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Abstract. Safety requirements for building structures aim to prevent accidents
and collapses of buildings or their individual elements that may endanger human life,
harm the environment, or trigger other emergencies. Although it is impossible to
completely eliminate accidents, it is crucial to ensure that when design loads are
exceeded, failures remain localized and do not grow into progressive or cascading
collapses. When analyzing the causes of structural failures, attention must be given to
errors made during the design, construction, and operational stages. Notable
example of a failure caused by design shortcomings is the collapse of the roof of the
Yasenevo water park in Moscow, RFE. Article presents verification calculations of the
reinforced-concrete shell that revealed insufficient strength, stiffness, and stability.
Primary cause was an unsuccessful design choice - selecting a shell geometry with
excessively flat areas near the support contour, which significantly reduced its load-
bearing capacity. Special emphasis is placed on the survivability of buildings and
structures, including their ability to maintain structural integrity under unexpected or
extreme loads. Paper examines factors that contributed to the shell collapse: total
deflections, excessive flatness, inadequate rigidity, actual operational loads, and real
physical-mechanical properties of materials. Recommendations are provided for the
design of shallow reinforced-concrete shells, highlighting critical aspects that require
the designer’s attention to avoid similar failures. Modern calculation program
STARK ES3.1 is used for analyzing shallow reinforced-concrete surfaces, with
geometric parameters and material properties presented in detail. Expanded
literature review is included, focusing on creep, long-term performance, and
durability of shallow reinforced-concrete shells.
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Angarna. Kypulibic KOHCMPYKYUALAPbINGbIY KAVINCI30i2iH KAMMAMAChl3 emyee
KOUBLIAMbIH MAnanmap adamoapovly, eMipi MeH O0eHCAYlbleblHa KAYin meHOIpemiH,
Kopwiagan opmaga 3usiH Kelmipemin Hemece o032e Oe MOMmeHue Hca0alapobl
MyovIpybl MYMKIH eUMapammapobly Hemece ONaApOblH JHCeKeNe2eH d1eMeHmMMmepPIiHiy
anammapvl MeH KYiayvlH Oondvipmayea basvimmanean. Anammapowviy naida 0oy
MYMKIHOI2TH MONbIEbIMEH JHCOKKA Wbleapy MYMKIH emec, Oipax oicykmemenep
JHCOUBLTYObIH HCODANBIK MaHOepiHeH mbic 0012aH Ke30e npozpeccuemi, mizoexkmi
emec, oicepeinikmi OONYbIH Kammamacwlz emy Kasxcem. Anammapovly bIKMUMAl
cebenmepin manoay Ke3iHoe UMapammapobvl HcoOaANAy, CALy HCoHe NAUOALAHY
Kezeyoepinoe dcibepineen Kamenikmepoi eckepy Kaxcem. XKobanvlx Kamenikke
oatinanvicmol anammuly Hakmul muicaivl — Peceii @edepayuscoi, Mackey xanacwl,
Hcenesmezi axeanapx dcabvinbinbly Kynayel. Makanada KypwiiblMHbIE memipOemoH
KaObI2bIHLIY, — meKcepy —ecenmeynepi  Kapacmulpulialdsl, OY1 OHblY  Oepikmici,
MYPAKMbLIbIZbl MEH KAMMbLIbIZbIHbIY HCEMKINIKCI30iciH anbikmaowvl. Heeizei ceben
COmMCi3 HcoOanvlK wiewim 60on0bl — MipeK KOHMYPLIHOIY MHCAHLIHOA MbIM 0024
aumakmapul 6ap Kabvik niwinin manoay. Fumapammuely Hemece ylimepemmiy y3ax
Mmep3imoinicine epexkuie Hazap ayoapuliaovl. COHOAU-aK, HCYMbICMA KAObIKULAHBIY
anam cebenmepi, O01aAPObIY JHCAANBL  AYLIMKYIAPHI, WAMAOAH MbIC OOHecmicl,
KYDObLILIMHBIY KAMAHObI2bl, HAKMbL JHCyKmemenepoiy, acepi i aHne nauoaiany Kezinoe
mMamepuanoapovly HAKmMvl (QUIUKATLIK JCOHE MEXAHUKANLIK —CUNAMMAMANapbl
Kapacmuipbinaosl. Jlozan memipbemon KaObIKWAiapsviy oicobanayed apHaieau
ycwinvicmap Oepineer Jiane KOHCmMpPYKmMop Heui eckepyi Kepek. Jlozan memipbemon
arcabvinoapvin ecenmey yuiin STARK ES 3.1 3amanayu ecenmey 6azoapnamacol
KONOaHwlnovl. Ecenmey yuwiiH KAObIKUWAHBIY —2eOMEMpPUsIbIK — oaulemMoepi  MeH
MamepuanoapviHbly (QUIUKATLIK HCOHE MEXAHUKALIK Kacuemmepi cunammandobl.
Hozan memipbemon #abbIHOAPBIHBIY HCHLINCHIZLIUMBIRbL MeH Oepikmizi mypaisl
KeHelimineen 20e0U WOy Hcacanobl.

Tyiiin ce3nep: xynay, anam, ceHiMOiniK, KabwlK, Kayincizoik, ocykmeme,
oMipuienOiK, nauodanlamy.
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AHHoOTauus. Tpedosanus K obecneuenuio 0e30NACHOCMU CMPOUMENbHBIX
KOHCMPYKYULi HANpaeiensvl Ha npedomepaujerue agaputi U oopyueHutl 30aHull umu
UX OMOENbHBIX IEeMEHMO8, KOmMopbvle MO2Ym HpeoOCmassims y2po3y MHCU3HU U
300p06bI0 00eU, Hanecmu ywepd oxpyxcaroujeli cpeoe Iubo Cnposoyuposams
umvle upesgvluaumvie cumyayuu. IlonHocmvlo  UCKIIOYUMb  BO3MONCHOCHb
B03HUKHOBEHUSI A8APULL HEBO3MOJCHO, OOHAKO HeO0OX0OUMO CMPeMUmvCs K mMomy,
ymobbl npu 8vlxo0e HA2PY30K 3a Npedenvl NPOEKMHbIX 3HAYEHUL pa3pyuileHus Ovlau
JIOKQNIbHLIMU, A He HOCUIU npozpeccupyiowjutl, yenuou xapaxmep. Illpu ananuze
B03MOJICHLIX NPUYUH ABAPULL BAINCHO YUUMBLEATb OWUOKY, 0ONycKaembvle Ha 9mManax
NPOEKMUPOBaHuUs, Ccmpoumenrbcmea u 3Kcnayamayuu 30avui. Iloxazamenvhoiii
npumep asapuu u3-3a NPOeKmHol owubKU — oOpyueHue NOKpblmus aKkeanapka &
Hcenese 2opoo Mocksea Poccuiickas @edepayus. B cmamve paccmompenvl
NpOBEpoUHblEe  PACUEMbL  HCENLe300eMOHHOU  0D0NI0YKU KOHCMPYKYUU, KOMOopbvle
8bIAGUNIU €€ HeOOCMAMOYHYI0 NPOYHOCMb, YCMOUYUBOCMb U HcécmKkocmb. OCHOHOU
NPUYUHOU CMAN0 HeyOauHoe NPOeKmHoe peuteHue — 6bloop hopmvl 000IOYKU C
Ype3mMepHO NON02UMU YUaCmKamuy 601u3u onopHo2o koumypa. Ocobenno yoensemcs
BHUMAHUE HA JCUBYYeCmv 30aHuUs unu  coopyxcenus. Takoce 6 pabome
paccmampusaiomcs NpuduHvl 0OpyuleHUus 000N04KU, UX CYMMAapHvle npocuduvl,
YpesmMepHas Non020CMb, HCECMKOCMb KOHCMPYKYUU, Oelicmeus (Qakmuyeckux
HAa2py30K U haxmuueckux u3uKo-mexaHuyeckux XapaKkmepucmux Mamepuanios npu
akcnayamayuu.  [latomea  pekomeHOoayuu Ol NPOEKMUPOBAHUS  NONOSUX
JIcene300emoHHbIX  000104eK U HA  4mMo  OOJICHbL  00pamumv — 6HUMAHUSL
Koncmpykmopa. Hcnonvzyemcs cospemennas pacuemuas npozpamma STARK ES
3.1. oOna pacuema nonocux oicene300emouHbLIX noKpeimui. [na  pacuema
onucvleaemcsi 2eomempuyeckue pamepvl U QUIUKO-MeXaHudecKue Ceolcmea
Mamepuanog obonouxu. Ilpogeden pacuwiupenHvlii auUmMepamypHsiti 0030p NO
noazyuecmu u 00J1208€4HOCMU NOJLO2UX HCENLEe300eMOHHBIX NOKPLIMUIL.

KiaroueBble cioBa: oOpyuenue, aeapus, HaO0e#CHOCMb,  000NOUKA,
be30nacHocms, Ha2py3Ka, HCUBYYeCmyb, IKCNIYamayus
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1 INTRODUCTION

According to foreign scientists Fani Derveni, thin-walled reinforced concrete structures
with a slight slope (RC) are an important and in-demand construction structure for 2022-2025:
they are used in large-span roofs, dome structures, hangars and sports facilities, as well as in
other projects requiring a combination of lightness, aesthetics and economy of materials.
However, along with the advantages of this design, there are significant risks of design errors,
defects, and accidents due to the shell's specific operating characteristics: its thin thickness,
significant geometric disturbances, wind and snow loads, as well as operational wear and tear
and environmental impacts.

According to Professor T.T. Mussabayev, defect verification is related to the fact that the
structural efficiency of shells is achieved by minimizing thickness and material, which makes
them particularly sensitive to defects (geometric, material and installation) and sudden damage
(for example, local deflection, uncontrolled deformation and destruction of the shell).

By their very nature, shells are sensitive to irregularities in shape, roof slope, and
installation unevenness. For example, studies show that even small geometric distortions
significantly reduce the critical load of shells (Fani Derveni et al., 2024).

In reinforced concrete shells, processes such as concrete creep, shrinkage, reinforcement
corrosion, and fatigue cracks are significant, as they can gradually reduce the strength, rigidity,
and stability of the structure. For example, (Mussabayev et al., 2023) consider concrete creep in
shells to be the important factor in reducing the stability of the structure.

Inaccuracies in the shell's shape, imprecise reinforcement, weld defects, and unaccounted
for or atypical loads (wind, snow, dynamics) result in the shell operating not only in membrane
mode but also experiencing significant bending and shear forces. For example, (Cardoso et al.,
2024) showed that uneven and asymmetric loading on a thin concrete shell leads to bending
moments and exceeding the concrete's ultimate stress.

Typical failure scenarios for shells include buckling, localized failure of concrete and/or
reinforcement, sudden shape changes (e.g., due to support or settlement), accumulation of
deformations, and subsequent collapse. A study by (Iskhakov, Ribakov, 2014) emphasizes that
in large-span reinforced concrete shells, the frequency of failures is due to the failure of the
design to account for long-term creep and shape changes.

One of the distinctive features of thin-walled shells is their high sensitivity to geometric
deviations (initial misalignment, less-than-ideal curvature, installation errors). Such defects can
significantly reduce the critical buckling load of a structure. For example, the authors (Anais
Abramian et al., 2020) indicate that even virtually imperceptible defects can lead to a reduction
in the critical collapse load of cylindrical shells. Thus, buckling (including local or global) is an
important mechanism for shell failures.

Thin-walled structures, especially those with large spans, are often subject to increased
loads: snow loads, wind loads, dynamic loads (e.g., vibrations), unaccounted for bearing
settlements, and installation loads. If the structure is poorly designed for these conditions, or
installation/operating defects/costs are not accounted for Eads to failure. For example, it has been
reported that some thin-walled dome structures have been subjected to significant hurricane or
tornado impacts and withstood them, but it has also been noted that unaccounted for loads can be
critical (Andrew South, Chris Zweifel, 2021).

Shells require high precision in formwork, reinforcement, and connections. Errors in these
stages (incomplete reinforcement, weak joints, improper formwork/formwork installation) educe
the safety factor and stability. Even if operational loads are calculated, installation defects can
lead to premature failure.

Often, the cause of a failure is not a single factor, but a combination of them: a geometric
defect + a material with a loss of strength + a sudden load (e.g., wind + snow) — the combined
effect leads to failure. Predicting such situations is difficult, as the effects uncontrollably
reinforce each other.
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The problem of ensuring the reliable and safe operation of newly constructed, operated,
and reconstructed facilities for various purposes is becoming increasingly important in the face
of increasing natural and man-made impacts.

Emmanuel Virot notes that in emergency situations, two modes of structural system failure
are distinguished: avalanche-like, i.e. when failure of even one element leads to the destruction
of the entire system or most of it, and localized, i.e. failure of one or more elements occurs in a
limited area.

Although GOST 27751-88 «Reliability of Building Structures and Foundations» (GOST
27751-88, 1988) states that structural calculations should consider the emergency design
situation arising immediately after the failure of any structural element, it does not define any
failure modes or provide specific recommendations for protecting structures from progressive
collapse.

The building code DIN 1055-100 “Loads and Actions” and Eurocode (ENV 1991-2-7.
EUROCODE 1, 1991) specify measures that must be included in the design to prevent
emergency situations. These include:

- selecting a structural system characterized by low sensitivity to the aforementioned
hazard;

- selecting a structural system in which the failure of an individual element or adjacent
parts, or localized damage, does not lead to a loss of the load-bearing capacity of the entire
structure;

- using structural systems whose loss of load-bearing capacity is accompanied by warning
signs.

These requirements must be met through the selection of suitable building materials,
appropriate calculations and design, and the selection of control methods during the development
of design documentation, construction, and operation of the structure (ENV 1991-2-7.
EUROCODE 1, 1991).

To reduce the incidence of accidents or damage when they occur, an important task is to
develop approaches to structural design that ensure maximum survivability of the building or
structure.

Klinkel S. He says that survivability is the ability of a system to maintain its load-bearing
capacity in the event of failure of one or more structural elements. The increased survivability is
facilitated by the multiple static uncertainty of the building (structure) and the possibility of
spatial redistribution of forces within its structural system.

2 LITERATURE REVIEW

Anais Abramian's research has studied carbonaceous concrete, and it is known that the
tensile strength of carbon is significantly higher than that of steel, which makes it possible to
manufacture filigree parts and further gives impetus to the development of new construction
methods. This study focuses on the development of new evaluation methods for the analysis of
thin carbon fiber concrete (CRC) structures. CRC allows you to explore delicate components and
the latest construction techniques due to its high tensile strength. In the work of Iskhakov I. The
author expands the analysis of CRC shells based on existing research. The internal structure of
CRC specimens was investigated using microtomography. Rovings within the specimens were
segmented from 3D tomographic reconstructions using a 3D convolutional neural network with
improved 3D data augmentation strategies and further analyzed using image-based methods. The
main contribution is the assessment of fabrication accuracy and modeling of the structure's
behavior by measuring the position of the carbon mesh within the concrete. Based on the
segmentations, surface point clouds were obtained, which were then integrated into a multiscale
structure using a parameterized representative volume element that captures the characteristic
properties of the textile reinforcement. The procedure is presented using an example covering all
necessary design steps from computed tomography to multiscale analysis. The framework
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enables efficient evaluation of new construction methods and analysis of the linear elastic
behavior of CRC shells (Wagner et al., 2023).

According to the expert Mester L., lightweight supports have a number of advantages,
including low weight, less need for materials and lower construction cost. In the last few
decades, they have been widely used in the design of urban viaducts, railway bridges and bridges
for expressways, demonstrating excellent development dynamics and high practical value.
Lightweight supports are becoming commonplace on urban overpasses and bridge structures in
2022-2025. This type of support is widely used in structural engineering. A thin-walled
composite concrete support (TSRCP), as a typical lightweight support, exhibits superior
mechanical properties compared to a conventional reinforced concrete support due to the
reinforcement of the H-section steel. In the research of H.Chen says that the complex process of
calculating the initial equation can be simplified, which not only provides a convenient and
useful way to design and manufacture such components, but can also serve as a guide for
verifying practical applications for engineering purposes (Chen et al., 2022).

The studies by Skadi§ U and Kuevskis K. examined thin-walled sandwich walls (SW)
made of steel-fiber reinforced concrete (SFRC) without traditional reinforcement. Researchers
Vulans A and Brencis R. have shown that PBBs with thin partitions can be used as load-bearing
structures in low-rise buildings, reducing concrete consumption by 2-5 times compared with
traditional reinforced concrete PBBs. K.Kuevskis' research focuses on relatively warm climates
and studies thin-walled SBS with shear elements to achieve a certain level of composite
performance. Numerical analyses of structural, thermal, and acoustic insulation properties were
also performed (Skadis et al., 2023).

In traditional construction using composite steel, solid, weakly structured elements with
constant external and internal geometry are typically used. It is not uncommon to encounter areas
of structural elements where concrete and reinforcement are underutilized because construction
methods are not adapted to the material properties and potential of the composite. Small or even
unstressed areas in flexural elements are well known. This drawback, which also exists in
construction using carbon-reinforced concrete (CRC), was the impetus for the joint research
project CRC/TRR 280 «Design Strategies for Minimal Material Consumption of Carbon-
Reinforced Concrete Structures - Principles for a New Construction Approach», funded by the
German Research Foundation (DFG). The overall objective is to develop a universal design
strategy for carbon-reinforced concrete structures that takes into account the advantages of this
composite while strictly considering the need for material suitability. In work I.Vakaliuk presents
the main implemented approaches to analysis. I.Vakaliuk describes the basic workflow, the
software used, and the material models, as well as their calibration using textile-reinforced
concrete (TRC) samples. (Vakaliuk et al., 2024).

A common structural defect in tunnels during operation is cracking of the concrete lining.
Insufficient lining thickness is one of the main causes of cracking. In the research of Liu J. and
Zhang X. The cracking of standard concrete samples and the destruction of tunnel structures
caused by insufficient lining thickness were studied using the adhesion zone model (CZM). First,
zero-thickness cohesive elements were inserted between the solid elements of a standard
concrete specimen model, and crack propagation in different concrete grades was compared.
Based on the above-mentioned data, a three-dimensional numerical model of the tunnel was
created during operation. The mechanism and characteristics of crack propagation with different
lining thicknesses were examined. Furthermore, crack statistics were compiled to quantitatively
analyze crack development patterns in the lining. The results of K.Wang shows that CZM
adequately models the behavior of concrete during fracture. As the concrete strength class
increases, the number of damaged cohesive elements and the crack area increase. Insufficient
lining thickness alters the stress distribution characteristics within the lining, reduces the overall
safety of the lining structure, and leads to more prone cracking in the affected area. If the lining
thickness is insufficient, the surrounding rock is less exposed to the lining than if the entire lining
thickness is filled with surrounding rock (Liu et al., 2021).
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Nonlinear analysis procedures used in the performance-based design/evaluation of
structural systems with reinforced concrete walls are significantly improved by the introduction
of a robust modeling approach capable of accurately modeling the nonlinear response
characteristics of both planar and non-planar walls at both global (force-displacement, moment-
rotation, torque-torsion) and local (e.g., strains, shear strains, bending strains) response levels
under combined and multidirectional loading conditions. Nonlinear response history analysis is a
widely used analysis method for assessing the seismic performance of existing structures or for
performance-based design of special structures such as high-rise buildings (Tura et al., 2025).

Modular wall panels are increasingly being used in construction. New dual-layer
composite wall panel (DSC) technology uses clinch joints to join two rolled open-section
profiles into a hollow steel shell, which is then filled with lightweight aerated concrete. This can
provide a fire-resistant DSC solution for use in commercial and high-rise buildings. One
important material parameter for application is the panel's resistance to wind loads. This study
represents the first fundamental analysis of the structural behavior of the new DSC wall panel
under wind loads. This includes three- and four-point bending tests combined with in-situ
chamber analysis, as well as joint strength and concrete performance analysis. The experimental
results confirm for the first time that the aerated concrete core of the DSC panel has only a minor
effect on the wall's flexural performance. Most of the bending loads are absorbed by the tensile
and compressive deformation of the steel outer shell and the shear deformation near the clinch
joint. Thus, failure under maximum load occurs not due to cracking of the concrete, but due to
buckling of the steel sheet or a mixed type of failure, combining buckling of the steel and
opening of the seams (Weiss et al., 2025).

With the development of industrialization and urbanization, the use of thin-walled steel
tubes in concrete-filled steel tube columns has become important in the design of low-rise
buildings. These columns are lightweight, require less welding, and are cost-effective. However,
their load-bearing capacity is relatively low, and localized buckling often occurs in thin-walled
steel tubes. To address the problem of localized buckling of thin-walled concrete tube columns, a
helical stiffener design was proposed. Axial compression tests were conducted on five cross-
sections of square concrete tube column specimens. The study revealed that, compared to
conventional concrete tube columns, the axial compressive load-bearing capacity and
deformation capacity of concrete tube columns restrained by helical stiffeners increased by
18.5% and 7.7%, respectively. The helical stiffeners effectively increased the buckling resistance
of thin-walled concrete tube components. The failure mode of this new component was
characterized by diagonal cracks in the concrete aligned with the direction of the helical
stiffeners, and buckling of the steel tube walls was concentrated between the helical stiffeners.
Based on the experiments, an analysis of the buckling characteristics of thin-walled steel tubes
restrained by helical stiffeners was conducted and incorporated into the load-bearing capacity
calculation. Testing, modeling, and theoretical calculations showed that the error in determining
the load-bearing capacity of composite columns for each sample did not exceed 10%. Ultimately,
a formula was proposed for determining the critical load-bearing capacity of steel pipes with
spiral stiffeners upon buckling (Tian et al., 2024).

Professor A.V. Perelmuter, in his monograph (Perelmuter et al., 2000), asserts that an
accident is always a specialist's error, regardless of whether it is caused by underestimating the
external load or by insufficient load-bearing capacity that developed during the construction and
operation of the facility (during surveys, design, construction, operation, and repair). He provides
a graphical representation of the average causes of failures of steel structures (Fig. 1).

These causes can easily be attributed to reinforced concrete structures, with a slightly
increased proportion of low-quality materials due to manufacturing and installation defects
(Seiitkassymuly et al., 2025; Moldamuratov et al., 2025; Aldakhov et al., 2025; Ilyassova et
al., 2025).
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Figure 1 - Average causes of accidents

The likelihood of serious design errors depends largely on the unjustified choice of the
structural design, calculation scheme, and adopted calculation methods.

One typical example of an emergency resulting from design errors is the collapse of the
water park's roof shell in Yasenev, Moscow, Russian Federation.

3 MATERIALS AND METHODS

The water park's roof is a gently sloping ribbed reinforced concrete shell (Figure 2), in
plan, it is a circular sector with a central angle of 105°, the radial sides of the sector are 70 m
long, and the curved side is approximately 130 m long. A 1200 x 500(h) mm curb is installed
along the shell's perimeter. The rib height, including the shell, is 400 mm, and the ribs on the
lower surface form a lattice with triangular cells. The rib thickness is 250 mm near the perimeter
and 120 mm over the rest of the shell's surface. The shell thickness between the ribs in the
central zone of the roof is 70 mm, while in areas adjacent to the curb, the shell thickness is
increased to 200 mm. The roof is supported by columns (9426x9 steel pipes with a height of 7 to
18 m) and by hinged supports on the foundation. The structure's supports are made of tubular
steel columns measuring (#3426x9. A bracing system is installed between the columns in the
planes of all three facades.

The roof collapse occurred on February 14, 2004, resulting in numerous casualties. To
determine the cause of the disaster, a series of verification calculations of the roof structure were
performed at the Research Institute of Reinforced Concrete (RIRC) on behalf of the state
commission.

The roof structure of the water park was calculated using the finite element method and the
STARK ES 3.1 software package. The STARK ES 3.1 software package is designed to
calculate the structures of buildings and structures for strength, stability and vibrations based on
the finite element method program. The STARK ES 3.1 software package is used for numerical
modeling and calculation of structures of buildings and structures under various static and
dynamic force and kinematic influences based on the finite element method.

The roof's supporting structure was calculated taking into account the structure's own
weight, the roof's weight, and snow loads.

The following calculations were performed:
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- determination of the deformation state of the shell after unscrewing;

- determination of the total deflection under standard loads, taking into account their long-
term action;

- calculation of the structural stability under design loads adopted in accordance with
current standards and a reduced concrete deformation modulus (as recommended in the
“Guidelines” using a coefficient accounting for short-term concrete creep, j,, = 0.85, and

various J,, coefficients accounting for long-term concrete creep.

- calculation of the structural stability under the design loads adopted during the design;

- Calculation of stability under constant and long-term loads (30% of the total snow load,
according to the standards in effect at the time of the shell design);

- calculation of the bearing capacity of the contour element under the design loads under
conditions of column failure along the 9g axis;

- calculation of the stability of the roof structures under actual loads on the shell, taking
into account the physical and mechanical properties of the concrete, adopted based on strength
testing data.

Forming the shell surface

Figure 2 - General view of the water park roof and the main sections of the covering elements in the support contour
area (left) and in the middle part of the span (right)

4 RESULTS AND DISCUSSION

The calculations revealed the following:

1. Initial Deflection:

The shell deflection due to its own weight load along the axis of symmetry was 114.7 mm,
which correlates well with measured values during the shell's unwrapping. This confirms the
accuracy of the applied modeling techniques for self-weight effects.

138



QazBSQA Xatapusbicbl. Ne4 (98), 2025. KypbLibic

2. Total Deflection and Instability under Load:

The total deflection under full loading (including long-term load effects), calculated
linearly, reached 244.7 mm, a value close to the typical sag of large-span lifting systems.
However, nonlinear analysis revealed loss of stability at only 70% of the design load, with
deflections exceeding 600 mm (Fig. 3). Alternating bending moments in annular ribs near the
contour (Fig. 4) indicate the formation of indentations — a sign of local buckling typical in thin
shell structures. This behavior suggests critical sensitivity to geometric and loading

imperfections.
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Figure 3 - Calculated values of deflection depending on the load intensity P (relative to the value of the total
calculated load q) in a linear calculation (1) and in a calculation taking into account geometric nonlinearity (2)
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Figure 4 - Bending moment diagram in the shell ribs in the calculation taking into account geometric nonlinearity

3. Insufficient Rigidity Due to Surface Geometry:

The analysis showed that the shallow-sloping geometry near the contour, combined with
the current structural design, does not provide sufficient stiffness (Fig. 2). This outcome aligns
with previous research on shallow RC shells, where excessive flatness leads to instability under
relatively low loads.

4. Stability Margin and Collapse Sequence:

The shell loses stability at 60—68% of the normative load when long-term concrete creep is
included. Further refined calculations, incorporating actual material properties and real loading
conditions, indicate loss of stability at 77% of the design load. In all scenarios, the failure is
initiated by alternating local dents (Fig. 5), consistent with progressive shell instability patterns
reported in recent studies of RC dome structures.
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Figure 5 - General view of the 1% form of loss of stability of the roof shell
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5. Collapse Sensitivity to Support Failure:

The failure of a single column causes a loss of support in the contour element, which could
trigger a global collapse of the entire roof. This highlights the lack of redundancy and the critical
need for robust detailing at support zones.

5 CONCLUSIONS

1. It is necessary to select structural designs or the shape of the roof surface such that the
inability of any element to bear the load from a prohibited impact does not lead to the destruction
of the entire structure or a significant portion thereof.

2. Work should be continued on the development of calculation tools and programs for the
analysis of nonlinear deformation, cracking, and failure of reinforced concrete statically
indeterminate structural systems upon the sudden disconnection of individual elements (nodes,
connections), taking into account the history of their loading, in order to create structures
protected from progressive failure.

3. For particularly complex and critical structural systems (large-span structures, high-rise
buildings, etc.), in order to increase the level of safety, it is necessary to conduct structural testing
during the design process using physical models and monitor the main load-bearing structures
during construction and operation of the buildings.
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