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SUSPENSION LARGE SPAN ROOFS STRUCTURES IN RUSSIA
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JSC Research Center of Construction

Abstract: Considered are large-span structures with suspended roof structures with a span of up to 200 m, erected in
Russia over the past 40 years. Among them, there are different types of structures for covering sports facilities: cable-
stayed systems, structures of the "bicycle wheel" type, combined systems, thin-sheet metal hanging shells, etc. The main
technical characteristics of structures, principles of operation of structures, their advantages and disadvantages are given.
The development of technologies in recent decades has determined the emergence of new forms, materials, design and
construction methods. Unique large-span structures have an increased level of responsibility; their collapse can lead to severe
economic and social consequences. In this regard, it is relevant to analyze the experience in the design and construction
of large-span suspended structures.

Keywords: hanging large-span coatings in Russia, cable-stayed systems, structures of the "bicycle wheel" type, thin-
sheet metal hanging shells, scientific and technical support

BUCSIUUE BOJIBHIENPOJIETHBIE KOHCTPYKIIUU
MOKPBLITUIM B POCCUH

ILI. Epemees, H.H. Beoakos, A.HU. 36e3006
AO «HUII «CTpouTenscTBO»

AHHoTanus: PaccMoTpeHB! OONBIIETIPONIETHBIE COOPYKEHHUS C BUCIINMA KOHCTPYKIIMSAMHU HOKPBITHI mposeToMm 10 200
M, Bo3BeZeHHBIX B Poccuu 3a mociennue 40 net. B ux uucre, pa3Hble THIIBI KOHCTPYKLHI HOKPBITHI CIIOPTUBHBIX COOPY-
JKEHHI: BAHTOBBIE CUCTEMBI, KOHCTPYKLMHU THIIA «BEJIOCHIICTHOE KOJIECO», KOMOMHHPOBAHHbIE CHCTEMBI, TOHKOJIUCTOBBIE
METaJTIMYeCKUe BHUCSYME OOONOYKH U T.1. J{aHBI OCHOBHBIE TEXHHYECKHE XaPAaKTEPUCTUKU COOPYKCHMH, ITPUHLIUIIBI
PpabOThI KOHCTPYKLHMH, UX MPEUMYIIECTBA M HEAOCTaTKU. Pa3BUTHE TEXHOJIOTHI B TOCIIEAHHE NECATHICTHS OIPEEITHIO0
MOSIBJICHHE HOBBIX (hOPM, MaTepUajioB, METOIOB MPOEKTUPOBAHUS M CTPOMTENIHCTBA. YHHKAJIBHbBIE OOJIBLICIPOJICTHBIE
COOPYIKEHHS UMEIOT ITOBBILICHHBII YPOBEHb OTBETCTBEHHOCTH, HX OOPYILIEHHE MOXKET IPUBECTH K TSHKEIIBIM SKOHOMUYE-
CKHM M COLMAJIBHBIM ITOCIIEACTBUAM. B 3TOM CBSA3M, aKTyaJ bHBIM SBJIAETCS QHAJIN3 OIIBITA IPOESKTHPOBAHHUS 1 BO3BEICHHS
0OJIBLICHIPOJICTHBIX BUCSIYMX KOHCTPYKIIHH.

KiroueBble cjioBa: BUCSIINE 60JIBHI€HpOJ'ICTHLIC TIOKPBITHS B POCCI/II/I, BAHTOBBIE CUCTEMBI, KOHCTPYKIIUU THUIIA «BEJIO-
CHIICIHOEC KOJICCO», TOHKOJIMCTOBBIC METAJINIMYCCKHUE BUCAYNEC 060J'I0‘{KI/I, HAYTHO-TEXHUYECKOE COIIPOBOXKIACHNE

INTRODUCTION

Hanging systems for covering structures were first
proposed by the outstanding Russian engineer and
scientist V.G. Shukhov. In 1896, at the All-Russian
Exhibition in Nizhny Novgorod, he designed and
built four pavilions (two — in plan dimensions 30
x 70 m, one 50 x 100 m and one round — 68 m
in diameter) with hanging roofs with a total area

of more than 10,000 m?. The cover was made of
thin crisscrossing steel rods and strips (Fig. 1).
A pavilion 25 m in diameter, round in plan, was
covered with a hanging shell made of riveted iron
sheets 1.6 mm thick (Fig. 2). This was another step
forward: from trusses with purlins to openwork
mesh, and from it to a continuous thin sheet, which
was used for the first time in the world and for
many years was the only case of such a coating.
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Figure 1. Hanging covering of the pavilion of the
All-Russian Exhibition in N. Novgorod (1896).
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Figure 2. Membrane coating of the central part
of the engineering and construction pavilion in
N. Novgorod.
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RESULTS

JSC "Research Center" Construction" developed
new technical solutions, confirmed by copyright
certificates and patents, carried out numerical
and experimental studies of numerous hanging
roofs of large-span structures. JSC "Research
Center" Construction " took part in the design,
provided scientific and technical support for their
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manufacture and installation. Below is a summary
of the most interesting objects.

The most effective types of spatial structures of
coatings include hanging shells made of a thin
metal sheet stretched in two directions, combining
bearing and enclosing functions in one material.
Even in the case when a conventional roof is
used, they do not require purlins, panels and other
intermediate elements that are not involved in the
spatial operation of the system [4, 5, 6].

The use of such structures allows: to reduce the
consumption of materials; reduce the time, labor
intensity and cost of construction; reduce the cost
of underlying structures (columns, foundations)
by reducing the weight of the coating; minimize
transportation costs.

A thin-sheet (up to 6 mm) shell can cover structures
with a span of more than 300 m with a plan outline
from the simplest geometric shapes (square,
rectangle, triangle, circle, oval, etc.) to a more
complex combined outline. Thin-sheeted shells
can have various surface shapes — cylindrical,
spherical, hip-shaped, saddle-shaped, compound
in the form of a combination of shells with the
same or different surface shape. They are easy
to manufacture and install, and have a minimum
headroom. Thin-sheet panels with a width of up
to 12 m and a span length are manufactured at the
factory and delivered to the construction site rolled
up. The tensile forces from the span structure
are absorbed by the compressed-curved support
contour, which works in conjunction with the
membrane, which ensures its stability. The rational
perception of these forces by the contour is one of
the main tasks of designing thin-sheet pavements.
This task is solved by the correct choice and mutual
alignment of the surface shape and the outline of
the coverage plan. Due to the lightness and low
bending stiffness of the membranes, the problem
arises of reducing their deformability. Stabilization
of the coating can be provided in different ways:
by its own weight, ballast weight, suspension of
technological equipment; the introduction of the
coating of reinforcing ribs with bending stiffness;
prestressing the membrane. Experimental and
theoretical studies of membrane shells were

35



carried out, field surveys and monitoring of the
erected structures were carried out, operating
experience was generalized, recommendations for
design and installation were developed. A number
of structures with membrane coverings have been
erected and are being successfully operated.
Indoor multifunctional stadium "Olympic"
(Moscow, 1980). An oval building with plan
dimensions of 224x183 m, covered with a 5 mm
thick membrane shell (Fig. 3). The membrane
is reinforced with a radial-ring system, which
ensured the installation of the shell; during
operation, it is used to fasten various technological
equipment. The support contour with a section
of 5x1.75 m is made of monolithic reinforced
concrete in a metal formwork. The membrane is
designed to withstand a load of 10 kPa in the center
and 3.5 kPa at the periphery.

Cycling track "Krylatskoe" (Moscow, 1980) —
dimensions in plan 168x138 m, shape close to an
ellipse. The membrane covering 4 mm thick is
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made in the form of two saddle-shaped thin-sheet
shells (Fig. 4), fixed on the arches with a span of
168 m. Internal arches do not have intermediate
supports and are combined into a spatial block.
The outer arches in the middle part of the span are
supported by the consoles of the stands. Arches —
steel box-section with dimensions of 3x2 m.
The universal sports complex “Izmailovo”
(Moscow, 1980) consists of several volumes — the
main hall measuring 66x72 m and two training
halls — 36x36 m, each of which is covered with a
2 mm thick stainless-steel membrane (Fig. 5). The
supporting contour with a section of 0.5%6.0 m is
made of precast-monolithic reinforced concrete.
The membrane was assembled by welding at
ground level, from panels with a width of 9 + 12
m, pre-enlarged at the factory from rolled tapes.
The finished membrane was lifted by winches
along the corner columns to the design position.
For more than 35 years, the monitoring of
structures has been carried out at all Olympic

Figure 3. Indoor stadium of the sports complex
"Olympic" in Moscow.

Figure 4. Cycling track in Krylatskoye in
Moscow.

Figure 6. Ice Sports Palace in Angarsk.
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facilities, ensuring their reliability, timely repair
work, and making informed decisions on extending
the period of trouble-free operation of facilities.
The membrane covering of the Ice Sports
Palace (Angarsk, 2010) is made in the form of a
cylindrical shell with dimensions in plan 90x87
m (Fig. 6). The closed support contour made of
monolithic reinforced concrete consists of two
rectilinear and two curved side elements. In the
corners, the contour is reinforced with spacers.

Figure 7. Speed skating center in Kolomna
(Moscow region).

. =
Figure 9. Stadium "Lokomotiv" in Moscow
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Indoor speed skating center (Moscow region,
2006), has an oval plan with dimensions of
200x110 m. The cover is designed in the form of
a saddle membrane shell 4 mm thick (Fig. 7). The
supporting contour of a rectangular section 1.2x2
m is made in the form of a steel box filled with
concrete. The contour along the long sides’ rests
on two arches with a span of about 75 m, and in
the rest of the sections on articulated posts with a
pitch of about 12 m.

The overlaps of a number of structures are made
in the form of combined spatial structures,
which include stretched elements and elements
working in compression and bending [7, 8, 9, 10,
11]. In combined systems, the design length of
compressed-bent elements is reduced, stretched
elements made of high-strength metal are
rationally used, and the structure's performance for
uneven loads is improved. There are many types
of combined systems, even the simplest of them
are distinguished by great freedom in choosing
the design scheme, materials used, manufacturing
and installation methods. Elementary circuits are
combined in a variety of ways into complex spatial
structures.

The building of the "Old Gostiny Dvor" (Moscow,
1998) [12] has the shape of an irregular trapezoid
in plan. The courtyard with side dimensions of 56,
187, 84 and 163 m, with an area of 1500 m?, is
covered with a translucent glass shell (Fig. 8). The
load-bearing combined structures of the coating
forma cylindrical surface. They consist of a convex,
compressed-curved upper chord made of I-beams,
a stretched lower chord made of steel strips,
and two V-shaped struts connecting the chords.
The football stadium “Lokomotiv-RZD
Arena” (Moscow, 2001) was built oval in plan
(205.7%157.3 m) for 29 thousand spectators (Fig.
9). The roof over the stands (canopy outreach 33
m) is suspended from four cable-stayed trusses. In
the corners of the pavement, reinforced concrete
pylons (about 50 m high) are installed, at the top
of which there are hanging cables of two ropes
(diameter 140 mm). To them are attached in pairs
inclined cables with a diameter of 50 mm, to which
the visor is suspended [13].
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Ice Sports Palace (Moscow, 2005) — a building in
the form of a cylinder with a diameter of 100 m
and a height of 50 m (Fig. 10). The hanging mesh
shell consists of an outer support contour, an inner
ring, and a radial-annular system of flexurally rigid
threads with diagonal ties.

Indoor speed skating center (Moscow, 2003). The
construction plan is a segment of a circle with a
radius of 117 m with a central angle of ~ 160°
(Fig. 11).

The covering is formed by the same type of
timber-metal trusses. A system of radial trusses
(two spans 50.4 m each), with an annular beam in
the middle of the covering, is suspended from 19
cables, which transmit the force to the foundation
through a pylon (height 50 m) and two guys
reinforcing it [3].

The Volgograd Arena is a round structure with a
diameter of 290.0 m with a coating consisting of
two parts: above the stands and above the foyer
(Fig. 12). The covering over the stands (oval
243.8%x206.7 m, with an opening above the playing
area 123.0x85.9 m) is a "bicycle wheel" type
system with one compressed outer contour and
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two stretched inner contours (from a package of
cables) connected by radial cable-stayed trusses.
Football stadium in Nizhny Novgorod. The
pavement of the round structure with a diameter
of 290.0 m consists of two parts: the pavement
above the stands and the pavement above the
foyer (Fig. 13). The covering above the stands
(oval 240.3x201.8 m, with an opening above the
playing area 123.0x85.9 m) is a radial-circular
rod shell of the "bicycle wheel" type, with load-
bearing elements made of welded [-beams. "Rostov
Arena" (Fig. 14) with an oval-shaped surface
measuring 257.2x218.5.0 m with a rectangular
cutout (130.5%x91.8 m) above the football field. The
main supporting structures are a system of radial
cantilever beams with an outreach of 51.34 m, united
by circular girders and ties. The cantilever beams are
attached by two inclined cable-stayed suspensions
to the top of the pylons located along the perimeter
of the stadium, the forces from which are absorbed
by the braces, which are locked onto the grillages.
Kaliningrad Stadium (Fig. 15). The structure
in plan has the shape of a rectangle measuring
166.7 x 203.7 m with rounded corners with a

Figure 11. Indoor speed skating center.
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Figure 13. Stadium in Nizhny Novgorod.
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rectangular opening above the football field. The
bearing structures of the pavement are a spatial
core system that includes radial and ring trusses,
united by ties. All main bar elements are designed
from steel box sections. Cantilever radial trusses
with an outreach of 38.2 m are suspended from the
top of the pylons located along the perimeter of the
stadium, the efforts from which are absorbed by the
braces, which are closed on the frame of the stands.
Football stadium in Krasnodar. The covering
above the stadium stands is a cable-stayed system,
such as a "bicycle wheel" with two compressed
steel outer contours and a stretched inner ring in
the form of a set of cables connected by a system
of radial cable-stayed trusses (Fig. 16).

The VTB-Arena stadium in Moscow has an oval
shape in plan. The maximum dimensions are
300x187 m, the height of the structure is 66 m
(Fig. 17). There is also a covered arena under
the shell. The shell itself is made in the form of a
spatial rod system, reinforced with trusses in the
coverage area above the stands.

JSC "Research Center" Construction" took part in
the design of the above objects, provided scientific
and technical support for their manufacture and
installation, which included [1, 2]:

Figure 15. Kaliningrad Stadium.
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— theoretical numerical research;

— testing of large-scale models in order to identify
the actual operation of various systems, check the
initial assumptions and conclusions of theoretical
studies;

— carrying out field surveys and generalization of
operating experience;

— development of practical recommendations for
the calculation and design of large-span metal
structures, taking into account the issues of their
manufacture and installation.

These studies allowed solving numerous problems
associated with identifying the actual operation
of structures, additional reserves for increasing
their efficiency and reliability. Based on the
generalization of the experience of research,
design, construction and operation of large-span
spatial structures, a number of recommendations
have been developed.

CONCLUSION

1. Hanging large-span structures have an increased
level of responsibility, their failures can lead to
severe economic and social consequences. In

Figure 16. Stadium in Krasnodar.
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this regard, additional requirements should be
taken into account for the nomenclature and scope
of surveys and design work, the manufacture
and installation of structures, the rules for their
acceptance and operation.

2. Design should be based on the choice of rational
design solutions linked to the functional purpose,
architecture, manufacturing and installation
methods, operating conditions, the ideas put
forward should be technically and economically
justified.

3. When designing, problems arise that go beyond
the normative documents, which require special
knowledge and practical experience from the
engineer. An important feature of the process is
the generation of ideas based on the creativity of
the designer.

4. To increase the reliability of the results,
verification calculations should be carried out
using various modern certified software systems.
It should be borne in mind that using a computer
has a downside, the risk of errors increases. A clear
understanding of how the structure works, based
on the rules of structural mechanics, is required.
5. Ensuring high reliability of hanging large-
span structures requires mandatory scientific and
technical support, which usually includes:

— development of recommendations for
determining snow and wind loads based on the
results of blowing a model of a structure in a
specialized wind tunnel. Climatic loads are taken
taking into account the service life of the structure;
— performing verification calculations;

— carrying out, in some cases, experimental
studies of large-scale physical models and full-
scale assemblies to assess the bearing capacity
and reliability of structures; verification of the
calculation model and calculation methods;

— development of "Specifications for the
manufacture and installation of structures" with
additional requirements that are not included in
the current regulatory and technical documents.
— Carrying out technical monitoring at the stage
of construction and the first years of operation.
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