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This paper deals with the work studying of high strength steel in the constructions of silo capacities. The most widespread
trademarks of steel have been analyzed. Mechanical and chemical features of examples series of high strength steel of Euro-
pean and American manufacturers have been experimentally tested, which were used for the body’s sheet panels making.
It has been made checking calculation of storage capacity with the diameter of 11 m from shaped corrugated sheet of differ-
ent thickness. The material for panels manufacturing is one of the researched examples of steel. It was mentioned reasonable
conclusions according to the using of the concerned material for getting economically rational project decisions.
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JlaHa cTaTTs NpUCBSIYEHA JOCTIHPKEHHIO POOOTH BUCOKOMIITHHUX CTaJIed B KOHCTPYKIIISIX CHJIOCHUX €MHOCTEH. AHATI3YBaIHCS
HaWMOMMPEHIMI KIacH cTajeH, sKi 3aCTOCOBYIOTHCS 3apyODKHMMH Ta BITUYM3HSHMMH BHPOOHMKAMH €JIEBaTOPHOTO 0ONaj-
HaHHS TIPH IPOEKTYBaHHI BEPTUKATGHUX HWIIHIPUIHUX CHIIOCIB Ut 30epiranHs 3epHa. Hamana orinka BIUIMBY mapameTpiB
Marepially Ha BIIACTHBOCTI OKPEMHX €JIEMEeHTIB criopyau. [IpoBeneHo KOMIUIEKC MEeXaHIYHUX BUIPOOYBaHb HA PO3TAT Ta Xi-
MIYHHUH aHami3 cepii 3pa3kiB BucokominHoi ctami kiacis S 550 GD ta S 420 GD eBponelcbKiX Ta aMepHKaHCHKUX BUPOOHH-
KiB, SIKI 3aCTOCOBYIOTbCS JUISl BUTOTOBIICHHS TO(POBAHHUX JIUCTOBHX IaHeNeid koprmycy. UHCIOBI pe3ynbTaTh JOCIIHKEHHX
XapakTepUCTHK MiATBEPAWIM IOBHY BIINOBIAHICTH MaTepiaJly HOPMATUBHMM 3HA4YEHHSIM BiINOBIOHHMX KJIACIB.
[TpomoBKeHHAM AAaHOTO AOCHIIKEHHS OyJI0 BUKOHAHHS IEPEBIPOYHOTO PO3pPaxyHKY €MHOCTI 30epiranns aiametpom 11 m,
gKa Ma€ IWIHAPHYHY (OpMy Ta KOHIYHE MHUINE | BHKOHAHAa 3 MPOQUILOBAHMX XBWIACTHX JIMCTIB DPI3HOI TOBIIHHIL.
B sxocTi MaTepiary BUTOTOBIIEHHS 3aCTOCOBYBABCS OAMH 3 JIOCTIPKYBaHUX 3pa3KiB cTami. Bynn oTpumaHi 3HaYeHHST KPUTH-
YHHX (DaKTOPIB JUIS JIUCTIB KOPITyCYy, BEPTHKAIBHUX pedep KOPCTKOCTI 1 JIMCTIB KOHIYHOTO JHHIIA cHiIocy. Pe3ynbraT pos-
PaxyHKiB HiITBEPAUIHN €(EeKTHBHICTH 3aCTOCYBaHHS BUCOKOMIITHUX CTaJIed IIPH NMPOEKTYBaHHI CHIIOCHUX €MHOCTEH uIs 30e-
piranns 3epHa. Hecyda 3maTHICTE eneMeHTiB Oyota 3abe3rmedeHa Ha BCIX BHCOTHHUX sIpycax, IIPOTE pe3epBU HECYdoi 3aTHOCTI
IpU IIbOMY BHSBUIIKCS MiHiMaJbHi. BiAmoBiIHO mpoBeneHoro aHamizy c)OpMOBaHi apryMeHTOBaHI BHCHOBKH, IIOJO BHKO-
PHUCTaHHS PO3IIIAYBAHOTO MaTepiany Uil OTPUMAaHHS €KOHOMIYHO JOIUIBHUX MPOEKTHHUX PilleHb. 3a3HaueHi KOHCTPYKTHUB-
Hi 0OMeXeHHs, AKi He0OXiAHO BpaxOBYBAaTH IPH NMPOEKTYBaHHI Ta BUTOTOBJIEHI TOHKOCTIHHUX KOHCTPYKIIH 3 BUCOKOMILIHUX
cTajell. B mepiry 4epry 1e CToCy€eThbCsl yTBOPEHHS OTBOPIB MiJ OONTOBI 3’ €THAHHS, BIAIITYBaHHSA Ta 0OPOOKY KPOMOK 1 Bpa-
XyBaHHS TPaHHYHMX PO3MIpiB BHYTPIIIHIX paJiiyciB 3a0KpYyTJICHb IIPH THYTTI JieTalIe.

KnrouoBi cioBa: BUCOKOMILHI CTali, BEpTUKAIbHI CUJIOCHI €MHOCTI, TOHKOCTIHHI KOHCTPYKIIii, MeXaHiuHi1 BUIPOOyBaHHS
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Introduction

Modern construction of silo capacities is developing
in two directions. On the one hand, there is the devel-
opment of new conceptions of shaping and economic
design [1, 2], on the other, the use of high-strength
steels is intensively introduced into the practice of na-
tive production. It is known because the quality of the
structural material significantly affects the structure
reliability, durability, its technical and economic char-
acteristics. It is likely that such innovations have only
a positive effect such as reducing of the metalwork
weight, improving of performance indicators and in-
creasing freedom in choosing design solutions. How-
ever, this step requires the designer careful considera-
tion of the work features of the silo capacity during
construction and calculation, since the elements of
high-strength steel with a conditional yield curve have
an increased sensitivity to strain concentrators and are
prone to brittle failure.

Review of research sources and publications

Theoretical and practical research in the field of cal-
culation and design of the thin-walled shell construc-
tions, in particular silo capacities, does not lose its
popularity. It is possible to note significant scientific
works of both Ukrainian and foreign scientists [1-10].
The estimation of the reducing the metal consumption
of a silo construction from high-strength steel possi-
bility was carried out in the previous work [11].

Definition of unsolved aspects of the problem

The main elements of the vertical cylindrical con-
tainer are the body, consisting of individual sheets of
smooth or wavy texture, vertical stiffeners, cone roof
constructions and bottom. Silos body sheets perceive
axially asymmetric and asymmetric radial loads, while
the stiffeners work for compression with bend. It is
clear that for the supportive thin-walled shell construc-
tions more expedient to use a material with improved
durability. However, there is the question, how argu-
mentative is the use of steel with a conditional yield
curve, and whether the high utilization rate of steel is
advantageous in terms of ensuring the reliability and
the constructions safety.

Problem statement

The main material for making modern constructions
of the silo capacities storage is steel. There are a lot of
demands of mechanical and technological character to
the steel, which is used for making this type of con-
struction. The features of performance of silo capacity
elements need to provide not only conditions of dura-
bility and plasticity under the influence of corrosive
environment, but also the possibility of putting welded
joints, bending, cutting or drilling holes. It is likely
that these properties depend on the chemical composi-
tion of steel. Therefore, it is important to analyze how
the type of selected steel affects the constructive and
rigid parameters of the construction.

Basic material and results

In accordance with the standards of our country [12],
flat products for high strength steels after the heat
treatment or thermomechanical rolling is usually lim-
ited to a range of values of characteristic resistance R,,
0f 390...590 N/ mm” and by index of the plasticity (the
relative elongation), which is not less than 16% and
for the heat treated steel R, > 590 N/mm? (the relative
elongation is more than 14%).

In the most cases, foreign and native developers of
elevator equipment, in the practice of designing con-
tainers for grain storage, prefer steel of European and
American manufacturers. This step is argued by their
better quality and by the general increase of the useful
life of the construction. In addition, all constructions
of the silos are subject to significant corrosion proc-
esses, therefore the galvanization of steel is a neces-
sary condition.

For example, the German company RIELA offers
products with corrugated panels of S 550 GD+Z high-
alloy steel in accordance with DIN EN 10346 (value
of temporary resistance when stretching is 560 MPa),
with a thickness of 0,50 mm.

A number of American agro-market leaders,
Agri USA (silos CHIEF), use corrugated steel panels
with a tensile strength of 483 MPa and a standard gal-
vanized covering G 115 (350 g/m’); silos of the GSI
company have a corrugated steel profile with a mini-
mum resistance of 450 MPa, and a coating of
Zincalume (55% Al, 43.5% Zn and 1.5% Si), and the
thickness of 4,2...5,2 mm or galvanized steel G 90; the
silo capacities of MFS are constructed of steel with a
strength of 482,6 MPa, thickness to the 4,166 mm and
a zinc coating of standard G 15; SCAFCO products
are characterized by the use of steel with a yield
strength of 393 MPa; the silos of the American manu-
facturer VROCK have lateral segments of the galva-
nized steel G 90 with the strength of up to 65 psi
(448 MPa).

The Spanish companies Symaga and Cordoba offer
silos made of similar structural steel S 350 GD Z 600,
galvanized with the Sendzimir method and with the
innovative coating of ProMag, respectively.

The prevalent Canadian silo capacities of the
AGI company are made from low-carbon low-alloy
steel ASTM 653, Mark 50, Class 1 with a minimum
tensile strength of 450 MPa. The technical characteris-
tics of the body sheets of silos of the Westell company
indicate the use of steel with a yield strength of
345 MPa (50 ksi).

The Italian manufacturer FRAME for sheets of side
walls and stiffeners uses steel with thickness of
0,8...3,5 mm, a minimum zinc coating of 450 g/m2 and
a strength of 420 MPa and the marginal displacement
of 350 MPa, and also makes it possible to apply steel
of a higher class with zinc coating up to 600 g/m”.

As for the Ukrainian manufactures of steel contain-
ers for grain storage, we have the following tendency.
KMZ Industries uses high-quality stainless steel of
S 350 GD class with the zinc coating of Zn 275 —
Zn 600 from European manufacturers S SAB,
Voestalpine, Wuppermann. The silos of the company
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"Variant Agro Build" also design all the main ele-
ments from Austrian galvanized steel Wuppermann
Stahl GmbH of the class S 350 GD and Z 350-M-A
(zinc coating of 350 g/m or 450 g/m* and more).
The “LUBNYMASH” elevator plant, which declares
the production of a silo shell from galvanized steel
(275 to 450 g/m®) of the European production of the
marks S 350 GD and S 550 GD, is not an exception.

Thus, it can be noted that, for the most part, manu-
facturers choose the steel for storage containers that
have a temporary resistance of 400 — 500 MPa.
Among the strengths listed above, the Belgian Steel
Arcelor Mittal S550GD+Z is of the highest
strength. The authors® team has already carried out
the calculation of silo constructions with a diameter of
22 m from such steel, followed by a detailed analysis
of the bearing capacity of the main elements [11]. The
results showed that the use of steel of this trademark
really enabled to reduce the thickness of the elements,
but at the same time it caused a significant deteriora-
tion of the rigid characteristics of the vertical stiffen-
ing edges and increased deformability in the construc-
tions of the roof and the bin-top gallery.

Check of the used material correspondence to the
requirements of the standard UNSS EN 10346 [13]
was this study continuation. A set of mechanical tests
for the stretching of 6 standard flat examples of Euro-
pean steel S 550 GD (Fig. 1-a) provided by the
"LUBNYMASH" company was made and their
chemical analysis was carried out. The experiments
were carried out on the basis of the certified laboratory
of mechanical tests LLC "Etual-Metal".

Figure 1 — Examples of the steel after
the destruction:
a — European steel;
b — steel of the USA manufacture

According to [13], the steel S 550 GD (steel number
is 1.0531) has the following mechanical properties:
the conditional yield curve is Ry, ,= 550 MPa, the
temporary resistance is R,, = 560 MPa, and the rela-
tive elongation is not given. Accordingly to the melt-
ing analysis, the chemical composition of the steel of
S 550 GD class should be C=0,20%, Si=0,60%,
Mn = 1,70%, P =0,10%, S = 0,045%.

Mechanical tests on the static stretching were carried
out at the hydraulic tensile-testing machine P-50 M2
(Armavir, Russia) with a built-in electronic remote
control, accordingly to the GOST 1497-84 [14].
The chemical analysis of metal examples was carried
out by using an optical emissive spectrometer Q2 ION
(Bruker Elemental GmbH, Germany).

The numerical results of the features research
(Table 1) showed that the provided steel examples
fully correspond to the specified trademark

Table 1 — Check report of mechanical tests
on the static stretching

The results f the research and the diagram of
stretching (for the example Nel)
Neof the Max. Ultimate Relative
examle efforts, strength, | elongation,
H H/mm? %
1 63489,299 793,616 8,223
2 63242,549 790,532 8,057
3 63686,457 796,081 8,687
4 63715,082 796,439 7,637
5 64203,062 802,538 7,227
6 63579,683 794,746 8,187
64000
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The second stage of the research was the similar
tests of increased strength steel of S 420 GD class, ac-
cordingly to EN 10346:2015 of the USA manufacture,
and used by the GSI company for the construction of
vertical steel capacities for grain  storage.
The examples were made directly from the sheet of
sheathing of the silos (Fig. 1-b). The numerical results
of mechanical tests on the static stretching are given in
the Table. 2.
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It is important to note that, in accordance with the
guidelines [12], the calculation of the body sheets and
the vertical stiffeners of the silo capacities from the

steel S 550 GD (R, 0.2=550 MPa, R,,=560MPa)
must be made on the strength with additional coeffi-
cient of reliability, according to the material y,= 1.3
with the using of calculation resistance R,, which is
determined by the temporal resistance under the
stretching R,,,. Besides, when determining the calcula-
tion resistance R, it is necessary to consider the coef-
ficient of reliability, accordingly to the material
7= 1.05, 1.e. R,=R,,/ #,. Thus, the actual calculated
characteristic of the silo element transverse section
strength from the steel S550GD is not 560 MPa, but
R,/ y,~410 MPa.

Table 2 — Check report of mechanical tests
on static stretching

The results f the research and the diagram of
stretching (for the example Nel)
Ne Max. Ultimate Relative
of the ex- efforts, strength, | elongation,
ample H H/Mm® %
1 16764,448 | 827,874 8,481
2 17103,400 | 844,012 9,428
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Instead, the steel S420GD, according to

UNSS EN 10346:2014 [13] has the following
mechanical features: the conditional yield curve
is Ry, 0,=420 MPa, the temporal resistance is
R,, =480 MPa MPa, and the relative elongation is
0=16%. Accordingly to the instructions [12],
for steel with the characteristic resistance of
R,, <440 MPa, the strength calculation is performed
accordingly to the calculation resistance beyond
the yield strength R, and with considering the
coefficient of reliability, accordingly to the material
%= 1.025. Thus, the calculation resistance is
R,= R,/ yin =410 MPa.

GSI silo testing, which has a cylindrical shape, a
conical bottom and made of steel grade S 420 GD, has
also been performed. Nominal diameter of the con-
tainer is 11 m. Constructively the body shell consists
of shaped wavy galvanized sheets with the height of
1165 mm (hereinafter, all geometric sizes were set by
the measurements). The height of the silo consists of

14 panels. Their thickness has three standard sizes:
0,85 mm are I-VII tiers; 1,2 mm are VIII-XII tiers and
1,36 mm are XIII-XIV tiers. Separate sheets are con-
nected with M10 bolts, which have sealing elements
of the strength class 10.9. In the ring direction, the
bolts are chequer. Total number of bolts per tier is
48 pcs. The outer stiffeners (Fig.2) are made of a
curved profile of a trapezoidal shape with 210 mm in
width and 70 mm in height. The thickness of the
transverse section of the rib varies within 1,2...4,2 mm
and decreases in height. The conical bottom is formed
of three layers of flat sheets with a thickness of 2 mm.

a)

b)

El
Figure 2 — Vertical stiffeners:
a — general view; b — transverse section
with the orientation of the main axes

The mathematical) silo model (Fig. 3) was created in
the finite element program complex SCAD 21.1 and
included the following groups of constructive ele-
ments: 1 — pier column; 2 — braces and spacers of the
pier column; 3 — supportive ring of the rigidity of the
conical bottom; 4 — bottom sheets; 5 — vertical stiffen-
ers; 6 — body sheets; 7 — elements of the conical roof.
Each finite element of the model was characterized by
the following main features: a dimension of the space
used (one-dimensional, two-dimensional, three-
dimensional); a set of nodes, which are located at the
boundary between the elements and which are com-
mon for the boundary elements; a set of external and
internal degrees of freedom in the nodes of the ele-
ments; a system of approximation functions.

The compilation correctness of the silos calculation
model and the correspondence of calculation results
with the actual work of structures at each step was
controlled by the following tests: the dimension of the
input and output quantities; the nature of the depend-
ence of the result from the change of some input data,
including the check of such properties as the expecta-
tion of symmetry (asymmetry) or insensitivity to some
parameters; the system behavior under the extreme
values of parameters; the observation of the conclu-
sions, which are made from the theorems of reciproc-

ity.
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The calculation results have shown that the bearing
strength of the body sheets (numerical data are given
in the Table 3), bolted joints, stiffeners (Table 4) and
other elements of the silo capacity is provided on all
high-rise tiers, however, at the same time reserves of
bearing strength are minimum: for body sheet of the
7th tier the critical factor is of 0.817; for the vertical
stiffeners of the 12th tier the critical factor is of 0.973,
for 13th is of 0.916, for 14th is of 0.983; for the sheets
of the upper tier of the conical bottom the critical fac-
tor is 0of 0.71.

st

b)

Figure 3 — Finite-element model of silo capacity:
a — general isometric appearance; b — the support part

Table 3 — Critical sheet factors of the body of silos

Tier b, N, kKN .y, KN/sm® Kp
mm
1 0,85 58 6,8 0,208
7 0,85 228 26,8 0,817
8 1,2 247 20,6 0,628
9 1,2 265 22,1 0,673
10 1,2 281 23,4 0,714
11 1,2 296 24,7 0,752
12 1,2 310 25,8 0,787

Symbols: ¢, is the thickness of the body sheet of the
silos at a given level;

N., is the value of the calculated annular longitudinal
effort of force per unit of height from the horizontal
pressures of bulk materials in the walls of round steel

silos, considering additional efforts from tempera-
ture’s drops;

Kr=N/ (Ry by) Yneto < 1

R,=41kN/sm’ are a calculation resistance of steel
beyond the yield stress;

Yheto = 1.25 the coefficient of weakening of the trans-
verse section by the holes of bolted joints, accepted on
the basis of the analysis of technical documentation.

Table 4 — The bearing capacity calculation
of the vertical stiffeners

Tier b W N N Mo Kp
mm sm kN kN-sm
10 2,8 16,373 | 183 251 0,849
11 3,4 19,638 | 210 326 0,856
12 3,4 19,638 | 239 370 0,973
13 42 | 23,862 | 269 436 0,916
14 4,2 23,862 | 300 486 0,983

Symbols: W, is a minimum moment of resistance
relative to axis V (see the Drawing 2);

N,,, M, are respectively, the longitudinal force and
bending moment from the external load;

Kr=9i (Nw /! (A R, y) + My | (W, R, 7)) < 1 is the
value of the critical factor;

74 1s the coefficient of reliability of the model, which
considers the uncertainty of the calculation scheme
and other similar circumstances in the form of the
constructions sensitivity to local destructions, to initial
imperfections, to the joints compliance influence, to
the plastic properties of the material, to the presence
of dynamic effects or to idealizing of a material work
diagram;

A, is a cross-sectional area of the stiffeners;

7. = 1.0 is a coefficient of working conditions of the
constructions.

Table 5 — Calculation of the bearing capacity
of the conic bottom sheets

Tier Ni, Nr, O, or, O,
kN kN MPa | MPa | MPa

upper 624 533 312 267 292

middle 461 370 231 185 212

bottom | 270 204 135 102 122

Symbols: &,, Ny are the boundary calculation values
of longitudinal forces (correspondingly horizontal and
along the formative) per unit length of the conic
bottom section;

oy, oy are a strain in the sheets of the conical bottom
in the ring and axial directions, respectively;

Kp=o05/ R, is a value of the critical factor.

Another important factor is considering when
designing thin-walled constructions of high strength
steels is a number of constructive constraints, which
are connected with the installation of holes under the
bolted joints. According to the requirements [15], the
holes for bolted joints must be formed by drilling,
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punching, gas-thermal or plasma cutting; thus the
formation of holes using the method of punching is
prohibited for steels with a yield strength of more than
350 MPa. Also, the steel part edges of class C 440 and
above are subjected to planning or milling. According
to the clause 9.14 [15], when bending parts of carbon
steel on bending presses, internal radius of rounding
are assumed to be not less than 1,2¢ for constructions
that perceive static load. For parts made of low-alloy
steel (constructive steel S 550 GD should be consid-
ered in this case as a low-alloyed), the boundary size
of internal radius of rounding should be 50% higher
than for carbon steel.

The last argument considered when choosing a steel
trademark for the manufacture of a silos construction
is the coefficient of material use ,, = R, / R, , which
characterized by the ratio of yield strength R, to tem-
porary resistance R, (strength limit). For the steel
trademarks considered, this value is almost equal to

one k"%~ 0.98 [11], k,,**"*"~ 0.88. The reserve
of bearing strength of the constructions made of high-
strength steels with such a coefficient value £k, is
rather little. It should be considered that, first of all,
the destruction of constructions is fragile (quick, we
can also say, instant); secondly, the deflected mode of
constructions is extremely dependent on the presence
of strain concentrators in the form of holes, distortions
of the elements shape (including bending), damages of
the manufacture, i.e. any factors, which form the con-
struction, that are unfavorable for flowing of the
power flows.

Conclusion

1. Calculations of silo constructions made of high-
strength steels confirm the high efficiency of this ma-
terial when designing silo capacities for grain storage.

2. Checking calculation of the silo capacity ele-
ments, made of the S 420 GD steel, even when the
thickness of flat products is approximate to 1 mm (the
minimum thickness of the body sheets is 0,85 mm, of
the stiffeners is 1,2 mm and of the bottom is 2 mm), is
provided at every high-rise level, but the reserves of
the bearing strength is minimal.

3. There are a number of constructive constraints
that must be considered when designing thin-walled
constructions of the high-strength steel. First of all,
this applies to the requirements for holes, edges and
bending of parts.

4. Experimental tests of the steel chemical composi-
tion and properties of European and American manu-
facturers showed full correspondence to the normative
values of the respective trademarks. However, in spite
of the improved strength characteristics of the
S 550 GD steel in comparison with the S 420 GD, in
accordance with the guidelines [12], the numerical
values of the actual design characteristics of the trans-
verse section elements of the silo capacity of both
steel types must be chosen identically.
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