the 

first form of vibration of the blank without winding 

of the tank was 12.75Hz, then the frequency of 

vibration of the container with winding with 

tensioning factor of thread k1=0.2 -11.03Hz, winding 

with tensioning factor of thread k4=0.8 - 9.29Hz. 

The results of the study justify the possibility of 

regulating the dynamic characteristics of the tank 

with prestress winding, and therefore selecting the 

structural parameters of winding to improve the 

seismic resistance of the tank as a whole. 

3.1.2 Analysis of the influence of the 
winding thread diameter on the 
oscillation frequencies of the prestress 
tank  

In order to determine the influence of the thickness 

of winding (diameter of winding thread), studies 

were carried out on the displacement of tank wall 

with maximum liquid filling at different diameters of 

winding thread. The results of these studies are 

shown in figure 5. 

 

  

 

Figure 5: Frequency of oscillations (Hz) of the tank, reinforced by winding of steel wire at maximum hydrostatic pressure.

The diagram of the variation in the frequency of 

the tank oscillations at the maximum hydrostatic 

pressure with different thicknesses of winding 

threads confirmed a minor influence on the 

frequencies of the own oscillations of prestress tank 

of the thickness of the winding.  

Based on the analysis of the change in the 

amount of displacements when the size of the 

winding diameter changes, it can be concluded that 

winding thread with a diameter d2 = 4 mm for the 

construction of tank capacity of 3,000 m3 is more 

preferable [44-49]. 
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3.1 Results of experimental study on 
the seismic resistance of reduced 
model of a vertical steel tank 
reinforced with winding 

The tests were carried out on the cylindrical tank 

model of traditional designs (without winding) under 

different operating conditions in the first phase of 

the experimental studies. The case of a half-filled, 

full and empty tank without liquid was simulated.  

 The results of the treatment of the oscillograms 

obtained by the tests of the model of tank according 

to the method at 2.2, with different winding 

parameters and level of liquid in tank are given in 

figure 6 [44-49].

 

 
 

Figure 6: Eigenfrequency values of experimental studies.

The analysis of Figure 6 shows that the prestress 

winding has a qualitative and quantitative effect on 

the dynamic characteristics of tank model. As in the 

calculated experiment, the frequency of oscillations 

depending on the winding step and the level of 

liquid filling in the tank decreased by 6.1% to 18.2% 

compared with tank without winding. The amplitude 

of oscillations compared to the tank without winding 

in prestressed structures was reduced from 3.0% to 

20%, which can be considered a positive point.  It is 

of interest to change the value of the attenuation 

factors when strengthening the pre-stressed winding.   

Thus, when comparing the design of tank 

without winding with a prestress tank for thread 

winding step a=3d the attenuation rate was 

increased by 23.0%, and when comparing the tank 

with winding for thread winding step a=d, this 

increase reached 32.9%. The same increase in 

attenuation rate is observed in liquid tanks. Thus, the 

value of attenuation rate with of half-filled tank a = 

3d winding thread step was increased to 8.5%, and 
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with winding step a = d reached 25%. At the 

maximum filling of tank, the attenuation rate was 

increased for a winding step a=3d to 14.9% and for a 

winding step a=d to 34.9%.  

The results of the analysis of figures 5 and 6 

show satisfactory unwinding characteristic of the 

values of frequencies (between 1.5% and 10.1%) 

obtained in the design experiment and tests of 

models of the tank without winding and prestress of 

tank winding. This fact shows the reliability of 

selected calculation models and obtained by 

theoretical value of frequency oscillations, and also 

justifies the proposed method of engineering 

calculation of frequencies and forms of oscillations 

of prestress tank winding. As a result of the 

conducted research, an invention and utility model 

of the Republic of Kazakhstan was patented. 

4 CONCLUSIONS 

The modeling of oscillations of vertical cylindrical 

tank reinforced with a prestressed winding was 

performed. Prestress , 0<k<1, caused by 

four variants of wire tension in the winding was 

considered. The controlling cases for the wire 

tension coefficients relative to its tensile strength 

were investigated: k1=0.2; k2=0.4; k3=0.6 and 

k4=0.8. Variational studies were conducted taking 

into account additional loads caused by the action of 

hydrostatic pressure from a fully and half-filled tank, 

as well as an empty tank. Studies of the oscillation 

frequencies of the prestress winding of the tank were 

conducted without taking into account the influence 

of the tank roof structures: 

 - oscillation frequencies are decreased 

depending on the increase in the tension force of the 

winding thread from 12-27%; 

- with an increase in the liquid filling level, 

respectively, with an increase in the hydrostatic 

pressure on the tank wall, the oscillation frequency 

is increased from 8.5% to 24.9%; 

- compared to the tank without winding, the 

oscillation frequency of prestress tank significantly 

is decreased regardless of the liquid filling level in 

the tank; 

- with an increase in the tension force of the 

winding thread and an increase in hydrostatic 

pressure, the joint operation of the winding thread 

and the tank body is improved, and the rigidity of 

the structures is increased. 

Analysis of the influence of winding thickness 

showed that the winding thread thickness does not 

significantly affect the natural oscillation 

frequencies of the prestress tank, since the wire 

thickness is varied within very small limits (from 3 

to 5 mm). Based on the analysis, it was concluded 

that winding the winding thread with a diameter of 

d2 = 4 mm for the design of tank with a volume of 

3,000 m3 is more preferable. 

The results of experimental studies showed that 

the prestress winding has a qualitative and 

quantitative effect on the dynamic characteristics of 

the tank model. The oscillation frequency of the tank 

without winding, depending on the winding step and 

the level of liquid filling in the tank, was decreased 

by 6% to 18% compared with tank without winding. 

The results of the analysis of the experimental 

results show satisfactory unwinding characteristic 

between the values of frequencies (ranging from 

1.5% to 10.1%) obtained in the design experiment 

and the tests of models of tank without winding and 

prestress winding tank. This fact indicates the 

reliability of the selected calculation models and 

obtained by theoretical value of frequency 

oscillations, and also justifies the proposed method 

of engineering calculation of frequencies and forms 

of oscillations of prestress winding tank.   
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