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This paper is devoted to the frameless coverings — special-type arch coverings extended to
territories of Ukraine. This type of covering is essentially folded open type cylindrical ribbed shells that
are based on an arched structural element — the thin-walled, cold-deformed profile. Based on accepted
hypotheses and implementing structural nonlinearity and illustrating the possibility of progressive
collapse, the algorithm of creating finite-element models of these coverings was constructed. During the
research, to the verification created algorithm, the full-scale experiment was done. The stress-strain state
of a block of the original structure and numerical model were analyzed. The components of the stress-
strain state obtained in the research are presented in the form of a mosaic of the vertical deflections.
Comparison of the calculated deflections and the experimental ones are shown. The qualitative
congruence of the results proves the adequacy of the algorithm.
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Introduction

A special-type arch coverings (Fig. 1) allow to erect buildings and structures for various purposes in
the shortest possible time. In essence, this type of coverings is folded open-type cylindrical ribbed shells,
which are based on an arched structural element - a thin-walled, cold-deformed steel profile.

Fig. 1. An example of a special-type arch covering erection

Production of structural elements — the arch profiles is carried out directly at the construction site.
Because of this, and depending on

The distance between the supports of the arched elements varies in the range from 6 to 30m depends
on loads and constructive solutions [Vediakov et al., 2009]. Production is made of coiled steel with a
thickness of 0.7 to 1.2 mm, depending on the designed span. Individual structural elements, 3 or 5 pieces,
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are combined into sections by automatic rolling. After the installation in the design position, these sections
are also combined with the help of a roller joint. Thus, the shell is typing to the designed length [Armenskyi
et al., 2007]. After analyzing the data on the researched arch coverings, it can be noted that the features of
the modeling of frameless coatings are considered in researches [Giabinsky et al., 2012], [Armenskyi et al.,
2009]. Frameless coatings were also studied abroad. In the United States, large-scale experiments were
conducted to research the actual operation of arched structures from a U-shaped section profile. The
research was conducted by Steven Sweeney, Demetre Briassoulis and Anthony Kao. Both separate sections
of profiles for cantilever and transverse bending, as well as natural fragments of coatings, were tested.
According to the test results, the stiffness characteristics of the profiles were determined, as well as the
ultimate load of general and local buckling. The results of this research were used to create guidelines for
the design of frameless structures, which was developed by M.1.C. Industries, Inc [Structural analysis
software for the automatic building machine: user guide, 2009]. The most comprehensive review of
researches conducted abroad is given in the [Wei-Wen Yu and Roger A. LaBoube, 2009] book. The
research [D. Dubina et al., 2012], discusses the main assumptions adopted in the development of American
and European regulatory documents on the calculation of structures under consideration [AISI S100-2012],
[EN 1993-1-3:2006].

Not only the structures themselves but also anomalies and collapses that occur during their operation
are of considerable scientific interest. The article [Kyznetsov et al., 2011] discusses the causes of the
collapse of the researching types of structures. The most frequent causes of collapses appearing in expert
opinions regarding an accident include:

— project errors;

— technological defects;

- violation of the rules of maintenance.
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Fig. 2. Progressive collapse of a special-type arch structure

Fig. 2 shows the frame-by-frame fixation from video surveillance cameras, the process of collapse
of the arched structure. Analyzing the speed and nature of the collapse, it can be concluded that there is a
“progressive” or “avalanche-like” collapse, in other words, there is a buckling of these cylindrical ribbed
steel shells. The emergence of the theme of “progressive” collapse is associated with a number of tragic
accidents [Crowder, 2005] for which there was a disproportionality factor between the cause (emergency
accident) and the magnitude of the final damage, which is observed in the analysis of the collapse of special
type shells [Crowder, 2005].

According to the above determined the main aim of the current research as creating an algorithm of
design special-type arch coverings that can show the possibility of progressive collapse and implement
structural nonlinearity.

Hypotheses and assumptions

Consideration of qualitative and quantitative results was carried out in the PC “Lira” (license number
1/6258), which is based on the finite element method [Gorodetskiy et al., 2003]. Usually, regulatory
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documents prescribing the provision of resistance to progressive collapse in case of emergency exposure
usually imply a nonlinear finite element analysis, which leads to the need for determination the criterion of
exhaustive bearing capacity of a structure. Using the theorem [Shmukler et al., 2008]. “The potential energy
of the system’s deformation (Uu) when one bond is applied is less or at least not more than the energy of
the original system” was made the consequence that With the avalanche-like elimination of bonds, as a
result of the appearance of plastical hinges, to the ultimate state, when the system turns into a mechanism,
the potential deformation energy increases and reaches the upper limit, that is, Uu = supremumu.

The algorithm, in this case, involves the determination of the internal parameters of the system, as a
result of the consistent construction of the energy portrait of the system. When constructing algorithms for
the design of structures, the structure-forming fundamental value e, — a measure of the material viscosity
or the ultimate strain energy density. It is determined by the work expended on the deformation of the
sample up to its destruction, per unit volume (and the measured area of the stress-strain indicator diagram

(«s — e»). According to the above, if in an individual volume, for example, the final element, the strain
energy density is greater than the ultimate strain energy density, this volume would be destroyed.

Structure of the method

To build a finite element model of enhanced correctness, with the goal of implementing the
previously described principles, and the possibility of reflecting progressive collapse, it was assumed to
develop a special algorithm. In general terms, this procedure is presented on the flowchart (Fig. 3).
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Fig. 3. The flowchart of the research stress-strain state algorithm of the arch-type system,
taking into account the deformed scheme and probability of progressive collapse

During operation of this algorithm, the use of nonlinear finite elements is proposed. First of all, it is
the use of a geometrically nonlinear finite element of the shell (which allows, at each step of loading, when
building a stiffness matrix, to take into account all efforts and geometry changes. At the same time, the
rigidity matrix is formed in the coordinate system of the “new position” direction cosines, efforts are
calculated in the coordinate system of the “new position”.

To reflect the rigidity of the folded connection of arched steel profiles, it is performed by modeling
this structural non-linearity, using a two-node final element of elastic connection, designed to simulate a
node that perceives either tension or compression.
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Fig. 4. An example of the finite element model of the special-type arch system,
according to the created algorithm

For non-linear problems, the step method is used with automatic step selection. if at any of the
iterations (step) the effort in the connection has become more (less) specified, then the connection at the
subsequent iteration is turned off from work.

The algorithm can be implemented using the “Lira” (license number 1/6258) software package. Some
other calculations and modeling were created by using open-access-version of “Autodesk Inventor” and
“ANSYS”, on the way as shown in research [Kalmykov et al., 2008]. Figure 4 shows an example of the
finite element model of the special-type arch system, according to the created algorithm.

Verification of the proposed method

The verification of the proposed algorithm was carried out in the course of the experiment, involving
the research of the actual deformed state of the special-type arch covering and its comparison with the
computational model.

The researched block of covering is close to a square, in a plan, cylindrical composite coating shell.
Block dimensions: span between side elements 22 m., Block length 15.6 m., Lifting arm 8.37 m., Radius
of the cylindrical shell 11.585 m. The thickness of the steel element was 1.2 mm.
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Fig. 5. The loading and measurement schemes.
F —loading; ““n1, n2, n3” - “6PAO” deflectometers; m1, m2 — tracked points

According to the above-described algorithm, a finite element model of the special-type arch covering
was constructed and calculated. As an example of the calculation result fig. 6 shows mosaic of vertical
deflections under the loading equal 200 kg.

The loading scheme is shown on the Fig. 5. The registration of movements was carried out by the “6PAO”
system of deflection, the layout of measuring instruments, as well as the points at which the movement was
monitored are indicated (Fig. 5). According to the loading system, the load was applied iteratively at 20 kilograms
at each iteration (the weight of one calibrated load). The maximum load applied was 200 kg.

According to the above-described algorithm, a finite element model of the special-type arch covering
was constructed and calculated. As an example of the calculation result fig. 6 shows mosaic of vertical
deflections (mm) under the loading equal 200 kg.
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Fig. 6. Mosaic of vertical displacement under loading 200 kg.
Deformed scheme (on a scale)

A comparison was made of the calculated and actual displacements of the control points,
depending on the actual loading. These comparisons are presented as a graph, relative to the
calculated values in Fig. 7.
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Fig. 7. Comparative analysis of the values
of displacements (experimental relative to the calculated)

Conclusions and practical significance

Analyzing the obtained results, it should be noted that exceeding the 15 % threshold of the difference of
the calculated deflections and the experimental ones is due to the virtual geometric imperfections of the structural
arch elements, which in this case positively affected the stiffness characteristics of the system design as a whole.
In turn, the qualitative congruence of the results proves the adequacy of the algorithm of the creation
computational model and the correctness of the laid down principles, also it gives the right to consider the
verification successful. The practical significance of the method is determined by a logically composed and
justified procedure for modeling and calculating operations, which allows analyzing the stress-strain state and
the possibility of a progressive collapse of the special-type arch coverings that wasn't able to do using regular
algorithms proposed for this types structures.
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kadeapa OymiBETbHAX KOHCTPYKIIIH

IPOTPECYIOUYE PYHHYBAHHS APKOBUX CUCTEM CIIEIIAJIBHOI'O THUITY:
CIIOCIb MOJAEJIIOBAHHA

O Pesnix I1., F'anownoea JI., TI'pebinuyk C., Kopenes P., 2019

PosrnsHyTO O€3KapKacHi MOKPUTTS — apKOBI IOKPHUTTS OCOOJIMBOTO THITY, BUKOPHUCTAHHS SKHX
OCTaHHIM YacoM IMOUIMPIOEThCA Ha TepuTopii Ykpaimm. Lli MOKpUTTA, 3a 3MICTOM, € CKIaJCHUMH
LITTHIPUYIHAMH peOpPUCTUMH 000JIOHKAMH BIIKPUTOTO THITY, IO CKJIAIAIOTHCS 3 APKOBHX KOHCTPYKTUBHHX
€JIEMEHTIB — TOHKOCTIHHOT'O XOJIOAHO1e(hOpPMOBAHOTO METaNEBOr0O MPOQis.

Ha ocHOBI mpuiHATHX TimoTe3 Ta BTUIGHHS 3acal KOHCTPYKIiMHOI HeNiHiIfHOCTI moOymoBaHO
CKIHUCHHOEJIEMCHTHI MOJIEJIl 3a3Hau€HHMX NOKPHTTIB, a TAaKOXX PO3POOJEHO Ta 3aIpOIIOHOBAHO CIIOCIO
3amo0iraHHs MPOorpecyrodoMy pyiHyBaHHIO. CTBOPEHO CKIHUGHHOEIEMEHTHI MOJENi, M0 peali3yloTh
3a3Ha4YeHi KOHCTPYKTUBHI 3aX0AM 3amo0iraHHs mporpecy pyiiHyBaHHA. 11ix 9ac mpoBeneHOro JOCHiIKEHHS
[IPOAHAJIi30BaHO HANpyXeHO-Ie(GOpMOBaHUH CTaH OpPHUTIHAIBHUX Ta MOJAEPHI30BAHMX KOHCTPYKIIH
MOKpUTTIB. BU3HAa4YeHO BiAMOBiAHI (OPMU BTpPATH CTIMKOCTI Ta mapamerpa 3amacy CTIHKOCTI (KpuTHIHUI
mapamerp CTifikocti). IIpakTHyHe 3HAYCHHS METOLY BH3HAYAETHCS JIOTIYHO CKIIAJCHOK Ta OOIPYHTOBAHOIO
MIPOLIEAYPOI0 MOJICTIFOBAHHS OMepalii, o Aa€ 3MOTY MPOaHANI3yBaTH CTAH HAIPYXEHOCTI Ta MOXKIIMBICTH
MIPOTPECUBHOT0 00BaJIEHHs aPKOBHUX ITOKPHUTTIB CHENIATEHOTO THITY.

OTtpuMmaHi IiJ 9ac JOCHTIHKEHHS KOMIIOHEHTH HaIpyKeHO-Ae(OpPMOBAHOTO CTaHY IMOJAHO Y BHUIIAIL
MO3aiK 130TI0JIiB OCHOBHHX PO3TATYIOUHX HAIIPY)KEHb G1 Ta OCHOBHUX CTHUCKAIOUUX HANPYKEHb O3, @ TAKOXK Y
BUTJISAII 130TI0TiB BEPTUKAIBHAX MIEpEMIIIeHb Ta KOeQiIlieHTa 3amacy CTiHKOCTi y BUTJIAI BITHOCHOT JiarpaMu
TS KOYKHOT 31 CKIHYEHHOEIIEMEHTHUX MOJIEIIEH.

KnaouoBi cjioBa: apkoBe NOKPUTTH O0CO0JIMBOrO THIY, HIMJIIHAPUYHI pedpucti 000710HKH
BiI/IKPMTOrO THUILY; BUTHH; MPOrpecyloye 00BaJIeHHS.



