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ABSTRACT

In Ukraine the thin-walled steel silos for grain
storage have been erected by the domestic and foreign
producers. Silos for grain have the complicated
structural system, the basic constituents of which
include the cylindrical body of corrugated steel
sheets supported by vertical and circular ribs, and
the conical roof of flat steel sheets on bent sheets
beams. The silo body is a cylindrical orthotropic
shell and its design peculiarities are not sufficiently
revealed in national regulations. The European
codes contain more detailed recommendations for
the modern steel silos design with regard to both
the design technological loads determination and
the bearing strength calculations. However, being
practically applied for computing the silos strength
and stability, the Eurocodes create a number of
substantial problems. During the operation of silos
built in recent year the accidents frequently occur
reflecting the design and operation shortcomings.

In NDIBK the improvement of steel silos
design methodology has been carried out with the
adaptation of some approaches implemented in
the EU codes and under observance of general
conformity to the building norms of Ukraine. The
equivalent membrane properties and equivalent
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bending properties of corrugated sheets, including
tensile stiffness and bending stiffness, respectively, are
determined. Based on these properties the equivalent
moduli of elasticity are found for the orthotropic
shell finite elements by two mutually perpendicular
directions of shell surface. The necessity is justified
for the preproduction models and full-scale objects
experimental studies and researches with an aim of
determining the resistance specifications of multi-bolt
joints of the shell galvanized corrugated sheets. The
attention is drawn to the fact that the application
of friction connections with small diameter bolts
promotes the long-term reliable operation of the
silos, but for their use ensuring the national building
regulations shall be improved. The mechanical and
deformation specifications of corrugated profiles
require an experimental verification as well.
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CTAAEBI HOHAIHAPHYHI CHAOCH JdAA
3EPHA

AHOTAIIIA
B YKpaiHi TOHKOCTIHHI CTaA€BI CHAOCH JASA
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36epiraHHA 3epHa 3BOAATHCA BITYU3HAHUMH Ta 3AKOP-
AoHHHMH BUpoOHHKaMH. CHAOCH JAA 3€epHA MalOTh
CKAAQJHY KOHCTPYKTHUBHY CHCTEMY, OCHOBHHUMH CKAQ-
AOBHMH SIKOI € ITUAIHAPHYHUN KOPIYC 3 TOPpOBAHO-
IO CTAAEBOTO AMCTA, HiJKPIIAECHUH BEPTUKAALHUMH i
KiAbLIeBUMH pebpamu, Ta KOHIYHUN 4aX 3 IAOCKOTO
CTaA€BOTO AHCTa Ha 6aAnKax 3 rHyToro aucra. Kopmyc
CHAOCY € IHAIHJPUIHOIO OPTOTPOIHOI0 0OG0AOHKOIO,
0COOAHUBOCTI IPOEKTYBAHHA AKOI Y BITYM3HAHUX HOP-
Max pO3KPHUTI HEAOCTATHBO. EBPONEHCHKI HOPMHU
MICTATD OGIABII A€TaABHI peKOMEHJAIlil 3 IPOEKTYBAH-
HS Cy9JaCHHX METAA€BUX CHAOCIB AK Y YaCTHHI BH3Ha-
YEHHA PO3PaXyHKOBUX TEXHOAOTTYHHX HAaBAaHTAKEHbD,
Tak 1 IOAO PO3PaXyHKIB HECY4oi 34aTHOCTI, OZHAK
IPH IPAKTHYHOMY 3aCTOCYBaHHI €BPOHOPM IIPH PO3-
PaxyHKy MIIJHOCTI 1 CTIHKOCTI CHAOCIB BUHHKAE PAJ]
cyrreBux npobaem. Ilpum excrayaramii 36ygoBaHHX
B OCTAaHHI POKH CHAOCIB MalOTh MicCIle HEIOOJHHOKI
aBapii, B AKUX MPOABAAIOTLCA HEAOAIKH IIPOEKTYBAH-
HA Ta €KCIIAYyaTaii.

B HAIBK 3ailicHeHO yZOCKOHAA€HHSA METOJHKH

PO3paxyHKY CTAAEBUX CHAOCIB 3 aJalTali€i0 OKPEMHX
MiAX0AIB, NPHHHATUX Y HOPMATHBHHX JOKYMEHTaX
€C, npu ZOTpUMaHHI 3araAbHOI BIAIIOBIZHOCTI HOP-
MaM YKpainu. BusHadeni exBiBaaeHTHI MeMOpaHHI
BAACTHBOCTI TOPpPOBAHOTO AHCTAa — KOPCTKICTb Ha
pO3TAr, Ta EKBIBAA€HTHI 3THHAABHI BAACTUBOCTI
— JKOpPCTKICTb Ha 3THH, 3a AKHMH BH3HA4Y€HI
€KBIBAAEHTHI MOAYAI HPYKHOCTI AASA CKIHYEHHHX
€AEMEHTIB OPTOTPOITHOI 0OGONOHKH 32 4BOMA B3a€MHO
NEePIEHAUKYAAPHUMH HalpsAMaMH IOBEPXHI 060-
AoHKH. O6rpyHToBana HeOOXiAHICTb IpPOBEJEHHA
€KCIIEPUMEHTAABHUX JOCAIAKEHD HA JOCAIJHUX 3pas-
Kax 1 HarypHuX 00’€KTax Ta JOCAIAKEHb 3 METOIO
BU3HAYEHHS XApPAKTEPHCTHK OHNOpy 06araToboATO-
BUX 3’€JHaHb TOPPOBAHHUX OIMHKOBAHUX AHUCTIB
0O0AOHKH. 3BEpHYTAa yBara, IO 3aCTOCYBAHHA
PpUKLIfHUX 3’€AHAHb HAa OOATAX MaAHX JlaMeTpiB
crpHAe JAOBIOTPUBaAlil HagiifHIH pobOTH CcHAOCY,
ane IX BHKOPHCTaHHA NOTpeby€ YAOCKOHAAECHHSA
HallloHaABHUX OyJiBeAbHHX HOpM. Takoxk mortpe-
6yI0Th E€KCHEePUMEHTAABHOI TEPEeBIPKH MEXaHIuHI
Ta AedopmalniiiHi XapaKTEPUCTHKH ToPpOBAHUX
poQPiniB.
KAIOUOBI CAOBA: cranae-
BHII CUAOC, PyHHYBAaHHA CHAOCIB,
roppoBaHHUl AHCT, OPTOTPOII-
Ha OOOAOHKA, MIITHICTH, OOATOBI
3’6 AHaHHA.

THE GRAIN SILOS DESIGN
AND OPERATION

From time to time the grain
silos destructions occur. Only in
2018 there were some such cases.
Roman Shtelmach, the Technical
Director of KMZ Industries,
points out a broad enough list

of silos destruction causes: from the design stage
errors to malfunctions or due to production defects
to force majeure [1]. He notes that the selection of
equipment that does not meet the operation site
and conditions requirements, the design errors or
manufacturing defects (mismatch of construction or
design documentation) become evident immediately
after the object commissioning. And when the silo
operates more than one year, the most probable
causes of its "collapse" are the human factors.

Reviewing the statistics of the silo accidents
causes, Anatolii Butenko, the Director of Trans Stroy
Complex, points out that among the accidents causes
the unsuccessful design solutions occupy 25.1% and
the design rules defects - 4.0% [2].

The foreign production silos do not always meet the
operation conditions in Ukraine taking into account
the local climatic conditions. The designers of Ukraine
mainly adapt the existing ready technological projects
developed in the USA or Europe. In such cases, the
silos designing intricacies remain largely unknown,
and their strength calculation is a trade secret.

As site https://inshe.tv/nikolaev/2017-08-16/256604/
reported [3], at the Kostiantyniv elevator having the
grain storage total volume of 100 000 tons (Figure 1)
in two months after erection on 16.08.2017 one of the
Turkish production silos was deformed and destructed
(Figure 2).

A commission with theinvolvement of the enterprise,
design organizations, installation companies and
manufacturing plant representatives was convened at
the enterprise to establish the accident cause.

The newspaper (https://www.2000.ua/ 08/16/2017)
posted a video that traces the silo destruction nature
as an important full-scale experiment (Figure 3).

A number of reasons mainly causes accidents. The
problem of silos crashes preventing relates not only
to the representatives of the company, design and
installation companies and silos manufacturers. This
is a state problem, because the foreign manufacture
silos must be checked by calculations for compliance
with national construction standards.

Accidental situations result from using the simplified

Figure 1 - Kostiantyniv elevator for grain storage
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Figure 3 - Segment of video recording the silo deformation and

destruction beginning

silos calculation methods, which do not fully reflect
the silo design features and do not exhaustively
assess the members bearing capacity. The durability,
reliability and safety of silos operation can be ensured
only through the actual operation studies and the
improvements of the grain storage facilities design
standards.

The design of grain storage facilities,
including the metal silos, is governed by the code
DBN V.2.2-8-98 [4], which does not envisage the
use of thin-walled corrugated profiles for the silo
body erection. From 01.07.2013 the standard
DSTU-N B EN 1991-4:2012 [5] is in force in Ukraine.
It contains the general principles and guidelines
regarding the actions determination for calculating
the bulk materials storage structures, including the
grain storage steel silos. This standard shall be applied
in conjunction with a number of DSTU-N B EN status
standards, i.e. the silos must be designed according
to European standards. The DBN V.2.2-8-98
and DSTU-N B EN 1991-4:2012 requirements
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comparison shows that the

structures analysis is based on
the application of the well-known
Janssen’s equation to determine
the forces in the silos walls
from filling with bulk materials.
There are also some difterences
between these standards in the
consideration of the various
cereals specific gravity, friction
tactors and local grain influences.
DSTU-N B EN 1991-4:2012
shows a rolling profile of
circular panel sheets, which may

= e interpreted by sinusoidal

corrugations (Figure 4) with the
determination of the corrugated
wall friction factor. However,
when designing a silo according to
DBN B.2.2-8-98, the allowance
for the effective friction factor
on corrugated walls would
be incorrect, because such
friction factor is defined in the
requirements complex of a
number of European regulations.

For corrugated steel sheets,
the walls friction effective factor
should be determined by the

formula:

My = (1-a,) tan v + a, u;

where p is the angle of internal
friction; w is a friction factor on
flat surface; a,, = 0.2 is a factor of
grain contact with a wall for the

Figure 4 - Profile with sinusoidal corrugations:
1- bulk material; 2- material flow; 3- surface

discontinuity




N
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sinusoidal corrugations.

According to DBN V.2.2-8-98 for wheat grain
the internal friction angle is y = 25° and for a silo
flat steel surface the grain friction factor is f = 0.4,
and according to DSTU-N B EN 1991-4: 2012 the
internal friction angle is » = 30° and for a silo flat
metal surface the grain friction factors are f = 0.38
for galvanized steel and f = 0.57 for carbon steel.
The effective factor for the friction on galvanized steel
sheets corrugated surface will be:

Mo = (1-a,) tany + a,u = (1 -0.2) tan 30° + 0.220.38
= 0.538.

The variations in friction factors deter-
mination according to DBN B.2.2-8-98 and
DSTU-N B EN 1991-4: 2012 cause a significant
difference in the determination of the loads and
forces in the silo body due to grain filling. Since
the DBN status is higher than the DSTU-N status,
for the DSTU-N B EN 1991-4: 2012 provisions

application it is necessary to introduce the
DBN V.2.2-8-98 amendments based on the
experimental and theoretical studies. The

development and improvement of the national
regulatory framework for the grain metal silos
designing is necessary.

CALCULATION OF SMVU TYPE SILOS

In NDIBK the method for the SMVU steel silo
design according to TU U 0397047.001- 2000 [6]
was developed based on the three-dimensional
computational model and finite elements method
with the LIRA-CAD software use. The silo design
is performed within the framework of the elastic
members operation, which is the first approach to
the study of the silo structure actual operation. The
LIRA software package allows to reflect the actual
silo members’ geometric specifications and to take
into account the peculiarities of the joint operation
of the steel silo body and reinforced concrete
foundation. The three-dimensional computational
model includes the wall orthotropic shell elements,
stiffeners, roof and reinforced concrete foundation.
The silo members carrying capacity and deformability
are calculated for the silo body versions made of
different grades steels.

The steel silos design methodology was developed
with the adaptation of individual approaches
accepted in the EU codes and the observance of
conformity to the Ukrainian standards. In particular,
the silo members stress condition determination
teatures, which did not depend on national standards,
were taken into account based on the provisions of
DSTU-N B EN 1993-4-1: 2012 [7]. The provisions
for determining the corrugated sheet shell stiffness
characteristics, assessing the strength and limiting
the silo members deformation were taken from this
standard.

The silo body corrugated sheets are considered as
an equivalent homogeneous orthotropic shell with
sinusoidal corrugations. The equivalent membrane
properties of the corrugated sheets, i.e. tensile
strength, and the equivalent bending properties,
i.e. bending stiffness, are determined. Based on the
corrugated sheets equivalent stiffness characteristics,
the equivalent moduli of elasticity for the orthotropic
shell finite elements are determined taking into
account that in the common structural analysis
programs (LIRA, SCAD) for the orthotropic shell
members two moduli of elasticity are specified for
two mutually perpendicular directions in the shell
plane. These two moduli are determined depending
on the principal task of the design, i.e. for the relia-
ble determination of the membrane components
of the shell stress condition and in the case of the
determining influence of bending components.

The SMVU type silos are designed for two groups
of limit states as follows:

- the first group (destruction, loss of stability etc.);

- the second group (excessive displacements).

The silo steel members are calculated according to
the following conditions:

- the members strength,

- the nodes strength,

- the local members stability,

- the total silo stability,

- the support units and anchors strength, and

- the silo deformations restriction.

The results novelties include the computational
determination of the corrugated plate axial stiffness,
the silo stress conditions comparison in the cases
of uniform grain loading and asymmetric loading
with lateral discharge, the comparison of the body
main members load-carrying capacity if they are
made of different grade steels, and the assessment of
toundations tilts dependence on soil conditions and
various types foundations of the circular silos.

Further development of the computation method
requires the calculation principles experimental check
on models and full-scale objects.

SILO MEMBERS BOLT CONNECTIONS

The SMVU type silo members connections are
performed with bolts M10 grade 8.8. There are more
than 50 thousand bolts in the SMVU 220.100 silo body.
The silo body reliability and durability depend on the
bolt connections quality. Roman Shtelmach [1] draws
attention to the fact that in real life the silo strength issues
are addressed only after accidents, and notes that anarchy
and technical ignorance prevail in the bolt connections
and assembling solutions for the silos steel structures.
Some companies establish the appropriate services and
train the qualified field engineers. He advises that those
who already have elevators should check the quality of
bolt tightening at least once a year. Such proposal proves
that the clear instructions for assembling the silo bolt
connections are not available now.
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Calculation of bolt joints according to
DBN V.2.6-198:2014 [8] is simple enough, the bolts
are checked for shear by the bolt steel strength
and for bearing by the strength of steel sheets that
are connected, but the problem of the connection
tightening degree remains open.

The SMVU 220 silo body ring is assembled of
24 panels. When bolt joints act in bearing, the gap
between M10 bolt and 12mm diameter hole in the
sheet will be eliminated. In the limit state, when all
bolt joints act in bearing, the silo perimeter may be
increased. If we consider that the bolts on the average
are placed in the holes centers, the silo perimeter
increase will be 24x*> = 48 mm or more, taking into
account the steel crushing.

In the cases of the bolt joints operation in bearing
and alternating full loading and unloading of the silo,
the gaps between the bolts and holes in the sheets will
be eliminated, the bolts will gradually be involved in
the operation and will crush the sheets steel, and the
silo body will become deformed. To ensure the silo
long-term reliable operation it is necessary to prevent
the bolt connections operation in bearing.

Prior to the ring panels sheets crushing, the
connection will act as slip-resistant. Sheets with one
friction plane have less bearing capacity in the case of
a friction connection than in sheets crushing.

The explanation given by some silos designers and
manufacturers that paired sheets for ring panels are
used in the absence of the required thickness sheets
or to increase the bolts shearing planes number can
be considered unsatisfactory. High-strength bolts of
grade 8.8 have a sufficient margin of shear strength
for one shear plane, and the sheets nomenclature
allows the vast majority selection of ring panels from
single sheets.

The frictional joint surfaces number increases
with the use of paired sheets. The ring panels of two
folded sheets have three times the friction connection
strength than the friction connection of the single
sheet ring panels, and significantly greater strength of
the friction connection than in sheets bearing.

The behavior of friction joints with M10 bolts is not
taken into account, because the national regulatory
framework of the construction industry envisage the
M16 bolt minimum diameter for friction connections.
In industry the friction connections with the bolts
of smaller diameters are used. It is possible that the
ploneer developers of the silo structures from thin-
walled corrugated profiles took into account the bolts
tightening to the friction connection state.

In the near abroad it is possible to design the frictional
connections with M12 bolts, for instance, in Belarus
the EN standards are implemented and the Russian
Federation its has own code SP16.13330.2017 [9].

In DBN V.2.6-198:2014 [8] it is stated in para 6.2.6
that “For steel frictional joints, the high-strength
40X steel "Select” bolts with a temporary resistance
of not less than 1100 N/mm? in the cold specification
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version according to GOST 22356 should be used. It
is allowed to use bolts and nuts according to other
normative documents with ensuring the requirements
for the adopted strength grade according to
GOST 22356”. In accordance with GOST 22356 the
bolt minimum diameter is 16 mm. This means that,
according to DBN V.2.6-198:2014, the high-strength
bolts M12 grade 8.8 cannot be used for friction
joints in accordance with the interstate standard
GOST 32484.3-2013 being in force in Ukraine
[10]. We think that DBN V.2.6-198:2014 must be
improved.

The friction connections eliminate the deformation
of the silo body perimeter and diameter and contribute
to the long-term reliable silo operation. But it is
advisable to experimentally test the behavior of the
silo elements bolt connections.

PROPOSALS FOR THE SILOS DESIGN
METHODS IMPROVEMENT

The urgency of the silos calculation and design

methods improvement arises from:

- lack of experience in the calculations of a silo as
an orthotropic shell supported by ribs;

- need to experimentally verify the justification
of the calculation methods wused in
DSTU-N B EN 1993-4-1:2012 [7];

- direct analogues absence for some design
coefficients in national regulations.

Work mustbe carried outin the following directions:

1) validation of the silo strength and stability
calculations and their comparison with the
corresponding results obtained with the three-
dimensional computer models, especially taking
into account the wind effects on empty silo,
lateral unloading etc. for asymmetrical loading;

2) determination of the silo stressed state actual
specifications by the prototypes and full-scale
objects experimental tests and the comparison
of the experiment results with the calculations;

3) experimental determination of the multi-bolt
joints resistance specifications for the shell
galvanized corrugated sheets, including such
joints deformability in a near-limit state;

5) experimental determination of mechanical
and deformation specifications of corrugat-
ed sheet made of steels not covered by
DBN V.2.6-198:2014 [8];

6) development of the stability and seismic impact
calculations procedures;

7) generalization of steel silos calculating and
engineering experience at the level of an
"enterprise standard" manual with its further
development to the state standard level;

8) DBN V.2.2-8-98 revision on the basis of
experimental and theoretical researches;

9) silo calculation methods formalization and
algorithmization for an independent appli-
cation by the design specialists.

)



CONCLUSIONS

1.

Taking into account the corrugated sheet
membrane properties, the equivalent elasticity
moduli for two directions of the orthotropic
shell surface are determined and the silo body
design method is improved.

The necessity is substantiated to carry out the
prototypes and full-scale objects experimental
researches in order to improve the regulatory
framework of grain metal silos designing.
The need is shown to determine the strength of
multi-bolt joints of shell corrugated galvanized
sheetsand to develop the regulatory framework
for the design of the small diameter bolts
friction connections.
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ACTY-H b EN 1991-4:2012 €spoxoa 1. Aii
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TY ¥ 30397047.001-2000 Curocu meTasesi
yHipirosani Tuny CMBY. Texuiuni yMoBH.
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IocT 32484.3-2013 (EN 14399-3:2005)
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