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Climate change and the reduction of sea ice in the Arctic Ocean allow scientists and engineers to think about the development of
undiscovered hydrocarbon reserves, most of which are currently located in the Arctic. Underwater storage tanks are an
important element of the infrastructure that can provide strategic storage of hydrocarbons in emergency situations or supply
disruptions, as well as develop oil and gas reserves. The paper considers underwater oil storage tanks as one of the stages that
will allow the exploitation of offshore fields underwater. The use of underwater storage tanks can contribute to a more
sustainable and safe development of the oil and gas industry, reduce environmental risks and increase economic efficiency. In
the course of the study, a numerical finite element model of the underwater storage tank was developed in accordance with the
patent of M.S. Sonin. A numerical analysis of the stress-strain state of the storage tank with a capacity of 120,000 m® was carried
out and the distribution of stresses in the dome and foundation of the tank was estimated taking into account the features of the
underwater structure. The main reasons leading to the loss of stability, destruction of the tank and foundation were identified.
The most vulnerable part of the tank was the junction of the bottom and the wall, made with welded seams. For the foundation,
the most dangerous sector is where the tank wall is monolithic into the foundation slab - here, maximum stresses of both
compression and tension are observed. There are two possible approaches to leveling this problem: reduce the immersion depth
of the storage facility, increase the thickness of the dome part of the body and add stiffeners to increase the rigidity and stability
of the structure. However, both of these technical solutions will lead to additional costs and technological difficulties during the
implementation of the project.

Vi3aMeHeHue KJIMMAaTHYeCKUX YCJIOBUH M COKpalleHHe IUIOmAaAX MOpPCKOro Jipja B CeBepHOM JIeZJOBUTOM OKeaHe IO3BOJIAIT
Y4Y€HBIM U HHXEeHepaM 3aAyMbIBaTbCA 06 OCBOEHUU Hepa3BeJaHHBIX 3alacoB YIJIEBOOAOPOAOB, 6oJIblIasg 4acTh KOTOPpBIX Ha
CeroHAIHUI JeHb HaXoAUTcA B ApkTHKe. [TofBOJHBIE pe3epByaphl IPeACTaBJIAIT OO0 BaXXHBIA 3JIeMEHT MH(PACTPYKTYPHI,
CIOCOOHBIN 06ecrneduTh CcTpaTernyeckoe XpaHeHHe YTJIeBOJAOPOAOB B YCJIOBUAX Ype3BBIUANHBIX CUTyallUil WJIM Iepe6oeB B
MOCTABKAX, a TaKXe OCBOMThH 3anachl HeTH 1 rasza. B paGore paccMOTpeHbl NOJBOJHbIE HeTeXpaHUIMIA KaK OJUH U3 3TaroB,
KOTOPHIM IO3BOJIAT SKCILUIyaTUPOBAaTh MOPCKHE MeECTOPOXJEHHs IOoJ BOJOH. BHeJpeHHe IOJBOJHBIX XPaHIIMI] MOXET
crnoco6cTBOBaTh HoJiee yCTDﬂ‘lHBOMy n 6630HaCHOMy Pa3BUTHIO Heq)TEI‘aSDBOﬁ IIPOMBIIIJIEHHOCTH, CHUXEHHIO 3KOJIOTMYECKUX
PUCKOB U TIOBHIIIEHHIO 5KOHOMMYecKoil addekTuBHOCTU. B xome mcciaemoBaHus Oblla paspaboTaHa 4YHCIeHHas KOHEYHO-
9JIeMeHTHas MoZeJib NI0JJBOJHOT0 XpaHUJIMIA, BBINOJHEHHAs B cooTBeTcTBUH ¢ narteHToM M.C. CoHuHa. IIpoBe/ieH uKC/IeHHBIH
aHaJIM3 HAMPSKEHHOTO NepOPMHUPOBAHHOTO COCTOAHMS XPaHWJIMINA BMecTMMOCThbio 120 000 M® M olleHeHO pacIpejesieHue
HanpspKeHUH B KyrnoJie U GyHaMeHTe pe3epByapa € y4eTOM OCOGeHHOCTell NMOABOAHON KOHCTPYKIMU. OnpesiesieHsl OCHOBHbIE
NIPUYMHEI, NPUBOJAIMME K IOTepe YCTOMYMBOCTH, paspylleHWI0 pe3epByapa u ¢dyHpameHTa. Hambosiee yA3BHMBIM MECTOM
pesepByapa ABUJICS YTOPHBIN IIOB — MECTO CThIKa [JHHINA M CTEHKH, BHIIOJHEHHOe CBapHbHIMHU IBamu. JUid dyHaamMeHTa
HauboJiee oOmaceH CEKTOp, IJe CTeHKa pe3epByapa 3aMOHOJIMYeHa B (YHOAMEHTHyI0 IUIMTY, — 3[ech HalOJIoJaloTcs
MaKcUMaJibHble HaNpsKeHHsA KaK CXKaTus, TaK M pacTsxeHHA. [IJiA HMBEeJMPOBaHMsA 3TOH NpPOGJIeMbl €CTh [iBA BO3MOXHBIX
noaxona: YMEHbIIUTH FJ'[yGI/IHy IIOrpy’>X€HUA XpaHWUJININA, YBEJIUYNUTH TOJIUHY KyHOJ'[bHOIjI JacTyu Kopmoyca u }I[OﬁaBI/lTb pe6pa
JKEeCTKOCTH, YTOOBI TOBBICUTh JKECTKOCTh U yCTOfI'-IP[BOCTb KOHCTPYKIHWHU. O/I[HaKD oba 3TU TeXHUYECKUX peueHnnsa NpuBeayT K
AOIIOJIHUTEJIPHBIM pacxodaM U TEXHOJIOTUYECKUM CJIOKHOCTAM B XO[ie peajin3aiuu poeKTa.
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Introduction

Climate change in the Arctic is happening faster
than in any other part of the planet. The reduction of
sea ice in the Arctic Ocean is increasing access to the
region's natural resources and opening up new
coastal routes. The increasing global demand for
hydrocarbons from year to year makes these
opportunities attractive. However, Arctic resources
are expensive to extract, and the economics of North
polar navigation is by no means unambiguous.
Moreover, the growing exploitation of Arctic
resources raises the problems related to pollution
control, biodiversity maintenance, the protection of
indigenous peoples' rights, and governance in
general, which can only be addressed through
international cooperation. The challenge is to find
the acceptable for all stakeholders way which will
consider the state of natural environment allowing at
that the development of Arctic resources on a long-
term basis.

The Arctic contains significant global oil and gas
reserves. According to the National Petroleum Council,
up to a quarter of the world's wundiscovered
hydrocarbon reserves are in the Arctic, with a
significant portion of the Arctic's hydrocarbon potential
in the Northc seas.

However, Arctic hydrocarbons are expensive to
extract and deliver to world markets. Oil spills in the
Arctic pose a serious threat to biophysical and
socioeconomic systems. Prospects for hydrocarbon
development in the Arctic will be determined both
by economic forces, such as the shale revolution
affecting prices on the world market, and by
government  policies aimed at  minimizing
environmental impact and protecting the well-being
of coastal communities [1-9].

At present such richest deposits [10] as Pobeda,
Rusanovskoye, Dolginskoye, Shtokmanovskoye, and
many others have been discovered on the continental
shelf of the Russian Federation, and further
development of the country's hydrocarbon complex is
associated with them. The Russian Federation has
about 34% of the potential reserves of Arctic oil, 67 %
of Arctic gas reserves and more than 60 % of gas
condensate reserves [11, 12]. In addition, the largest
number of people live in the Arctic zone of Russia,
compared to other circumpolar states. For the Russian
Federation, the Arctic zone is of great economic and
geopolitical importance. The total cost of mineral
resources of the Russian Arctic is 1.5-2 trillion rubles
[13-16]. The Barents and Kara Seas are considered
the richest in the Arctic region. In the southwestern
part of the Kara Sea, near the Yamal Peninsula, large
offshore deposits of natural gas and gas condensate
have been explored. It is worth considering that the
Arctic Ocean region is characterized by difficult
climate conditions: the presence of ice over 1 m thick,
icebergs, hummocks, ice rains, as well as seismic
activity and a period of summer navigation, the
duration of which often does not exceed 3-4 months
and often drops to two. All this indicates the high
level of inaccessibility of resources, complicates the
production of hydrocarbons with proven technologies
and equipment, and often makes it impossible to
develop oil and gas fields [17-30].

In this regard, in the process of production,
transportation and storage of marine hydrocarbons, it
becomes necessary to use underwater tanks as a means
for temporary accumulation of raw materials and
operational loading of tankers. The design and
operation of subsea hydrocarbon storage tanks has
become an important aspect of the modern oil and gas
industry.

The idea of creating tanks for oil storage dates
back to 1878, when V.G. Shukhov proposed to use
tanks in the Baku fields. This innovation was a
significant step forward in oil storage technology.
During the Second World War the trend of building
underwater reservoirs was comtinued. That was
stipulated by the strategic considerations of security
and protection of resources [31]. In more recent years
in Vietnam, for example, subsea oil storage tanks have
been used to prevent the intense evaporation of light
oil fractions caused by the hot climate [32-35]. This
solution proved to be effective in maintaining oil
quality and reducing losses. Underwater hydrocarbon
storage tanks are also used in fields with insufficient
reserves for the construction of new pipelines or in
areas with no pipeline infrastructure. Such tanks allow
efficient storage and transportation of hydrocarbons
without the need for significant capital investments in
infrastructure.

In 2014 M.S. Sonin patented the design of an
underwater oil storage facility with a capacity of
120,000 m3, made in the form of a round bottom and a
hemisphere body, rigidly connected to each other and
forming a pressurized volume [36-38]. The peculiarity
of this design is the use of a gas collector to prevent the
formation of vacuum at the time of filling/emptying the
tank. Modern technologies and scientific achievements
make it possible to improve this design and expand the
field of application of underwater tanks.

In addition to the traditional tasks of oil storage and
transportation, underwater tanks can be used to solve a
number of environmental and economic problems.
They help reducing the risk of leaks and spills because
they are protected from external factors such as ice,
icebergs and stamukhi. Underwater tanks have also
obtained general-purpose function and can be used to
store various types of hydrocarbons, including natural
gas and condensate. Process automation and remote
monitoring systems make the operation of such storage
facilities safer and more efficient [39].

Finite element model of an oil storage facility

The operation of underwater oil storage facilities
involves a number of technical and environmental risks
which could lead to deformation of the dome part of
the hull, destruction or depressurisation of the storage
facility, and oil leakage. In the Arctic conditions these
problems are complicated by ice cover, which requires
the application of complex measures to prevent and
eliminate oil spills [40, 41]. Reliable prediction of the
stress-strain state (SSS) of the tank wall installed on the
seabed at a depth of 100 metres plays a key role in
forecasting such incidents. Such a prediction makes it
possible to foresee the failure of the tank structure and
the concrete in which it is embeded, as well as to
optimise the tank wall thickness, steel grade and
cement composition.
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Fig. 1. Schematic diagram of a subsea oil storage tank used to
to calculate its stability in underwater conditions

Fig. 2. Finite element based cross-sectional diagram
of underwater oil storage tank

One of the main factors leading to tank wall
deformation is the hydrostatic pressure of seawater, the
pressure of the vapor-air mixture and the hydrostatic
pressure of the loading product. Loads arising from
earthquakes, deformation of the base or collision with
external objects were not taken into account at this
stage of modeling.

Another important aspect affecting the durability of
the structure is the quality of the tank solidification in
the foundation bed. The appearance of voids between
the tank and the concrete leads to the concentration of
increased stresses, for which cement stone is not
designed. This can lead to deformation and destruction
of the concrete, as well as separation of the tank from
the surface of the seabed due to its positive buoyancy.

To minimize the risk of deformation and
destruction of underwater oil storage facilities it is
necessary to use integrated engineering solutions and
modern technologies. This includes the application of
modern methods of modeling and forecasting SSS,
laboratory tests of materials and structures for
clarification of parameters of the model, selection of
high-strength steels and cement steels solutions
resistant to seawater and pressure, as well as the use
of advanced solidification technologies in order to
ensure a tight fit of the tank to the foundation bed.

As for the problems of quality control of the tank
operation in working conditions, it is necessary to
provide for the use of the following stages: installation
of sensors and control systems for continuous
monitoring of the state of the tank and the
environment, development of automated systems for
the timely detection and elimination of defects and
damages, especially in the Arctic, personnel training
and regular exercises to eliminate accidents.

The authors of [30] numerically analysed the stress-
strain state of underwater tanks with a capacity of
10,000 to 20,000 m*® produced by National Oilwell

Varco (NOV), a supplier of oilfield services and
equipment. In this paper, the design of underwater
storage tank of M.S. Sonin with a capacity of 120 000 m*
was analyzed [36]. A study of the stress-strain state of
the joint of the tank of the structure, as well as the zone
of embeding of the steel dome of the hull in concrete
due to the greatest danger of destruction in these
places, was carried out.

The stresses in the underwater storage structure
were analysed in the ANSYS numerical finite element
modelling software package [42-44]. Modelling was
performed by the basic relations of the theory of
elasticity. To determine the fields of stresses,
deformations, and displacements, the following systems
of equations were solved:

- equations of motion (moments):

JG .. ..
z /1+pf;_:0’1’_]= 1,2,3, (1)
ox

J J
where o; — stress tensor components; 9 x; — derivative
on the jth coordinate; p£,— mass forces;
— physical relations describing the
between stresses and strains:

{o} =[DJ{e}. @

where {o} - stress tensor; [D] — matrix of elastic
constants; {¢} — strain tensor;

— geometrical relations linking deformations and
displacements:

relationship

ou.
—l[a”wf],i,j: 1,23, ©)

€. =—
72 an ox,

where ¢; — strain tensor components; d x — coordinate
derivative; u - displacement vector components.

To perform the numerical modelling, a finite
element model of the underwater storage structure was
developed, including all the main elements: tank walls,
foundation bed, surrounding soil and water
environment. The model mesh was optimised to
accurately represent the geometry and physical
properties of the material, and to account for all
relevant factors affecting the stress-strain state (SSS) of
the structure.

To calculate the stress field in ANSYS an
axisymmetric finite element scheme was created using
the planel83finite element in which a real oil storage
tank is considered as a hemispherical dome embedded
in a reinforced concrete slab and a bottom welded from
steel plates in the form of a circular plate (Fig. 1). Such
model takes into account the main nuances in the
construction of underwater tanks, as well as defines the
geometric characteristics of the sections. The elements
of the model are rigidly connected to each other by
means of welded joints and cased sections of the shell.
Due to symmetry, only half of the selected cross-section
of the underwater oil storage tank was considered.

Fig. 1 shows the scheme of the underwater storage
facility, by decomposition of which a finite element
model was obtained and the stress-strain state of the
underwater storage facility of M.S. Sonin design with a
capacity of 120,000 m3 was analysed (Fig. 2).

HEAPOMOJIb3OBAHUE
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Table 1 shows the physical characteristics of the
model: physical and mechanical properties of cement,
steel, oil and sea water. The physical and mechanical
characteristics of cement were specified based on the
grades that are assumed to be suitable for realising the
goals of underwater fixation of the storage in the
established space. The geometrical parameters are
shown in Table 2.

The capacity of the underwater tank is chosen based
on the study of M.S. Sonin [45], and is explained by the
conditions of navigation in the Arctic seas, such as the
Barents and Kara seas, where the optimal deadweight of
the tanker is 60 thousand tonnes.

Let us consider the mesh creation in Fig. 2: in the
places of welded connection of the tank wall with the
bottom - the corner joint and wall embedding in the
foundation, the finite element mesh of the model was
densified, as in these zones the most intensive change of
stresses and strains takes place.

The following boundary conditions were assumed in
the numerical model:

1. Displacements along the direction of the surface
normal (zero displacements along the vertical axis)
were fixed at the lower boundary.

2. The pressure of the filling product was applied to
the inner wall of the storage (Fig. 3, a).

3. Seawater pressure was applied to the outer wall
of the tank (Fig. 3, b).

Calculation of underwater oil storage tank stability
allowed to obtain the distribution of maximum equivalent
stresses according to the hypothesis of R.E. Mises in the
corner joint at the fully filled (Fig. 4, a and emptied
storage tank (Fig. 4, a).

The stability of the underwater oil storage tank was
analysed by comparing the calculated tensile and
compressive stresses with the yield strength of the steel
given in Table 1. If the calculated stresses exceeded the
yield strength, it meant that plastic deformations were
occurring in the respective sections of the storage
facility, which could lead to further structural failure
under the influence of tensile or compressive stresses.

Based on the analysis of the distribution of maximum
stresses, it is clear that in the unfavourable -case,
stresses equal to 651.76 MPa occur in the corner joint.
The safety factor is — 1.04, which is less than the value
of 1.25 according to SP 58.13330.2019 [46]. To
increase the values of safety factor it is necessary to
increase the wall thickness or to consider a material
with a higher value of yield strength.

Comparison of the distribution of maximum
equivalent stresses according to the hypothesis of
R.E. Mises with the results of [30] shows that the
preferred volumes, based on the analysis, will have
underwater storage facilities with a capacity of 10,000 m®
to 20,000 m® due to the lower metal content and the
resulting maximum equivalent stresses.

Fig. 5 summarises some of the main results for
determining the areas of plastic deformation (failure) of
the foundation, whereby they are divided into two
components: in Fig. 5, a, the red colour shows the
failure from compressive stresses, and in Fig. 5, b —
from tensile stresses.

The results of calculations have shown that the
possible foundation failure will start to occur in the
places of accumulation of high stresses, both tensile and
compressive, namely in the joint zones where the dome

Table 1
Physical characteristics of the model
Symbols Value Characteristic
T, 2 Seawater temperature at the installation site, °C
v, 120 000 Internal tank capacity, m*
Pw 1030 Density of seawater, kg/m®
o, 690 Standard yield strength of steel, D6OOW
n 0.3 Poisson's ratio
E 210" Young's modulus, N/m?
g, 770-940 Tensile strength of steel, MPa
O, 35 Ultimate compressive strength of cement, MPa
[ 7 Ultimate tensile strength of cement, MPa
[} 25 Angle of internal friction, ©
Table 2

Geometric Characteristics
of M.S. Sonin's Underwater Oil Storage Facility

Symbol Value Characteristic
R, 39 Internal radius of the tank, m
H, 39 0il loading height, m
H 100 Depth at the place of installation, m
S 72 Tank wall thickness*, mm
L 44 Radius of foundation slab, m
b 0.5 Depth of embeding

of the dome part of the storage facility, m

Note: *tank wall thickness is taken in accordance with the size
range of sheet metal products.

ey

. P — , -

Fig. 3. Application of boundary conditions to the tank wall:
a — pressure of oil on the inner wall; b - pressure of seawater
column on the outer wall of the storage tank

AE00nnEER
]

a b

Fig. 4. Distribution of maximum equivalent stresses according
to R.E. Mises hypothesis: a - filled storage; b — unfilled storage

a b

Fig. 5. Failure zones of the underwater storage foundation
at selection of unsuitable cement grade: a — from compressive
stresses; b — from tensile stresses
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part of the tank while deforming starts to destroy the
foundation slab. The way to solve this problem is to use
cement with a higher strength class, e.g. 42.5.

Conclusion

Underwater reservoirs are an important element of
infrastructure that can provide strategic hydrocarbon
storage during emergencies or supply disruptions.

Their implementation can contribute to a more
sustainable and safe development of the oil and gas
industry, reducing environmental risks and increasing
economic efficiency.

In the course of the study, a numerical finite
element model of the underwater storage cross-section
was developed according to the patent of M.S. Sonin.
This model allows estimating the stress distribution in
the dome and the tank foundation with respect to the
peculiarities of the underwater structure.

The most vulnerable point of the tank is the corner
joint — the joint between the bottom and the wall, made
by welded seams. The most dangerous sector for the
foundation is where the tank wall is embeded into the
foundation slab where the maximum stresses of both
compression and tension are observed.

Modelling has shown that the greatest stresses
in the wall occur when the tank is empty or the
oil is completely pumped out. This is associated with
the fact that the presence of oil puts pressure
on the inner wall reducing the impact of seawater on
the outside.

For the considered operating conditions, the use
of high-strength steel plates of D690W grade with a
thickness of 72 mm is not sufficient to ensure
the stability of the structure. Stresses exceeding the
yield strength of the selected steel occur in the
ejection joint.

There are two possible approaches to solve this
problem:

— reduce the depth of immersion of the storage
facilityt;

— increase the thickness of the dome part of the hull
and add reinforcing ribs to increase the stiffness and
stability of the structure.

However, both of these technical solutions will lead
to additional costs and technological difficulties during
the project implementation.

The solution to this problem could be the use of
underwater storage tanks with a capacity of 10,000 to
20,000 m?®.
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