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The critical analysis of rationality of the further construction of vertical welded tanks for oil storage of 20-50 thous. m*
capacity with the use of coiled sheet (blanks) panels is given. It is shown that the application of coiling method during
erection of tanks of large capacity in 1970-1985 was largely dictated by the foreign economic circumstances. The
production capacities for manufacture of coiled sheet panels, created in those years, continued to dictate the need for
construction of coiled tanks also in the period of economic stability in the country. The drawbacks of coiled tanks and
the proposed ways of their elimination are considered. After the collapse of the USSR the construction of tanks for oil
storage of separate sheets began in the CIS countries. On the example of tanks with a protective wall the possibility of
improving their reliability is shown applying the new steels of increased and high strength. The proposals for the con-
structive improvement of the separate elements of tanks of large capacity and the new grades of steels, recommended
for them are given. 26 Ref., 1 Table, 5 Figures.
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In the recent years the periodic publications on weld-
ed steel structures deal with an active discussion re-
garding the rationality of applying the coiling method
during construction of cylindrical steel tanks of a large
capacity (V = 20-50 thous. m®) and the search for op-
timal solutions for improvement of their geometrical
shape [1]. A great part of coiled tanks was constructed
in the USSR in the 1970-1985 years. The construc-
tion of tanks was closely connected with transporta-
tion of large volumes of Syberian oil to the European
territory of the Soviet Union. Those were the years of
military and economic struggle of two world systems,
the years when the time was one of the most important
factors in development of the country economy. The
state needed to construct the main oil pipelines with
the tank parks of large capacity in the shortest term in
order to supply the Syberian oil to constructing ob-
jects of large oil chemistry and to the world market for
filling the country budget. Under those conditions the
problems of construction quality and the guaranteed
service life of tanks were often sidelined.

Before discovery of the Syberian oil, during oil
production of about 50 million tons per year, there was
no demand for the tanks of more than 10 thous. m?
capacity in the country. Under those conditions the
quality of coiled tanks at V <5 thous. m® completely
satisfied the consumers. At the same time to satisfy a
high demand for oil, there was a mass construction of
tanks of 50-100 thous. m? capacity at a high technical
level in the countries of Europe and in Japan. The oil
was transported by tankers with displacement ranging

from 50 to 150 thous. m® and that fact dictated namely
a large capacity of tanks.

By 1970 in the system of the Ministry of Assembly
and Special Construction Works the technical capacities
were created allowing manufacturing the coiled sheet
panels for more than 20 tanks VST (vertical steel tank)
of 50 thous. m® per year only in one mill [2]. Under the
conditions of urgent need in creating tank parks of large
capacity there was no time for study and mastering for-
eign experience. Also from the point of view of the pres-
ent time it should be confessed, that application of coil-
ing method under that situation provided realization of
an important state task, though with a rather low quality
and the service life of not more than 20 years.

At the same time, even when that problem was
no longer urgent, the construction of tanks of 20—
50 thous. m® capacity with a considerably low qual-
ity was persistently continued [3]. However, that fact
has its explanation as well: the Ministry of Erection
and Special Construction Works established full mo-
nopoly for the whole cycle of tanks manufacture. The
mentioned agency worked out the norms on erection
of coiled tanks, the tanks were manufactured at the
plants of the Ministry and erected by the own orga-
nizations. Already at the stage of designing the steel
structures of tanks there was a necessary requirement
for providing the possibility of applying the coiling
method during their manufacture and erection [4]. Be-
ginning from 1965, all the tanks with the capacity of
not more than 20 thous. m® were constructed of coiled
sheet panels. The intention of the Ministry-monopo-
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list is natural and understandable. At its enterprises
the large, highly-specialized production capacities
were created intended only for manufacture of coiled
panels. No one supports the refuse from manufacture
of tanks applying coiled panels. The experience just
convinced [3, 5] that it was rational to apply them for
tanks with a wall thickness of not more than 8 mm.
In practice, these are the vessels with the capacity of
not more than 3 thous. m?. Regarding the refuse from
shop automatic welding, we should note that in the re-
cent years for the walls and bottoms of tanks of large
capacity the sheets of sizes of up to 2.5x8.0 m at the
thickness of 8-30 mm are used. The sheets are welded
using automatic and mechanized welding, which al-
lows producing high-quality welded butt joints of the
wall at an acceptable welding speed.

Throughout 1992-2011 the associates of the PWI
carried out an evaluation of the technical condition
of more than 200 coiled tanks with a capacity of
3-50 thous. m? at the oil parks in Ukraine. The in-
spection showed that after 15-20 years of service they
completely exhausted their service life and required a
complex capital repair [6]. Only the condition of sep-
arate tanks of the capacity of not more than 5 thous.
m?® was evaluated as satisfactory. The main reason was
the presence of a large angular deformation f in the
vertical welded site joints of the wall (f = 30-50 mm
on base of 500 mm) and the presence of horizontal
corrugations and dents in the middle and upper parts
of the wall surface (Figure 1). For over 60 years the
attempts of site workers to find an acceptable way to
impart a design curvature to the end sections at the
wall thickness of 10-18 mm, were not successful.

The cause for formation of corrugations on the
wall during uncoiling the coil was considered by the
authors in the publication [7]. It was shown on the
concrete tank that with the difference in marks of
any points of the outer contour of the bottom from
the horizontal by 30—40 mm, which are accepted in
the norms [8], the formation of corrugations on the
middle and upper wall areas is inevitable. The pan-
el, welded of separate sheets, represents a rectangle
with dimensions of about 18x30 m, where 18 m is the
height of the wall. As is observed in practice, it is im-
possible to impart a profile of the outer contour of the
bottom with a difference in the marks of the circum-
ferential basement of up to 40 mm without fractures
arising on the thinner upper girths of the wall.

To improve the serviceability of vertical site butts
of the wall of coiled tanks it was important to estab-
lish the scientifically grounded tolerances for angu-
lar deformations in them. The accepted tolerances
had to ensure that welded joints would work out the
designed service life in the conditions, which ex-
clude the appearance of low-cycle fatigue in them. In
1987 at the PWI a special composite specimen for a
low-cycle testing of welded joints applying angular
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Figure 1. Formation of corrugations and dents on the wall after
deployment of coils. 5 thous. m? tank with a vertical wall

deformation was developed (Figure 2). The tests of
specimens of steels 16G2AF, 09G2S and VSt3sp [9]
with different value of angular deformation allowed
obtaining the dependence of N_ on value of angular
deformation in the extended range of values f. N_ is
the number of loading cycles of specimen before aris-
ing a visually observed crack of 3—4 mm length in
the welded joint. However, the tolerances for angular
deformations, developed at the PWI, were included
into the new norms for erection of tanks [10] as the
recommended ones. Such a record allowed the project
developers to take those values f, which were easily
reached by site workers. As a result, in the norms [8,
11], the recommended values for vertical site butts of
the wall were excluded. In the norms a new record ap-
peared that the value f was accepted according to the
requirements of the project «Metal Structures» (MS)
of the standard [12], which allows the construction of
coiled tanks with a service life of not more than 15-20
years. In the standard, one tolerance for the value of
angular deformation f = 1/2 inch on the 1 m long tem-
plate was accepted.

At the presence of fatigue cracks in the vertical
site joints of wall of the majority of coiled tanks of
10-50 thous. m?® capacity (Figure 3, @) an urgent need
for their repair appeared. All the specialists under-
stood that this is a rejection of coiled technology in
construction and the angular deformation (Figure 3,
b), can not be eliminated by repair of the weld. At
the initial stage of service of tanks with angular de-
formations, the proposals on repair were reduced to
local unloading of welded joint from the circumfer-
ential forces by mounting the rigid horizontal stiffen-
ers in the weld zone [13]. Such a solution resulted in
an additional concentration of stresses in the welded

Figure 2. Scheme of composite specimen for low-cycle testing
of welded joints with angular deformation: 1 — elements being
tested; 2 — damper; 3 — element for fixing in the pulsator
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Figure 3. 10 thous. m®tank with a vertical wall: fatigue cracks
along the weld fusion zone (a); angular deformations in the verti-
cal butt welded joint of the wall (b)

joint and after one or two years of service near the end
regions of stiffener welds the fatigue cracks began to
appear. In a number of cases several repairs of welded
joints were performed by means of their partial (in
girths) cutting out and welding-in of special inserts
[14]. In the process of works the inadmissible devia-
tions of geometric shape were formed on the adjacent
areas of the wall. To eliminate them, a system of hor-
izontal and vertical stiffeners with tension bars was
mounted on the wall, which significantly reduced the
serviceability of the wall (Figure 4).

The obtained results showed that to eliminate or
reduce the local deformation of the wall after weld-
ing-in inserts, it is necessary to know the stressed state
of inserts and the adjacent regions of the wall. The
evaluation of stressed state of a wall area of the tank
during replacement of a site butt on it with separate
inserts was carried out at the PWI [15]. The calcu-
lation was carried out for the tank of the capacity of
50 thous. m3, the project of the Central Research and
Design Institute of Metal Structures named after N.P.
Melnikov (Moscow), the metal of the wall was steel
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Figure 4. Improvement of geometric shape of the wall of the
coiled 20 thous. m® capacity vertical wall tank with a fixed roof
applying local air holes

16G2AF, taking into account the specific technolo-
gy of welding-in of inserts. The evaluation of risk of
buckling of a flexible plate was performed using an
approximate energy method, according to which the
risk of buckling will be high, if E = U +W < 0, where
E is the total energy of the elastic system; U is the
potential bending energy for the given region; W is the
work of membrane welding stresses.

The obtained diagrams of residual stresses are giv-
en in the work [15]. The calculation results allowed
evaluating the probability of wall buckling in the
repair area. Based on the obtained results, a special
technology for replacing a vertical butt with inserts
in one line along the girths with the scatter of vertical
welds was developed at the PWI. The technology was
tested many times in practice, as for example in ver-
tical steel tanks of 50 thous. m?® with floating roof at
the oil refinery in Mozyr at the linear production-dis-
patching station «Lisichansk», when the replacement
of all site butts was performed; in the vertical steel
tanks of 20 thous. m® with fixed roof at the oil pump-
ing stations of Kremenchug, «Snigirevka», «Avgus-
tovka» and many other. After repair all the tanks were
put into operation with a project level of loading and
the service life of at least 20 years.

After more than 30 years of unsuccessful experience
in construction of tanks of 20-50 thous. m?® capacity of
coiled sheet panels, the proposals of some authors [16,
17] regarding the possibility of applying the coiling
method also in future, while using their inventions, are
rather questionable. However, the proposals to improve
the serviceability of the wall are based on significant
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local violations of its rigidity, geometric shape, changes
in the laminar flow of the force flow of circumferential
stresses. Finely, this will lead to the appearance of new
zones of stress concentration, fracture nuclei and prop-
agation of fatigue cracks on the wall.

Since 1991, the dictate on construction of tanks
under the standard projects was cancelled. The main
figure then was the customer, and the main require-
ments for the tanks were the quality of erection, the
designed service life of at least 40-50 years and the in-
creased environmental safety. Since 2001, in the CIS
countries, the tanks of large capacity began to be con-
structed everywhere using the sheet-by-sheet method
and with the designed service life of at least 40 years
(Figure 5). In Russia, the tanks were constructed «on
a turn-key basis» by foreign companies [18]. In the
Republic of Belarus on the Druzhba oil pipeline, two
capacities of V = 75 thous. m® were constructed by the
Polish company, and six capacities of V = 50 thous. m?
were made by Belarusian erecting organizations [19].
The project of MS of the tank and the author’s super-
vision were carried out by the PWI specialists. The
construction coincided with the beginning of a wide
application of tanks with a protective wall and a dou-
ble bottom. Replacing the traditional fire dike with a
protective wall provided a significant increase in the
capacity of the oil park at the same areas, and a double
bottom had to prevent oil from spilling to the environ-
ment. The presence of additional requirements to the
tanks with a protective wall for prevention of the ava-
lanche fractures of the main tank wall in the standards
[8, 11] demanded for a scientific confirmation of the
fact that new steels applied for the wall would guaran-
tee the fulfillment of the standard requirements. With
this aim, at the PWI the experimental investigations
on resistance to propagation of tough fatigue crack
of welded butt joints of steels of C390 strength class:
06GB and 09G2SYuch-U [20, 21] (having KCV_,, >
> 170 J/cm?) were carried out. On the full-scale spec-
imens under the conditions of cyclic loading, the pro-
cess of initiation and propagation of a fatigue crack
from the initial notch along the fusion line was inves-
tigated. It was shown that at the final critical stage of
its propagation the formed through crack had a small
area of a stable (predictable) state. The length of that
area by a number of cycles Nz = 300 and the period-
icity of loading of tanks equal to a one loading during
three days, provides a guaranteed detection of a crack
by the oil spot during visual inspection of the wall in
accordance with the requirement of the acting regula-
tions on service of tanks [14]. The detection of fatigue
cracks in vertical welded butt joints of the wall at the
subcritical stage of their propagation almost prevents
the extended fractures and full opening of the wall.
This provides a clear specification of the functional
purpose of a main (inner) and a protective wall of the
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Figure 5. Erection of wall of 50 thous. m® vertical wall tank with
a floating roof applying sheets of 2.5x8.0 m

tank. The main wall: providing static strength and
prevention of extended tough fractures, the protective
wall: providing static strength of the tank during its
filling with oil, poured from the main tank.

The issue of the hard contour conditions influ-
encing the tough properties (KCV_,)) of the circum-
ferential welded joints of branch pipes and manholes
during their cutting-in to the first girth of the wall
was also investigated. This mainly relates to the sheet
rolled metal of the lower girths of the wall, which are
supplied in the state after hardening with tempering:
steel 06GB 390 and 06GB 355 [22] and normalized
steel 09G2SYuch-U [26]. The steels 06GB390 and
06GB355 are attractive by a low carbon content
and high standard values of KCV_,, > 120 J/cm?
(in fact 300 J/cm? and more in the thicknesses of
up to 50 mm). There were expectations that high
tough properties of sheet metal largely compensate
the increased welding deformations in the metal of
circumferential weld, which arise during welding in
hard contour. The branch pipes were welded-in with
preheating of edges applying the electrodes OK Au-
trod 12.51. However, after the branch pipes with a
diameter of 400 mm were welded-in into a 26 mm
thick wall girth, in the circumferential welds the cold
cracks appeared. To eliminate them, a rather compli-
cated welding technology was applied, including pre-
heating of edges, pinning of initial passes and post-
weld heating of welded joint. It should be noted that
the sheet rolled metal of steels supplied in the state
after hardening with tempering, according to the tech-
nical conditions, has /o, < 0.85 for the thicknesses
of 25 mm and more, and < 0.90 for the thicknesses
smaller than 25 mm. In accordance with the require-
ment of standards [8, 12], the ratio ¢ /o, should not
exceed 0.75. In the steels proposed in these standards,
the required ratio is fulfilled only for the normalized
sheet steels at the present time.
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For a more complete evaluation of influence of hard
contour on the values of impact toughness of weld metal
and the fusion zone of steels 09G2SYuch-U and 06GB,
the additional investigations were carried out. Imitating
the welded joint of the wall with the branch pipe and the
conditions of hard contour, the plates of these steels of
26 mm thick were welded applying the electrodes LB-
52U of 3.2 mm diameter. One plate was heat-treated:
tempering at the temperature of 620 °C with one hour
holding. The specimens were manufactured of each
plate for testing on KCV_, along the fusion line and weld
metal. The details of the test results are considered in the
work [21]. The Table given the final test results. The test
results show that a high tempering of insert assembles,
in accordance with the standards for wall thickness ex-
ceeding 25 mm, reduces the value of impact toughness
KCV ,, for these steels to 10 %. This gives grounds to
suggest that while obtaining a larger number of statistic
data the issue of application of heat treatment at the wall
thickness of 30 mm and more for the considered steels,
as is accepted for pressure vessels, can be relevant [23].

The obtained results provide a determined sci-
entific grounding for the tendency prevailed in the
recent years, that for the tanks of large capacity the
normalized sheet rolled metal of steels of strength
class C350-420 at actual values of KCV_,, >150 J/
cm? with the content of carbon of 0.14-0.18 % and
sulfur of less than 0.01 % should be applied. The
presence of higher carbon somewhat complicates and
increases the cost of welding technology applied for
these steels. The welded joints of wall of these steels
are made using welding wire of the type OK Autrod
13/28 ESAB with a nickel content of 2.4 %. In this
regard, the more attractive are the sheet normalized
rolled metal 09G2SYuch-U and 09KhG2SYuch-U
of the steel class C 355420 with a reduced content
of carbon (0.10-0.13 %), increased content of man-
ganese (1.9-2.2 %) and microalloying with cerium
(0.001-0.050 %), developed at the PWI [24].

With the use of the sheet normalized steel
09G2SYuch-U390 in accordance with the project and
at the supervision of the PWI specialists, in the Repub-

Influence of hard contour conditions on the value of toughness of
welded butt joints of 06Gb and 09G2SYuch-U steels of 26 mm
thickness

Welding condi- | Heat treatment KCV_,, Jem?
tions presence 09G2S Yuch-U 06GB
Absent 317.1-416.9 | 338.5-342.2
In free state ” 351,73 350.7x3
_ | 303.4-329.3 | 341.1-339.3
High tempering | =41 ") 3 340.2x3
Absent 338.3-337.5 | 340.1-339.2
Hard contour sen 338.3x3 340.6x3
urr | 338.7-273.4 | 343.3-248.2
High tempering | 5071 3 311.3x3
Note. Notch location is fusion line.

40

lic of Belarus two vertical steel tanks of 50 thous. m?
with a floating roof were constructed with a protective
wall (Figure 5). In the main tank the first (I = 26 mm)
and the second (I =22 mm) wall girths, and in the pro-
tective tank the first one (I =21 mm) were made of this
steel. In accordance with the factory certificates for the
sheet | = 26 mm, the value of impact toughness was
KCV_,, = 173-204 J/cm? The application of preheating
of edges and mechanized shielded-gas welding (Ar +
20 % CO,) with the solid wire EMK 6 ER 70 S-6 elim-
inated the occurrence of cold cracks in welded joints
of the wall and in the welds after welding-in of branch
pipes and manholes. After additional investigations of
welded joints taking into account the presence of hard
contour, the solution was taken to refuse from a high
tempering of insert assembles and manholes. The as-
sembly of the bottom hatch was subjected to heat treat-
ment, as was envisaged [12].

The author’s supervision of erection of four tanks
of 50 thous. m? capacity, having a protective wall [19],
revealed a number of significant drawbacks regard-
ing the design and serviceability of the two-layered
central part of the bottom. The two-layer bottom was
used at the request of the customer. The assembly and
welding of one sealed compartment of the bottom per
one shift, provided by the project to prevent moisture
from entering the compartment, was often an unreal
task. Having ten compartments on the bottom, it was
almost impossible to succeed in ten dry days at the
construction area. Therefore, the ends of the compart-
ments remained open until the moisture evaporated
completely during solar heating of the upper bottom.
It was necessary to refuse also the control of sealing
the compartments by vacuum. When the tank is filled
the vacuum does not react to the presence of leakage
in the upper bottom. In winter, in the interlayer space,
the moisture condenses, which leads to a sharp drop
in vacuum. Therefore, to check sealing the sensors
with a response to the presence of hydrocarbon vapors
were mounted into the signal pipes.

The analysis of assembly of the double bottom
showed that its structure is very metal-consuming
and labor-intensive in manufacture. The total design
thickness of the bottom of tanks was 8 + 11 = 19 mm
(vertical wall tanks of 75 and 50 thous. m® with a float-
ing roof [19]) at the thickness of the outer, contour,
bottom (edges) was 20 mm. There is a clear disregard
of the principle of maximum concentration of metal in
one element. With leakage of the sealed compartment,
the removal of oil and its vapors from it is complicat-
ed. The experience, gained over 20 years in service of
tanks of a capacity of 20 thous. m? with a thickness of
edges of 9 mm [25], convincingly showed that such
thickness in the presence of anticorrosion coating is
quite sufficient to maintain its impermeability over
40 years. This is confirmed also by the norms of the
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OJSC «AK Transneft» [26], where the thickness of
the edge and the central part of the bottom of tanks of
a large capacity is accepted as equal to 9 mm.

On agreement with the customer, in two similar
tanks of the third stage of construction, the bottoms
were accepted as single-layer of 12 mm thickness
[19]. The application of a single-layer thickened
central part of the bottom significantly reduced the
metal consumption and the volume of site works and
increased its reliability. Taking into account the ex-
perience gained in the construction of tanks in the
Republic of Belarus, the PWI realized the projects of
vertical 50 thous. m® tank with a floating roof for its
construction at the linear production-dispatching sta-
tion «Brody», the vertical 20 thous. m® tank with a
floating roof at the oil pumping station «Avgustovkay
(the customer is PJSC «Ukrtransneft»), for capital re-
pair of the vertical 50 thous. m? tank with a floating
roof (PJSC «Ukrtatnafta», Kremenchug). In all the
mentioned objects the application of the new tested
steels and design solutions was provided.

Based on the mentioned analysis of the performed
works for evaluation of technical condition of the
coiled tanks of the capacity of 5-50 thous. m? after
their service during 15-20 years and proposals on
construction of tanks with a protective wall and a
guaranteed service life of at least 40 years, the follow-
ing conclusions can be made:

e tanks for storage of oil and oil products with the
thickness of lower girth of wall of 10 mm and more, as-
sembled of coiled sheet panels, do not meet the require-
ments of existing standards as to the geometric shape of
wall and the estimated service life of 20 years;

e application of coiled sheet panels during erec-
tion of wall of tanks should be limited in the standard
of Ukraine by a thickness of the lower girth of not
more than 8 mm;

e in the standard of Ukraine ([8], Table 13), it is
necessary to state clearly the requirements to the lo-
cal angular deformations of vertical welds of the wall.
The admissible value of deflection f on the 500 mm
base for the entire wall should be indicated not in the
project of MS, but in the standard,

e the list of steel grades recommended in the
standard of Ukraine (DSTU B V.2.6-183:2011, Ta-
ble 7) should be supplemented with the new steels
of strength class C355-440: 06GB355; 06GB390
(delivery in the state of hardening with tempering);
09G2SYuch-U390; 09KhG2SYuch-U440 (delivery in
the as-normalized state).
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