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Concept of bulk material and complexity of storing it are explained. The dependence between the physical and mechanical
properties of the loose material and type of construction in which it is stored. Structural elements considered silos and silos
with conical and flat bottom are described. The common characteristics of metal silos for bulk materials are given.
The classification of metal silos by type of housing design is given. The advantages and disadvantages of silos are described.
The possibility of storage of bulk materials in cylindrical shells is analyzed depending on the type of construction.
The history of occurrence of structures of spiral-fold silos is considered. The set of equipment for the construction of the
housing of the spiral-fold silos is given, the step-by-step process of formation of the folding lock and features of the instal-
lation process are presented. The analysis of the structure is made and the advantages and disadvantages of spiral-fold silos
are determined.
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MOPIBHSIJIbHUM AHAJII3 KOHCTPYKTUBHUX PIIIEHB
METAJIEBUX CHJIOCIB
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BuCBITIICHO MOHSATTS CHITydOTO Marepially, po3TiIHYTO JyaJbHICTh CHITy9OTO MaTrepialdy Ta MOSCHEHO CKIAIHICTh HOro
36epiranns. Po3’sicHeHO, 1110 MOBEAiHKA CHIY40i PEYOBHHH MMiANOPSAKOBYETHCS PI3HUM 3aKOHOMIPHOCTSIM 3aJIEKHO BiX
crioco0y 30epiraHHs: y 3aMKHEHOMY COCY/Ii Y B YMOBHO HECKiHUCHHOMY mpoctopi. [IpoaHaiizoBaHo 3aiexHICTh MiXK ¢i-
3MKO-MEXaHIYHUMH BJIACTHBOCTSIMHU CHITy4OT0 MaTepially 3 TUIIOM KOHCTPYKLIl, B siKil BiH 30epiraerbces. PosrisHyro mo-
HATTA cuiIocy, cdepy Horo 3acTocyBaHHS Ta IepeBard BAKOPUCTAHHS MOPIBHAHO 3 BIAKPUTUMH 200 3aKPUTHUMH CKIIaaMu.
OnncaHo KOHCTPYKTHBHI €JIEMEHTH CHIIOCY: AaX, KopIyc, nHO. [IpoaHasi3oBaHO CHIIOCH 3 KOHYCHUM Ta IUIOCKUM JTHOM.
HaBeneHo 3aranbHi XapaKTepHUCTUKI METAJIEBUX CHJIOCIB JUIS CHITyYHX MaTepianiB, IX Kiacu(ikamis 3a THIIOM KOHCTPYKIii
Koprycy. Po3rsiHyTHil KOXeH THI KOHCTPYKIIT KOPITyCy CHIJIOCY, OIMCAaHO OCOOJMBOCTI iX MOHTaxy. IIpoBeneHo anaii3
IepeBar Ta HEJOJIKIB CHIIOCIB, HaBeIEGHHX y KiacHdikarii. Po3risiHyT0 MOXIMBICTS 30epiraHHsl CHIIyYHX MaTepialiB y
T HAPHYHUX 000JIOHKAX 3aJIeXKHO BiJ THUITy KOHCTpYKLii. BUBUEHO icTOpito BHHNKHEHHSI KOHCTPYKIIIH CITipanbHO-(haltb-
LEBUX CUIIOCIB. BHCBITICHO MOXIHMBICTH 30epiraHHs pi3HUX MaTepialiB y METaleBHX CHIIOCAX CIipaabHO-(aIbLEeBOrO
tuiy. [IpuBeieHO MpUKIAZ eaeBaTopa 3i CiipaibHO-(anbleBUMU CHIIOCAMH, SIKUI eKCIUTyaTyeThesl B YKpaiHi Bke Oinblie
40 pokiB. HaBeneHo KOMIIEKT o0aHaHHS Ul 3BE/ICHHS KOPITYCY CHipaabHO-(albleBUX CHUIIOCIB. PO3IIssHYTO OCHOBHI
GyHKIIT KO)KHOTO arperaty 3 KOMIUICKTY oOnajHaHHs. ONMCaHO MOETAIHUI MPoIec yTBOPEHHS (ableBOro 3aMKa i oco-
OJIMBOCTI TPOIIECY MOHTaXY KOPIYCY. 3pO0JICHO aHaNi3 KOHCTPYKIIT B IJIOMY Ta BU3HAYEHO TEpEeBard 1 HEJOMIKH CITipa-
JBHO-(abIeBUX cmiociB. Ha 0CHOBI MOPIBHUIBHOTO aHalli3y oOIpYHTOBAaHO 3aralbHHUl BUCHOBOK IIPO IEPCIIEKTHBHICTD
3aCTOCYBaHHS CTAJIEBUX CIIpaIbHO-(aIBIEBUX CHIOCIB U CHITyIHNX MaTepialis.

KunrouoBi coBa: cumyunii MaTepian, MeTaleBHi CHIIOC, CIipanbHO-(anbieBuii cuitoc, GalbIeBuid 3aMOK.
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Introduction

Many modern technological processes are related to
the processing of various bulk materials. In the chemical
and metallurgical industries, as well as in the building
materials industry, not only materials as coal, ore,
gravel, sand, etc., are extracted, and in the process of pro-
cessing primary raw materials produce a large number of
new bulk materials such as coke, cement, slag, concen-
trates and others. It is also necessary to name an agroin-
dustrial complex in with almost all products are bulk ma-
terials. A large number of granular materials makes it
necessary to use a wide variety of machines, mechanical
devices and structures for a faster and easier recycling
process. One of the essential steps in the process - mate-
rial storage. Ordinary composition of friable material is
not a rational decision, as needs the considerable ex-
penses of human labour for loading and unloading of ma-
terial. The decision of this problem became silos for bulk
materials.

Review of the research sources and publications

A large number of domestic and foreign scientists are
in research of metal silos for bulk materials [1 — 2].
J. McCalmont was one of the first who classified silos
and considered their characteristics [4]. Irena Sela-
movych and Robertas Balevichus considered in detail
the analysis of the effect of rolling friction on the pres-
sure distribution on the walls and velocities inside the
fluid material [6]. Dietmar Schulz in his work examines
general descriptions of friable solids, beginning from
properties of stream of hard parts to behavior of stream
of powders and friable materials in bunkers and silos.
[7]1 G. Rozenblit in his work thoroughly examines
rigid and flexible bunker for the coal industry [9].
V. Kachurenko thoroughly researched and described in
his work behavioral and physical characteristics of the
bulk material in silos [11]. D. Bannikov in his mono-
graph presented authorial theoretical conception of co-
operation of friable material with the elements of ca-
pacity building constructions [12]. A number of re-
search in this area is increasing every year.

Definition of unsolved aspects of the problem

Nowadays there is quite a variety of types of bulk ma-
terials, the total number reaches several thousand. For
their storage at different times concrete or metal welded
silos were used [1 — 10]. Application of such types of
constructions is related to difficult physical and me-
chanical properties of bulk materials. Such characteris-
tics as tightness, strength and smooth surface of the
wall made it possible to store a large variety of bulk
materials.

Despite a large number of the works dedicated con-
tainers for bulk materials, some of which are listed
above, almost all of them are focused on studies of
metal silos for agriculture. Here are prefabricated silos
with corrugated panels in bolted joints have proved best
in our country and abroad. But the reliability of these
structures are not fully investigated, it is confirmed by
elevator accident associated with this type of construc-
tion.

Problem statement

The objective of this article is to review various struc-
tures of metal silos for bulk materials, the analysis of
their advantages and disadvantages depending on the
type of construction and method of installation.

Basic material and results

Before to begin the review of constructions of metal-
lic silos, it is necessary to understand what it is a bulk
material and what is the complexity of its storage.

Bulk materials is a material that has a pronounced
grain structure with grain sizes, enabling flow of mate-
rial in a confined space.

The specificity and complexity of storing bulk mate-
rial is its duality. The bulk substance has properties in-
herent on one hand to continuous media (eg, the ability
to exert pressure on vessel walls) and, on the other, to
discrete media (eg, pressure dependence on material
structure). Also the duality of granular substance is
manifested in another respect. On the one hand bulk
medium has properties of solids (eg, the ability to resist
external forces) and at the same time, on the other hand,
the properties of a liquid (such as the ability to flow or
fill given volume).

It should also be borne in mind that the behavior of
solids is subject to different laws depending on the
method of storage, in a closed vessel or relatively infi-
nite space. It is necessary to separately analyze static
and dynamic behavior of granular material. After all, it
is two rather different in nature phenomena that are as-
sociated with different structuring bulk material and
therefore require the development of various theoretical
models. Thus, in every case appear just quite different
initial suppositions, as a result, eventual mathematical
dependences quite often conduce to obvious contradic-
tions.

Due to the features listed granular materials, it be-
comes clear the large number of types of metal struc-
tures silos. Fig. 1 shows the classification of metal silos
for bulk materials. Consider it’s each type in details.

General characteristics of silos. Silos are used to
store a variety of bulk materials in various industries.
Often, they are used in grain elevators, cement and coal
depots, metallurgy and chemical industry. Silos can be
storage for the raw materials, semi-finished and fin-
ished products and intermediate tanks in the process.

Widespread use of silage storages in different areas is
explained by a number of advantages of storage of bulk
materials in silos compared to storing them in bunkers
and open or closed warehouses equipped with cranes.
Silos are compact buildings, with a high payload ratio
that allow for larger capacities in relatively small build-
ing areas. This significantly facilitates the placement of
storages in master plan.

Thanks to the convenience of loading, unloading and
high mechanical loading and unloading this type of
closed storage facilities are the best in our time.
Absence at the silos of free-surfaces, the methods of
loading and unloading, that are used, provide reliable
storage of materials and assist reduction of losses. In a
silo there can be the organized drying of material that
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is kept, and also periodic moving for prevention of cak-
ing or spontaneous combustion.

Silo is a self-unloading capacitive structure in which
the vertical height is 1.5 times greater than the diame-
ter. For silos with a diameter of 18 meters or more, the
ratio of the vertical part to the diameter may be smaller.
The design is intended for long-term storage and over-
loading of bulk materials. Often, only the bearing ca-
pacity of the soil limits the height of the silos.

The main structural elements of the silo ar the roof,
the housing, the bottom. The silo roof is a spatial coni-
cal structure, assembled from beam (rafters) and trape-
zoidal sectors. Trapezoidal roof sectors can have box-
like rib edges along the edges, which give greater rigid-
ity to the structure and have better protection against
atmospheric moisture. The roof accepts snow load and
is intended to protect against falling into the capacity of
the silo of precipitation. Housing is a cylindrical shell,
the construction of which depends on the type of silo.
There are silos with flat and conical bottoms (fig. 2).

Welded silos (fig. 3 a, b) are a cylindrical shell, made
of metal sheets welded together. According to the
method of manufacture, these silos are divided into pre-
fabricated sheets and rolls. The sheet silos are welded
into a single housing made of individual sheets of
metal. The roll silos are made of sheet metal, which is
delivered to the construction site in the form of a roll
whose height is equal to the height of the cylinder.
During installation, the roll is positioned in a vertical
position and unfolded around the perimeter of the an-
nular foundation, forming a closed silo wall. The ad-
vantages of such silos are tightness and durability.

Due to this its are suitable for storage of various ma-
terials. Disadvantages of these structures are high ma-
terial consumption and a large number of welds.

Panel silos (fig. 3 ¢) are a cylindrical shell is made of
corrugated or smooth panels connected together with
bolts. Corrugated panel profile helps save metal (due to
thinner panels) and provides increased resistance to lat-
eral load of silo. To compensate the loss of the bearing
capacity of the panel through the corrugated profile on
industrial silos establish additional ribs. The ad-
vantages of prefabricated silos are the opportunity to
take large radial load on the material, no welds, high
strength. The disadvantages of this option silos are a
large number of bolted connections. This type of silo
construction is most common in Ukraine and abroad, it
is used in agriculture.

Panel-frame silos (fig. 3 d) have bent profile panels
connected on bolts. In order to seal the silo, washers
with gaskets are installed under the bolt heads. The roof
of the silo is conical, it consists of annular and radial
ribs, on which the flooring is arranged. The advantages
of these silos are the strength and the absence of welded
joints, the disadvantages are a large number of bolted
connections, leaks, increased metal consumption and
labor costs.

Membrane-frame silos [13] were developed at an in-
stitute in Moscow. The main structural element of these
silos is a cylindrical membrane of membrane-frame
type, made of tape 0.6 — 1 mm thick and 1250 mm wide.
The tape is fastened in a spiral. The advantages of this
option silos are covering membrane that takes only a
tensile force, which allows full use calculated re-
sistance; the disadvantages are large material consump-
tion and complexity of installation.

Steel silo
_I Welded silo | _| Panel silo | _| Spiral silo |
Panel silo: Spiral-bolted silo:

—{ made of a) made of corrugated panels| |- made of large strip of
prefabricated of | | | on bolted connections; metal
sheets b) made of smooth panels on

bolted connections.

L1 made of Panel-frame silo: Spiral-welded silo:
prefabricated of a) made of corrugated panels a) made of large strip of
roll — on bolted connections; H metal

b) made of smooth panels on| b) made of small strip of
bolted connections. metal
Membrane-frame silo: Spiral-fold silo:
|_{ a) made of panel: Ll made of small strip of
b) made of roll. metal

Figure 1 — Classification of metal silos
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Figure 2 — Design elements of silo
a — silo with a flat bottom;
b — silo with conical bottom
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Figure 3 — Types of metal silos
a, b — welded silos;
¢ — panel silo; d — panel-frame silo
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Spiral-bolted silo (fig. 4 a) includes a cylindrical shell
made of a metal ribbon, curved in a spiral, the edges of
which are connected by an ascending rib (corner or
channel) by means of fixed-pitch bolts. The advantages
of such silos are the absence of welded joints, the
strength, the absence of additional processing of the
edge of the roll blanks and the rising edges for the
molding of the housing; the disadvantages are special
equipment required for housing formation, additional
equipment for bending and mounting of rising ribs,
drilling of large number of holes for mounting of bolts;
additional vertical ribs must be installed to ensure wall
reliability.

Spiral welded silo (fig. 4 b) has a cylindrical shell
made of a metallic strip, curved in a spiral, the edges of
which are joined by welding. Geometric rolled billet
thickness 1 —4 mm, width 300 — 1250 mm. The joint of
the workpiece edge must be tight. The advantages of
silo are strength and tightness, disadvantages — a large
number of welds made on the site, for their quality per-
formance requires additional processing of the edge.
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Figure 4 — Spiral silos:
a — the spiral-bolt; b — spiral welded

Spiral-fold silo (fig. 5) has a cylindrical body, which
is a system of spiral connection of the steel strip by dou-
ble folding. The design of the silo was developed in
1968 by a German scientist Xavier Lipp, who used the
special equipment for processing of sheet metal and
used it for the construction of silos spiral-fold [14].
The first silo was built in 1969 in Germany
(fig. 5 a). Since the late 60s in Europe they began using
the silos with this type of construction. Within ten years
of study and research, in practice, this technology has
proved successful, and since the early 70's large-scale
production of galvanized steel spiral-fold silos has be-

gan.

Figure S — Spiral-folded silos:
a — the first spiral-fold silo of Xaver Lipp, 1969;
b — spiral-fold silos (v. Korosten, Ukraine, 2018)

The advantages of these silos are:

— high precision, high degree of automation and speed
of installation; reducing the time of installation and the
required number of installers; minimizing the human
factor in the installation, the whole process of silo in-
stallation is done automatically by a folding apparatus,
the installation — from 4 to 6 days;

— when using the silo does not require any maintenance,
can withstand a 7-point and larger earthquake, strong
winds; warranty silo over 30 years; silo warranty for
more than 30 years;

— good sealing, water resistance, complete absence of
bolted connections and works related to waterproofing;
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with a long shelf life can install a steam system for safe
storage of grain, it is possible to store waste water, oil,
petroleum products, cement and other materials; when
using stainless steel it is possible to store food; alcohol,
wine, flour, malt, molasses, sunflower oil, etc;

— saving steel, high strength, high grade zinc from
275 g/m? to 450 g/m?;

— silo cost 30% lower then panel silos.

The disadvantages spiral-fold silos are:

— the maximum volume of silo may not exceed 10 thou-
sand m’;

— for installation, the silo assembly equipment must be
transported to the construction site, which increases the
cost of production.

One of the first in Ukraine in Yemylivka village, Ki-
rovograd region in 1971 was commissioned the eleva-
tor with spiral-fold silos for storing grain (fig. 6). De-
spite its age, the company has been successfully oper-

ated to this day.

Figure 6 — Spiral-fold silos
(elevator in village Emylivka,
Kirovohrad region, 1971)

Technology of installation of spiral-fold silos.
The set of equipment for the construction of spiral silo
(fig. 7) consists of: the un-coiler reel, a profiling ma-
chine, a folding machine and a support frame.

The main function of the profilling machine is the
profiling and bending of a steel strip 495 mm wide and
2 — 4 mm thick by the silo diameter.

The folding machine is intended for rolling of steel
tape and at the same time creation of a strong rolled
seam 30 — 40 mm wide with a total thickness of
11 — 32 mm from the outside of the silo, each turn of
which gives an additional rib of rigidity of the whole
structure.

The speed of installation of the silo's shell is
3—-5m/min.

The installation process consists of the following
stages: a circle is deposited on the foundation which has
equal diameter of silo and on the contour on the outside
supporting frames and folding machine are mounted.
Inside the silo, there is a un-coiler rell and a profiling
machine. At the center of the foundation at the appro-
priate height set a metal ring to which the roof rafters
will later be attached. The metal tape is introduced into
the profiling machine and the folding machine and fur-
ther in a circle with the help of supporting frames, the

winding process takes place with the formation of a fold
lock (fig. 8).

Unique technology allows for compact and fast instal-
lation of high-strength and hermetical silos directly at
the construction site, without the use of bolts and
welded joints.

L I\m

Figure 7 — Set of equipment for construction
of spiral silo:
a — set of equipment in the working position,
the process of coiling the silo's shell;
b — folding machine, profiling machine,
support frame, un-coiler rell
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Figure 8 — The process of creating folding lock:
a — spiral-fold shell;
b — phased process of creating a fold lock
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Conclusions

1. The physical and mechanical properties of bulk
materials are analyzed.

2. The classification of metal silos for bulk materials
is given.

3. The advantages and disadvantages of silos are con-
sidered, depending on the type of construction and
method of installation.

4. Spiral-fold silos and method of their installation are
discussed in detail.

On the basis of the comparative analysis, the general
conclusion about the prospect of application of steel
spiral-fold silos for bulk materials is substantiated.
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