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1. Introduction

One of the main problems with the design of a platform
for operation in ice, besides infrastructure and remoteness,
is rather different properties of ice. Ice is not homogeneous
and its properties are dynamic [1-3]. This complicates
obtaining precise quantitative assessments of ice loads.
Contemporary methods of design and estimation of con-
structions, used in the world practice, are based on the use
of maximum values of ice load, obtained by the earlier ob-

servations [4—7]. This does not make it possible to estimate
a real picture of the experienced loads, since in the last de-
cade a change of the climatic conditions has been observed,
including in the location of the designed ocean-technical
constructions.

At present, the development of energy independence
of Ukraine is a vital problem. This implies the exploration
of hydrocarbons, in particular, on the Azov Sea shelf and
design of the projects of ocean-technical constructions,
capable to operate in ice conditions (Fig. 1).
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However, the absence of design proposals and recommen-
dations during selection of the type of platforms for the year-
round work under conditions of this shelf calls for conduct-
ing research and developing the recommendations for the
initial stages of the design of ocean-technical constructions.

2. Analysis of scientific literature and the problem statement

During calculations of the ice loads in the early stages
of design, they use normative values of the parameters of
ice [9—11], but there is not a unified approach to the selection
of these values.

In the paper [9], for calculating the ice loads, the maxi-
mum observed thickness of ice was used, which forms at the
collision of ice formations, taking into account the rate of the
flow. In the work [10] the thickness of ice, obtained according
to empirical formulas is considered as the estimated thickness.
The [11] examines the thickness of ice, obtained experimen-
tally for the constructions with different angles of the slope of
the base, without taking into account the real physical factors
of the formation of sea ice. Some researchers propose to take
maximally possible values out of existing series of observa-
tions as the estimated thickness [12, 13]. Others recommend
introducing the most probable values into the calculations [14].

Despite the fact that in general existing ocean-technical
constructions perform quite well under condition of correct
estimation of the action of ice, there appears a number of
problems both of technical and economic nature, caused
either by unjustified or by overestimated values of the thick-
nesses of ice in the area of their installation [15]:

— absence of a long term forecast of the change in ice con-
ditions, which would reveal sharp climatic changes, it does not
provide full picture of the safety of the construction operation;

— incorrect orientation of ocean-technical constructions
depending on the direction of ice drift can lead to incorrect
estimation of the calculated ice load;

— presence of ice fracture around the drilling platforms is
also an important factor, since the ice load from crushed ice
is less than from a solid ice field.

All these factors are taken into consideration at de-
signing ocean-technical constructions, which work under
complicated ice conditions in order to reduce ice-breaking
support to a minimum, taking into account the possibility of
resistance to the action of ice load, which a drilling platform
will experience from any direction.

Consequently, there is a need for improving the methods of
the estimation of ice loads during designing and operating of
engineering constructions for the Azov-Black Sea basin. In the
papers [16, 17] the methods were examined and the methods
proposed for forecasting real values of the thicknesses of ice
formations, based on contemporary achievements of artificial
intelligence. Possessing such data makes it possible to estimate
real ice loads as well as give recommendations for engineers
regarding the selection of an architectural-construction type
of an ocean-technical construction.

3. The purpose and objectives of the study

The purpose of the conducted research was to de-
termine the architectural-construction type (ACT) of an
ocean-technical construction for the Azov Sea shelf taking
into account real ice loads.

To achieve the set goal, the following tasks were solved:

— the type of ocean-technical constructions for the con-
ditions of shoal and freezing sea was determined,

— the estimation was performed of the ice loads taking
into account neural network forecast of the thickness of ice
for the existing designs of ocean-technical constructions.

4. The study of the experience of applying different types
of ocean-technical constructions for the conditions close
to the shelf of the Azov-Black Sea basin

4.1. Analysis and the application of foreign experi-
ence of designing and operating of ocean-technical con-
structions under the conditions of shallow water

For exploration and production of hydrocarbons under
the conditions of shallow water, the following types of con-
structions were most frequently used by foreign petroleum
companies [18-20]:

1. Ground islands

The use of artificial islands found particularly wide ap-
plication in connection with the exploration of shallow fields
in the Arctic shelf of the USA and Canada. Fig. 2 represents
the distribution of the constructed ground islands depend-
ing on the depth of sea.
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Fig. 2. Distribution of the constructed artificial ground islands
by the depths of sea for the Arctic shelf of the USA and Canada

2. Ice islands

The islands, made by freezing in the seabed, are intended
for a one-season drilling and were widely used in the Cana-
dian Arctic because of the accessibility of the material for the
core of the island and ease of the formation of the installa-
tion. Ice islands in comparison to the ground ones possess a
number of advantages, especially with respect to ecological
and economic aspects. Preparation time for construction is
also shortened. It is not necessary to determine the location
of quarries, to perform dredging work, to mobilize fleet or
to design and produce contouring metal structures. The
shortcomings include presence of fixed or very low-mobile
ice cover, and also the time, spent on constructing the island,
which substantially limits its use by time.

3. Self-elevating drilling platforms (SEDP)

With the aid of SEDP they conduct both exploration and
operational drilling at the sea depths to 152 m, primarily
from 60 to 120 m.

A special feature of the design of these installations is that
they must possess the properties of both the floating object
(when transporting) and the stationary water-engineering
construction (when parked). Also there are transient
states — the mode of embedment and extraction of sup-
ports from the soil.
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Fig. 4. Dynamics of development of SEDP depending on the sea depth: a — distribution of SEDP by the sea depth;
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It is evident from the given figures that there is a tenden-
cy of an increase in the average sea depth and an increase in
the depth of well drilling with SEDP.

4. Ice resistant stationary drilling platforms

In the 80s of the twentieth century foreign companies
designed technical proposals of structures and methods of
construction of ice resistant stationary platforms (ISP)
for the development of oil fields on Sakhalin Island. At the
end of the 90s the application of ISP became actual (there
appeared more than hundred constructions) in connection
with the exploration of fields in the Sea of Okhotsk and
the Beaufort Sea, and also with exploring the Arctic part
of the shelf of Canada.

At present ISP constructions continue to be improved
[21, 22].

Let us examine the applicability of these types of con-
structions for the Azov Sea shelf.

1. Ground islands. The main received load is ice. But
because of their own weight, the ground islands produce a
significant effect on the foundation. This load exceeds ice,
practically by three times. Most of emergencies, connect-
ed with the ground islands: destruction and the erosion
of the mound of an island. Taking into account soft and
“creeping” ground of the Azov Sea, creation of a ground
island will be a complicated engineering problem, and also
will have high economic costs.

2. Ice islands. They are formed by the layered thick-
ening of natural ice cover. Setting up of such platforms
in the Azov sea is impossible because of the absence of
year-round ice.

3. Self-elevating floating drilling platforms. The plat-
forms with the supporting mats are used for the soft
ground. Using of SEDP at the depths to 30 m composes
only 2 % of the total number of SEDP, therefore, apply-
ing this type of platforms is possible, but it is not ex-
pedient.

4. Ice resistant stationary platforms (LSP). Taking
into account special features of the soft ground in ques-
tion, the stationary platforms with the pile base are exam-
ined. Of special interest are the ice resistant gravitational
platforms, capable of maintaining wind, wave and high ice
loads. Depending on the sea depth, there can be 4 types
of them:

— the caisson is the base;

— the monokon is the base;

— with a multicolumn base;

— “lightweight design”.

Of the enumerated above, let us select ice resistant
stationary platforms for consideration.

4. 2. Requirements, put forward at selecting the
optimal variant of an ISP construction

The assessments of parameters and economic indica-
tors of the considered technical solutions require specific
approaches depending on the level of development (tech-
nical proposal, technical and economic substantiation,
draft and working designs, etc) and sufficient informa-
tion. Selecting the main variant of the technical solutions
is easy with complete informativeness.

Lack of the information is perceived as a rule in the
stages of technical proposals, and therefore it is necessary
to carry out assessment by expert evaluation and to select

the main variant of proposed technical solutions based on
its results.

The main fundamental conditions of the procedure of
selecting optimal variant consist in the fact that the number
and the technical essence of criteria for the expert estima-
tion depend on the nature of the constructions of platforms,
natural climatic conditions of the area of construction and
the availability of necessary shore infrastructure.

The main criteria, which influence the selection of the
type and construction of ISP [23]:

— contemporary level of the development of designing;

— the degree of automation of production-engineering
operations;

— ISP autonomous capacity;

— susceptibility to critical conditions;

— resistance to external influences;

— reliability of the supporting part of the platform
structure;

— safety during operation of a platform.

5. Determining ice loads on the existing types of
platforms

5. 1. Assumptions for the selection of the type of
ocean-technical constructions that take into account
special features of the considered region

To fulfill preliminary estimation and selection of the
architecturally construction type of an ocean technical
structure for the Azov Sea shelf, we selected several crite-
ria, namely: contemporary level of design and the estima-
tion of the criterion of perception of one of the main com-
ponent of the received total load — of ice. As the platforms
to consider we selected already existing and successfully
performing platforms ISP-1 (ice resistant stationary plat-
form, which contains 6 t of stabilizing columns of cylin-
drical type that rest on two pontoons) [24] and SMSIP
(ice-resistant stationary dock, the base of which is a mono
support block and the bottom base is the pontoon) [25].
The selection of such platforms was carried out also by
taking into account the similarity of operating conditions:
shoal, the weak upper layer of soil, etc.

To fulfill preliminary analysis of the selection of the
architectural construction type of an ocean technical
construction, we formulated the following assumptions:

1. Sea depth in the promising and existing places of
hydrocarbons exploration is 8—12 m [26].

2. Year-round extraction.

3. The upper layer of weak silty soil comprises: on the
western coast 4—5 m, the middle part of the sea — 7 m.

4. Extreme wave height is 3 % of reserve, the recurring
period: 1 in 100 years — 4,3 m.

5. Extreme high tide with a surge of 3,34 m.

6. Absence of steady shore ice.

7. Thickness of the ice in winter period. Taking into
account the maximum values of the thicknesses of the ice,
according to the ice observations from December 2007
to March 2016, the maximum thickness of the ice in the
following 10 years was forecasted with the application of
neuron networks, which is 0,298 m (Fig. 6, 7) [17].

Characteristics and data for calculating the ice load
are in Table 1.
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Table 1

Data for calculating the ice loads for the Azov-Black Sea
basin [24—26]

Parameters Values
Gravitational constant g, m/s? 9,81
Water density p., kg/m? 1025
Air density p,, kg/m? 1,225
Maximum speed of the wind V,, m/s 26
Maximum depth of setting the platform d, m 12
Ice parameters
Coefficient of the friction p 0,20
Ice density p;, kg/m? 900
Bending strength of ice o5, kPa 500
Modulus of elasticity E, GPa 5
Poisson ratio v 0,3
Thickness of ice h, m 0,298
ISP parameters
Width of the platform
the board By, m 70,0
the nose B,, m 63,0
Angle of the slope of the face o, degree 66
SMSIP
Width of platform at the level 8, m 43
Width at the level 12, m 41,8
Angle of the slope of the face o, degree 56,3

Let us examine the methods of calculating the loads for
the construction with a vertical board.

5. 2. The method of calculation of ice load according to
the Rules of the Sea Register of Navigation (RSRN) [5]

During the interaction of a single-support platform with
vertical boards with the moving field, the comparison of the
global loads, which correspond to the mode of the cutting, is
carried out (1):

F, = mKLKVGCDO’SShO‘g, )

where m is the coefficient of the form of a support in the plan
of the direction of the motion of ice (for the constructions
of circular cross section and polygonal cross section m=0,9;
for the constructions of rectangular cross section m=1);
o, is the uniaxial compression strength of ice, MPa; K is
the coefficient, which is calculated by (2), considering
the influence on the load from the ratio between the field
square A, (equivalent diameter of the field D, =2,/A, /)
and the diameter of the construction D;

1,if D,/D>10,
1-0.0667(10-D, /D), if 10>D, /D>3, 2)
0.6,if D, /D<3,

K, =

where Ky is the coefficient, which considers the speed of
the motion of ice V and its thickness h, and it is deter-

mined by (3).
K, =(1,6-20V /h), if V /h<3-107,
K, =1 if V/h> 3-10%, (3)

5.2.1. Procedure of calculation of the ice load ac-
cording to ISO 19906 [4]

Determining the total load on the construction, caused
by splitting ice. When splitting of the ice occurs next to the
construction, the total load of the ice perpendicular to the
surface Fg, can be expressed as (4):

Fo=ps-A %)

independent of the limiting mechanism, where p; is the
pressure of ice, averaged to the nominal area of the contact,
connected with the total load; A is the nominal area of the
contact.

The nominal area of the contact is the projection of the
surface of the intact ice formation on the construction.

For the flat ice, layered ice or frozen layer of ice-hum-
mocks, the nominal area of the contact is (h—w), where h is
the thickness of ice, and w is the width of the contact with
the construction.

In this case the expression is used (5):

Fczpc‘h~WA (5)

For interactions with the large ice formations the nom-
inal area of the contact is the design contact area of an ice
formation with the surface of a construction for the given
penetration in the ice. When the mechanisms of limiting
stress or maximum motion power are determining, the
nominal area of the contact can be constant for the full in-
teraction or have (by hypothesis) a significant magnitude.

For the situations of maximum energy, the design
area usually increases during the process of interaction
in accordance with the forms of the ice formation and the
construction.

Pressure ofice pg;, often the most important parameter
during the design of the protection of constructions from
ice loads. The pressure, connected with the total load, is
subjected to the effect of temperature of ice, nominal area
of the contact, form or ratio of the dimensions of the area
of the contact, nature of the contact, relative speed and
displacements between ice and the construction, and also
the pliability of construction. Since the pressure of ice can
considerably change in time, maximum values will usually
depend on the averaging time.

Determining total pressure for the sea ice.

The information, obtained from the measurements on a
full-scale model in Cook Bay, the Beaufort Sea, the Baltic
Sea and the Bohai Sea [25, 26], was used for determining
the upper value of the border of ice load for the scenarios,
when one-year and multi-year ices acted on a construction.
The data were also used in order to analyze how the thick-
ness of ice and the width of construction influence total ice
load. Based on these studies, the total pressure of ice can be
determined from (6):

Po=Cy (hi) [%) , (6)

where pg is the overall average ice pressure in MPa; w is
the project design width in m; h is the thickness of the ice
cover in m; h* is the reference thickness 1.0 m; m is the em-
pirical coefficient (=—0,16); n is the empirical coefficient;
n=-0,5+h/5; for h<1,0 m; n=-0,30 n=-0,30; for h>1,0 m;
Cg — is the strength coefficient of ice in MPa.



5. 2. 2. Author’s technique by K. N. Shkhinek. Loads on
a single-support platform with vertical prismatic boards [6]

Load from the flat ice field and the field of rafted ice.

With interaction of an ice field with the platforms, the load
depends on many factors and, in particular, on the form of ice
fracture, which can occur through the loss of stability of the
field, its bend and splitting or a plastic flow. The largest loads
correspond to the plastic flow and splitting, which further are
considered as the main ones. With the probabilistic estimation,
it is necessary to examine all possible types of ice destruction.

Loads with the first encounter of a platform with ice
and with subsequent interactions differ considerably. The
load, which appears with the first interaction, should be
used with the calculation of general strength and stability in
quasi-static approximation. Loads with subsequent interac-
tions must be considered at evaluation of the dynamics of a
platform, estimation of loads with the resonance occurrence
and in calculating the fatigue failure.

Loads with initial interaction with the moving field with
the efficient diameter D, =2 \JA/n (A — square of the field
on the plan, m?) that exceeds the diameter of a platform by
more than 20 times, the global horizontal load (MN) is de-
termined by the formulas (7), (8):

F,=mKAR, )

where K is the coefficient, which considers the form of the
stressed state of a field near a platform

if 3<D’/h, <9,
1+4/(1+D/h,)11,85-0,05D/h,, if 9<D/h, <17,  (8)
1,0,if D/h,>17,

where * is the seas with clearly expressed change in the water
level, the diameter (maximum transverse size) of a platform
should be taken with regard to its increase due to the ice
freezing.

Ay is the real contact area, equal to

Dh,, at V/h,<0,001c™",
Dh,e, at 0,001<V/h,<0,3c", )
0,55-Dhe, at V/h1>0,3(:71,

where m is the coefficient of the form of a support on the plan
in the direction of ice motion

For the constructions of circular cross section m=1. For
the constructions of polygonal cross section m=1, if the angle
B between the bisector of the angle of the platform, exposed
to ice motion, and the direction of the motion of ice exceeds
+15°. At the angle |B|<15°, the coefficient m is determined by
the formula (10):

m= m1+%(1—m1) at 0<|p|<15°,
at |B|>15°, (10)

where m1 is the parameter, determined according to Table 2
depending on the value of wedge angle oy.

Load distribution from flat and hummocky ice is as-
sumed to be uniform in the contact area.

If a global load from a separately moving field (or sep-
arate ice formation, for example, surfaced grounded hum-
mock) is of interest, and if the effective diameter of this field
D, =2 JA/r is less than 20 diameters of the platform D,

m=1

then its stop near the construction is possible. In that case,
besides the load Fyj}, the load Fyjois determined, MN accord-
ing to the formula (11):

0,33
F,,=0,93Dh, [gyiD)] (RV)™. (A1)

(D+D,

If the load, determined by the formula is less (7) than
by the formula (11), then the load, determined by the formu-
la (11), is accepted as normative.

If the load by the formula (11) is less than by the formu-
la (7), and the ice concentration is less than 6/10, then (7)
is assumed as normative (of the considered ice formation).
If the load by the formula (11) is less then that by the for-
mula (7), and the ice concentration is higher or equal to
6/10, then the load (12) is taken as normative:

F,,=11mKDhR,. (12)

Based on the forecast of the thickness of ice formations
with the application of neuron networks, we will obtain the
values of ice loads, represented in Tables 3, 4.

Table 2

Values of coefficient m1 depending on the value
of wedge angle o4

(o2 75 90 120
m1l 0,52 0,6 0,71
Table 3
Horizontal ice load on ISP 1 with the thickness of ice 0,298 m
Directi I1SO 19906 Method by
1rection .
of theload | RSRN " Bend ICN. Shkhincl
action le€(t>1Tyl + of elastic
OTPISHCIY | eam
board 12,0 MN 6,39 MN 4,65 MN 16,1 MN
nose 10,2 MN 5,77 MN 4,19 MN 14,4 MN
Table 4
Horizontal ice load on SMSIP with the thickness of ice 0,298 m
Method by
Sea depth RSRN ISO 19906 KN Shkhinek
8 m 8,9 MN 3,4 MN 12,72 MN
12 m 10,86 MN 5,4 MN 17,6 MN

In further calculations of the total load on the construc-
tion, we will use the ice load, obtained by the author’s meth-
od of K.N. Shkhinek, because this method gives the most
realistic values of the loads, confirmed by experiments in the
A.N. Krylov CNI experimental pool [24, 25].

6. Determining the thickness of ice belt and linear load
considering the depth of setting up an ocean technical
construction

According to RSRN, the value of an ice belt is calculated
by the formula:

= Ao + 20‘1hc1007 13)



where Ay, is the maximum spread of a change in sea level
relative to average level, m, occurring once per 100 years;
o, is the safety coefficient, h.100=0,298 is the thickness
of a consolidated layer of ice-hummock (in the absence of
ice-hummocks, the thickness of flat or rafted ice), m.

According to (13), 1=3,34+2-1,1-0,298 = 4,0 m.

The vertical component of a global ice load from flat or
rafted ice on the support of a conical shape is determined by
the formula (14):

— Fh
 tg(B+arctgf)’

Taking into account the lengths of load distribution at
the levels of each platform, we will obtain:
— for the horizontal linear loads (15):

(14)

v

E
=—h 15
8h L 15)
— for the vertical linear loads (16):
F
=2, 16
go= (16)

where L is the length of ice enclosure, which receives the
load along DP of the installation and across DP of the in-
stallation.

The obtained values of the linear loads are represented
in Tables 5, 6.

Table 5

Calculated values of linear loads for ISP

Level of Board Nose
application | 12000 8000 12000 8000
Fh , kN 16100 16100 14400 14400
FV kN 7092 7092 6343 6343

L,m 68 70 61 63

8h, kN/m 237,0 230,0 236,1 228,6
8,,kN/m 104,3 101,3 104,0 100,7

Thus, by applying forecasting of the real thickness of ice
formations and the methods of determining ice impact, the
real ice loads on the considered types of ocean-technical con-
structions were calculated. As can be seen from Table 5, 6, the
values of the ice loads, including linear load, rendered on ISP
are less than those on SMSIP. From the point of view of the
perception of external loads, an ocean technical construction,
which has ISP ACT will be less subjected to suffering from ice

loads. In future we plan to conduct stability analysis of these
types of constructions on the ground, as well as the estimation
of economic indicators.

Table 6
Calculated values of linear loads for SMSIP
Level of 12000 8000
application
F, kN 17600 17600
F, kN 11655 11655
L m 41,8 43
81, kN/m 4211 409,3
g, kN/m 278,8 271,0

7. Conclusions

1. The calculation of ice loads was performed by taking
into account the forecast of the thickness of ice formations,
executed with the use of neural network analysis and bases
on the observations of the ice mode from 2007 to 2015. The
thickness of ice formations was taken equal to 0,298 m.
The calculation of ice loads was carried out by three meth-
ods: Rules of the Sea Register of Navigation, ISO 19906,
the author’s method of K. N. Shkhinek. The closest to the
values, obtained during experiments in the experimental
pool, are the values of the ice loads, calculated by the
author’s method of K.N. Shkhinek, which subsequently
are used as estimated at determining the total load on the
ocean technical constructions. Since the values, obtained
by the author’s method of K. N. Shkhinek are the closest to
those obtained in the experimental pool, then the estimat-
ed calculation is considered the value of the horizontal ice
load F,=16,1 MN.

2. Analysis of the foreign experience of the use of dif-
ferent types of ocean-technical constructions, taking into
account the calculated operational parameters, made it
possible to determine that the suitable type of ocean-tech-
nical constructions for the exploration of the Azov Sea
shelf is an ice resistant stationary platform of gravitational
type. Upon performing the calculation of ice loads and the
value of linear load, a recommended architectural-con-
struction type of the platform is an extended structure
with inclined front face at the level (depth) of sea of 8,0 m,
and at the depth of 12,0 m is an extended structure with a
combination of inclined sections and vertical parts of the
columns on the front face.
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