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Abstract. To create fundamentally new innovative large-span structures of buildings and
structures coverings, modern design solutions of prestressed cable domes of the Tensegrity type are
considered. The service life of the first built Tensigrity domes is only 35 years. These are fairly new,
effective structures that require careful study and use of modern scientific approaches for their design
using software systems, since their work under load and the construction process are quite complex.
The design analysis and erection of self-stressed structures is based on the invention of an equilibrium
structure, the so-called tensegrity form. The search for the shape is multidimensional and consists of
the stage of computational analysis of a self-stressed dome for the equilibrium position of elements
and their nodes, selection of the most stable and rigid structure, as well as taking into account possible
unfavorable loads during operation and the initial load in the elements from the application of
prestressing. To determine the shape of cable domes, a nonlinear programming problem with given
axial forces is formulated, which can be considered as the problem of minimizing the difference in
the total strain energy between the elements of the cables and struts under constraints on the
compatibility conditions. The first step in calculating the prestressing of a cable dome is to assess the
feasibility of its geometry. The possibility of forming a cable dome of negative Gaussian curvature is
considered and a method for calculating the prestressing for this new shape is investigated. The
proposed method is effective and accurate in determining the allowable prestressing for a cable dome
with negative Gaussian curvature and can be used for other types of prestressed structures. The new
directions for the development of effective constructive solutions for large-span coatings are
presented, including a suspended-dome structure, which combines the advantages of a mesh shell and
a cable dome. Special attention should be paid to experimental studies on models of tensegrity domes,
the results of which demonstrate the positive and negative aspects of the behavior of structures under
load, the process of their erection, as well as the possibility of control and restoration during operation.

Keywords: self-tensioned cable dome, tensegrity principle, constructive solutions,
prestressing, shape search.

Introduction. Today, improvements in the field of construction include not only the
modernization of construction methods and the use of effective materials, but also the creation of
fundamentally new innovative structures of construction. Of course, such structures include structures
based on the principle of self-tensioned structures, or the principle of tensegrity (from the English
Tension integrity - combination by tension). The design analysis and erection of self-stressed type
structures is based on the invention of an equilibrium structure, the so-called form of tensegrity. The
search for the shape of the structure includes the selection of the most efficient design of the main
Tensegrity modules or the entire structure of the dome. The term "shape search" only sounds simple
at first sight, but it is multidimensional and consists of the stage of computational analysis of a self-
stressed dome for the equilibrium position of elements and their nodes, selection of the most stable
and rigid structure, as well as taking into account possible unfavorable loads during operation and
initial load in elements from prestressing.
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Analysis of recent research and publications. Tensegrity-type prestressed cable domes are
structures that are very convenient for covering large spans due to the fact that a relatively small
number of elements are required to form a structure, their high level of factory readiness and ease of
assembly. There are two main approaches to the formation of tensegrity domes: a radial spatial
network (Geiger, Fig. 1, a) and a triangulated spatial network (Levy, Fig. 1, b). The article [1]
investigates the parameters of the network geometry on the behavior and structural efficiency of
Tensegrity domes. In the triangulated design, the complexity of the redistribution of the initial
prestressing of the central zone is noted. The stress distribution in the structures of tensegrity domes
after the application of various loads did not change significantly compared to the case of the main
load, with the exception of the radial structure, where, upon application of a wind load, there was a
significant decrease in tensile forces and external tension of the hoop occurred, as well as a linear
decrease in the intensity of the tension force in diagonal cables from the center to the periphery of the
structure.

Fig.1. Formation of the structure of the Tensegrity dome: a — Geiger; b — Levy

The first two radial-type Tensegrity domes were built in 1986 in Korea for the Olympic Games
[2]. Fencing arena dome with two hoops (N = 2), 16 polygon sides (n = 16), span L = 394 feet (120),
rise r = 32 feet and depth d = 40 feet (the dome is designated N2: n16: L400: r / L0.08: d / L0.10).
The dome of the arena for gymnastics with a span of L = 305 feet (93 m).

There are only six radial-type domes with flexible cover membranes. The first such dome in
the United States, the University of Illinois Redbird Arena, was built in 1989. The dome has an
elliptical plan (91x77m) with one hoop and 32 polygon sides, i.e. N1: n32. The ridge profile visually
emphasizes the tops created by their upper ends and therefore does not have a smooth domed
appearance.

The Tropicana Dome in St. Petersburg, Florida, was built in 1990 and has the largest span to
date (210m) with three hoops, each of which forms a 24-sided polygon, that is, N3: n24. The dome
is unique in that its inclination is 6 degrees relative to the horizon.

To determine the shape of cable domes, a nonlinear programming problem with given axial
forces was formulated, which can be considered as the problem of minimizing the difference in the
total deformation energy between the elements of the cables and struts under constraints on the
compatibility conditions [3]. Optimality conditions for the problem are obtained that ensure the
coincidence of the optimal solution with the self-balanced configuration of the cable dome with the
given axial forces of the rods. A numerical example shows that a set of admissible axial forces can
be found using the proposed algorithm. The problem is solved with the help of well-developed
existing nonlinear programming software based on the primary double interior points method, and
the task is only to enter the geometry and material information of the rope dome.

The first step in calculating the prestressing of a cable dome is to assess the feasibility of its
geometry [4]. The paper proposes a simple iterative process called the unbalanced force iteration
method to evaluate the feasibility of the geometry and find the self-stressing modes of the cable dome
structure. For structures with invalid geometry, the required nodal coordinates can be found by step-
by-step use of the unbalanced force iteration method, which changes the nodal positions by landslides
to balance the forces. The new configurations of circular or asymmetric shapes proposed in the work
provide an alternative choice for designing cable domes with a variety of architectural purposes.

To enrich the design forms of cable domes and meet the needs of architecture, the article [5]
considers the possibility of forming a cable dome of negative Gaussian curvature and investigates a
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method for calculating the prestressing for this new shape. A numerical model of the cable dome was
built to illustrate the feasibility of the new shape. The method proposed in this article is effective and
accurate in determining the allowable prestressing for a cable dome with negative Gaussian curvature
and can be used for other types of prestressed structures. A negative Gaussian curvature cable dome
has better structural rigidity than a corresponding cable network design and is more stable than a
traditional Geiger dome. The possibility of creating other new combined structures with a large span
of negative Gaussian curvature should be investigated to further expand the use of structures in
practical projects.

In [6], a review of modern large-span roofs consisting of an upper single-layer lattice dome
reinforced with a lower tensegrity system is made. The suspended-dome design combines the
advantages of a trellis shell and cable domes. The horizontal reactions that occur in the suspended-
dome structure can be reduced by careful placement of the prestressing cables. This is due to the fact
that with the help of prestressed cables, it is possible to change the value and distribution of stresses
in the structure, thereby increasing its rigidity. The most common shape of the plan for a suspended
dome roof structure is round, but elliptical and polygonal are also possible. Positive results indicate
the need to use carbon fiber reinforced polymer cables for the structure of the suspended dome system
instead of traditional steel cables.

Goal and tasks. The purpose of this study is to select the forms of rational design solutions for
metal tensegrity domes, to identify the features of the application of prestressing during construction
and their behavior under the influence of unfavorable loads, for the accumulation of factual
information for further improvement.

Materials and research methods. Self-stressed rope domes are an integral part of unique
buildings and structures. Constructive solutions of the constructed tensegrity domes are considered,
as well as new experimental and theoretical studies of their behavior under load.

Due to the small number of similar design solutions of tensegrity domes, only those that are in
the range of this study were selected for inspection, and are promising for further improvement and
development.

Research results. New designs of tensigrity domes on a circular plan were investigated in [6]:
fig. 2,a - an improved Geiger dome with additional annular tension cables; fig. 2, - in this structure,
diagonal cables are connected in such a way that two cables run on top of each outer rack. One of
these cables is connected to the bottom of the inner rack, which is to the left of the outer rack, and the
other cable is connected to the inner rack, which is to the right of the outer rack; fig. 2,c — the posts
take a reverse V-shape and the diagonal cables are connected; fig. 2,d — racks appear in groups of
four elements connected together in the circumferential direction.

Fig.2. New types of Tensegrity domes on a circular plan
Calculations of new types of domes for the action of various types of loads are performed. The
largest vertical deflection of the dome (Fig. 2,a) is 821 mm, which occurs with an unbalanced snow
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load, and more lateral movement occurs - 90 mm. For domes fig. 2,b (Fig. 2,c¢) the results are 1027
(1084) mm and 190 (434) mm, respectively. The most rigid dome was shown in Fig. 2,d.

The article [8] proposes new forms of cable domes, complementing the existing ones, and
discusses their geometric feasibility. The bird's nest shape is another new shape inspired by the
National Stadium of China in Beijing, built for the 2008 Olympics. Its configuration is characterized
by a large central opening, the edge of which is formed by internal circular cables. Thanks to the open
hole, the bird's nest shape is suitable for coverings with a large center hole. If it is necessary to cover
a non-circular shape in plan, such as an elliptical or rectangular shape in plan, different shapes can be
adopted in different regions.

The article [9] presents a study of a new type of cable dome by Levi Tensegrity (Fig. 3). For
the first time, its topology is introduced and the initial finding of the shape is discussed. Static and
dynamic analysis shows the feasibility of using a tensegrity torus as a ring support. The new Levi
dome with tensegrity used as an annular support is divided into 12 latitudinal sections and has 3
annular hoops. Tensegrity torus consists of 12 segments with geometric parameters R¢=50m and r =

AN\

Fig.3. Levi dome with tensegrity torus: a — ring support plan; b — general form

New designs of tensigrity domes on an elliptical plan (Fig. 4) with various geometric networks
proposed in [10]. The author compares the proposed options with the prototype - Georgia Dome (table
1). The table shows the mass of steel obtained with the reduction of the cost of metal cables to steel
sections. Table 1 shows that all Tensegrity domes exhibit low steel consumption. For Type 1, the
flow rates are even lower than in the Georgia Dome, but the dome is less rigid. Type 1 and Georgia
Dome maximum allowable vertical movements, approximately 1/227 to 1/272 short span, are
acceptable. This proves that the concept of designing quasi-elliptical domes with reinforcement of
the center section and simplification of semicircular sectors is effective.
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Fig.4. Dome on the elliptic plan: a — prototype - Georgia Dome; b — type 1; ¢ — type 2
Table 1
Comparison of Tensegrity domes on an elliptical plan
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Dome structure Weight of steel, | Reduced weight of steel, Maximum
kg/m? kg/m? deflection, mm
Georgia Dome 233 37,8 706
Type 1 20,5 33,4 846
Type 2 31,5 42,2 407

The design of a double strut cable dome (Fig. 5) was considered in [11]. This design has good
stability and is easy to manufacture. To investigate the construction method and static characteristics,
an experimental model with a diameter of 6 m was developed. From the equations of the nodal
equilibrium, formulas were derived for the distribution of prestress, taking into account its own
weight. In the process of shaping the double strut cable dome, two construction methods have been
adopted, namely high altitude stacking and integral lift, with control of the internal strength of the
cable strut components and the deformation of the structure. The results of full-scale loading and
loading tests on half of the dome are compared with the results of calculations by the finite element
method. The model test results are in good agreement with the results of the finite element analysis.

Ridge Central
Diagonal cables
cables
Diagonal
struts
Hoop
cables

beam

Fig.5. Model dome with double strut

The application of prestressing is one of the main elements of the flattening of the cable dome.
However, it is difficult to ensure that the calculated prestressing of the cables will be accurately
applied to the structure on site due to the introduction of various types of errors during construction
[12]. Thus, it is necessary to propose an effective construction management method so that the
construction team regulates the necessary pre-tensioning of the cables multiple times. The article
presents a sensitivity analysis method based on Spearman's rank correlation, where random errors are
simulated by the Monte Carlo method to solve the production error problem. On a numerical model
of a cable dome with a diameter of 62 m, the sensitivity of the influence of errors in the manufacture
of supports and cable length on the design characteristics is analyzed. A model of a cable dome with
a diameter of 6 m has been developed and tested (Fig. 6). The experimental results are consistent with
the theoretical ones, which prove that the theory of analysis is correct and the method of control is
effective.

In studies [13-17], recently developed adaptive cable domes of the Levy shape (Fig. 7, Fig. 8)
were presented, consisting of one and seven action elements, which have the ability to change their
configuration of rigidity and stress properties in order to adapt their behavior to current load
conditions. These new structures contain sensors that detect forces in systems and elements of action
that regulate their stiffness and stress state, making the structure more rigid or flexible depending on
the actual applied load. The results of experimental and theoretical analysis are compared. The tests
confirmed the functionality of the developed adaptive systems and the suitability of the proposed
equipment, software, computational models and control commands. Multipurpose search is used to
select control commands for these active structures. An appropriate tool for optimizing the control
process is the use of genetic algorithms.
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Fig.6. Section along the axis of symmetry of the Tensegrity dome model
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Fig.8. Adaptive cable dome model mounted in a self-supporting frame

Summary. To achieve the goal, the choice of forms of rational design solutions for metal
domes-tensegrity was made, as well as directions for improving their design using software systems.
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New approaches to the application of prestressing during the construction of cable domes, as well as
adaptive models that allow restoring the prestressing in the cables are presented.

For further research, it is important to investigate the deviations in the geometry of cable domes,

which they receive during construction, and to make calculations with initial imperfections.
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Ooecvia depocasrna akademisi OyOiIBHUYMBA MA APXIMEKMYpu

AHoTauis. {7151 CTBOPEHHS MPUHIMIIOBO HOBUX IHHOBAIIMHUX BEJIMKOMPOJIITHUX KOHCTPYKIIIi
MOKPUTh OyAiBedh Ta CHOPYA PO3TJISAHYTO CyYacHI KOHCTPYKTHBHI PIIICHHS TONEPEIHBO
HaNpy>KeHUX TPOCOBUX KYIOJIB THUIy TeHcerpitTi. TepmiH ekcruiyaTamii mepmmx moOymaoBaHUX
KYIOJTIB-TEHCITPITI CKiIaaae mutie 35 pokis. Lle nocuth HOBI, €pEeKTUBHI KOHCTPYKIIii 1 MOTPEOYIOTH
pETeNbHOr0 BUBYECHHS Ta BUKOPHUCTAaHHS Cy4aCHHUX HAayKOBHUX MIAXOMIB Ui iX MPOCKTYBaHHS 3
3aCTOCYBaHHSIM TPOTPAMHHMX KOMIUIEKCIB, TaK K iX poOOTa MijJ JI€I0 HaBAaHTAXEHHS Ta IMPOIIEC
Oy/IiBHULITBA JIOCUTh CKJIAJHI. PO3paxyHKOBUI aHami3 1 3BeICHHS KOHCTPYKIIA CAMOHAIIPYKEHOTO
TUIY 0a3yeThCs HA BHUHAXOMA1 PIBHOBAXHOI KOHCTPYKINi, Tak 3BaHOI (opmu TeHcerpiti. Ilomryk
(dopmu GaraTOBUMIpHUI 1 CKIIAJIA€THCS 3 €TaIly PO3paXyHKOBOTO aHaJi3y CAMOHAIPY>KEHOTO KYIIOJTY
Ha PIBHOBaXXHE TIIOJIOKCHHsI €JIEMEHTIB 1 iX BY3JiB, BHOOPY HAWOIIBII CTIHKOI 1 KOPCTKOI
KOHCTPYKIIi, a TaKOX ypaxyBaHHS MOJIMBHX HEBUTIIHUX HABAaHTAXXEHb ITJ{ yac eKCIuTyaTamii i
MOYAaTKOBOTO HABAaHTA)XEHHS B EJIEMEHTAaX BiJ NPUKIAJCHHS IONEPETHBOTO HampyxeHHS. Jlms
BU3HAaYCHHS (DOPMHU TPOCOBUX KYHOJIB C(OPMYIHOBAHO 3aBJaHHS HENIHIHOTO MpOrpamMmyBaHHS 3
3aITaHMMH OCBOBUMH CHJIAMH, SIK€ MOXXHA PO3IISIIATH SK 3aBJaHHs MiHIMIi3allii pi3HUI TMOBHOL
eHeprii aedopmarii MiX eTeMEeHTaMH TPOCIB 1 CTIHKaMHU NMPU OOMEXEHHSX Ha YMOBU CYMICHOCTI.
[TepmumM KpOKOM Uil pO3paxyHKY IOINEPEAHBOTO HAIMPYKEHHS TPOCOBOTO KYIOJIy € OIliHKa
3MIACHEHHOCTI HOro reomerpii. Po3rismaeTbcs MOXKIUBICTH (OPMYBAaHHS TPOCOBOTO KYTOIY
HeraTuBHOI ['ayCCOBOi KPUBU3HH 1 JOCHIIKYETHCS METOA PO3PaXyHKY MOMEPEAHBOTO HANPYKCHHS
s 1iei HoBoi (opmu. 3ampomoHOBaHUM MeTon € e(PEeKTMBHMM 1 TOYHMM NpPHU BHU3HAYCHHI
JOMYCTHMOTO IOTIEPEAHBOTO HANPYKEHHS Ui TPOCOBOTO KYIOIY 3 HEraTuBHOIO [‘ayccoBoro
KPUBU3HOIO, 1 HOro MOXHa BUKOPUCTOBYBATH MJIsi IHIIMX THIB MOMNEPEIHBO HANPYKEHUX
KOHCTpYKIlid. HaBemeHi HOBI HampsMu pO3BUTKY €()EKTUBHMX KOHCTPYKTUBHHUX DIIICHb
BEJIMKOIPOITHUX HOKPUTH, CEpel SKHUX IiJIBICHO-KYIOJIbHA KOHCTPYKLis, IO MOEIHYE B cOOI1
mepeBard TpaTdyactoi OOOJOHKM 1 TPOCOBUX KymodiiB. (OcoOnHMBOI yBarm 3aciyroBYIOTH
eKCTIIepUMEHTANIbHI JOCHIHKEHHS Ha MOJIENIAX KYIOJIiB-TEHCETPITi, Pe3yNbTaTH SKHX JEMOHCTPYIOTh
MMO3UTHUBHI 1 HEraTHBHI CTOPOHH IOBEIIHKM KOHCTPYKIIIA i J1€}0 HAaBaHTaKHEHHs, IPOIeC iX
3BEJICHHS, @ TAKOXK MOXKJIMBICTh KOHTPOJIIIO Ta BITHOBJICHHS ITiJl Yac €KCILTyaTallii.

Kuo4uoBi ciioBa: caMoHanpyKeHU TPOCOBUH KYTOJI, TPUHITUIT TEHCETPiTi, KOHCTPYKTUBHI
pillIeHHS, MTOTepeIHE HANIPYKEHHS, MOIIYK (POpPMH.
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Ooecckas 2ocyoapcmeeHHas aKkademus CmpoumenbCmead U apxXumeKmypbl

AHHoTanus. /[ co3naHus NMPUHIUIHAIGHO HOBBIX MHHOBALIMOHHBIX OOJBIIETIPOJIETHBIX
KOHCTPYKLHUN IOKPBITUM 3JaHUNM U COOPYKEHHUM PAaCCMOTPEHBI COBPEMEHHBIE KOHCTPYKTHBHBIC
peuieHusl NpeIBapUTENbHO HANpPSDKEHHBIX TPOCOBBIX KYNOJOB THHA TeHCerpuTu. Cpok
9KCIUTyaTalliy MEPBBIX IOCTPOEHHBIX KYIOJOB-TEHCUIPUTH COCTaBJIA€T Bcero 35 ier. OT1o
JOCTaTOYHO HOBbIE, 3((HEeKTHUBHBIE KOHCTPYKIUU KOTOpbIE TPEOYIOT TIIATENBHOTO U3YyYEHUs U
HCIOJIb30BaHUSl COBPEMEHHBIX HAay4HBIX IOAXOAOB A UX IMPOEKTHPOBAHMSI C IPUMEHEHUEM
MPOrpPaMMHBIX KOMILUIEKCOB, TaK Kak UX padoTa MoJ JeiiCTBIEM Harpy3Ku, U IPOLECC CTPOUTENHCTBA
JOCTAaTOYHO CJIOXKHBIE. PacyeTHBIM aHanu3 U BO3BEIACHHE KOHCTPYKIUN CAMOHAIIPSIKEHHOI'O THIIA
0asupyercs Ha W300pPETCHUU PAaBHOBECHON KOHCTPYKIIMU, TaK Ha3bIBAEMOW (POPMBI TEHCETPUTH.
ITouck (hopMBbI MHOTOMEPHBIH U COCTOUT U3 ATAIA PACUETHOTO aHAJIM3a CAMOHANPSHKEHHOTO KyIoJia
Ha PaBHOBECHOE IOJIOKEHHE AJIEMEHTOB M MX Y3JI0B, BBIOOpa HamOoJiee yCTOWYMBON M JKECTKOM
KOHCTPYKLIMH, & TaKXe Y4eTa BO3MOXHBIX HEBBINOJHBIX HArpy30K BO BpEMs O3KCIUTyaTallud Hu
HayaJlbHOM HAarpy3Kh B DJJIEMEHTaX OT MPUIIOKEHUs MPEABAPUTEIBHOrO HampsbkeHus. s
ompeneneHuss  (GOpMBI  TPOCOBBIX  KYNOJOB  copMmyiupoBaHa  3afaya  HETUHEHHOTO
[IPOrpaMMHUPOBAHUs C 33JaHHBIMH OCEBBIMU CHJIAMH, KOTOPYIO MOYKHO pacCMaTpuBaTh Kak 3a1ady
MUHUMM3ALNN Pa3HUIIBI TOJTHOM SHEPruHu 1eopMaluy MEX1y SJIEMEHTaMU TPOCOB M CTOMKaMU MU
OrpaHWYEHUSAX HA YCJIOBUS COBMECTHOCTH. llepBpIM miarom s pacdera HpeABapUTEIIBHOIO
HaIpsDKEHUs  TPOCOBOIO  KyIoJjla  SIBJISIETCS  OLIEHKA  OCYILECTBUMOCTH €r0  T'€OMETPHUH.
PaccmarpuBaeTcsi BO3MOXHOCTH (OPMHPOBAaHHMS TPOCOBOTO KYIoOJja HeEraTuBHOW ['ayccoBoii
KPUBHU3HBI U HCCIIEIyEeTCSl METOJI pacyeTa NpeBapuTeNIbHOTO HAIPSHKEHUS U1l 3TOM HOBOM (DOPMBIL.
[Ipennoxenuslid Meron sBisercs 3G(EKTHUBHHIM W TOYHBIM IPU ONPEACNEHUU AOMYCTHMOTO
[IPEABAPUTEIILHOTO HANIPSKEHUs ISl TPOCOBOIO KYIIOJIa ¢ OTpULAaTeNbHOM ['ayccoBOM KpUBU3HOM, U
€ro MOXHO MWCIOJIb30BaTh JI JPYTUX THUIOB NPEABAPUTEIBHO HAIPSKEHHBIX KOHCTPYKLIHM.
[IpuBeneHHble HOBBIC HANpaBieHHUS pa3BUTHS S((EKTUBHBIX KOHCTPYKTHBHBIX pPELICHUN
OO0JIBIIETIPOTIETHBIX MOKPBITUH, CPeld KOTOPBIX MOJIBECHAS-KYIOJIbHAS KOHCTPYKIIHS, COUeTarouas
B ce0e MpenuMyIIecTBa CEeTYaToi 000I0UKH U TPOCOBOTO Kyrnoia. Oco60ro BHUMaHUS 3aCIyKUBAIOT
SKCIIEPUMEHTAIBHBIE HCCIEIOBAHUS HAa MOJENSAX KYIOJOB-TEHCETPUTH, PE3YJbTAaThl KOTOPBIX
JEMOHCTPUPYIOT IOJIO)KUTEIbHBIE M OTPHULATEIbHBIE CTOPOHBI IOBENEHUS KOHCTPYKIMHM IOJ
JNEHUCTBUEM HArpy3KH, MIPOLIECC UX BO3BEACHMS, a TAKXKE BO3MOKHOCTh KOHTPOJISI U BOCCTAHOBJICHUS
IIPU KCILTyaTaluu.

KiawueBble ci10Ba: CcaMOHANpPSIKEHHBIA  TPOCOBBIA  KyMOJI, TPUHIMI TEHCETPUTH,
KOHCTPYKTHUBHBIE PELICHUS, TIPEABAPUTEIHLHOE HAMIPSHKEHUE, TOUCK (DOPMBI.
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