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Annotation. The paper examines the structural and engineering aspects of designing steel
protective screens to counter unmanned aerial vehicles (UAVs) at energy infrastructure facilities. The
relevance of the topic is due to the targeted UAV attacks on transformer substations, which have
prompted the implementation of passive protection in the form of steel anti-drone screens. The study
includes an analysis of recent research and publications on UAV threats to power grids and existing
protection methods. It explores structural solutions for protective screens and presents the results of
their practical implementation in Ukraine. The paper summarizes design requirements, including
material selection, ensuring appropriate screen height and distance, modularity, and maintainability
of the structure.

Keywords: transformer charging station; unmanned aerial vehicles; kamikaze drone; passive
engineering protection; protective screen; Shahed defense

Introduction. The issue of protecting energy facilities, as one of the most important links in
Ukraine's critical infrastructure (CI), is one of the most pressing at present [1-4]. Transformer
substations are critical elements of the energy infrastructure, and their damage leads to large-scale
power outages. In today's warfare, one of the main threats to energy facilities is air attacks by UAVs
equipped with explosive charges.

In the realities of late 2024, the most applicable UAVs against Ukraine's critical infrastructure
are the Iranian-made Shahed-131 and Shahed-136, as well as the Russian-made Lancet-1 and Lancet-
2 [5]. Threats from the use of UAVs require the development of effective means of protection. In
addition to active means (electronic warfare, air defence), passive defence elements play an important
role. The basic idea of passive protection is to erect a special protective shield above or around the
transformer that can intercept the drone or initiate its explosion at a safe distance from the protected
facility. Following the large-scale shelling of the power system, NPC Ukrenergo, the transmission
grid operator, has launched the world's first comprehensive anti-drone protection system for high-
voltage substations. Protective structures (the so-called “anti-Shahed” shelters) are being urgently
constructed at key substations in the country, which have already proven their effectiveness during
massive drone attacks. According to Ukrenergo, the implemented projects have significantly reduced
the level of damage to substations during recent attacks, increasing the resilience of the power system
[6, 71.

At the same time, the design of such protective shields is a complex engineering task that
requires taking into account specific loads, structural limitations of existing substations, and tight
implementation timeframes. This paper summarises the experience and recommendations for the
design of steel anti-drone protective shields for transformer substations and the results of recent
research.

Analysis of recent research sources and publications. The issue of protecting energy
facilities from drone attacks is relatively new, so the number of scientific publications on this topic is
limited. Previously, researchers mainly focused on drone detection and electronic warfare systems
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(antennas, radio jamming, interception). Only a few studies mention drone trapping (net systems)
among possible countermeasures, but until recently, these solutions have not been used to protect
electrical substations [8-10].

According to statistics on the effectiveness of Shahed drones, only about 20 per cent of them
achieve a direct hit, while the remaining 80 per cent fall 15-20 metres from the intended target or do
not reach it at all. This indicates that the larger size of the object increases the likelihood of a direct
hit, and therefore requires more complex engineering defence solutions.

In cases where the objects are relatively small and are subject to mostly indirect hits, it is
advisable to apply basic (temporary) engineering protection measures. These include fencing with
fortification gabions filled with soil or sand, as well as the construction of protective coverings made
of wooden structures (Fig. 1, 2).

In the case of large-sized objects or critical elements in the structure of critical infrastructure
facilities (CIFs), the probability of a direct hit must be taken into account. Under such conditions, the
use of conventional temporary engineering protection means is ineffective, as they have design
limitations, are unable to provide full circular protection and require a significant thickness of the
protective layer to withstand direct damage.

Paper [5] proposes a fundamental solution to the priority circular engineering protection of the
most critical structures and equipment using two-level protection (Fig. 3).

At the first level of protection, screens made of rod or flexible metal elements are installed, the
main task of which is to move the point of contact of the UAV beyond the critical parts of the facility.
This solution has an analogue in civil engineering - bollards, which prevent a vehicle from directly
hitting a building and shift the potential location of a vehicle explosion (in the event of a terrorist
attack) away from the structural elements of the building. If a Shahed-136-type kamikaze drone hits
the protective screen, two scenarios are possible:

1. Mechanical destruction of the device with its subsequent stopping without detonation of the
warhead (the most favourable option);
2. Premature initiation of the UAV's explosive charge.

In this context, the critical factor is the distance between the shield and the object, which allows
reducing the pressure of the blast shock wave (BSW) to an acceptable level. The second level of
protection involves the use of a protective shell (the so-called “sarcophagus’), which should, at the
very least, withstand both the pressure of the BSW and the impact of fragments from the warhead
explosion that occurred on the shield.

In the event of an explosion of the UAV's warhead directly on the protective shield, its partial
destruction is allowed, since the shield design does not provide for full resistance to the explosive
load. This approach is reasonable in terms of economic efficiency and overall safety. At the same
time, it is envisaged that the shield can be quickly restored, which is realised through its repairable
design - the shield should be prefabricated, made of modular elements connected by bolts or similar
connections.

It should be noted that until 2022, the issue of physical shielding of facilities from explosions
was not addressed in Ukrainian regulatory documents - designers relied only on general standards for
the strength of building structures [11, 12] and explosion resistance standards for civil protection
facilities. Consequently, the developers of protective shields have to actually create new design
solutions from scratch. The literature lacks data on the behaviour of large steel shields under the
action of a blast wave, and there are no standardised approaches to calculating spatial frames under
the action of an explosion from above. Thus, a number of previously unsolved scientific and technical
problems have been identified.

Identification of previously unresolved parts of the overall problem. Given the above and
the novelty of this problem, there are several key issues in the design of anti-drone shields that need
to be addressed:

- determining the optimal design of the protective shield;

- calculation of explosion parameters and distance;

- strength and behaviour of materials;
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- adaptation to existing substations.
Problem statement. The purpose of this article is to analyse the existing problems and highlight
the main features that should be considered when designing protective anti-drone shields.

g I _. i - g .. . ] s “ o,
Fig. 1. An example of an underground temporary protection against UAVs

r

Fig. 2. Exampls of ground—baséd'femporary protection against UAVs
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Fig. 3. Schematic diagram of the system of circular engineering protection of objects
against direct hits by UAVs

Basic material and results. Experience shows that the proposed design solutions of protective
systems should also provide the possibility of multiple protection of objects. Therefore, the most
effective concept at present is the creation of multi-layer protective structural systems, each layer of
which has its own special properties, is made of a separate building material and has its own specific
functional purpose. The number of such layers can reach five. According to the design of the main
protective layer, protective structural systems are divided into two types.

In general, a typical design solution that is now widely used to protect electric transformers is
shown in Fig. 4.
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Fig. 4. Typical design solution for the protection of electric transformers

The main protective shell of an electrical substation transformer covering is a monolithic
reinforced concrete structure and does not have any other design options, unlike the design of a
protective shield.

Based on the analysis of the experience of implementation in Ukraine, two main types of
protective anti-drone shield structures can be distinguished: a mesh protective shield structure (Fig.
5) and a combined structure (Fig. 6).
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Fig. 5. Diagram of a mesh protective anti-drone shield

Fig. 6. Diagram of the combined structure of the protective shield

The mesh protective shield is a lightweight spatial frame (supports, beams), between which a
mesh of steel ropes or cables is stretched. The mesh size is 500-1000 mm. It is important to ensure
that the ropes are sufficiently pre-tensioned so that the shield does not sag due to its own weight or

-9.



CyuacHi 6ydigenvii Koncmpykyii 3 memany ma oepesunu, 2025. — Bun. Ne 29 (ctop. 5-14)

wind loads. The ropes are attached to the supports with bolts or clamps so that if a section is damaged,
it can be replaced quickly.

The combined design of the protective shield is a structural steel structure with cables or ropes
stretched over it to increase the density of protection. Such a shield is less likely to deform on impact,
so it is less likely to cause a UAV to detonate on contact. It can withstand certain loads without
breaking, but this is achieved by increasing the weight of the steel.

Table 1 provides a summary comparison of the two structural types of shields.

Table 1: Comparison of the main structural types of protective shields.

Shield Type Materials Advantages Disadvantages
Quick
Steel profiles 1nstal!atflgn/dlsmantllng, L.ess. du.rab111t.y (may tea?),
Flexibility reduces the Periodic tightening is required;
Mesh (supports, . . !
) energy of the explosion; Can miss small UAVs with a
beams), wire .
Low windage and cost of large cell
mesh .
materials

Maximum probability of More complex calculation and

) i installation;
. Steel frame, interception; .
Combined ! . . More components - higher
wire mesh Resistance to various price:

threats (Shahed, FPV)

Weight of the structure

In both cases, the main structures of the protective shield should be remote from the surface of
the main protective shell by at least 4-5 m in order to create the necessary safe distance. This would
prevent destruction by BSW or penetration of the shell and damage to the protected object, since the
pressure from BSW decreases with increasing distance from the point of explosion. Therefore, it is
also important to determine the optimal distance of the protective shield from the main structure in
order to ensure both its strength and resistance to splinters and the optimal metal consumption of the
protective shield.

The design of protective shields is based on:

- their own weight, atmospheric and other trivial loads according to DBN B.1.2-2:2006 “Loads
and impacts. Design standards” [13];

- mechanical shock from UAV point hit [5].

The calculations take into account that the facilities belong to the consequence class CC3 [14],
but the category of responsibility of the elements may be different. In fact, due to significant loads in
the emergency connection, snow, ice, temperature, other loads may not be considered, and the
connections with them will not be significant. However, they can become decisive during normal
operation, since their application is different from an impact or explosion [5]. When calculating the
combined design of a protective shield, it is imperative to calculate the progressive destruction.
However, the question remains whether it is necessary to take into account the blast wave from a
UAV detonation when calculating the elements of protective shields. According to standard
specifications for the design of such structures, in the event of a UAV warhead explosion, partial
destruction of the shield itself is allowed when the warhead is initiated, but the shield is not designed
for an explosion and the need to calculate only for a mechanical shock is indicated. However, it would
be quite logical to calculate the impact of a BSW as well, and there is no definitive methodology for
determining the pressure from a BSW. Paper [5] discusses the determination of the pressure from
BSW, but according to field tests conducted by ENERGY INNOVATIVE TECHNOLOGIES LLC,
the values of the pressure from BSW are almost three times higher than those presented in [5] and
reach 3000 kPa. Therefore, the issue of defining BSW is still relevant.

It is important to note that the implementation of protective shields at substations also requires
consideration of operational issues. Firstly, the shield must not pose a risk to electrical connections -

-10 -
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the high-voltage transformer bushings that stick out should remain at a safe distance from the metal
shield to avoid overlap (arc breakdown). Secondly, the design should allow for the replacement of
the transformer if necessary - that is, the shield should either be dismantled or have a gap between
the supports so that a crane can lift the old transformer and install a new one. Also, there are cases
where two transformers are located at such a close distance that the design of a combined protective
shield structure becomes either impossible at all or will have a much higher metal consumption and
a more complex configuration and mesh design.

Thus, the design of steel anti-drone shields is a complex process that combines wartime
requirements (effective protection) with civil engineering standards (strength, reliability, safe
operation).

Despite all the difficulties that arise in the design and construction of protective structures, as
well as their high cost, these protective structures have proven to be worthwhile. During the attacks
in November-December 2023, at least half of the attacked equipment was saved thanks to passive
protection [15]. There were cases when a Shahed drone hit a protective shield and exploded without
destroying the transformer. At one of Ukrenergo's facilities, a Shahed-136 hit a reinforced concrete
floor, causing a hole in it, but the transformer itself remained undamaged under the floor. A photo of
the consequences of such a hit is shown in Fig. 7. One can see a gap in the reinforced concrete slab
and exposed reinforcing bars; this indicates that the blast wave was absorbed by the structure. The
shield worked as intended, and although it was damaged, the main goal of preserving the transformer
was achieved [16]. The damaged area was subsequently repaired, which confirms the importance of
inherent maintainability.

Fig. 7. A fragment of the reinforced concrete floor of a ﬁrotective covering after a Shahed-136
drone hit

However, another rather serious key issue is the need to provide multiple defences. The use of
massive drone attacks leads to multiple hits on defence systems in a fairly short period of time. As a
result, there is virtually no time left for repair work. Therefore, underground defence systems are
currently being developed.

The structural basis for such systems is the well-known design of shallow metro stations
(Figures 8 and 9). To increase the degree of their protection, multilayer systems are also envisaged
and the depth of such facilities is calculated.

-11 -



CyuacHi 6ydigenvii Koncmpykyii 3 memany ma oepesunu, 2025. — Bun. Ne 29 (ctop. 5-14)

24930

‘

1600
o S

Fig. 9. Structural solution of a shallow vaulted metro station

As a result of this approach, protection systems are transformed into dual-purpose systems that
can also perform an additional function. The increase in the degree of protection is achieved by
backfilling, the thickness and composition of which is the subject of scientific substantiation.

Conclusions. The paper considers the existing design solutions for protecting objects from the
effects of UAVs. For small-sized objects, temporary design solutions can be used. For large and
critically important objects, it is more appropriate to use permanent design solutions.

Currently, there are two main types of anti-drone shield construction: mesh and combined
construction. Each of the two types has both its disadvantages and advantages, and the choice of a
particular type should be made taking into account the range of existing rolled metal products,
construction time, construction site, etc.

The practical implementation of anti-drone defence structures in Ukraine to protect energy
facilities from UAV attacks has significantly reduced the number of destroyed equipment, proving
its effectiveness.

Further research should be aimed at optimising structures (reducing metal consumption through
the use of strong steels [17-20], more efficient design schemes, etc.), standardising methods for
calculating explosive loads for such structures, and expanding the scope of application - in particular,
protection not only from drones but also from artillery fire and missiles. The results and experience
gained can be implemented in other countries to protect critical infrastructure from the latest air
threats.

An additional area for further research and development is the design of protective systems
based on the principle of dual-use objects. The basis for this should be the well-known designs of
shallow metro stations.

-12 -



CyuacHi 6ydigenvii Koncmpykyii 3 memany ma oepesunu, 2025. — Bun. Ne 29 (ctop. 5-14)

References

[1] Kyiv Post. Critical Infrastructure Objects of Ukraine: Everything You Need to Know.
URL: https://www.kyivpost.com/uk/post/28283 (application date 20.04.2025)

[2] Law of Ukraine "On Critical Infrastructure" (2023), No. 1882-IX: as of 01.01.2024, based
on No. 1909-1X. (Section 111, Articles 8, 9, 10, 11).
URL: https://zakon.rada.gov.ua/laws/show/1882-20#Text (application date 20.04.2025)

[3] Resolution of the Cabinet of Ministers of Ukraine, October 9, 2020, No. 1109 “Some Issues
of Critical Infrastructure Objects,” with amendments.
URL.: https://ips.ligazakon.net/document/KP201109?an=1 (application date 20.04.2025)

[4] Council Directive 2008/114/EC of December 8, 2008 on the identification and designation
of European critical infrastructures and the assessment of the need to improve their protection.
URL: https://zakon.rada.gov.ua/laws/show/984 002-08#Text (application date 20.04.2025)

[5] Kotsiuruba V. 1., Bilyk A. S., Veretnov A. O., Haidarly H. S., Borta R. M., Tertyshnyi B. I.
Methodology for calculations and substantiation of requirements for the engineering protection of
critical infrastructure objects from loitering munition-type UAVs. Strength of Materials and Theory
of Structures. 2022. Issue 109. P. 164—183.

[6] Forbes Ukraine. Ukrenergo received €86 million from the EIB for anti-drone protection of
substations.URL: https://forbes.ua/news/ukrenergo-otrimalo-86-min-vid-eib-na-antidronoviy-
zakhist-pidstantsiy-23122024-25819 (News about funding of protection projects for substations,
includes quotes from Ukrenergo leadership) (application date 20.04.2025)

[7] Ukrenergo became the first in the world to implement comprehensive anti-drone protection
at high-voltage substations // UNN, 04.05.2024. (Statement by V. Kudrytskyi on results of

substation protection)URL: https://unn.ua/news/ukrenerho-pershym-u-sviti-vprovadyv-
kompleksnyi-antydronovyi-zakhyst-na-vysokovoltnykh-pidstantsiiakh-kudrytskyi (application
date 20.04.2025)

[8] Naumann S. The Threat to the Electric Grid of Drones Must Be Analyzed and Action Taken
Now. Protect Our Power Blog, Jan 2022. URL.: https://protectourpower.org/blog/the-threat-to-the-
electric-grid-of-drones-must-be-analyzed-and-action-taken-now/ (application date 20.04.2025)

[9] Kootala A., Mousa A., Pong P.W.T. Drones are Endangering Energy Critical Infrastructure,
and How We Can Deal with This. Energies, 2023, 16(14),  5521.
URL: https://www.mdpi.com/1996-1073/16/14/5521 (application date 20.04.2025)

[10] VP 3-00(116)120. Methodological Recommendations to general military units on
combating Iranian Shahed-136 (Geran-2) and Russian Lancet-2 strike UAVs (based on the
experience of the Russo-Ukrainian war of 2022-2023). March 2023. URL:
https://shronl.chtyvo.org.ua/Zbroini_syly Ukrainy/Metodychni_rekomendatsii_zahalnoviiskovy
m_pidrozdilam_schodo_borotby z_udarnymy BpLA iranskoho vyrob.pdf (application date
20.04.2025)

[11] DBN V.2.6-198:2014. Steel structures. Design standard. With change No. 1. Valid
from 2015-01-01. Kyiv: Ministry of Regional Construction of Ukraine, 2014. 220 p.

[12] DBN V.2.6-98:2009. Structures of buildings and facilities. Concrete and reinforced
concrete structures. Basic provisions. With change No. 1. Valid from 2011-06-01. Kyiv: Ministry
for Regional Development of Ukraine, 2011. 71 p.

[13] DBN V.1.2-2:2006. System for ensuring the reliability and safety of construction
objects. Loads and actions. Design standards. With changes No. 1 and No. 2. Valid from 2007-01-
01. Kyiv: Ministry for Regional Construction, 2006. 70 p.

[14] DBN V.1.2-14:2018. The system for ensuring the reliability and safety of construction
objects. General principles of ensuring the reliability and structural safety of buildings and
structures. With change No. 1. Valid from 2022-09-01. Kyiv: Ministry of Regional Development,
2018. 36 p.

[15] Nelson H. Ukraine faces its most perilous winter yet. Atlantic Council, 31.10.2024.
URL: https://www.atlanticcouncil.org/blogs/ukrainealert/ukraine-faces-its-most-perilous-winter-
yet/ (Analytical review of the state of Ukraine’s energy system; includes data on 50% preserved

-13 -



CyuacHi 6ydigenvii Koncmpykyii 3 memany ma oepesunu, 2025. — Bun. Ne 29 (ctop. 5-14)

equipment due to protection and quote about fortification resource demands) (application date
20.04.2025)

[16] Nashi Groshi. Unique photo of the consequences of a Shahed strike on a protective
structure. NashiGroshi.org, 21.08.2024. URL: https://nashigroshi.org/2024/08/21/unikal-ne-foto-
naslidkiv-udaru-shakheda-po-zakhysniy-sporudi-pidstantsii-ukrenerho-zroblenoi-z-budmaterialiv-
po-rynkovykh-tsinakh/ (Article with photo showing the result of the screen — transformer survived;
includes actual cost estimates of 120—150 million UAH) (application date 20.04.2025)

[17] Bannikov D. O., Nikiforova N. A., Kosiachevska S. M. Modern state of classification
of transport building structures in ukraine. Bridges and Tunnels: Theory, Research, Practice. 2022.
No. 21. P. 35-43.

[18] Hezentsvei Yu., Bannykov D. Effectiveness evaluation of steel strength improvement
for pyramidal-prismatic bunkers. Eureka: Physics and Engineering. 2020. No. 2 (27). P. 30-38/
[19] Hezentsvei Y. 1., Bannykov D. O. se of fine-grained heat-strengthened steels to

increase the operational qualities of bunker capacities from thin-walled galvanized profiles. Science
and Transport Progress. 2021. Is. 1 (91). P. 84-93.

[20] Bezsalyi V. M., Bannikov D. O. Efficiency of thin-walled galvanized profiles for arch
elements. Bridges and Tunnels: Theory, Research, Practice. 2019. No. 16. P. 20-29.

OCOBJIMBOCTI NIPOEKTYBAHHSA 3AXNCHHUX
AHTHIPOHOBUX EKPAHIB

Bannikos /1.0., 1.1.H., npodecop
d.o.bannikov(@ust.edu.ua ORCID 0000-0002-9019-9679
Vrpaincokutl 0eporcasnull ynisepcumem HayKu i mexHoi02il
Micropa €.A., maricTpant

udgine200933@gmail.com ORCID 0009-0003-1909-4588
Yxpainucokuii oeporcasnuil ynieepcumem nayKku i mexHono2iu

AHoTauis. B po0oTi po3riisiHyTO KOHCTPYKTHBHI Ta iH)KEHEpHI OCOOIMBOCTI MPOEKTYBAHHS
CTAJICBUX 3aXUCHUX €KPaHiB I MPOTUIIi Oe3mioTHUM miTanbHuM anapaTtaMm (bnJIA) Ha 00’ ekTax
CHEepPreTUYHOI iIHPPACTPYKTYpH. AKTYaJIbHICTh TEMH 3yMOBJICHA LIiJIeCTIPIMOBaHUMH aTakamu briJIA
Ha TpaHC(POPMATOPHI MiJACTAHIIII, IO CIIOHYKAJIO /10 BIPOBAKEHHS MACUBHOTO 3aXHCTY y BUTJISIL
CTaJIeBUX AaHTHJIPOHOBUX eKpaHiB. [IpoBeneHO aHai3 OCTaHHIX MOCTIKEHb 1 MyOmiKamii mojo
3arpo3 BiJ IPOHIB JJIsI €HEPrOMEPEK Ta ICHYIOUMX METOMIB 3aXUCTy. PO3rIsHYTI KOHCTPYKTHBHI
pillIeHHS 3aXMCHHUX E€KpaHiB, a TAKOXX MPEACTABICHO PE3YJIbTAaTH NMPAKTHYHOTO BIPOBAKEHHS B
Vkpaini. BukoHaHO y3araJlbHEHHSI BHUMOT JIO0 NPOEKTYBaHHSA: BHOIp MartepiajiiB, 3a0e3TMedeHHs
noTpiOHOT BUCOTH Ta BiJICTaHI €KpaHy, MOIYIbHICTh Ta PEMOHTOIPUIATHICT KOHCTPYKIII.

[IpakTuHe BOPOBAIKEHHS MPOTUIPOHOBUX 3aXMCHUX KOHCTPYKIM B YKpaiHi JUIsl 3aXUCTY
00'exTiB eHepreTuku Bij arak BIIJIA 3Ha4HO 3MEHIIMIO KUTHKICTh 3HUIICHOTO OOJAIHAHHS, IO
JIOBOJUTH iX €(hEeKTUBHICTb.

[Momane1i 1ociKeHHs TOBUHHI OyTH CIPSMOBAHI Ha ONTUMI3a1lil0 KOHCTPYKIIH (3MEHILICHHS
BHUTPATH CTAJIl 32 PaXyHOK BUKOPUCTAHHS MIITHUX CTajeH, OLIbI eEKTUBHUX CXEM MPOCKTYBaHHS
TOII0), CTAHJAPTU3ALII0 METOAIB PO3PaxXyHKy BUOYXOBUX HABAHTAXEHb JUUISI TAKUX KOHCTPYKIIH Ta
po3mupeHHss cdepu 3acToCyBaHHS — 30KpeMa, 3axXUCT HE TUIBKM BiJ JApPOHIB, ajlle ¥ BiX
apTUIIEPIMChKUX CHapsAAiB Ta pakeT. OTpUMaHi pe3ylnbTaTH Ta JOCBIJI MOXYTh OyTH BIPOBAKEHI B
IHIMUX KpaiHaxX JuIs 3aXUCTy KPUTHUYHOI 1HGPACTPYKTypH BiJ HOBITHIX TMOBITPSHHUX 3arpos.
JlonatkoBoI0 cheporo I HOAATBIINX JOCTIIKEHb 1 pO3p000K € MPOEKTYBAHHS 3aXUCHUX CUCTEM 32
MIPUHITAIIOM 00'€KTIB MOMBiMHOTO Mpu3HaYeHHs. OCHOBOIO ISl IIHOTO TMTOBUHHI CTaTH 100Ope BiIOMIi
KOHCTPYKIiT HEITMOOKUX CTaHLINA METpO.
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KaMiKaJ3e; TaCUBHUH 1HKCHEPHHUH 3aXHCT; 3aXMCHUI eKpaH; MPOTUIIAXEeTHUI 3aXUCT
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Abstract. The article addresses the reduction of risks associated with the potential emergence
of industrial hazards caused by decreased reliability of corrosion protection systems for structures,
within the framework of robust structural design (RDCPS — Corrosion Protection System under
Robust Structural Design Conditions). The proposed approach is based on the development of robust
(resilient to disturbing external influences) methods for designing primary and secondary corrosion
protection measures for metal structures. In order to improve structural operation at all stages of the
life cycle, a diagnostic and maintenance technology is substantiated. Enhanced survivability and
resistance to aggressive operational environments are achieved through effective robust design
strategies for both primary and secondary protection of metal structures against corrosion. The
proposed methodology contributes to the advancement of current standards (EN 1990) by
incorporating principles of robust design. It is established that these requirements aim to ensure the
quality of metal structures and are implemented through limit state calculations using partial safety
factors (EN 1991). Structural load-bearing capacity and durability are ensured in accordance with the
provisions of EN 1993. Characteristic values of metal structure quality indicators, protective coatings
(EN ISO 12944, EN 1461), and materials (EN 1993-1-4) are applied. The methodology proposed
herein is aimed at minimizing risks during the creation of metal structures and reducing the extent of
damage due to corrosion loss, which remains a highly relevant objective in the construction industry.

Keywords: metal structures, durability, robust design, corrosion protection, corrosion
resistance

Problem Statement. Ensuring technological safety in the construction sector and preventing
the occurrence of accidents and emergency situations of industrial origin constitute the foundation
for establishing safe living conditions and represent an integral component of the functioning of the
construction industry as a whole [1].

The inadmissibility of a steady decline in the level of safety and reliability of critical
construction facilities-particularly during the operation of civil and industrial buildings, lifting
mechanisms, and supporting structures-along with the unsatisfactory condition of equipment and
engineering networks operating in industrial environments and posing potential threats to human life,
necessitates the adoption of a comprehensive approach. Such an approach is essential for solving the
problem of ensuring technological safety and mitigating risks, utilizing the potential capabilities and
advantages of robust design methodology.

The reliability requirements for metal structures of load-bearing and lifting mechanisms are
driven by the need to reduce risk levels on a methodological basis through the application of a
process-based approach, as stipulated at the international level by ISO 9001 / IEC 300-1 standards.
The application of robust design principles allows for the formulation and implementation of
management tasks related to service life planning, reliability assurance, and justification of sequential
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stages for assessing the survivability of building metal structures. These tasks are carried out on the
basis of robust design principles, continuous improvement strategies, and control of technological
measures during project implementation [2].

Analysis of Recent Research and Publications. An analysis of current requirements for the
means and methods of corrosion protection of metal structures, along with a systematization of
classification features of aggressive environments and indicators of corrosion resistance of steels,
protective coatings, and structural joints-taking into account the nature and degree of environmental
aggressiveness-demonstrates that the issue of insufficient service life of structures operating in
varying degrees of corrosive environments is largely due to the lack of a methodological basis for
design and technological decisions related to primary and secondary corrosion protection based on
reliability indicators and safety conditions for building facilities [3, 4].

Research in this area is aimed at enabling service life extension of structures by applying
methods that ensure the durability of structural materials, while simultaneously emphasizing rational
design, the development and use of expressive architectural forms, and the application of volumetric-
planning and technological solutions. The integration of reliability conditions and structural
rationality with the parallel development of durability assurance methods is achieved through the
implementation of technological safety principles, in line with total quality management (TQM)
methodology and risk reduction strategies.

A significant level of potential risk arises when structural components remain for extended
periods in aggressive environmental conditions, which poses a threat to the quality of lifting
equipment as well as buildings and structures themselves. This, in turn, leads to heightened demands
for improving the operational performance of metal structures [5, 6].

Identification of Previously Unresolved Components of the General Problem. The life
cycle of metal structures used in cargo cranes spans a significant time interval. To obtain reliable
information and data based on statistical analysis of damage, defects, and imperfections, a prolonged
observation period is necessary, during which the collection, processing, accumulation, and storage
of data are complicated. Under these circumstances, reliability characteristics can be determined
based on the properties of the structure and the operational environment-features that exhibit mass
characteristics and are evaluated using statistical methods. These include: structural material
properties; magnitudes of external effects (frequently repeating and recorded); geometric parameters
of buildings and structures and their structural elements; and characteristics of joints, connections,
and load-handling mechanisms.

In reliability theory, these parameters are referred to as basic variables X1, X2,...Xi, which
cannot be mathematically represented as random variables or stochastic processes and must be
obtained through in-situ investigations. The limit state of a structure — defined as the presence of
defects, imperfections, or damage-is described as a function of these basic variables [6, 7]. To solve
the main task of reliability theory for load-bearing structures and to theoretically determine the
probability of failure occurrence, initial statistical data on the basic variables Xi are used.

The condition of dismantled structures, considering the most unfavourable combinations of
technological effects and the condition of individual elements, has been examined in accordance with
a methodological approach that substantiates the composition and structure of durability
parameters for controlling technological safety through risk reduction. This demonstrates the
feasibility of ensuring structural resources through a combined application of analytical methods-
enabled by a rational technological strategy and the use of advanced planning tools to promote
construction process efficiency [8].

Regardless of the structural form Sb it is necessary to determine the initial conditions and
internal states of the system. Developing a verification program requires an analysis of the structure
of the object under study-both in its operational state and under potential failure conditions of
structural elements and mechanisms. The formalization of this analysis involves describing possible
defects and damage (e.g., presence of imperfections, flaws, degradations) resulting from service life,
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disassembly, transportation, and storage-factors that are largely determined by the failure intensity
of structural components.

The introduction and definition of input functions for defective elements are carried out by
enumerating potential imperfections-such as defects and damage in steel structures of cranes, changes
in technical properties of machines and mechanisms caused by prolonged use, environmental
conditions during storage, and construction site factors. The object is described in terms of L
components. If Si is the number of possible individual imperfections of the j-th component, then the
total number M of potential imperfections for the object under control is calculated as follows:

- Ifindividual defects are present (each part contains one imperfection):

M=%y
B (1)

- Ifindividual parts contain one or multiple defects (some components contain one defect):
M2=T] . a+sj)-1 (2)

- For multiple imperfections within components and multiple imperfections across the entire
object (a component contains more than one defect):

M3=2""-1 3)

In cases where a real-world operational object is available, its technological purpose
(specifically, the order of data input at the design stage), potential imperfections, and implemented
functions can be determined, along with the methodology for diagnosing the state of structures and
joints.

The risk assessment procedure for the operation of lattice-type metal structures and the
interaction of internal parameters with major external environmental influences is presented using a
structural diagram. This diagram defines the state of the model at any moment in time t through
input variables Fi i, internal variables INi and output variables OPi where inputs and internal
variables are treated as independent variables, and outputs are their functional results [9].

A graphical representation of this diagnostic process during the monitoring procedure for
dismantling a tower crane structure is shown in the form of a block diagram (Figure 1).

|
F1 i OP1

IN1

F... Sd [N > OP...
| ﬂf

- INi —_—
Fi o QPI

—
Fig. 1. Block diagram for monitoring the state parameters of the procedure used for decision-
making in robust structural design and risk factor evaluation

The conditional decomposition of the control object (CCO) into its components is associated
with a number of objective conditions and subjective assumptions. The selected components Sb
represent structures, parts, and joints that form independent systems or elements (e.g., joints,
members, metallic structures, or engineering and technological equipment, tools, etc.).
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The control object, as a logical system, can be represented graphically, analytically, through a
physical model, or in another virtual form suitable for processing by computational methods [10-13].

Formulation of Research Goals and Objectives. The aim of this research is to identify the
factors affecting the safety of structural and joint mechanisms, analyze and systematize data
related to execution processes in spatially constrained construction environments, and determine
optimal design options from an industrial enterprise’s perspective. The research further accounts for
the forecasting and progression of defects, imperfections, and structural damage. A detailed
study was conducted focusing on the operational behavior of a cargo crane in the constrained space
of an active industrial environment. The proposed methodology is aimed at minimizing structural
risks and addresses an urgent task in the field of construction.

More specifically, the objective of this work is to identify the factors that influence the
technological safety of operational processes involving structural components and crane
mechanisms, to analyze and systematize data related to execution procedures in the limited space of
a production facility, and to determine optimal crane dismantling scenarios that provide the most
benefit for the enterprise. The study involved analysis of crane operations in the agglomeration
conditions of the metallurgical industry. The methodology is targeted at minimizing technological
risks in structural processes, which is a critical task in the field of civil engineering.

Main Material and Results. Changes in the qualitative characteristics of metal structures
under conditions of irreversible stochastic degradation processes emerge during both the erection and
operation phases of buildings and structures. Material wear is associated with the emergence and
accumulation of corrosion damage in metal elements and the deterioration of protective coatings.
The result is a degradation of geometric properties of cross-sections, a decline in mechanical
properties of materials, and ultimately, a loss of operational performance.

When structuring the data related to the operational condition of metal structures and
identifying the level of corrosion hazard, the parameters of technical condition are described using
QFD (Quality Function Deployment) methods. The structural description is implemented in the
form of individual matrices, based on the principles outlined in [11-14]. The description follows a
structural-organizational model using the House of Quality (HQ) approach (see Figure 2) in the
form of a target technological function of the object under study.

Correlation
Matrix
CTQs Relationship Matrix [TEturs
wHaTs -y
S

Regulated Quality
criteria

Correlation Importance

Fig. 2. Structural-organizational model HQ:
1 — Correlation Matrix (optional) - matrix of correlation coefficients between characteristics;

2 —HOWs, Xs- - technical characteristics; 3 — Customer Importance Levels per CTQ (Critical to
Quality) - standardized customer-driven quality criteria; 4 — Relationship Matrix - matrix of
technological parameters and constraints; 5 — CTQs, WHATSs, Y - technological function of the
object; 6 — Calculated Importance Values of the HOWs - target technological function of the object
under investigation
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Parametric Characteristics of the Structural Components of the HQ Model. The
parametric characteristics of the structural components of the HQ model include:

1 — technological function;

2 — production-technological characteristics of buildings under actual operating conditions and
environmental influence;

3 — Relationship Matrix of technological parameters and constraints;

4 — normalized quality criteria;

5 — correlation matrix - a matrix of correlation coefficients between technical characteristics
and performance parameters;

6 — target technological function.

Standardized indicators of reliability and durability are integrated. Functionally interacting
technical characteristics and operational parameters are correlated within the matrix of system
performance, ensuring consistency in evaluating the robustness of corrosion protection characteristics
RDCPS — Corrosion Protection System under Robust Structural Design Conditions [15].

Analytical Modeling of Corrosion Wear of Metal Structures

The analytical expression describing the actual condition of metal structural elements under
corrosion wear, [F(N), g/m?], is obtained using an active experimental design through fractional
factorial replication 2'°'°. The derived relationship reflects a parametric dependency under
programmable impact scenarios involving variations in structural shape parameters (j) and corrosion
exposure factors (i):

i J ij i,j—1° (4)

i=0 j=0 5)

where:
Ajg) - system variable representing corrosion losses, g/m?-year;
ai;j) - weighting factor characterizing the structural form parameters (i, j);
ao - corrosion losses of S235 steel during accelerated corrosion testing, (g/m?);
T} - time interval corresponding to stabilized corrosion losses, in years.

Expert Evaluation of the Generalized Indicator of Coating Protective Properties. The

expert evaluation of the generalized indicator of the protective properties of coatings (4:) is given by
the following expression:

(MR (6)

where:
B; - weighting coefficient for the type of degradation;
X; - relative assessment score of the i -th degradation mode.
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The evaluation results of the indicators based on formulas (2) and (3) allow for determining the
normative service life of the protective coating system (PCS):

TZ: AP(N)/ An, (7)

where: P(N) - corrosion loss of unprotected steel corresponding to the number of accelerated
test cycles N up to the established failure threshold, g/m?.

Application of Monitoring Results for Robust Design Solutions

The monitoring results of diagnostic parameters used to support decision-making in the robust
design of structures and associated corrosion risk factors were obtained under real industrial operating
conditions.

The subject of the study consisted of lattice-type steel structures forming the span system of
a gantry crane operating in the environment of an industrial facility (Figures 3, 4).

The parameters of quality indicators - including those for metal structures, structural solutions
of nodal joints, and the protective properties of anticorrosion coatings - were defined in accordance
with the framework of the proposed methodology (see Table).

i

i

T
i ":"',\Wulu‘lﬂw IM

Fig. 3. Support structure of the crane under Fig. 4. Upper bracing trusses of the crane's span
industrial site conditions structure
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Conclusions

The presented structural representation of the robust design procedure and the accompanying

visualization of the decision-making monitoring process ensure the integrity conditions of metal
structures, joints, and the safety of work execution. This is achieved through detailed identification
and characterization of specific deficiencies or nonconformities in technological implementation.

The proposed methodology enables the identification and evaluation of risks during the

planning phase of design decisions and structural modelling. This approach creates opportunities for
the economic optimization of material expenditures, aimed at reducing the overall construction costs.
The effectiveness of the methodology is enhanced when decommissioning several research objects
that were previously engaged in the production process [16].
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CraTTiO MPHUCBSYEHO 3HUKEHHIO PU3HMKIB MOXKJIMBOTO BUHUKHEHHS BUPOOHUYMX HEOE3IeK,
MOB’S13aHUX 31 3HWKEHHSAM HAJIMHOCTI CUCTEM NMPOTUKOPO31HHOIO 3aXUCTY KOHCTPYKIIiM B yMOBax
pobactroro npoekTyBaHHs KoHCTpyKIIii (CII3PK). 3anmpononoBanuii mijaxia 6a3yeTbCsi Ha pO3BUTKY
pobacTHUX (CTIMKMX a0 30ypIOBaJbHUX 30BHIIIHIX BIUIMBIB) METOJIB MPOEKTYBAaHHS 3aXO/iB
MEPBUHHOTO Ta BTOPMHHOTO 3aXHCTY METAJICBUX KOHCTPYKIIN Bix Koposii. st miaBUIICHHS
e(eKTUBHOCTI eKCIUTyaTallii Copy/A Ha BCIX eTanax iX )KUTTEBOTO LUKy OOTPYHTOBAHO TEXHOJIOTIIO
JIarHOCTHKU Ta TEXHIYHOTO OOCIyroBYBaHHS. 3POCTAaHHS )KMBYYOCTI Ta CTIMKOCTI 0 arpeCHBHUX
eKCIUTyaTaIliiHIX cepeloBHIL 3a0e3MeuyeThCs €(PEeKTUBHUMHU METOIaMH pOOACTHOTO NMPOEKTYBAHHS
CHUCTEM TEPBUHHOTO Ta BTOPUHHOTO MPOTHUKOPO3IMHOTO 3aXHCTY METaJOKOHCTPYKIIiH. Po3poOky
CIIPSIMOBAHO Ha PO3BUTOK IMOJIOKEHh YMHHUX HOpM EN 1990 3 BUKOpPHCTaHHSM NPHUHLHUIIIB
poOacTHOTO TPOEKTYyBaHHS. BCTaHOBIEHO, IO IIi BUMOTH CHpPSIMOBaHI Ha 3a0€3MEYEeHHS SIKOCTI
METAJIOKOHCTPYKIIIM 1 peami3yloTbcsi B pO3paxyHKaX 3a METOJOM TpaHMYHHX CTaHIB i3
BUKOPHUCTAHHIM 4acTKOBUX KoedirieHTiB HamiiHOCTI (EN 1991). 3aGe3nedenHst Hecydoi 34aTHOCTI
Ta JIOBIOBIYHOCTI BiI0OyBaeThCs BIAMOBIMHO 10 BuUMOr cranmapry EN 1993, [lpu mpomy
BHUKOPHUCTOBYIOTHCSI XapaKTEPUCTUYHI 3HAUCHHSI TTIOKa3HUKIB AKOCTI METaJTOKOHCTPYKIIIH, 3aXUCHUX
nokputTiB (EN ISO 12944, EN 1461) i marepianiB (EN 1993-1-4).

3anporoHoBaHa METOJOJIOTIS J03BOJsE 1MeHTU(IKYBATH Ta OIIHIOBATH PU3WKWA Ha eTari
IUIAHYBaHHS TPOCKTHUX pillleHb Ta CTPYKTYpHOTO MOJENIOBaHHS. Takui MiaxXil CTBOPIOE
MOXJIMBOCTI ISl €KOHOMIYHOI OMTHUMI3aIlii BUTpAT HA Marepiadd 3 METOK 3HWKEHHS 3arajbHUX
BUTpAT Ha OyIiBHUIITBO. EQEKTUBHICTE METOMOOTI] MiIBUIIYETHCS MPU BUBENIEHHI 3 €KCILTyaTarlii
JEKUTBKOX JOCIITHUX 00'€KTIB, SIK1 paHiiie Oyiu 3aisHl Y BUPOOHHYOMY MPOIIECI.

KarouoBi ciaoBa: wMeraneBi KOHCTPYKIIi, JOBIOBIYHICTb, poOacTHE MPOEKTYBAaHHS,
MPOTHUKOPO3IMHUHN 3aXUCT, KOPO3iiiHA CTIHKICTb.
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Abstract. Cross-beam systems involve the use of beams that are connected to each other at a
certain angle, which allows for effective load bearing and increased structural rigidity. Connections
using bolted joints with metal connectors are particularly relevant in cases where it is necessary to
increase resistance to dynamic and static loads. The paper presents the results of a study of the stress-
strain state of a joint with an original connector of a cross-beam slab made of glued wood under the
influence of a static load. Two samples of the joint connection were manufactured for testing. The
first is a prototype of a cross-beam slab joint, supported at the corners, with variable cross-sections
of elements, and the second is a control sample with constant cross-sections of elements along their
entire length. A distinctive feature of the connector for joining frame elements is the presence of a
diagonal fastening element, the connecting ends are made at an angle of 45° to the longitudinal central
axis of the connecting end of the corresponding frame element, and the two frame elements of the
building structures are connected by the edges of their connecting ends, forming an angle of 90°
between them. To analyse the stress-strain state of the element, a spatial computer model was
developed in the LIRA-CAD software package. The stiffness characteristics of the volumetric finite
elements were set taking into account the anisotropic properties of wood in accordance with
regulatory requirements. The node was modelled using rod and plate elements. The results of the
numerical experiment and testing showed that the node with the proposed connector had sufficient
load-bearing capacity.

Key words: research of the connector of the cross-beam structure node, testing of wooden
structures.

Introduction. In recent years, there has been considerable interest in the construction industry
in the use of glued laminated timber to create cross-beam structures that offer high strength and
stability. An important element of such systems are the joints that connect the individual elements
and redistribute the forces between them. One solution for fastening elements of cross-beam systems
is steel bolt connectors, which can provide high reliability of connections, combining the advantages
of' both wood and steel. Cross-beam systems involve the use of beams that are connected to each other
at a certain angle, which allows for effective load bearing and increased structural rigidity. In such
systems, connection nodes play the most important role, because the stability of the entire structure
depends on their effectiveness. Connectors that use bolted connections with metal connectors are
particularly relevant in cases where it is necessary to increase resistance to dynamic and static loads.
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Steel bolt connectors play a key role in connecting wooden elements in cross-beam structures. Bolts
ensure the rigidity of connections and contribute to the uniform distribution of stresses in the
assembly. They significantly increase the strength of the structure, as they are able to effectively resist
torsion, tension and compression that occur at the beam joints. They can be used both for connections
within a single beam and for connections between different structural elements, such as beams and
posts. Importantly, bolted connections with steel connectors have high shear strength and ensure the
stability of the structure over a long period of time. One of the main advantages of using bolt
connectors is the possibility of their precise installation and adjustment, which allows achieving
optimal strength of connections. Unlike traditional connection methods, such as adhesive or dowel
connections, bolt connectors significantly reduce the possibility of defects occurring during operation
and ensure reliability even under heavy loads. In addition, the use of bolted connections simplifies
installation and dismantling, which is important for the construction and repair of buildings. Bolts are
easy to replace if necessary, which makes the structure easier to maintain. There are many design
options for bolt connectors, but none of them can be considered universal. We offer our own design
solution and the results of its research by calculating and testing two types of joints.

Analysis of publications on testing methods for components and the nature of their
operation. The operation of bolted connectors in cross-beam systems is based on the principle of
load transfer through rigid steel elements connecting wooden beams. During operation of the
structure, when external loads are applied, the forces are transferred to the connection through bolts
and plates. Bolts distribute stress across the entire connection area, reducing the likelihood of defects
in the wood, such as cracks or chips. An important aspect is the calculation of the strength of the
connections, as incorrect installation or insufficient strength of the bolts can lead to loosening of the
joints. Load modelling and calculation of the structural characteristics of joints with bolted connectors
are important for ensuring the durability and reliability of cross-beam systems. To assess the strength
and stability of joints in cross-beam systems, several factors must be taken into account, such as load
types (static, dynamic), joint types, material, and structural design of elements. Mathematical models,
such as the finite element method (FEM), allow for accurate analysis of the stresses arising in the
joints, as well as the identification of possible critical areas with high stress levels in the connections,
which can lead to structural failure. The calculation of a bolted joint includes an analysis of stress
distribution based on the determination of the strength characteristics of wood and steel, as well as a
check for shear and torsion at the joints. The use of FEM analysis allows all the features of the
interaction of structural elements to be taken into account, which significantly increases the accuracy
of the calculation and the reliability of the final design solution. The paper ‘Strengthening of timber
structures with glued-in rods’ [1] presents the results of research on wooden structural elements
reinforced with glued-in rods and the current state of structural solutions with similar reinforcement.
It considers production methods, parameters that ensure the productivity and strength of connections,
theoretical principles for assessing their load-bearing capacity, and existing design recommendations.
The article ‘Sustainable Steel-timber Joints for Framed Structures’ [2] is devoted to the study of the
mechanical properties of joints between wooden glued panels and steel beam shelves using bolts,
screws and glue. The influence of load on shear force and destruction of contact zones is analysed.
The test results are compared with analytical calculations. The proposed models can be used for
nonlinear analysis of steel-timber elements. Useful information on the operation of nail connections
is provided in the paper ‘Plug Shear Failure in Nailed Timber Connections Avoiding Brittle and
Promoting Ductile Failures’ [3]. Based on numerous tests of connections, a model of their operation
was proposed, which took into account the influence of the stress state of the fasteners. It was shown
that shear failure occurs on the nail furthest from the free end of the wood. Increasing the distance
between fasteners reduces the risk of shear failure; the distance perpendicular to the wood fibres is
particularly important. The article ‘On the types of destruction and strength of steel-wood-steel bolted
connections loaded parallel to the fibres’ [4] presents the results of experimental studies to assess the
strength of bolted connections, in particular those subject to brittle failure. The samples were tested
for tensile strength. The test variables included the end distance, the distance between bolts, the
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distance between rows, the number of bolts in a row, the number of rows, the thickness and type of
wood element, glued laminated timber or sawn timber. The connections were tested to failure to
observe possible failure modes as the variables were changed. The results show that the current
Canadian standard approach to assessing the resistance of wood bolt connections is not optimal.
Brittle failure modes such as row shear, group pull-out and splitting were observed. Analysis of the
results shows that the longitudinal shear stress at failure is related to a parameter that is a function of
the smaller distance (distance between ends or distance between bolts) and the thickness of the
specimen. The paper ‘Load Distribution among Bolts Parallel to Load’ [5] presents the measured load
distribution between two, three, five or seven bolts in a row parallel to the direction of the applied
load for joints with different widths of the main elements of the timber and two values of the width
of the steel connecting plates. In articles [6 -10], existing types of connectors for spatial wooden
structures are analyzed. In addition to steel nodal connections, attention is paid to aluminum ones.

The aim of the research. Determine the stress-strain state of the node with the original
connector of the cross-beam plate made of glued wood under the influence of static load.

Research methodology. Two samples of the joint connection were manufactured for testing
(Fig. 1). The first was a prototype of a cross-beam floor slab joint, supported at the corners, with
variable cross-sections of elements ranging from 93 to 58 mm in height and a constant thickness of
28 mm. The second was a control sample with constant cross-sections of elements measuring 93 x 28
mm along their entire length. The material for the samples is grade II glued pine wood.

Fig. 1. Testing of the unit sample |

Crosswise — a beam slab of an inter-floor ceiling is a structure assembled from short elements
of glued wood, connected by paired connectors at each corner of the structure. The lower surface of
the slab structure has a curved flat dome shape (Fig. 2).
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Fig. 2. Structural diagram of the slab

The proposed connector can be considered universal, as it can be used to connect beam
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elements of various shapes (Fig. 3).

dizgonal bolt

Fig. 3 Universal connector

A distinctive feature of the connector for connecting frame elements is the presence of a
diagonal fastening element, the connecting ends are made at an angle of 45° to the longitudinal central
axis of the connecting end of the corresponding frame element, and the two frame elements of
building structures are connected by the edges of their connecting ends, forming an angle of 90°
between them. The invention is based on the task of developing a new, more reliable and simplified
universal connector for frame elements and a method for assembling a universal connector for frame
elements with increased stability using standard elements, such as an angle-holding node and
fastening elements, which will allow elements to be joined at right angles, significantly expanding
the creative possibilities for architects, designers and customers. This solution is particularly relevant
in the context of current trends in resource conservation, as the design and its ergonomic plastic form
contribute to savings in materials and time. The advantages of its use include the improvement of
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connections in architecture and design, the creation of connections that allow various tasks to be
performed in the field of architecture and interior design, and the ability to design and install virtually
any surface consisting of frame elements, which is especially important when constructing buildings
with non-standard shapes. A new simple way of connecting two, three or four frame elements allows
you to change structures directly on site. The connection may be required when constructing surfaces
of various shapes, including flat, vaulted, cross-shaped vaults, ruined, etc. The technology allows the
construction of stratodesic dome systems, hyperbolic paraboloids and other complex geometric
shapes. Thus, the connector greatly simplifies the process of designing and installing structures,
increasing their functionality and aesthetic appeal.

In accordance with the research objectives, a programme of experimental tests of research
samples was developed. Compression tests of samples were carried out in the laboratory of the
Department of Metal, Wood and Plastic Structures of the Odessa State Academy of Civil Engineering
and Architecture. For the test, a hinged support was created for the ends of the frame elements
connected by a connector. The static load was created by laying bricks on the platform, which
transferred the load to the connector. The deflections of the centre of the node were measured using
a clock-type indicator with a scale division of 0.01 mm and a maximum rod stroke of 10 mm

(Fig. 1).

Research results. A spatial computer model was developed in the LIRA-CAD software
package to analyse the stress-strain state of the element. The stiffness characteristics of the volumetric
finite elements were specified taking into account the anisotropic properties of wood in accordance
with regulatory requirements. The node was modelled using beam and plate elements.

Modelling of a node with a constant cross-section using beam elements. Fig. 4 shows the calculation
diagram of the node. A KE 10 beam finite element (universal beam finite element) was used for
modelling. Each element of the node is divided into 5 parts. The stiffness of all elements is the same.

Fig. 4. Calculation diagram of the node with node numbering and stiffness types

Modelling of the node using plates. Fig. 5 shows the calculation diagram of the node. The
accuracy of the finite element method calculation directly depends on the types of elements used in
the calculation and the level of idealisation of the structure. To compare the calculation results, an
additional model of the node was constructed using flat finite elements KE 44 universal quadrangular
KE shell. This KE is designed to calculate the strength of thin shells (plates, beams, walls).
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Fig. 5. Calculation diagram of the node using KE44

The load was applied in increments of 0.05 kN, with a total of 12 load steps and a maximum
load of 0.7 kN. The calculation resulted in the distribution of stresses in the elements (stress isopoles)
and the displacement of the nodes. Fig. 6 shows the stress isopole at the 12th load step, and Figs. 7
and 8 show the displacement of the node centre.
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Fig. 6. Calculation results at 12 load steps, ox, kN/m?

The results of calculations of node displacements with constant cross-section elements and
experimental data are presented in Table 1. The deviation of the calculation results from the
experimental data was determined. Thus, at the maximum load value of 0.7 kN, the relative deviation
in displacement was 31% for the calculation with bar elements and 22% for the calculation with plate
elements. It should also be noted that when calculating with bar elements, the displacement is less
than the experimental one, and when calculating with plate elements, the displacement is greater than
the experimental one, which can be used as a safety margin.

Table 1
Load on the Vertical displacement, mm Relative deviation, %
node Calculation | Calculation Research Calculation | Calculation
kH rods of plates of rods of plates
0 0 0 0 0 0
0.05 -0.01957 -0.0354 -0.01 96 254
0.1 -0.03914 -0.0695 -0.05 22 39
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0.15 -0.05871 -0.10425 -0.082 28 27
0.2 -0.07829 -0.13901 -0.127 38 9
0.25 -0.09786 -0.17376 -0.152 36 14
0.3 -0.11743 -0.20851 -0.19 38 10
0.35 -0.13701 -0.24327 -0.22 38 11
0.4 -0.15658 -0.27802 -0.242 35 15
0.45 -0.17615 -0.31277 -0.27 35 16
0.5 -0.19572 -0.34753 -0.3 35 16
0.55 -0.2153 -0.38228 -0.325 34 18
0.6 -0.23487 -0.0834 -0.35 33 23
0.65 -0.25444 -0.45178 -0.375 32 20
0.7 -0.27401 -0.48654 -0.4 31 22

Fig. 7 shows a graph of the dependence of displacements on load for experimental and calculated
data
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Fig. 8. Graph of the dependence of displacements on load for experimental and calculated data

The results of calculations of node displacements with variable cross-section elements and
experimental data are given in Table 2. The deviation of the calculation results from the experimental
data was determined. Thus, at the maximum load value of 0.7 kN, the relative deviation in
displacement was 44% for the calculation using rod elements and 12% for the calculation using plate
elements.
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Table 2
Load on the Vertical displacement, mm Relative deviation, %
node, Calculation | Calculation Research Calculation Calculation
xkH of of plates of rods of plates
rods
0 0 0 0 0 0
0.05 -0.02203 -0.04388 -0.05 56 12
0.1 -0.04406 -0.08777 -0.092 52 5
0.15 -0.06608 -0.13166 -0.12 45 10
0.2 -0.08811 -0.17555 -0.17 48 3
0.25 -0.11014 -0.21944 -0.205 46 7
0.3 -0.13217 -0.26333 -0.25 47 5
0.35 -0.1542 -0.30722 -0.3 49 2
0.4 -0.17623 -0.3511 -0.35 50 0
0.45 -0.19826 -0.39499 -0.37 46 7
0.5 -0.22029 -0.43888 -0.4 45 10
0.55 -0.24232 -0.48277 -0.44 45 10
0.6 -0.26435 -0.527 -0.47 44 12
0.65 -0.28638 -0.57055 -0.5 43 14
0.7 -0.30841 -0.61444 -0.55 44 12
Conclusions

1. The proposed design of an original connector for cross-beam structures made of glued
laminated timber.

2. The results of the numerical experiment showed sufficient load-bearing capacity of the node
with the connector.

3. Modelling of nodes using different types of finite elements gives different results compared
to experimental data. Plate elements provide more accurate displacement results than beam elements.

4. The use of plate elements allows for a safety margin, which can be useful in structural design.

5. The maximum deviation between calculations and experimental data for beam elements is
greater than for plate elements, which should be taken into account when choosing a modelling
method.
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Anoranisi. IlepexpecHo-0anouHi cUCTEMH Tmepeadadyar0Th BUKOPUCTaHHS OajokK, sKi
3'€ IHYIOTBCSI OJTHA 3 OJTHOIO M1 IEBHUM KYTOM, 1110 JIO3BOJIsIE €PEKTUBHO CIIPUMMATH HaBaHTAKECHHS
Ta TIIBUIIUTH >KOPCTKICTh KOHCTPYKIii. By3mu, 1m0 BUKOPHUCTOBYIOTH OONTOBI 3'€qHAHHS 3
METAJICBUMH KOHEKTOPaMH, CTalOTh OCOOJIMBO aKTYaIbHHMMH B THX BHUMAJKaX, KOJIU HEOOXITHO
MIJIBUINATA CTIHKICTh 70 AWHAMIYHUX Ta CTaTUYHUX HaBaHTaXeHb. B poOoOTi mpeacraBieHi
pe3yabTaTh AOCIHIPKEHHS HAPYXeHO — Ae(OpPMOBAHOTO CTaHy By3Jia 3 OPUTIHATBHUM KOHEKTOPOM
MepexXpecHo — OAIOYHOI IUTUTH 3 KJICEHOI IEPEBUHH il BIUIMBOM CTATUYHOTO HaBaHTaxeHHs. s
BUNIPOOYBaHHS OYyJ0 BUTOTOBIICHO JBa 3pa3Ku BY3J0BOTO 3'emHaHHs. [lepmuii — mpoToTHm By3ia
MepeXpecHO — 0ATOYHOT IJTUTH MEPEKPUTTS, OOMIEPTOT MO KyTaxX, 31 3MIHHIUMH TIepepi3aMu eJIEMEHTIB,
1 Ipyruil - KOHTPOJIBHUN 3pa30K 3 MOCTIMHMMHU Tepepi3aMH €JIEMEHTIB MO BCIH IXHIH JOBXKHHI.
OcoOMBICTh KOHEKTOPA 3'€IHAHHS €JIEMEHTIB KapKacy - HasBHICTH J[1arOHAJIBHOTO KPIMMJIBHOTO
€IIEMEHTY, 3’€JHYBaHI TOpIl BHKOHaHI MiJ KyToM 45° 10 MOB3MOBXKHBOI LEHTPAIBHOI OCI
3’€THYBAHOTO TOPIISI BIMOBITHOTO KAPKACHOTO €JIEMEHTA, a JIBa KAPKACHHUX €JIEMEHTa OyIiBEIThHUX
KOHCTPYKIIN CHOJy4eHi TpaHsIMHU iX 3 €IHYBaHUX TOPIIB 3 yTBOpEHHsM KyTa 90° mix Humu. s
aHaII3y Hanmpy»XeHo-1e(opMOBaHOTO CTaHy elIeMEeHTY B nporpamMmHomMy komiuiekci «JIIPA-CAIIPy
Oyna po3pobieHa MPOCTOpoBa KOMM'IOTEpHA MOJENb. XapaKTEPUCTUKH >KOPCTKOCTI 00'€eMHUM
CKIHYEHHUM €JIEMEHTaM 3aJaBalliCsi 3 ypaxXyBaHHSM aHI30TPONHHMX BIACTUBOCTEH JEPEBHHU
BIJIMOBIAHO JI0 HOPMATUBHUX BHUMOT. MOJEMIOBaHHS BYy3Ja BHUKOHYBAJIM CTPHIKHEBUMH 1
TUTACTUHYATHMH €JIEMEHTaMH. Pe3yibTaTh 4YHCEIhbHOTO €KCIIEPUMEHTY i BHIPOOYBaHHS MOKA3aJIN
JOCTAaTHIO HECYYY 3JaTHICTh By3Ja 3 IPOIIOHOBAaHUM KOHEKTOPOM.

Kiro4oBi cioBa: J0CHiUKEHHS KOHEKTOpa By3Ja IepeXpecHO-0aJKOBOI KOHCTPYKIII,
BUMPOOYBaHHS ACPEB'THUX KOHCTPYKIIIH.
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Abstract. The research focuses on evaluating the mechanical contribution of the PU foam and
sheathing to the load-bearing capacity, stiffness, and failure modes of the LSF system. Two groups
of specimens were tested under axial compression: (1) bare LSF structures consisting solely of cold-
formed C-profiles, and (2) composite panels consisting of the same LSF frame, a PU foam core
injected under pressure, and external gypsum fibreboard sheathing. The experimental results
demonstrate a substantial enhancement in structural performance due to composite action. Composite
panels achieved an average load-bearing capacity of 316.7 kN, more than double that of the bare LSF
structures, which averaged 133.4 kN. In addition, the composite panels exhibited significantly higher
ductility, with average vertical displacements at peak load reaching 10.27 mm, compared to 5.43 mm
for the LSF frames. The initial stiffness of the composite system was also markedly improved,
reaching 45.76 kN/mm approximately 1.5 times greater than that of the LSF structure alone. The PU
foam, injected in a controlled industrial process, ensures a uniform and firm bond with both the steel
frame and the sheathing, enabling effective composite action and resistance to local and global
buckling. Visual inspection and load-displacement analysis confirmed that while the bare LSF
structures failed by local and out-of-plane buckling, the composite panels maintained stability and
failed primarily through localized crushing, without global loss of structural integrity. These findings
underscore the structural benefits of using composite panel systems and provide a foundation for the
development of design models and future standardization of this type of construction element.

Keywords: Light steel frame; composite wall panel; polyurethane foam; load-bearing capacity,
failure mode

Introduction. Structures made of Light Steel Frames (LSF) are used worldwide as building
systems capable of achieving low energy consumption. This is due to their lightweight, production
under controlled conditions, fast and precise assembly, shorter construction time, potential for reuse
and recycling, automated manufacturing processes, high execution accuracy, reduced transport costs,
and the possibility of using modern insulation materials as an integral part of energy-saving
construction. Because of these advantages, LSF systems are recognized as alternatives to traditional
masonry and reinforced concrete structures.

In recent years, composite walls with LSF structures filled with lightweight materials have
emerged as relatively new products in the construction industry. Numerous studies have investigated
the structural performance of these walls [1-3], with favourable findings. Incorporating various load-
bearing materials into the wall frame fill can provide additional bracing, prevent local buckling of the
LSF frame, and simultaneously improve the wall’s axial compressive strength, seismic performance,
and ductility. In addition to filling LSF composite walls with lightweight materials to enhance their
structural performance, another approach involves reinforcing the walls with sheathing boards.

-34 -



CyuacHi 6ydieenvhi KOHCMPYKYii 3 memany ma depegunu, 2025. — Bun. Ne 29 (cTop. 34-40)

Several studies have examined the influence of sheathing on the load-bearing capacity of LSF
composite walls [4—6], concluding that sheathing can limit deformation and global buckling.

The company Tehnoplast profili d.o.o., in collaboration with the Faculty of Civil Engineering
at the University of Rijeka and the company Palijan d.o.0., has developed an advanced system of
nearly zero-energy prefabricated buildings using innovative composite wall and ceiling panels. The
panel essentially consists of an LSF structure, gypsum-fibreboard sheathing, and a polyurethane (PU)
foam infill. A key difference from existing panels lies in the PU foam filling process, which is injected
under pressure in controlled factory conditions, unlike conventional panels filled on-site. This ensures
uniform distribution of the foam within the panel, enabling bonding to both the sheathing and steel
structure and facilitating composite action of all components [7]. Thus, beyond providing thermal and
acoustic insulation, the PU foam contributes to the load-bearing capacity of the steel structure, which
is otherwise vulnerable to buckling.

The aim of this paper is to investigate the contribution of the PU foam core and sheathing to
the load-bearing capacity and stability of the LSF structure. This was achieved through experimental
research on LSF structures and LSF structures sheathed with gypsum-fibreboard and filled with PU
foam (composite panel). The influence of PU foam and sheathing on the behaviour of the LSF
structure was analyzed including load-bearing capacity, ductility and failure modes. Current EU
building regulations do not provide specific guidelines for this type of structural element, so the
results of this research may serve to define the relevant parameters necessary for developing
resistance design models, thereby providing a scientific basis for future standardization.

Test setup and description. Uniaxial compression tests were conducted on two groups of
specimens: LSF structures CO (Figure 1a) and composite panels C (Figure 1b). The LSF structure
was made of cold-formed thin-walled C-profiles, using standardized S550GD grade steel. The
nominal thickness of the C-profiles is t = 1.15 mm. The C-profiles are connected with M6 self-tapping
screws of grade 10.9. Angle brackets were placed at the ends of vertical elements within the cross-
section. The composite panel specimens consist of the aforementioned a LSF structure (1), PU foam
infill (2) with a nominal density of 45 kg/m? and lining (3) made of Fermacell® gypsum
fiberboards12.5 mm thick.

The dimensions of the LSF structure are 1800x2000x89 mm, while the composite panel
measures 1800%2000x160 mm. The LSF structure specimens are labelled as C0-x, where the first
letter C denotes compression testing (C — compression), the second symbol 0 refers to specimens
consisting only of the LSF structure, and the third symbol x denotes the specimen number from 1 to
4. Composite panel specimens are labelled as C-x, where the first letter C denotes compression testing
of composite panels, and the second symbol x denotes the specimen number from 1 to 5.

Angle bracket

(1) LSF structure

/ \— (2) PU foam infill

(3) Gypsum fibreboard
sheathing

(a) (b)
Fig. 1. Test specimen for (a) LSF structure and (b) composite wall panel

The compression tests of the specimens were carried out in the Structure Laboratory at the
Faculty of Civil Engineering in Rijeka, using a Zwick/Roell actuator with a capacity of 500 kN. A
total of four LSF structure specimens and five composite panel specimens were tested. The specimen
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was placed in a vertical position and fixed to the loading beam using four M12 grade 10.9 bolts. The
specimens were bolted to the web and flange of an HEB140 profile via angle brackets located at the
bottom ends of the vertical elements.

To ensure a rigid bolted connection without slippage between the specimen and the loading
fixture, the bolts were tightened with a torque wrench to a tightening torque of 51 Nm. Slip resistance
between the fixture and the specimens was provided by the clamping force of the bolts, corresponding
to 50% of the tensile strength of M12 grade 10.9 bolts. Loading of the test specimen was performed
via a loading beam to ensure uniform load application. To achieve even load distribution, an
additional beam was placed on top of the loading beam with a distance between the hinge supports
of 1055 mm. Figure 2 shows the test setup for the LSF structure specimens, including the specimen
support beams, upper and lower reaction beams and the loading beam. To prevent specimen
overturning and potential stability loss, a LSF supporting frame (Figure 3) laterally supported both
the LSF structure and composite panel specimens.

Displacement
control

Actuator piston
Zwiclk/Roell

Loading
beam

LSF Uppelfer:l:;ctlon
structure LVDT-H1
specimen
Lower reaction
beam

Fixed
support

beam

Fig. 3. LSF supporting frame

Compression tests were conducted in accordance with the recommendations of ASTM E72-15.
The load was applied using a vertically positioned actuator with a capacity of 500 kN, operated in
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displacement control mode, with a displacement rate of 2.5 mm/min. The load was applied to the
specimen as a distributed line load, parallel to the specimen.

During testing, displacements were measured using LVDT devices (Figure 2). Vertical relative
displacement was measured using four LVDTs placed near the panel edges on each side of the
specimen, mounted on the upper and lower reaction beams (LVDT-BL, LVDT-BR, LVDT-TL, and
LVDT-TR). Horizontal deflection of the specimen was measured using five LVDTs placed on one
side of the specimen at mid-height (LVDT-HI to LVDT-HS).

The end of the test was defined as a drop in vertical force exceeding 20% for steel structure
specimens, and 60% for composite panel specimens.

Test results. The results of the compression tests are presented in Table 1. The maximum force
Fax Was recorded just before failure. The vertical displacement Av was measured at the maximum
force, and the stiffnes Ev was determined from the load—displacement ratio, expressed in kN/mm.
Load—displacement curves, expressed in N and mm, are shown in Figure 4. Steel structure specimen
CO0-1 was a trial specimen tested at a displacement rate of 1 mm/min, which proved to be too slow;
therefore, the remaining specimens were tested at a rate of 2.5 mm/min. When calculating average
values, the results of trial specimen CO-1 were not taken into account.

The results of the conducted tests indicate significant differences in the mechanical behaviour
between the LSF structure and the composite panel, particularly in terms of load-bearing capacity,
vertical displacements, and system stiffness. The average maximum force sustained by the LSF
structure was 133.38 kN, whereas the composite panel achieved a substantially higher value of 316.7
kN, representing more than a twofold increase in load-bearing capacity compared to the LSF system.
Regarding deformation capacity, the average vertical displacement (Av) at peak load was 5.43 mm
for the LSF structure and 10.27 mm for the composite panel. These results indicate a greater
deformation capacity of the composite panel, implying higher ductility in comparison to the
conventional LSF structure.

Table 1 Results of compression test

Specimen Fman Av Ey Failure mode
p [kN] [mm] [kN/mm]
LSF structure
Co* 133,38 5,43 31,02 -
Co-1 131,07 4,53 30,13
Co-2 136,98 5.76 29.96 Local buckling of C-profile webs
and flanges, failure by out-of-
Co-3 129,09 4,98 32,39 plane buckling
Co-4 134,07 5,56 30,70
Composite panel

C* 316,71 10,27 45,76 -

C-1 314,27 12,47 47,51

C-2 315,04 9,16 42,00 Local buckling of C-profile webs
C-3 316,05 11,87 45,59 followed by compressive failure
C-4 322,37 8,87 47,91 (crushing) of the web

C-5 315,82 8,96 45,77

*average value
* Av — relative vertical displacmenet obtained by equation Av = 0.5%((Xvvpr-1i - Xvvor-s1) + (Xevpr-1r - XLvDT-BR))

The load—displacement curves obtained for the LSF structure specimens (labelled as C0) and
composite panels (labelled as C) reveal pronounced differences in mechanical behaviour, particularly
in the elastic and post-elastic deformation phases. Analysis of the elastic portion of the diagrams
indicates that the composite panels demonstrate greater elastic deformation capacity before entering
the plastic region, suggesting a higher level of initial stiffness and greater resistance to deformation
at lower load levels.

The average initial stiffness of the LSF structures is 31.02 kN/mm, whereas the composite
panels achieve an average stiffness of 45.76 kN/mm. This represents an increase of approximately
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1.5 times in favor of the composite panels, confirming their superior load transfer capability and
resistance to deformation in the initial loading phase.

After reaching the maximum load, the load—displacement curves of the LSF specimens show a
sudden drop in capacity, caused by local buckling of profile elements, specifically the flanges and
webs. This local instability progressively develops into a global loss of structural stability, ultimately
resulting in failure. In contrast, the composite panels maintain load-carrying capacity beyond the peak
point, indicating greater ductility and improved stability.

These results clearly illustrate the advantages of composite panels in terms of initial stiffness,
structural stability, and ductility, thereby confirming their superior mechanical response compared to
LSF structures without sheathing and infill.

350

300

—CO0-1
—C0-2
~——CO0-3

7 C0-4
100 —C-1

—C-2

50 —C-3
—C-4

0 —C-5

0 5 10 15 20 25
Displacement [mm]

Fig. 4. Load-displacement curve

Visual inspection of the steel structure specimens and composite panel specimens after testing
revealed the governing failure mechanisms. In the steel structure specimens, local buckling of the
compressed flanges and webs of the C-profiles occurred first, followed by a loss of panel stability
through global out-of-plane buckling (Figure 4a). In the composite panel specimens, local buckling
of the C-profile webs was observed, followed by web crushing (Figure 4b). No global instability or
out-of-plane buckling was observed in the composite panel specimens.

(b)

Fig. 5. Failure modes of a) LSF structure and b) composite wall panel

-38 -



CyuacHi 6ydieenvhi KOHCMPYKYii 3 memany ma depegunu, 2025. — Bun. Ne 29 (cTop. 34-40)

Conclusions. The experimental research conducted on light steel frame (LSF) structures and
composite wall panels composed of LSF, PU foam, and gypsum fibreboard sheathing has
demonstrated significant improvements in mechanical performance due to composite action. The
main conclusions are as follows:

e Composite wall panels exhibited more than twice the average load-bearing capacity compared
to bare LSF structures (316.7 kN vs. 133.38 kN). This highlights the significant structural
contribution of both the PU foam infill and the gypsum fibreboard sheathing.

e The composite panels showed higher average vertical displacements at maximum load (10.27
mm) compared to the LSF structures (5.43 mm), indicating improved ductility and energy
dissipation capacity.

e The initial stiffness of composite panels (average of 45.76 kN/mm) was approximately 1.5
times greater than that of the LSF structures (average of 31.02 kN/mm), suggesting better
resistance to deformation under service loads.

e LSF structures mainly fail due to local and global buckling of thin-walled steel profiles,
composite panels failed due to localized crushing of C-profile webs without global instability.
This confirms that foam infill and formwork significantly improve the overall stability of the
panels.

e The results clearly show that the combined contribution of PU foam and gypsum fibreboard
enables effective composite action, leading to a synergistic improvement in structural
behaviour, including strength, stiffness, and stability.

These findings support the use of PU foam-injected composite panels in lightweight
construction and suggest that their structural behaviour should be considered in future design models
and building regulations. Further research is recommended to explore long-term performance, fire
resistance, and behaviour under seismic or cyclic loads.

Acknowledgment. This research was funded by “Prefabricated buildings of almost zero energy
produced in an industrial way”, grant number KK.01.2.1.02.0046, financed from the European Fund
for Regional Development with the financial support of the University of Rijeka.
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Bya. [inbepka 1, 10000 3arpe6, XopBaTis

AHoTanig. JlocmiKeHHsT 30cepe/KeHe Ha OIiHII MEXaHIYHOTO BIUTUBY MIHOMOJIypeTaHy
(PU) Ta oOnuiroBaHHsT Ha HECydy 3JaTHICTh, JKOPCTKICTh 1 MEXaHI3MH PyWHYBaHHS CHCTEMH 3
xonoaHornyroro craieBoro kapkacy (LSF). IlpoBeneno BumpoOyBaHHS BOX T'pyH 3pas3KiB MiJ
ocboBUM CcTHCKOM: (1) HeoOmuiboBani LSF-koHCTpyKIii, MmO CKIaAalOThCAd BUKIIOYHO 3
xonoaHorHyTux C-mpodiniB, Ta (2) KOMIIO3UTHI MaHeNi, SKi BKJIIOYAIOTh TOM caMHMil cTaneBUl
KapKac, CEepLEeBUHY 3 IIHOMOJNIypeTaHy, MOJAHOTO TiJ THCKOM, 1 30BHINIHE OOJUIIOBAaHHS 3
TIIICOBOJIOKHUCTUX IUIUT. Pe3ynbTaTH eKCIEpUMEHTY JIeMOHCTPYIOTh CYTTEBE IOKPAILICHHS
KOHCTPYKTHBHHX XapaKTEPHUCTHK 3aBJISIKA KOMITO3UTHIH 1i. KOMITO3UTHI aHesi 10CATIN cepeaHbol
Hecydoi 31aTtHocTi 316,7 kH, mo 6inpIn HIX yABIUl MepeBUINY€e MOKa3HUK HeoOmuiboBaHux LSF-
KOHCTpYKITiK (y cepenuboMy 133,4 xkH). KpiM Toro, KOMImo3uTHi MmaHesi MOKa3ajlyd 3HAYHO BHUIILY
IUTACTUYHICTD, 13 CEpeAHIM BEPTUKAIBHUM IEPEMILICHHSIM NpPU MaKCHUMaJIbHOMY HaBaHTaXXEHHI
10,27 mm mipotr 5,43 MM [u1s cTajeBUX KapkaciB. [ToyaTkoBa >KOPCTKICTh KOMITO3UTHOI CHCTEMH
TaKoX 3Ha4yHO 3pocia — 1o 45,76 kH/MMm, mo npubnusno y 1,5 pasa Oinblne, HiXK y Kapkacy 0e3
HaroBHeHHs. [liHOMoMmypeTaH, J0IaHUi Y KOHTPOJILOBAHOMY ITPOMHCIIOBOMY ITPOIIEci, 3a0e3neuye
OJTHOpIJTHE Ta MIIHE 3YETUICHHS K 31 CTAJIEBUM KapKacoOM, TaK i 3 OOJHUIIOBAHHSM, 10 3a0e3reyye
e(eKTUBHY KOMITO3UTHY IO Ta MiJBHUIICHUNA OIMip J0 JIOKAJBHOI Ta 3arajbHOi BTPATH CTIMKOCTI.
BizyanpHuil ormsi Ta aHaii3 KPUBUX HaBaHTAKEHHS-TICPEMINICHHS MiATBEpIvIH, 1m0 Toai sk LSF-
KOHCTPYKITIT 3a3HaBaJIM JIOKAJTLHOTO Ta MO3aIJIOMIMHHOTO BUTTMHAHHS, KOMITO3UTHI TTaHe 1 30epirain
CTaOUIbHICTh 1 pyHHYBAJIUCS MEPEBAXKHO Yepes3 JIOKAIbHE 3MUHAHHS 0e3 3arajibHOi BTpAaTH HECY4ol
3natHocTi. L{i pe3ynbTaty miKpecioTh NepeBaru BUKOPUCTAHHS KOMIIO3UTHUX aHEJIbHUX CUCTEM
1 3aKJIaJJAI0Th OCHOBY JIJIsl PO3POOKHU MPOEKTHUX MOZETEH 1 MaOyTHBOI CTaHapTH3AIlil TAKOTO THITY
KOHCTPYKTUBHHUX €JIEMEHTIB.

KiarouoBi ciaoBa: XONOZHOTHYTHMH CTalieBUii KapKac, KOMIIO3WTHA CTiHOBa TIaHEIb;
MHOMOIypeTaH; HeCyda 31aTHICTh; MEXaHI3M pyHHYBaHHSI.
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Abstract. Compared to traditional building materials and techniques, the use of prefabricated
modular structures has the potential to solve the problems of environmental impacts such as energy
consumption and the associated carbon dioxide emissions. The use of materials with a high potential
for recycling and reuse, such as steel in the form of rolled or cold formed profiles, is fully in line with
the principles of the circular economy - a shift from a linear to a circular material use.

Unlike rolled profiles with open and closed cross-sections made of structural steels, which use
intumescent paints for fire protection, cold-formed steel profiles, due to their relatively small
thickness, require the use of fireproof coatings of greater thickness (10-15 mm) based on gypsum or
perlite. For galvanized profiles, the only fire protection method available is cladding using various
types of fireboards.

The investigation of steel volumetric modules design economic factors influenced by different
methods of fire protection were conducted at the Department of Metal, Wooden and Plastic
Structures. Further investigation of economical design related factors of fire resistance of cold formed
structures of volumetric modular construction intended to fill the gap.

The research is focused on the performance of cold formed steel bearing structures, as well as
fire resistance of cold formed steel profiles and fire protection methods.

Keywords: cold formed steel, 3D-volumetric modules, fire resistance, steel buildings.

Introduction. Modern trends and directions of development of the global industry in general
and construction in particular should take into account the solution of immediate practical problems
of several global challenges.

The construction industry is currently responsible for a significant share of energy consumption
and the associated carbon dioxide emissions. The “carbon footprint” of construction products consists
of the extraction and processing of fossil fuels, manufacturing of materials, transportation, operation
of machinery and equipment, construction and operation of buildings and structures, etc. In addition,
construction production is responsible for the consumption of almost half of all extracted raw
materials [1].

However, the environmental impact of construction production does not end with the life cycle
of a building or structure. Both construction and demolition of obsolete and outdated facilities
increase the amount of industrial waste that needs to be recycled or disposed of. To this list should
be added facilities damaged by natural disasters that have become more frequent as a result of global
warming and facilities damaged as a result of terrorist acts and hostilities related to armed aggression
by the Russian Federation.

Compared to traditional building materials and techniques, the use of prefabricated modular
structures has the potential to solve the above problems. "Shifting the industry dynamic from projects
to products" [2] through factory production allows to reduce the quality of construction products and,
accordingly, the need for materials, the amount of waste and the amount of energy consumed. The
use of materials with a high potential for recycling and reuse, such as steel in the form of rolled or
cold formed profiles, is fully in line with the principles of the circular economy - a shift from a linear
to a circular material use.
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Despite the fact that definitions of circular economy are vary from framework to framework,
most of them originated to “ISO/DIS 59004 Circular Economy — Terminology, Principles and
Guidance for Implementation”. The standard specifies the term “circular economy” as an economic
system that uses a systemic approach to maintain a circular flow of resources through recycling,
maintaining or increasing their value, and which contributes to sustainable development. Commonly,
principles of circular economy refer as “4R” — “reduce, reuse, recycle, recover” [3].

Ensuring the durability, maintenance and safe operation of steel structures in general and
modular structures in particular depends, not least, on the fire resistance of structures, which requires
appropriate fire protection measures to ensure that the regulatory parameters are met.

Literature review. The research is focused on the performance of cold formed steel bearing
structures, as well as fire resistance of cold formed steel profiles and fire protection methods. To
analyze the relationships between key concepts in the literature related to cold form steel, fire
resistance, and volumetric modular construction, VOSviewer 1.6.20 [4] software has been employed
for creating network maps from scientific publications, providing visualization of terms
interconnection and clustering based on co-occurrence analysis of keywords within the titles,
abstracts, and texts of the articles.
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Fig. 1. Keyword mapping with VOSviewer 1.6.20
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Fig. 1 presents the keyword map generated by VOSviewer 1.6.20. The nodes (“clusters”) in the
map represent the frequency of using keywords and their combinations. The connections between
clusters indicate co-occurrence related to the same topics. The size of each cluster reflects the number
of references to the particular keyword, and the density of the lines represents the strength of
relationships between topics.

Besides the two major nodes in the analysis (“engineering” and “structural engineering”) the
most distinguished are “buckling”, “finite element method”, “computer science”, “eurocode”, and
“fire performance”, highlighting the significance of these topics in recent researches. The time scale
shows predictable tendency to shift related to researches social topics toward “ecology”.

The researches of cold-formed steel structures largely divided on two main groups: one group
concentrated on the joints rigidity problems; other — investigated lateral stability and performance of
stud wall systems.

Relatively small number of researches studied stud wall bearing capacity and their behavior
under vertical load [5] or the influence of multi-hazard interactions, such us the fire pre-damage
effects on the lateral load resistance of the strap-braced walls [6].

Among others, need to mention full-scale fire tests that investigated and characterized the
collapse behavior of a single storey cold-formed steel (CFS) building [7] and related modelling of
temperature effects using finite element method. The FE model developed in this study, simulated
the performance of cold-formed steel cantilever wall/truss system at elevated temperatures. The FEA
results demonstrated acceptable correlation with the full-scale fire test results, in terms of failure
behavior, angle displacement and collapse temperature. It also proved that plaster board had
significantly improved the thermal and structural performance of cold-formed steel stud wall panels.

Analyzing the mentioned above, it is safe to say that energy-saving and cost-effective solutions
should be incorporated at the design stage, choosing those that are most effective in the long run.
When choosing design solutions, it is necessary not only to ensure compliance with existing
regulations and regulatory guidelines, but with frameworks that outline the prospects and directions
of development of modern society.

Review Aims and Scope. Unlike rolled profiles with open and closed cross-sections made of
structural steels, which use intumescent paints for fire protection, cold-formed steel profiles, due to
their relatively small thickness, require the use of fireproof coatings of greater thickness (10-15 mm)
based on gypsum or perlite [8]. For galvanized profiles, the only fire protection method available is
cladding using various types of fireboards.

The investigation of steel volumetric modules design economic factors influenced by different
methods of fire protection were conducted at the Department of Metal, Wooden and Plastic Structures
[9]. Further investigation of economical design related factors of fire resistance of cold formed
structures of volumetric modular construction intended to fill the gap.

Research Methodology. Similar to the previous research [8] the modules of overall size
3825%x7650%x3360 mm were designed by 3D modelling software Autodesk Advance Steel with a
frame made of cold formed profiles (“Pruszynski”) - stud walls with the plasterboard on both sides.
Based on recommendation [8], alternative design developed with back-to-back (BB) composite
profiles. For comparison purpose design with a frame made of rolled profiles (IPE I-beam and RHS
profiles with light-weight decking) [9] have been included.

Research results. The results of the comparison of structural design solutions in factors of the
dead weight of steel structures, the construction weight of the structural elements of the module and
the cost, including fire protection of steel structures by applying intumescent paint to meet
requirements of fire resistance class R30, fire protective coating and fire rated plaster boards to meet
requirements of fire resistance class REI30, are shown in the following diagrams (the most effective
of the solutions for each comparison category stated as 100%).
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Weight of Steel per Module
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Fig. 2. Steel consumption per module ratio
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As shown (Fig. 3), IPE rolled profiles frame is the best for reducing shipping weight of the
modules (option with regular joists and composite deck)
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Fig. 3. Gross weight of the module structures comparison
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Total Structural cost per sg.m. of Module's Area including Fire
Protection
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Fig. 4. Structural cost per sq.m. including Fire Protection (R30 for IPE and RHS, REI30 for CFS &
plaster board assemblies)

Comparison of structural (net) cost of steel fabrication, plasterboard assemblies along with fire
protection material demonstrates that modules cold-formed profile frames is the most effective design
solution in terms of economic factors and workability ( Fig. 4).

Conclusions.

1. The module frame elements in the form cold-formed profiles with plasterboards assemblies
are more economically effective in terms of steel consumption per sq.m. of total area, however, the
module frames made of RHS elements demonstrated almost similar efficiency with application of the
intumescent paint (for fire resistance class R30 and more).

2. Thick fire protective coating (10-15 mm) is the least effective of the reviewed methods of
fire resistance improvement of cold formed profiles.
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Ooecvka depacasna akademis 6YOiBHUYMBA MA apXimexmypu

AHoTauisi. Y TOpPIBHAHHI 3 TPaJAULIIMHUMH OYIIBEIbHUMH MaTepiajlaMd 1 TEXHOJIOTISIMH,
BUKOPUCTAHHS IIBUIKOMOHTOBAaHUX MOMAYJIBHHX KOHCTPYKIIH Ma€ MOTEHIal i BUPIIICHHS
po0JieM BIUIMBY Ha HABKOJHIIHE CEPEIOBUINE, TAKUX K CIOXHBAHHS CHEPTii Ta MOB'S3aHi 3 UM
BUKHUIM BYIJIEKUCIOrO Ta3y. BuKopucTaHHS MaTepialiB 3 BHCOKHM IOTEHIIaJIOM MEpepoOKH Ta
MMOBTOPHOT'O BUKOPUCTAHHSI, TAKHMX SIK CTaJIb Y BUTJISAII TPOKaTy 200 X0101HO(OpMOBaHUX TTPOdiTiB,
MOBHICTIO BINOBiZa€ MPUHIMIIAM [UPKYIAPHOT €EKOHOMIKH - IEPEXOY BiJI JTIHIKHOTO 710 KPYTOBOT'O
BUKOPHCTAHHS MaTepialiB.

Ha BigmiHy Bia mpokaTHHUX HPOQUIB BIKPUTOTO 1 3aKPUTOTO Mepepidy 3 KOHCTPYKLIHHUX
CTaJIeH, JJIsI BOTHE3aXUCTYy SIKUX BHKOPHCTOBYIOTHCS IHTYMECIICHTHI (papOu, XOJIOJHOTHYTI CTajeBi
npodini yepe3 CBOIO BiHOCHO HEBEJIMKY TOBIIMHY BHMMAarairoTh 3aCTOCYBAaHHS BOTHE3aXHCHUX
MOKPUTTIB O1b11101 TOBITMHU (10-15 MM) Ha ocHOBI Tirnicy ado nepaity. s onuHKOBaHUX pOodiiB
€IMHUM JOCTYITHUM METOJOM BOTHE3aXUCTYy € OOJHMIIOBaHHS PI3HUMHU THUIIAMH MPOTUIOKEKHUX
TUTHT.

JlocImipKeHHST  30CEepe/KeHEe Ha eKCIUTyaTallifHUX XapaKTepHCTUKAaX HECYyYHX CTalleBUX
XOJIOAHOTHYTHX KOHCTPYKIIIHA, @ TaKO Ha BOTHECTIMKOCTI XOJIOJHOTHYTHX CTaJIeBUX MPOQuTB 1
METO/aX BOIHE3aXHUCTY.

EnemenTn MOy IbHOT paMu y BUTJISITI XOJIOTHOTHYTHX MPOQ1IiB 3 TIIICOKAPTOHHUMU 301pKaMu
€ OUIBII EKOHOMIYHO €(PEeKTUBHIUMH 3 TOUKH 30pYy CIIOKUBAHHS CTaJIl HAa KBaIPaTHUN METp 3arajbHOl
TIJIOII, TIPOTE MOMYJIBHI paMH, BUTOTOBIICHI 3 efnemMeHTiB RHS, npogemoHcTpyBanm maiike Taky x
e(eKTUBHICTh IIPY 3aCTOCYBaHHI1 BOrHe3aXUCHOI GapOu (a1 kinacy Boruectiiikocti R30 1 Buie).

Tocte mpotunoxexue moKputTs (10-15 MM) € HaliMeHIIT €PEKTUBHUM 3 POTIITHYTHX METO/IIB
TiIBUIIICHHS] BOTHECTIMKOCTI XOJOJHOTHYTUX TPOQLTIB.

KurouoBi cioBa: xonogHopopmoBana craib, 3D-00'eMHI MOyJTi, BOTHECTIWKICTh, CTalCBi
OymiBiIi.
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WORKING FEATURES AND RELIABILITY OF METAL SPIRAL-FOLD SILOS

Pichugin S., DSc, Professor
pichugin.sf@gmail.com ORCID 0000-0001-8505-2130,
National University "Yuri Kondratyuk Poltava Polytechnic"
Oksenenko K., PhD, design engineer
shvadchenkokate@gmail.com ORCID 0000-0002-5171-3583
LLC "Architectural Engineering Center"

Annotation. The article comprehensively discusses an innovative metal sheet structure - a
spiral fold silo: its features, operation under load, and reliability. The stress-strain state of interfold
zone of a spiral-fold silo is considered. The calculations of the stress-strain state of the silo were
compared with the analytical calculations by the software package LIRA-SAPR. The work the
midsection of the shell segment (zone between folded locks) of the spiral-fold silo was experimentally
verified. Considering the results of the studies of the stress-strain state of this metal silos, a
methodology for reliability analysis based on the analysis of the strength reserve was developed. The
obtained results of calculations confirmed the high reliability of metal spiral-fold silos.

Keywords: spiral-fold silo, stress-strain state, experimental study, reliability analysis.

Introduction. The calculation theories of thin-walled storage capacities, such as the spiral-fold
silos that are discussed in this article, were developed based on studies by the steel sheet structures.
The main specificity of sheet metal structures is their ability to be used in various conditions:
structures can be above ground, below ground, semi-buried, underground, or underwater; sheet metal
structures can withstand static and dynamic loads; structures must work reliably under low, medium
and high pressure, under vacuum, under the influence of low, medium and high temperatures, neutral
or aggressive environments. Considering the above features, the structural variation of steel sheet
structures is clear, which can be classified as follows: gas holders, tanks, large diameter pipelines,
silos, protective shell structures, and special sheet structures.

Taking into account the structural variety of sheet metal structures, the following types of their
stress state are distinguished: momentless stress state, when the equilibrium of the shell is ensured
only by stresses evenly distributed over the shell thickness; moment stress state, when the equilibrium
of the shell is ensured by bending stresses (relatively rare for thick shells); edge effect - local bending
of individual sections of sheet metal structures.

Analysis of recent researches and publications. A number of scientists have studied the
calculation methods and experimental studies of metal spiral-fold silos for strength and stability.

In 2008, S. Wirth [1] used the experimental results of small spiral-fold silos to analyze the
possibility of using the EN 1993-1-6 standard [2] for bending of shells. He concluded that it is quite
difficult to numerically determine the resistance close to the experimental results in accordance with
the requirements of EN 1993-1-6.

A significant contribution to the study of spiral-fold silos are made by A. Jiger-Canas
(consulting engineer at Lipp GmbH), Z. Li, and H. Pasternak. Their works [3, 4] are devoted to the
study of thin shells with frequently horizontal ribs. This type of shell includes both spiral-fold silos
and any other containers with horizontal ribs. For instance, in work [3], experimental studies are
described on small cylindrical shells, which were made by welding two semicylindrical shells, and
the annular stiffeners were welded to the cylindrical shell by spot welding.

The geometric dimensions of the shell specimens were measured using 3D scanning
technology. The obtained data on geometric imperfections were directly integrated into the numerical
model through a mapping correlation. The results demonstrated that the bending resistance computed
via finite element analysis closely matched the experimental findings. The primary focus of these

_47 -



CyuacHi 6ydieenvhi KOHCMPYKYii 3 memany ma depegunu, 2025. — Bun. Ne 29 (cTop. 47-54)

studies is the behavior of the inter-stiffener regions of the shell under axial compression and the effect
of closely spaced horizontal stiffeners on the overall strength and stability of silo structures.

Identification of previously unresolved parts of the general problem to which the article
is devoted. A review of available studies on spiral-fold silos reveals a lack of comprehensive research
dedicated to these innovative structural systems. In particular, investigations that holistically examine
design features, their influence on the stress—strain state, and reliability assessment have yet to be
conducted.

The aim of the research. The aim of this study is to analyze the stress—strain behavior of steel
spiral-fold silos and to compare theoretical and analytical calculations in order to gain a deeper
understanding of their structural performance and reliability.

Results and discussion. The design of spiral-fold silo shells differs significantly from other
types of steel storage containers, such as prefabricated metal silos made of corrugated panels with
bolted joints, or welded steel tanks. Their unique structural features [5] affect not only the stress-
strain behavior but also the overall performance of the structure. As a result, these silos are highly
versatile, cost-effective, and efficiently used for storing various types of bulk materials, liquids, or as
digesters in bioenergy facilities [6-9].

A characteristic feature of spiral-fold silos is their thin-walled nature ("/; = 1000 =+ 4500),
where 7 is a radius and ¢ is wall thickness, which necessitates detailed strength analysis of the wall.

The analytical model (Fig. 1, a) of the entire silo is represented as a system of short shell
segments connected by closed-type horizontal spiral-fold stiffeners (folded locks). These short shell
segments are referred to as shell segments.

Due to the presence of spiral-fold horizontal stiffeners, the longitudinal force is transmitted to
the silo wall with eccentricity, leading to the development of additional bending moments. These
moments, in turn, cause wall deformation in the inter-fold zones.

The analysis of the silo wall should be carried out based on the deformed configuration
(Fig. 1,b), as simplified geometrically linear methods fail to reflect the actual structural behavior and
do not provide a sufficient safety margin. These simplified methods neglect the additional bending
moments induced by the geometrically nonlinear deformation of the silo shell. The presence of radial
deflection in the inter-fold zones also leads to a reduction in the load-bearing capacity of the wall,
both in terms of stability and strength.
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Fig. 1. Calculation of the spiral-folded silo: a) calculation scheme; b) deformed calculation scheme
of the silo under strength analysis, considering the initial outward deflection of the silo
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In the development of the computational model, the governing equations of longitudinal-
transverse bending with respect to radial displacements were employed for a symmetrically loaded
shell. The following variables were used as primary parameters: P(x), P;(x) are, respectively, the
horizontal and vertical pressure of the bulk material; N; (x) is the longitudinal force from the vertical
pressure of the bulk material P; (x), the weight of the wall Ny, and the load from the roof structure
Ny, w(x) is deflection (radial displacement) in the shell; M (x) is longitudinal bending moment in the
shell; 0%(x), 0% (x) are longitudinal and hoop stresses, respectively.

The horizontal and vertical pressure of the bulk material are determined by the following
expressions:

P(x) = P ="2[1 - exp(— Afx/p)], P(x) = P}" = f P},

where p is the hydraulic radius of the cross-section of the silo, m, which is determined by the
formula p = A/U; A, U are area and perimeter of the silo cross-section; 4 is the lateral pressure ratio
of particulate solids; y is bulk unit weight; P;* is normative horizontal pressure.

According to DBN V.2.2-8-98 [10] the longitudinal force N; (x) induced by the vertical bulk
material pressure acting on the silo bottom P*(x), as well as by the self-weight of the shell Ny, and
the roof structure N, is computed using the following expression:

N1 (x) = p(yx — B}") + No1(x) + No, No1 (%) = ystrz,
where Y, denotes the specific weight of the shell material.

The governing differential equation for the longitudinal-transverse bending equilibrium of the
symmetrically loaded cylindrical shell with respect to radial displacements is expressed as follows:

0" () + 4B w(x) = P(x) + 2 — e - T2, ()
3
where 4 = =, ,8 4 3(1th , D is cylindrical stiffness, D = %, E is modulus of elasticity

of the shell material, v is Poisson's ratio, t is wall thickness, r is radius of the silo.

Since integration is more convenient when performed using expressions in dimensionless
form, the equilibrium equations of a symmetrically loaded cylindrical shell (1) are transformed to a
dimensionless coordinate system & = [x.

W () + 40(§) = 1= D). )
where @(x) is the load function, defined as, @(x) = P(x) + VNl(x) —e- dpl(x)

from the line of action of the shear forces to the mid-surface of the shell.
The solution to the differential equation governing the longitudinal-transverse bending of the
shell segment (2) is expressed in the following form:

), e is the distance

() = CED + GV + GV (D) + Q@) + 55 fy e = € PGddea, B)

where Cy,C,, Cs3, C, are the constants of integration; V;(&;), V5 (&), V5(&;),V4(&;) are fundamental
functions of Krylov O.M. [11]
Let us consider the stress—strain state of a shell segment (can) subjected to the reactive forces
of elastic spiral-fold stiffeners, under the combined action of the following loads:
— horizontal pressure P(x) and vertical pressure P; (x) from the bulk material;
— constant longitudinal compressive force Ny, representing the vertical load from superimposed
structures;
— variable longitudinal compressive force Ny, (x) due to the self-weight of the shell wall;
— eccentrically applied shear forces with respect to the mid-surface of the shell.
To simplify the analysis, the following assumptions are introduced:
— stiffeners (folded locks) are arranged horizontally;
— the silo shell consists of individual shell segments bounded by the stiffeners;
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— within each shell segments, P = const, N,; = const;
2
— the stiffeners are elastic and extend in the radial direction, with radial displacement w, = Z—TA

where T, is the reactive longitudinal force and 4 is the cross-sectional area of the stiffener
(folded lock).

After performing the corresponding transformations, the radial deflection and longitudinal
bending moment are determined at characteristic sections of the i-th shell segment — specifically, at
the shall segment edges and at its midsection:

a)at& =& =0 (& = & = Bl,) — on the edge of the shell segment:

(P+VN,/r—eP;)r? ) ny (&)

@ ($) EA T @+Ens @ ¥
- (P+VN,/r—eP;)r? n4(§)

M = ’ i

O = s ¥

b)at & = & = Bl,/2 — at the midsection of the shell segment:

w(g) _ (P+VNq/T—ePy)7r? ) [1 n 2Bng(§) l (6)

Bt T @+ins @)’
- (P+VNy/r—ePy)r? ny($)
M) = - e e ’
€3] 2B inz(f)+§n3(f) 7

where n4(€:) =V, (f_)nz (f_) - (f_)n1 (f_) — Vs (5)"3 (SE):
ns(€) = ny (HHV3(§) — n2(EVa(§) - %ns(g)vﬂg)
After calculating the radial deflection and bending moment at the characteristic sections of

the i-th shell segment (Equations 4—7), the hoop forces are determined at the shell segment edges and
at its midsection:

No(©) = Z () — vNy; (8)
No(§) = = w(€) —vN,. ©)

The fiber longitudinal and hoop stresses 0%(£), 0% (&) are determined at the edge and at the
midsection of the shell segment:
a) at& =& =0 (& =& = Bl,) — on the edge of the shell segment:

ot (§) =01+ MO, (10)
tZ

where W = =

o (&) = 28, (11)

@ =4 (12)
ok () =8, (13)

The intensity of the fiber stresses is assessed using the maximum values of the longitudinal
and hoop stresses.

-50 -



CyuacHi 6ydieenvhi KOHCMPYKYii 3 memany ma depegunu, 2025. — Bun. Ne 29 (cTop. 47-54)

%Ja&(&) — 0, (D)0 (&) + oZ () < 1. (14)

The stress-strain state of the midsection of the shell segment (between the folded locks) with
a constant wall thickness is considered. The section is elastically connected to the adjacent shell
segments and experiences a stress-strain state of longitudinal-transverse bending type.

To compare the theoretical calculations with the results obtained using the finite element
method, a model was created in the LIRA-SAPR software package. The model consists of 3 tiers of
spiral-fold shell segments, with a tiers height of 36.5 cm, a shell radius of r = 4 m, wall thickness of t
= 4 mm, and the cross-sectional area of the folded lock for a 4 mm thick strip A=7,35 cm?’. The
material of the shell is steel C235, with a yield strength R, (x) = 235MIla , elastic modulus

E =2,1-10°MPa, and Poisson's ratio v (not specified in the original text). For simplification, only

the horizontal pressure from the bulk material P(x) = 2,74 Cmiz was applied to the structure.

Calculations were performed according to the algorithm described above. Based on formulas
(4) and (6), the following deflection values were obtained: at the edge of the shell segment w (&) =
0,37mm; at the midsection w(§) = 0,466mm.

To validate the theoretical results, a finite element model was developed in the LIRA-SAPR
software environment using the previously specified shell parameters. A general view of the model
is shown in Figure 2. The wall tiers between the ring stiffeners were modeled using shell finite
elements of type 44 (“quadrilateral shell element”), oriented in the vertical plane, with a thickness of
4 mm and an elastic modulus corresponding to steel grade C235. The spiral-fold stiffener was
modeled using type 41 shell elements (“rectangular shell element”) with a cross-sectional area of
7,35 cm?.
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Fig. 2. Finite element model in LIRA-SAPR:
a) Finite element model; b) Displacement mosaic of the shell nodes

The deflections obtained from the LIRA-SAPR simulation are as follows: at the edge of the
shell segment w = 0,353mm; at the midsection w = 0,448mm. The mosaic of displacements for
the shell under horizontal pressure, as calculated in LIRA-SAPR, is shown in Figure 3. The values
are represented using a dimension-color scale (in millimeters) displayed on the left side of the figure.

The difference between the analytically calculated deflections using formulas (4) and (6) and
those obtained from the LIRA-SAPR model is: at the edge of the shell segment 4,8%; at the
midsection 3,8%.

Considering all the structural features of spiral-fold silos and their influence on the stress—strain
state, it becomes evident that detailed investigation of the bending behavior in the interfold zone of
the shell wall is of critical importance. To reveal the actual bending performance of the wall in a
spiral-fold silo, an experimental study was carried out. The objective of the research was to
experimentally determine the deformation evolution of the folded lock during loading and to assess
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the stress—strain state of the silo wall at different stages of bending. This experimental investigation
is described in detail in [12].

The obtained results were compared with a finite element analysis performed using the LIRA-
SAPR software suite. For the simulation, the parameters of the experimental specimen were used.
The silo wall and the folded stiffening rib were modeled using flat shell finite elements of type 44
(“quadrilateral shell element”). The dimensions of the finite elements were 9 mm x 10 mm (Figure
3).To ensure consistency between the computational model and the experiment, the ends of the model
were fixed (clamped).

b)

C) e ok

Fig. 3. Modeling of the experimental specimen in LIRA-SAPR:
a) 3D model; b) model loading; c) displacement mosaic.

When the modeled specimen (Figure 3a) was loaded with a uniformly distributed load
corresponding to the experimental conditions, deflection—load curves for the interfold zone were
constructed (Figure 4). The graph shows that when the load increases to 2.5 kN and above, the
experimental specimens exhibit greater deflections than the numerical results. This discrepancy is
attributed to the opening of the folded seam, which is not accounted for in the computational model.
In summary, the difference in interfold zone deflections between the experimental specimen and the
finite element analysis results ranges from 3% to 5%.
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Fig. 4. Graph of the deflection-load relationship of the specimen in the interfold zone.

Based on the conducted and above-described studies, a methodology was developed for
assessing the reliability of a spiral-fold metal silo using an analysis of the strength reserve factor ¥,
taking into account its stress—strain state [13]. The obtained numerical results confirmed the high
reliability of spiral-fold metal silos.

Conclusions:

1. The article provides a comprehensive review of the innovative metal sheet structure — the
spiral-folded silo.

2. The stress—strain state of the interfold zone of the spiral-fold silo is examined.
A comparison of the results from the finite element method (FEM) with analytical calculations from
the LIRA-SAPR software suite was carried out. The difference between the analytically calculated
deflections using formulas (4) and (6) and those obtained from the LIRA-SAPR model is: at the edge
of the shell segment 4,8%; at the midsection 3,8%.

3. An experimental verification of the behavior of the interfold zone of the shell and the adjacent
folded locks of the spiral-fold silo was performed.

4. Taking into account the results of the stress—strain analysis of the metal spiral-fold silos, a
methodology for assessing their reliability based on the strength reserve analysis was developed. The
obtained calculation results confirmed the high reliability of metal spiral-fold silos.
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OCOBJIMBOCTI POBOTH TA HAJIIMHICTh METAJIEBUX CIIIPAJIBHUX CHJIOCIB
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TOB «ApximexkmypHo-iHH#CeHEePHUL YeHMP »

AHoTaIis. Y cTaTTi KOMIUIEKCHO PO3TJSHYTO IHHOBAIIHHY METAJIEBY TUCTOBY KOHCTPYKIIIIO —
cripasbHO-(DaNbIIEBUIT  CHJIOC: MOTO0 OCOOJIMBOCTI, po0OOTa MM HABAHTAKECHHSIM, HAJIWHICTD.
Po3rnsiHyTo HanpyxeHo-1eOopMOBaHUN CTaH MPOMDKHOI AUISHKH (MDK (anbleBUMH pedpamu)
000JIOHKH 3 MOCTIHHOIO TOBIIMHOIO CTIHKH. JlUIsTHKA MPYKHO 3’€THAaHA 3 CYCIIHIMH oOWYalkamMu Ta
3a3Ha€ HampyX eHO-1e(OPMOBAHUN CTaH THUILY IO3I0BXKHBO-IIONEPEYHOrO 3THHY. Y pe3yibTari
aHaiizy 0ys0 HaBeleHO (JOPMYJIH MPOTHHY Ta MO30BKHBOTO 3THHAI0UYOTO MOMEHTY Y XapaKTepHUX
nepepizax i-i oOMyaiiku — 1O Kpasgx Ta B cepefauHi. [IpoBeneHO MOPIBHSHHS TEOPETUYHUX
PO3PaxyHKIB HAMPYKEHO-IePOPMOBAHOTO CTAHY 3 PO3PaXyHKAMU METOJOM CKiHYCHHUX €JICMEHTIB
y nporpamaoro komruiekci JIIPA-CAIIP. ¥V pesynpraTti Oyno oTpuMaHO, IO Pi3HHI 3HAYEHBb
nepeMilleHb, po3paxoBaHUX 3a jaomomoroo (opmyn (4), (6) Ta BU3HAYEHHUX Y HPOTPAMHOMY
komruiekci JIIPA-CAIIP cknanae: Ha koHTYyp1 oOuyaiiku — 4,8%; y cepenuni oOuyaiiku — 3,8%.

[TpoBeneHO eKCIEpUMEHTANbHY MEpPeBIpKy poOoTH Mik(danabieBoi 30HM OOOIOHKH Ta
npuieraux ¢anbleBUX 3aMKiB CIipaabHO-(QaIbIeBOTO CHIOCy. J[s miaTBeppKeHHS Pe3yJbTaTiB
eKCIIEpUMEHTY OYJI0 BHKOHAHO IOPIBHAHHS EKCIIEPUMEHTAIBHUX 3aJIKHOCTEH 13 PO3paxyHKOM
METOJOM CKIHYCHHHX eJieMeHTiB y mporpamHomy komiuiekci JIIPA-CAIIP. IlincymoByroun
OTpHMaHi JaHi, MOXXKHA CTBEP/UKYBAaTH, IO PI3HUIS MK MepeMillleHHSIMH MiK(aableBOi 30HU
€KCIIEPUMEHTAJILHOTO 3pa3Ka Ta pO3paxyHKaMH METO/I0M CKIHYEHHHX €JIeMEHTIB ckiaaae 3 — 5 %.

3 BpaxyBaHHSIM pE3yJIbTaTiB MPOBEACHUX JIOCHIKEHb HalpyXeHO-I1e(OPMOBAHOTO CTaHY
METaJIEBUX CHIpaTbHO-(aIbIIEBUX CHIJIOCIB PO3pPOOJICHO METOAMKY OIlIHIOBaHHS HAJIIMHOCTI Ha
OCHOBI aHaii3y pe3epBy MimHOCTI. OjepkaHi pe3yibTaTH PO3PAXYHKIB IMiITBEPIUIN BUCOKY
HaJIHICTh METAJIEBHUX CITipaTbHO-(PAIBIIEBUX CHIIOCIB.

KawuoBi caoBa: cmipanbHO-(anbleBuil  cuiioc, HampyXeHO-Ie(OpMOBaHUI  CTaH,
€KCIIEpUMEHTAJIbHE JTOCIIIDKEHHS, OI[IHIOBAaHHS HAIIHHOCTI.
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3D-PRINTED ELEMENTS
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Abstract. The main methods of mechanical testing of composite materials include:
determination of the strength of the material in tension, bending, torsion, compression, impact loads,
etc. This article presents the methodology and results of tests for the bending strength of structural
elements made of ABS plastic manufactured using 3D printing. The shape of the cross-section of the
test specimens-beams and the percentage of filling their internal cavity with the specified polymer
material were selected as design factors that are predicted to have an impact on the output parameter.
The most optimal configuration was established and the dependence of the strength on the change in
the specified variable factors was determined.

Keywords: polymers, 3D printing, ABS-plastic, strength, bending, short-term loading,
destruction.

Introduction. Due to the low modulus of elasticity of polymeric materials, they are effective
in structures where their high-strength properties and the small influence of their deformability are
used to the maximum. Polymer materials and plastics used in construction make it possible to save
metal, wood, glass, cement and other traditional materials. The main areas of effective use of plastic
structures in buildings and structures are to reduce their mass, improve the transportation of light
enclosing structures and increase resistance to aggressive external environments. Construction
structures using plastics, multi-layer rectilinear or curved enclosing panels, spatial forms of single
and double curvature (domes, shells, etc.), as well as transparent enclosing panels are effective.

Moreover, one of the progressive areas that actively uses polymer materials, including for
building structures, is additive manufacturing, which ensures the production of three-dimensional
solid products from an automated digital file using 3D printing. Considering the demand and
widespread use of products manufactured by 3D printing as structural elements, studying their
strength properties under load and optimization of their parameters are the important and relevant
scientific task.

Analysis of recent researchs and publications. The main methods of mechanical testing of
composite materials include in: determining the strength of the material in tension, bending, torsion,
compression, under shock loads etc. All these types of tests are carried out before the destruction of the
test sample. In addition, there are other methods of mechanical tests, which include in wear tests, studies
on the change in shape and size of composite materials, fatigue strength tests, etc. [1].

In addition, in contrast to full-scale experiments, numerical experiments are often carried out with
the help of either mathematical [2, 3] or computer modeling with the use of various existing software
complexes [4-7].

The accumulated experience of creating structures from polymer composite materials indicates an
increased spread of such parameters as stiffness and strength, which is due to the instability of the initial
components, deviations in the execution of technological processes, etc. These factors are taken into
account by the introduction of an additional safety factor when determining the calculated load, the value
of which depends on the coefficient of variation of the mechanical properties of products made of
composite materials. Thus, a high-quality selection of methods of mechanical testing of composite
materials and improvement of testing methods will allow to predict with high reliability the main
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mechanisms of destruction and strength of composite materials.

Materials and methods of research. For the research, ABS plastic was used to manufacture
samples-beams, which is known with its strength, durability and resistance to high temperatures. The
tests were conducted at the Department of Metal, Wooden, and Plastic Structures as part of the work
of the scientific circle.The solution to the task of developing a methodology for conducting a bending
strength test, as well as preparing relevant samples made with the help of 3D printing, was chosen.
According to the results of the literature review, 2 series of samples were formed, which differ in the
shape of the cross-section: rectangular (series 1) and T-beams (series 2).

According to the requirements [8, 9] and [10], as well as the technical characteristics of the 3D
printer used for their production, the standard samples had dimensions 10x10mm, length — 200mm.

Taking into account the use of additive technologies for the manufacture of test samples, it is
possible to adjust the degree of filling of the internal cavity of the beams to save materials and
determine the optimal amount of filling to ensure the necessary bending strength. Thus, 3 variations
of the filling percentage of the internal cavity of the experimental sample were chosen: 10%, 50%,
100% [10]. Each series included 6 samples, for each filling percentage, 2 identical twin specimens
were made to establish the average bending strength between them.

The advantages of the material include in an optimal combination of elasticity and strength, and
the disadvantages are some nuances during use like odor and shrinkage.

Research results. The tests were carried out on a PROFLINE hydraulic press with load
capacity 10 tons. A device with a loading tip and supports was placed on the test machine. Their
convergence were taken place at a constant speed.

The radius of the tip (r;) and the edges of the supports (r2) (Fig. 1) have the following
dimensions in mm:

—r1=(5=%0.1);

—r2=(2.0£0.2).

Before testing, in the middle third of the length of the sample, the width of the sample were
measured with an error of £0.1 mm and the thickness — with an error of +£0.02 mm. Before the test,
the samples were conditioned according to the requirements [11] for at least 16 hours at a temperature
of (23£2)°C and a relative humidity of (50+5)%. The tests were conducted under the same conditions.
The distance between the supports were taken as (15...17)4 (Fig. 1). The loading of the sample was
carried out in the middle of the span between the supports smoothly, without jolts.

P
&
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f B__ =
7% ] :7/ 7
- 200 o

Figure 1. Scheme of loaded sample

After testing, the ultimate strength was determined for each sample. The processed results are
presented in Table 1.
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Table 1 — Test results of prototypes

Percentage | Type Puax, N o, N/mm
of filling of
section
20% ] 159 35,8
T 318 254,16
50% ] 954 214,7
T 477 381,2
70% ] 954 214,7
T 636 508,3

The nature of the fracture of the test specimens is shown in Fig. 2.

RO e ————

Fig. 2. Destruction of prototypes

A graphical interpretation of the research results is shown in Fig. 3.
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Fig. 3. Diagram of the dependence of the limit strength of samples on the initial factors
During the analysis of the obtained results, it was found that the best strength characteristics
were shown by the T-section, namely its ultimate strength compared to the rectangular one when the
section is filled with 20% plastic is 85%, when filled with 50% — 43%, and when filled with 70% —
57%.
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The influence of the percentage of filling the section with plastic on the strength of the
experimental samples was also analyzed. Thus, the maximum increase in the strength of rectangular
section samples occurred when the section was filled with 50% plastic, with 70% filling no increase
in strength was observed. For T-section samples, on the contrary, the greatest strength was shown by
beams with the maximum percentage of filling the section with plastic, with 20% filling they made a
difference of 33%, and with 50% filling — 25%.

Conclusions. Based on the results of the given data, the following conclusions can be presented:

1. The T-shaped cross-section was found to be more effective than the rectangular one when
working on bending under the same conditions.

2. The percentage of filling of the internal cavity of the sample correlates with the shape of the
cross-section of the sample, which is a more significant design factor among the proposed ones.

Among the prospects for further research are the analysis and comparison of the obtained
results, as well as the manufacture and testing of 3 series of samples under the action of repeated
loads of different levels.
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Cohomina FO.A., K.T.H., JOIICHT,

syomina3091@ukr.net, ORCID: 0000-0002-6330-0137
Ooecvka depoicasna akademis 6YOiGHUYMBA MA APXIMEKMYpu
Byn. [Hinpixcona, 4, M. Oneca, 65029, Ykpaina

AHoTauisi. /[0 OCHOBHMX METOJIIB MEXaHIYHUX BHUMPOOYBaHb KOMIIO3MIIIMHUX MaTepialiiB
HaJIS)KaTh: BU3HAUCHHS MIIIHOCTI MaTtepiaiy Ipu po3Tsry, 3THHI, Kpy4eHHI, yTapHUX HaBaHTAKECHHSIX,
CTUCKy Ta 1H. B gmaHid cTarTi mnpeacTaBieHO METOAWKY TIPOBEICHHS Ta pPe3yJbTaTh
eKCIIEpUMEHTAIBHUX JOCTI/DKeHb MIOAO BHU3HAUEHHS MIIHOCTI TPU 3TMHI KOHCTPYKLIHHHUX
eleMeHTIB 3 iacTuky ABS, BurororneHux 3a gornomoror 3D mpyky. B sikocTi KOHCTPYKTUBHHUX
YMHHUKIB, 110 MPOTHO30BAaHO MAlOTh BIUIMB HA BUXIIHUH mapaMmeTp, oOpaHo (HopMy MONepeyHOoro
nepepizy JOCHiTHUX 3Pa3KiB-O0aIOK Ta BIJICOTOK 3allOBHEHHS IiXHBOI BHYTPIIIHBOI MOPONKHUHU
3a3HaYCHUM IOJIIMEPHUM MaTepianoM. Po3pobieHo 2 cepii HocmigHuX 3pa3KiB, IO BiAPI3HAIOTHCS 3a
dbopmoro monepednoro nepepizy (1 cepis — IpAMOKYTHUH Tepepi3, 2 cepis — TaBpOBHM Tepepis),
BCTaHOBJICHO BIJIMIOBIHI PO3MIPH Ta CX€MY BUIIPOOYBaHHS 3T1JTHO BUMOT HOPMAaTUBHHUX JOKYMEHTIB.
O3HaueHO BapilOBaHHS BIJICOTKA 3allOBHEHHS BHYTPINIHBOI MOPOXHWUHU JOCTITHUX €JIEMEHTIB
noJjiiMepHUM MaTepianom, a came 10%, 50% ta 100%. Onucano anropuT™M BUKOHaHHS BUIPOOYBaHb
3a J1i CTaTUYHOTO KOPOTKOYACHOTO HaBaHTaXeHHs. HaBelmeHi MpOrHO30BaHI CxeMU W KpuTepil
pyHHYBaHHSI 3pa3KiB, a TaKOX YMOBM MNPUIIMHEHHS BHUKOHAHHS BHUIIpOOyBaHb. B xoni aHamizy
OTPUMAHHMX PE3YJbTATIB BCTAHOBJICHO, IO KpaIlll MIIHICHI XapaKTEPUCTUKW TIOKa3aB TaBPOBHMA
nepepi3. Takoxx Oyno mMpoaHaNi30BaHO BIUIMB BiJCOTKAa 3allOBHEHHS Iepepi3y IUIaCTUKOM Ha
MIIHICTh JOCTITHUX 3pa3KiB. BiZCOTOK 3alOBHEHHS BHYTPIMIHBOT MOPOKHWHU 3pa3ka KOPENIoE 3
bopmoro epepizy 3paska, 1o € OUIBLI 3HAYYIIUM KOHCTPYKTHBHUM (PAKTOPOM Cepe/] 3aIpOIIOHOBAHMX.
Cepen mepCneKTHB MOAABIINX JOCTIKEHh — aHaJTI3 1 TOPIBHSHHS OTPUMAaHUX PE3YJIbTATIB, a TAKOXK
BUTOTOBJICHHS 1 BUIPOOYBaHHs 3 cepiif 3pa3KiB Mijl €10 MOBTOPIOBAHUX HABAHTAKEHb PI3HOTO PiBHSL

Karwuosi caoBa: nomimepu, 3D npyk, ABS-miactuk, MilHICTB, 3TWH, KOPOTKOYAcHe
HAaBaHTAKCHHS, pyHHYBaHHS.
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Abstract. This article presents the potential application of artificial intelligence, particularly
artificial neural networks (ANNSs), in the design of engineering structures. The subject of the paper is
the automatic recognition of the geometric shape of an arc as circular, elliptical or parabolic. Correct
identification of the arc shape is fundamental to the creation of the static scheme and computational
model of the structure, which is necessary for strength analysis of the structure. This paper analyzes
two identification methods based on ANN: multilayer perceptron (MLP) and convolutional neural
network (CNN). The MLP network classifies the type of arc based on the geometric features of
selected points lying on the arc, while the CNN network makes recognition based on the graphical
representation of the arc as a black and white image. The prospects for Al applications in civil
engineering are also discussed, with a focus on generative models and their potential use in the design,
simulation and automation of construction processes.

Keywords: machine learning, pattern recognition, artificial neural networks, engineering
structures, parabolic arc, elliptic arc, circular arc

Introduction.

The dynamic development of artificial intelligence (Al) is opening up new opportunities in
engineering, including civil engineering. This paper discusses the application of Al in the design of
engineering structures, particularly in the area of geometry and shape of structures. An example is
the recognition by Al algorithms of arc shapes: parabolic, elliptical and circular. This issue is relevant,
for example, in the context of arch bridge structures (Figure 1), where arches serve as the main load-
bearing element that defines the characteristics of the structure. Determining the geometry of the arch
is crucial at the early design stage, as the type of arch influences the static scheme of the structure,
from which the computational model for strength analysis is created. This analysis is necessary to
determine the internal forces in the members and nodal displacements. Therefore, the correct
identification of the arch geometry is crucial for the safety and optimisation of the structure.

A r Y & A a | r Y
|
circular arc elliptical arc parab?lic arc

Fig. 1. Examples of static schemes for arched bridges

This paper investigates the ability of artificial neural networks (ANNs) to automatically
recognise structural curve types. The focus was on two architectures:
1. Multilayer perceptron (MLP) - classification is based on geometric features of points on an
arc. Mathematical relations describing each arc type are learned for recognition.
2. Convolutional neural network (CNN) - a 64x64 pixel black and white image of an arc is
analysed, identifying visual patterns specific to each arc class.
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The aim of this paper is to evaluate the effectiveness of both methods in identifying arch
geometries in engineering structures. The paper also presents potential applications of artificial
intelligence in civil engineering, such as Al-assisted programming and the use of generative models
in the design and automation of engineering processes. An experiment with a diffusion model to
generate images of arches is presented.

The beginnings of neural networks.

Neural networks take their inspiration from the structure and operation of the human brain.
Biological neurons communicate using electrical and chemical impulses to form complex networks
of connections that enable information processing. This concept was the inspiration for the creation
of artificial neural networks. ANNs were invented in the 1940s by Warren McCulloch and Walter
Pitts [1]. One of the first network models was the perceptron, developed by Frank Rosenblatt in the
1950s [2]. This was the simplest form of network capable of learning linear classification. The
perceptron consisted of a single layer of neurons and was able to discriminate data according to simple
rules (Figure 2). On the basis of simple networks such as the perceptron, machine learning and deep
learning techniques have evolved and now dominate artificial intelligence applications.

NEURON STRUCTURE (BIOLOGY) PERCEPTRON

dendrites
cell body -

}

S

direction of f(Z) > output

/-\f§ pulse flow =
\ * -~ weighted activation

* axon . - funict
S . . Y, sum unction
— L~ )f\\-& endings ..
n weights
input

axon

Fig. 2. Comparison of the structure of a biological neuron and a perceptron

Machine learning and deep learning.

Machine learning (ML) i1s a branch of artificial intelligence that focuses on developing
algorithms capable of learning from data. By analysing data and identifying patterns, these algorithms
can make decisions or generate predictions based on previously observed trends [3].

A particularly interesting subset of machine learning is deep learning, which is based on multi-
layer neural networks - hence the term “deep”. These networks, inspired by the structure and
functioning of the human brain, are highly effective at recognising complex patterns in huge data sets.
Deep learning has revolutionised areas such as image and speech recognition, natural language
processing and autonomous systems, achieving human-like performance in some tasks.

Machine learning algorithms can be divided into three main types [3]:

1. supervised learning (supervised learning) - the algorithm is trained using input data paired
with appropriate labels, allowing it to learn mappings from input to output for future predictions, e.g.
classification tasks,

2. unsupervised learning - deals with unlabelled data to discover hidden structures or patterns
without predefined output, e.g. clustering and dimensionality reduction,

3. reinforcement learning - involves an agent interacting with the environment and learning from
reward feedback, e.g. robot control, autonomous vehicles.

Neural network architectures.

Neural networks are models that process input data x through a series of parameterised
transformations. The parameters, namely weights (w) and bias (b), are trainable - that is, they are
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subject to change during training. Each neuron in the network applies an activation function (f) to its
input, creating intermediate feature representations, called hidden layers (h). The final layer of the
network uses an output activation function (g) to produce the desired output o, which can be a
classification label, a numerical prediction or a structured output such as a sequence or image element.
A general schematic of neural network processing, along with the relevant formulas and labels, can
be found in Figure 5. Training is performed using iterative optimisation techniques such as stochastic
gradient descent (SGD) and backpropagation, which adjust the network parameters to minimise the
predefined loss function [4].

Neural networks consist of layers tailored to specific tasks. MLPs are the simplest architecture,
consisting of linear layers in which each neuron is connected to all neurons in the previous layer.
MLPs are widely used for classification, regression and pattern recognition, making them an
important building block in the design of neural networks.

CNN s specialise in processing structured data, particularly images, by using spline filters to
detect spatial features such as edges, textures or objects [4]. CNNs are key in image recognition,
medical imaging or autonomous cars.

Recurrent neural networks (RNNs) introduce feedback loops that allow them to retain memory
of previous input data, making them well suited to sequence modelling tasks such as natural language
processing (NLP) and time series prediction [4]. The introduction of attention has further improved
sequence processing by allowing models to selectively focus on the most relevant parts of the input
data [5]. Attention-based architectures, such as transformers, have played a key role in the
development of modern NLP techniques, including machine translation, text generation and
sentiment analysis.

By combining different types of layers, researchers have developed advanced architectures
capable of solving increasingly complex problems. For example, integrating an attention engine with
MLP layers led to the development of the transformer architecture, which serves as the basis for large
language models (LLM) [5]. Similarly, combining an attention engine with convolutional layers has
improved generative vision models, enabling the synthesis of highly realistic images and videos [6].

Neural networks can also be combined into larger systems. Among the most interesting
architectures are autoencoders, which consist of an encoder that compresses input data into a lower-
dimensional representation and a decoder that reconstructs it. This structure is widely used for
dimensionality reduction, anomaly detection, and generative modeling [4]. Generative adversarial
networks (GANSs) introduce competition between a generator that creates synthetic samples and a
discriminator that tries to distinguish real data from generated samples [7]. Adversarial training has
led to breakthroughs in image synthesis, deepfake technology, and data augmentation. Combining
multiple neural networks into complex processing pipelines enables a wide range of applications,
from autonomous systems to creative content generation.

Case study: static diagram — recognizing arc geometry.

As an illustration of the capabilities of neural networks in civil engineering (e.g. structures,
theoretical mechanics, geometry and engineering graphics), the problem of recognizing the shape of
arcs (i.e. the algorithm recognizes the type of arc) was chosen. This can be an introduction to the
static diagram of a structure. In the presented example, arcs are classified as one of three selected
curves: parabola, ellipse or circle. Solutions to this problem are presented using two methods:

1. based on the analysis of the coordinates of selected control points on the arc,
2. based on the analysis of the shape of the arc.

Classification based on a feature vector.

In the problem under consideration, a feature vector is used to train the ANN — an ordered set
of values describing a given type of arc. These features should be as informative as possible in the
context of the decision being made. It is also possible to use algorithms to select the most important
features and eliminate the less significant ones. When creating a data set for training the model, the
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features can be selected by experts or result from measurements that can be carried out in the analyzed
environment.

The first dataset contains feature vectors consisting of five elements, which are the tangent of
the angle between the plane and the segment connecting the point (-10, 0) and the selected points on
the arc. The dataset was generated according to the following assumptions:

e the arcs always intersect the X axis at points —10 and 10 (we are only interested in the shape
in the area of positive Y axis values),

e the curves are symmetrical about the Y axis,

e cach arc is described by one parameter “a”, which defines its point of intersection with the Y
axis,

e the measurement of features is performed at points with coordinates —9, =8, =7, =6, —5 on the
X axis, as illustrated in Figure 3,

e the value of parameter “a” was drawn from a uniform distribution in the interval [1, 10], while
the type of arc was randomly selected from three available variants: parabola — ellipse — circle.

A total of 10,000 examples were generated, each with five measurements (features) and a label
specifying the arc type.

tg(alfa)=y/x

-10 -9 -8 -7 -6 -5 10
Fig. 3. [llustration of an example arc in the coordinate system, where the black points indicate the
intersections of the curve with the axes, the red points indicate the points on the X-axis where
measurements were made and represent points on the curve corresponding to the selected points,
while the method of measuring the features is marked in blue

Image based classification.

The second dataset contains arc images in 64x64 pixel resolution, in which the arc curve is
shown as a white line on a black background, Figure 4. The images represent a fragment of the
coordinate system covering the range from -10 to 10 on the X-axis and from 0 to 20 on the Y-axis.
The arcs were generated according to the same assumptions as in the previously described dataset,
and a total of 10,000 examples were generated.

Label: 1 Label: 2 Label: 0 Label: 1 Label: 1

Fig. 4. Example images with arcs from the dataset. Labels: 0 — parabola, 1 — ellipse, 2 — circle

Both datasets were divided into three subsets: 70% for training, 20% for validation, and 10%
for testing. The training sets were used to optimize the models, while the validation sets allowed
monitoring performance during training and guiding the selection of hyperparameters such as the
number of optimizer steps. The test sets, which remained unseen during training, were used to
evaluate the generalization ability of the models.
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MLP Network for Feature-Based Classification — Results.

The MLP model was implemented using the Keras! framework and the TensorFlow? library.
The neural network consisted of an input layer, three linear layers with 32 neurons and ReLU
(Rectified Linear Unit) activations, and an output layer with softmax activation. The network was
trained using the Adam algorithm with a learning rate of 0.001. The output was the classification
probability of the arc curve (Figure 5).
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Fig. 5. Schematic representation of a neural network in the MLP architecture. On the left is an
example input vector x, while on the right are the output probabilities for each class

2-CIRCLE

The training process was carried out for 50 epochs with a batch size of 64. The model achieved
an accuracy of 99% on the test set. Figure 6 illustrates the loss function curves and metrics during
training, showing fast convergence and good model fit.

1.0 T 1.0
- Training Loss
Validation Loss
0.81 0.8 1
0.6 1 £ 064
2 4
S o
- o~
0.4 4 3 04
0.24 0.2 4 —— Training Accuracy
T Training Precision
R S —— Training Recall
0.0 T T v T - T 0.0 T T T T T -
0 10 20 30 40 50 0 10 20 30 40 50
Epoch Epoch

Epoch 50/50
11/116 ————————————— @s 934us/step - categorical_accuracy: 0.9817 - loss: 0.8530 - precision: ©0.9817 - recall: 0.9815 -
63/63 ————————————— @s 4ms/step - categorical_accuracy: 0.9921 - loss: 0.0382 - precision: 0.9921 - recall: 0.9921

Test results:
Accuracy: 0.9915
Precision: 0.9915
Recall: 0.9915

Fig. 6. The value of the loss function and metrics on the training and validation sets during MLP
model training

! https://keras.io
2 https://www.tensorflow.org
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CNN for Image-Based Classification — Results.

For image-based classification, a CNN model consisting of five convolutional blocks, each
containing a 2D convolutional layer (32 filters, 3x3 kernel size, ReLU activation), batch
normalization, and max pooling, was used. The extracted features were then flattened into a vector
and passed through two linear layers with 128 and 64 neurons, respectively, both using ReLU
activation. Dropout layers with a deactivation factor of 0.5 were introduced to mitigate the overfitting
effect, and the output layer used softmax activation. The CNN model was trained with the same
optimizer and cost function as the MLP model. The final accuracy estimate on the test set was 96%.
The loss function and metric curves are shown in Figure 8. It is worth noting that the CNN model
achieves slightly lower performance than the MLP, but it is used to solve a much more difficult task
(Figure 8) involving the classification of arcs where the data is based on images of the arc geometry
and not on features determined from the measured arc characteristics.

1.0 1.0
—— Training Loss —\/
Validation Loss
0.8 1 0.8 1
0.6 1 2 0.6
2 s
S v
b 5
0.4 4 s 04
o/
0.2 0.2 4 — Training Accuracy
N A Training Precision
el —— Training Recall
0.0 T T T T T v 0.0 T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50
Epoch Epoch

Epoch 50/50
11e/116 ——————— @s 2ms/step - categorical_accuracy: 0.9607 - loss: 0.0748 - precision_1: 0.9611 - recall_1: 0.9605
63/63 ——+———————————— 1s 7ms/step - categorical_accuracy: ©.9612 - loss: ©.0693 - precision_1: 0.9612 - recall_1: 0.9612

Test results:
Accuracy: 0.9635
Precision: 0.9635
Recall: 0.9635

Fig. 7. The value of the loss function and metrics on the training and validation sets during CNN
model training

Predicted: 0 Predicted: 0 Predicted: O Predicted: 2 Predicted: 2
True: O True: 1 True: O True: 2 True: 2

Fig. 8. Example of a CNN model “mistake” — second image from the left: predicted arc curve —
parabola, real — ellipse

Al-Assisted Programming and Design.

Al is not limited to simple problem solving and classification, but also encompasses advanced
generative models and programming support systems, also in engineering and scientific contexts. The
vast majority of the code used in the experiments described in this paper was generated by ChatGPT?
or GitHub Copilot* . ChatGPT, as a general-purpose LLM, was used to create the main parts of the
code, in particular arc generation, dataset generation (both feature-based and image-based), and
model implementation and neural network training. GitHub Copilot, as a tool directly supporting the
user during programming, allowed for the coherent connection of the code and the addition of
important functionalities, such as graph generation or further processing of the dataset®.

3 https://chatgpt.com/
4 https://github.com/features/copilot
3 https://chatgpt.com/share/6786b9ab-7ead-800¢c-a62b-1e0bfe09b133
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This means that even an inexperienced user is able to train Al systems relatively quickly and
with little effort, especially small or medium-scale specialized models. In combination with
interesting, good-quality data sets, an Al model can be a useful tool in a scientist's workshop. LLM
can also act as an assistant generating code documentation or supporting the process of finding a
solution to a given problem. The basic role of the user is therefore the ability to verify the LLM
response and at least basic knowledge of the domain of the query (prompt) directed to the Al system.
This is necessary to use Al tools effectively, i.e. to distinguish verified information from
hallucinations and to be able to direct the model to the expected answer.

Potential Applications of Generative Models in Civil Engineering

Generative models can be used in civil engineering, supporting the process of designing
structures at various stages. One of the key areas of their use may be supporting architectural design
by generating various proposals, which allows for the rapid exploration of alternative structural
solutions. Diffusion models enable the creation of many design variants and their adaptation to
functional and aesthetic requirements. Another example may be the optimization of existing
structures - Al could analyze and modify designs to improve aerodynamics, effectively distribute
stresses or save materials while maintaining the required strength.

Al is used in fast physical simulations, enabling prediction of the behavior of structures under
different environmental conditions. Special neural network architectures, such as Physics-Informed
Neural Network (PINN) [9], allow solving differential equations describing the physical properties
of structures. Generative Al models can additionally support testing designs in extreme conditions,
creating realistic data for simulation.

Beyond design and optimization, Al models can also support the automation of construction
processes. Construction robots could perform repetitive and dangerous tasks, increasing work
efficiency and reducing risk to humans. Al can also improve the logistics of material deliveries,
optimizing their scheduling and transportation, leading to reduced losses and delays on the
construction site.

Al could also improve safety on construction sites. Drones equipped with Al systems could
monitor progress and conduct inspections, identifying potential hazards. Advanced sensor data
analysis systems could detect anomalies and predict structural failures before serious damage occurs.
Additionally, intelligent warning systems could continuously monitor the environment and
immediately inform workers of potential dangers.

Conclusions.

This paper presents a case study of the use of ANN to recognize the types of arcs: circular,
elliptical and parabolic. This problem is important in the context of civil engineering, where correct
geometry identification is a prerequisite to creating static schemes, e.g. arch bridges. Two
classification methods were investigated: analytical, using the MLP network, and graphical, based on
the CNN network.

The MLP model analysed a vector of five geometric features (tangents of angles) determined
for points on the arc. The CNN model processed black-and-white images of arcs with a resolution of
64x64 pixels. Data sets containing 10,000 examples each, generated according to specific geometric
assumptions, were used for training and testing the network.

The analysis of the results showed very high efficiency of both approaches. The MLP network
achieved a classification accuracy of 99% on the test set. The CNN network achieved an accuracy of
96%. The lower result of the CNN was due to the higher complexity of the image processing task
compared to the analysis of predefined features. Both results confirm the great potential of ANNs in
automating geometric pattern recognition tasks in engineering.

Artificial intelligence is becoming a versatile tool that can significantly improve various stages
of a design engineer's work. However, effective use of these tools requires the ability to verify results
and basic knowledge of the field.
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Keuwtyecokuti mexHono2iuHUll yHigepcumem

AHoTanisi. Y cTaTTi po3risgacThesl MOTEHIIIHE 3aCTOCYBaHHS ITYYHOTO IHTENIEKTY, 30KpeMa
MTy4HUX HepoHHUX Mepex (ILIHM), min yac npoekTyBaHHS iHxXeHepHUX cropya. [Ipeamerom crarTi
€ aBTOMAaTHUYHE PO3IMi3HABAHHS T€OMETPUYHOI (JOPMHU AYTH SK KPYroBOi, MMTHYHOT UM MapadoigHOi.
[TpaBuibHEe BU3HAYEHHS (HOPMM JAYTH Ma€ OCHOBHE 3HAUEHHS JJIsI CTBOPEHHS CTATMYHOI CXEMH Ta
00YHCITIOBAJTLHOT MOJIEIl KOHCTPYKITIi, 110 HEOOX1THO JIJIs aHaIi3y MIITHOCTI KOHCTPYKIIii. Y 11iif cTaTTi
aHATI3YIOThCS J1Ba MeToau ineHTudikanii Ha ocHoBi IIIHM: Garatomaposuii nepcentpon (BIIIT) Ta
HeriponHa wmepexa (CHM). Mepexxa BIIII knmacudikye Tunm ayrm Ha OCHOBI T€OMETPUUHHUX
0CcOOJIMBOCTEH OOpaHMX TOYOK, IO JIeKaThb Ha 1y3i, B ToM yac sk mepexka CHM 3miiicHioe
pO3Mi3HABaHHS Ha OCHOBI TpadhiqHOTrO MPEJCTABICHHS AYTH Yy BUTJISAIAI YOPHO-O1710TO 300pa)KCHHS.
Takoxx 0O6roBoproroThest meperiekTuBy 3actocyBanHs LI y nuBuibHOMY OyIiBHMIITBI 3 aKIIEHTOM Ha
TeHEepaTHBHI MOJEIl Ta iXHE TOTEHIIIfHE BUKOPHCTAaHHS IPH MPOEKTyBaHHI, MOJICITIOBAHHI Ta
aBTOMaTH3aLlii OyAiBEIbHUX MPOIIECIB.

AHaui3 pe3yabTaTiB MOKa3aB Aye BUCOKY €eKTUBHICTh 000X miaxoaiB. Mepexa BILIT nocsria
ToyHoCTi Kinacugikamii 99% nHa tecroBomy Habopi. Mepexxa CHM nocsirna Tounocti 96%. Hipkunit
pesyapraT CHM O0yB 00yMOBIIeHHH O1IBIIIO0 CKIIAIHICTIO 3aBIaHHSI 00pOOKH 300pakeHb Y MTOPIBHSIHHI
3 aHANI30M 3a3JaJIeriib BU3HAUCHUX o3HaK. OOHIBa pe3yabTaTH MiATBEP/KYIOTh BEIMKUM MOTEHINAT
[ITHM B aBTOMatu3allii 3aBIaHb pO3IMI3HABaHHS T'€OMETPUYHHMX Bi3epyHKIB B imkeHepii. ITyunuit
IHTEJIEKT CTa€ YHIBEpPCAILHUM IHCTPYMEHTOM, SKUH MOKE 3HAUHO TOJIMIIUTH Pi3HI eTamu podoTu
1HKeHepa-KOHCTpyKTopa. OnHak e(eKTHBHE BHKOPUCTAHHS IMX IHCTPYMEHTIB BHMara€ BMiHHS
NepEBIPATH pe3yIbTaTh Ta 0a30BUX 3HAHB Y Wil ramysi.

KuouoBi ciioBa: mMamuvHHE HaBYaHHS, PO3Mi3HABaHHs 00pa3iB, IMTYYHI HEHPOHHI MEPEXKi,
1H)KEeHEepHI KOHCTPYKIIii, mapaboiyHa ayra, eminTuyHa ayra, Ayra KoJa.
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Ooecvka depacasna akademis 6YOiBHUYMBEA MA apXimeKmypu

AnoTtanisi. [IpomoOHYeTBCS KOHCTPYKIlA OE3pUTEIBHOTO KapKacy, OCHOBOIO SIKOTO €
nepexpecHo-0anouni mmty. Harra npono3uiis nojsrae y BAKOPUCTaHHI OPUTiHAIBHOTO CTaIeBOTO
KOHEKTOpa, 1110 J03BOJISIE BUTOTOBHUTH IUIUTY 3 OKPEMHX €JIEMEHTIB HEBEJHMKOiI TOBKUHU. BruHaxin
HAJICKUTD 10 YHIBEpCAJIbHUX 3 €/IHAHb KAPKACHUX EJIEMEHTIB, 1110 MOXYTh YTBOPIOBATH BY3JIU i
pI3HUMU KyTaMu. 3alTpOCKTOBaHA MOJIEIb 2 X 2 M IIepeXpecHo — 0aI09HOI IIITUTH PO3MIPOM 6 X 6 M
31 CHOUpaHHSAM 10 KyTaXx Ha KOHCONI KojoH. TpanumiiiHi Oanku 0anoyHOrO NEPEeKPHUTTS
MepETBOPIOIOTHCS B KOHTYPHI Oanku tumTH. [Ipn cnipanHi X Ha KOJIOHH, OTPUMA€EMO KOHCTPYKIIito,
gKa TpejacTaBisge co0OI0 IUIUTY, OOMEpTy MO YOTHUPHbOX KyTax Ha KPYroBi KOHCOJI KOJIOH.
OcoOnuBICTIO TUTMTH € KymnoJibHa (opma 1i HUKHBOI TOBEpxHI. be3bamodne mepekputTTs 3
KPYITHOPO3MIPHUX IUIMT OTPUMAJIO MEpEeBard MpOCTOPOBOi pOOOTH mojoroi 00omoHkH. Po3BuHyTI
KOHTYPHI OINOpHI OaJKu IUIUTH J0O0pE CHPHMMAIOTh PO3Mip Ta HaAKICHI 3ycwuis y kyrtax. [lms
BU3HAYCHHS JOUIJIBHOCTI MPOMOHYEMOTO KOHCTPYKTUBHOTO pillleHHsI Oynu 3pobieHi 1Bi nudposi
MoOjIelTi 6araTornoBepXxoBUX OyiBEIIb 3 OJJHAKOBUM 00'€MHO — IUTaHyBaJIbHUM pieHHs M. [lepia — 31
CTaJICBUMHU KOJIOHAMHU 1 JAEpPEB'sTHUMHU TUIMTAMH — 000JIOHKaMH, 0OTIEpTUMH Ha KOHCOJI1 KOJIOH, pyra
31 3BUYAHUM CTaJICeBUM OaJOYHHUM KapKacoM 1 MOHOJITHUMH 3aT1300€TOHHHUMH TEPEKPUTTSIMHU.
PesynpTaTi po3paxyHKiB oka3aiu eeKTUBHICTh 0€30a7I09HOT0 KapKacy 3 MepexpecHO-0aJI0uYHIMU
TUTNTaMU 3 KJICEHOI JePEBUHH.

KuouoBi ciioBa: 6e30anouHe nepeKpuTTs, 6araTonoBepxoBi OY/iBIII 3 IEPEBUHU, KOHEKTOP
ISl IEPEB'STHUX MEePEXPECHO — OATIOUHUX EJIEMEHTIB.

Beryn. CywyacHe OyIIBHUIITBO TIparHe €KOJOTIYHOCTI, €HEproeeKTHBHOCTI Ta 3HUKCHHS
BUTPAT, 110 POOUTH KIICEHY JIEPEBUHY MEPCIEKTUBHUM MaTepialioM JJisi BUCOTHOTO OyiBHHUIITBA.
bararonoBepxoBi OymiBii 3 KJIE€E€HOT JEPEBHHU MalOTh BUCOKY MIIHICTh, JETKICTh, CTIUKICTH 0
CEMCMIYHMX HaBaHTAXEHB 1 HU3bKUH ByTIieneBuid ciil. OIHaK, HE3BAXKAIOYN HA aKTUBHUN PO3BUTOK
TEXHOJIOT1H, 3aJIUIIAI0THCS TUTAHHS, TTOB's13aH1 3 BOTHECTIWKICTIO, IOBFOBIYHICTIO BY3JI0BHX 3'€THAHB
Ta €EKOHOMIYHOIO epeKTHBHICTIO. OCHOBHMI HANPSIMOK CY4aCHOTO JOMOOYTyBaHHS — IPOCKTYBaHHS
Ta OymiBHUIITBO Oe3KapkKacHMX OaraTormoBepxoBuX OymaiBenb Ha ocHoBl CLT manenei: manenen —
NEPEeKPUTTIB Ta TMaHeded — CTiH. Y Wil CcTaTTi pO3IIISINAETbCS ANbTEpPHATUBHE KOHCTPYKTHBHE
pimeHHss 0e30a709HOr0 Kapkacy 3 MaHeNIsIMH, ONMEPTUMU IO KyTaX Ha KOHCOJI KoJoH. OKpim
eKOHOMII Marepially Ta MPHUCKOPEHHS MOHTaXy IPOMOHYETHCS O 3aCTOCYBAHHS TEXHOJOTIS
BUTOTOBJICHHSI TaHeJIeH MEPEKPUTTS Y BUIJISI1 TIEPEeXPECHO-0aI0YHOT CUCTEMU 3 JIEPEB'SHUX IJIaHOK,
00'€MHAHUX Yy BY3JM OpUTiHAJIBHUM KOHEKTOPOM. ICTOpMYHO JepeBHMHA BHUKOPHCTOBYBAIACS
MEPEBAYXHO y MAJIONMOBEPXOBOMY OYIBHMIITBI, aji¢ 3aBISAKH TEXHOJOTIYHUM 1HHOBAIlISIM OCTAaHHIX
JECATUIIITH CTaja OCHOBOIO /1715 OyAiBesnb 3aBBUIIKH 10 20 oBepxiB. CydyacHi MpUKIaIu JepeB'THUX
XMapouociB BKI04aoTh: Mjestirnet (Hopgeris, 85,4 m, 18 moBepxiB) — HaiiBuIIa OyAiBIIA 13 KJICEHOT
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nepesunu y cBiti; HoHo Tower (ABctpis, 84 M, 24 moBepxu) — riopunna koncrpykiis i3 CLT Ta
6erony; Brock Commons (Kanama, 53 M, 18 moBepxiB) - JepeB'sHUI KUTIOBHHA KOMILUIEKC, IO
IIBUKO 3BOJUTECS. LI MPOEKTH JEMOHCTPYIOTh KOHKYPEHTOCIIPOMOXKHICTh ICPEBHHH Y BUCOTHOMY
OyaiBHuITBI. OHAK iX peai3ailis BAMarae BUPIICHHS HU3KU TEXHOJIOTIYHUX 3aBJIaHb, BKITFOYAI0UN
BOTHECTIHKICTB, CTIMKICTh IO TMHAMIYHMX HAaBAHTA)KCHb TA BJIOCKOHAJICHHS BY3JIOBUX 3'€THAHb.

AHaniz nyOaikamii moao cydyacHux 6araTonoBepxoBHX OyIAMHKIB 3 AepeBuHHM. CyJacHi
AepeB'siHi 0araTornoBepxoBi OyAiBII OyAYIOTHCS 32 TPbOMa OCHOBHUMH CXEMaMHU:

- TIOBHICTIO JIEPEB'siHI KOHCTPYKIIii: BUKOpHCTOBYIOTh KiieeHi maneni (CLT), LVL-6anku Ta
nepe'siHi konoHu. Taki pimenHs, sk Mjestarnet, 2019 pix (Hopseris, 85,4 M, 18 mosepxiB) [1] —
HaWBHIIA OyIiBJISI 3 KJICEHOT ICPEBUHH Yy CBITI1, 3a0€311€UYIOTh JIETKICTh Ta €HEProeeKTUBHICTD;

- TiIOpUIHI KOHCTPYKLIi, /Ie AepeB'stHUi KapKac MOeTHYEThCs 3 0eTOHOM Ta ctaiuio. [Tpu npomy
MTOKPAITy€eThCS XKOPCTKICTh Ta cTikkicTh OymiBii. Hampuknang Brock Commons, 2017 pik (Kanana,
53 M, 18 moBepxiB), 1e OCTOHHUI CEpACUHUK JOMOBHIOE JEpEeB'sTHI NEepeKpuTTs [2] - MOAYINbHI
cuctemu (Dalston Works (JIongon)), 3 nepeBaramu 3aBoJICKOTO BUTOTOBJICHHS MOJTYJIIB TA MOHTAXKY
Ha MICIIi, 3 MIHIMQJIbHUMHU T€pMiHaMU OYJIBHUIITBA Ta BIIXOIIB.

Temnu nepes'sHoro OymiBHHIITBA BpaxkaroTh. Y 2019 pori BankyBep cXBaJiMB MpOEKT Ha
OyniBHuLTBO 40-110BepxoBoro xmMapouoca Canada Earth Tower, B sitkomy po3micTsiThest 200 KBapTHD.
3aramom y Kanani 3apa3 Oyayerbest Omm3bko 500 nepeB'sHHX OaraTOKBapTHPHUX OYIMHKIB
JI03BOJICHOT MOBEPXOBOCTI — TOOTO He Ounbiie 20 moBepxiB. J10CBi 1epeB'THUX XMapOUOCiB TAKOXK
B3sTM Ha 030poenHHs y Kurai Ta Snonii. ¥V Snonii BucOTHOMY OymIBHUIITBY NMPHUIUISIOTh BEIUKY
yBary uepe3 ceicMmiuHy HeOe3MeKy perioHy: yci TOKIHCBKI XMapO4OCH OCHAIlEHI CHCTEMOIO
«OaMriepiBy — TPHUAYIIEHHS MIJ36MHUX IOIITOBXIB. APXITEKTOPH BBa)KalOTh, IO 3aCTOCYBaHHS
JepeB'sTHOr0 OYAIBHMIITBA MOJETIIMTh Bary OyAiBeNnb Ta JIO3BOJUTH PO3POOMTH Ie HaXidHimIi
koHCTpyKItii. [IpoekT 70-moBepXoBOro AepeB'sTHOTO XMapodoca po3po0IeHO KOMITaHIE Sumitomo
Forestry [3]. IlomynsipHicTh epeB'sHOT apxiTekTypu HaOupae o6eptiB i B Himeuunni. Maiixe KoxHa
m'ara HOBa OymiBias TyT 30yaoBaHa 3 naepeBa. B o00macTi BHCOTHOI NIEpEB'SHOI apXiTEKTYpH
peaizoBaHO Taki MPOEKTH, K CEMHIIOBEPXOBUN OyAMHOK y OepiiHChKoMy paioHi [IpeHumayep
bepr. OgunaasaTe nepes'sHux 0araTomoBEepXiBOK IUIaHYeThes 30ynyBatun B MronxeHi. Jlepes'sHa
BEXa 3aBBUIIKU 65 METPiB 3BOAUTHCS HUHI B ['aMOyp3i.

B 2026 pomui mianyeThes 31aTH B eKcIutyaTaiiro 98-merpouit Oyauaok WoHo y cronmaaomy
paitoni bepnina Kpoiinbepr. "WoHo" (ckopouenns Big "Wohnhochhaus" - '"xwutnoBwii
OararonoBepxoBuii OynuHOK") [4]. BiH ckmamaTuMeThCst 3 TOJOBHOT BEXIi Ta MPUJIETIIUX 0 HEl TBOX
MaJIOMOBEPXOBUX OYHiBENb 3 03elieHeHUMHU Tepacamu. JKutinoBuit komrieke Via Cenni, M. Minas,
Itanist BucoToro 9 mosepxis miomnieto 17 000 M2, ans iforo 6yaiBHULTBA Oyn0 BuKopucTaHo 6100 v
na”eneii CLT. KoHCTpyKTHBHA TOBIIMHA CTIHOK 3MEHINYeThcs Ha 20 MM dyepe3 KOXKHI ABa-TpU
nmoBepxu: Ha mepmiomy BoHa 200 mm, Ha neB'stomy - 120 mm. ToBIIMHA TaHENeW MEPEKPUTTIB,
3aJIeKHO BiJl MpoiboTy, ctaHoBUThH Bix 200 mo 230 mm. XwutnoBuii xomriekc Puukuokka, m.
OBsickions, OIHATHIISA € KOMIIEKCOM 3 TPhOX €HeproepeKTUBHUX OyaiBeIh BUCOTOIO Bia 6 10 8
TIOBEPXiB 3aralbHOIO0 IUIoNIel0 6;1u3bko 18 650 M2, ByauHKH 30MparoThes 3 00'€eMHHX MOJYJIB i3
BHYTPIIIHIM 03/1001eHHSAM, BUTOTOBIeHUX 3 manenei CLT. Odicua BockMunoBepxona Oymisist Cree
LCT (Life Cycle Tower) One, m. lopuOipH, ABctpis. ByaiBis 3 mpoayMaHuM >KUTTEBUM LIUKIOM
MPEACTABISIE OCOOJIMBUNA HANMPSIMOK Yy BHCOTHOMY JepeB'SHOMY OyIiBHHITBI. TexHOIOTI,
3anponoHoBaHa komnasiero Cree GmbH, nepenbayae BUKOPUCTaHHS TiOpUIHUX KOHCTPYKLIHHUX
€JIEMEHTIB 13 KJICEHOI JIEPEBUHU, KapKACHUX JEPEB'STHUX KOHCTPYKIIH Ta 3amizobeTony. JlidhToBo-
CXOJIOBHH BY30J Ta LIOKOJb OyiBJi BUKOHaHI i3 3aii300eToHy. Y 30ipHUX HaHeNel MepeKpuTTs
HIDKHS YaCTHHA 13 KJIeEHUX OajloK, BEPXHs — 13 3aimizo0eTony. L{i yacTuHM MOB'13aH1 apMaTyporo i
MPALIIOIOTH SIK OJIHE LIiJIe, 110 3a0e3Meuye BUCOKY HeCyUy Ta IIyMOi30JII0I04Y 3aTHICTh IPH CYTTEBIN
ekoHoMii OymmarepianiB. Kieeni Oanku maHened MEPEKPUTTS 3HHU3Y 3aJTUINAIOTHCS BUIAMMHMH,
Oyaydn mopsii 3 JAEpeB'SHUMHU KOJIOHAMH MPUKPACOI0 IHTEp'epy, a MpOCTip Mik Oankamu
BUKOPHUCTOBYETHCS JIJIs1 IPUXOBAHOTO MPOKIaJaHHs KOMYHIKaIlii. Komriekc BOCbMU MOBEPXOBUX
oynisenbs Wood City, M. I'enbcinki, @innsaais 2015 — 2025 poku. [Ipoekt nepenbavae 3BeaeHHs
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nutoro kBaprany. XKutinosi Oyzaisii ta rorens y Wood City OynyTh 3BeieH] 3 MOJTyJIiB, 310paHuX Ha
¢babpuii, sKi OyayTh MOCTaBleH] Ha OyaMailaHuMK 13 BHYTPIMIHIM Ta (pacagHUM 03700JIEHHIM Ta
3MOHTOBaHUMH iHKeHepHUMHU cuctemamu. Y CIIIA mikaBwuii mpoekT Timber Tower Research Project.
42-moBepxoBa OymiBIsA, /€ BCli €IEMEHTH KOHCTPYKLii, KpiM Oalok, € nepeB'sHuMu. Take
KOHCTPYKTHBHE pimeHHs Ha3BaHo Concrete Joined Timber Frame, mo MokHa mepekyiacTu sK
JiepeB'sHa KOHCTPYKIlisi 3 OETOHHOIO OOB'A3K0I0. 3amiHa JepeB'ssHUX 0aloK OSTOHHHUMH JI03BOJISIE
BUKJIIOUYUTH YCHUXaHHS Ta HaOyxaHHS KOHCTPYKIi 1O BHCOTI. J[Ba HWXHI moBepxu OymiBimi
nepea0avyaeThCsl MOBHICTIO 3BECTH 3 OETOHY. Y KOHCTPYKLIi HACTYIHHMX IOBEpXiB Ha JEpeB'sHI
enemenTH npunanae 70%, va 6etod — 30%.

BumieBukiiazieHi pakTé roBOpsATH HaM PO Te, 0 OYAMHKH 3 KJIE€HOI JepEeBUHH MPUXOIATh Ha
3MiHy OeroHHMM. OHaK MH HE MOXEMO HaBECTH JKOAHOTO TMPHUKIALY BITYUZHSHOTO
nomoOyaiBHUITBA. YoMy B YKpaiHi He OyayloTh i3 AepeBa, konu y DiHIAHAIL yacTKa JepeB'THUX
OyaunkiB craHoButh 40%, a y Himewunni Ta ABctpii OyniBii 3 aepeBuHu 3aiiMaiote 30%
OyaiBenbHOTO PHUHKY? AJpKe HaWOuiIblIa mepeBara JepeB'sSHUX OYIWHKIB y TOMY, IIO BOHH €
HaWOIIBII €KOJIOTIYHUM, 3JJ0POBUM KHUTJIOM. SIK MOKa3zye €Bpomneichka MpakTUKa, Terep 13 JepeBa
MO>KHa OOy TyBaTH HABITh JKUTJIO, SIKE BiAMOBIAa€ HAWBUIIMM CTaHAAPTaM. | 3p03yMiJIo, 110 3roJ0M
JIEpEB'sTHE KUTJIO CTaBaTUME HOPMOIO y 0aratbox KpaiHax sk €Bporu, Tak 1 cBity. Ilepepaxyemo
KIIIOYOBI TepeBaru 0araTornoBEpXOBUX JEpEeB'SHUX OyIWHKIB: Taki OyIMHKHM €KOHOMIYHI B IUIaHI
eHepro30epekeHHs, JOBrOCTPOKOBE BUKOPUCTAHHS JEPEBUHHU B OYIIBHUIITBI BIUTMBAE HA 3HWKEHHS
KUTBKOCTI BYIJIEKHUCIIOTO ra3zy B aTMocdepi, 3a paXyHOK CBO€I THYYKOCTI 1 €1aCTUYHOCTI JePEBHHA
OLTBII CTiMiKa 10 CEMCMIYHOI aKTUBHOCTI, HI’K OETOH, KBaJipaTHUH. IEMOHTAX 3aCTapiJIOTO KHUTJA 3
MMOBHOIO TIEPEepOOKOI0 Ta yTHIII3aIli€r0 OyMiBenbHUX BinxoAiB. OqHAK, HE3BAXKAIOUN Ha TaKi TUTFOCH,
OaratonoBepXxoBi OYIWHKH Yy Hac BIJCYTHI, OCKUIBKM MaKCHMajbHa BUCOTA JEPEB'THUX OYIMHKIB
oOMekeHa TpbOMa MoBepxaMH. A 3aMOBHHKHM HacamIiepel AyMaroTh HE MPO SAKICTh Ta 30pPOB's, a
PO BapTICTh KBaapaTHOro merpa. OMHAaK € W iHII MpoOJIeMH, 1€ BIJICYTHICTH CIEHIQTICTIB SK
MPOEKTYBAJIbHUKIB, TaK 1 Oy/AiBEIbHUKIB, 1 BIACYTHICTh BUPOOHMUO-TEXHOJIOTIYHOT 6a3u. 3BepHIMO
yBary TUIBKM Ha OJIMH, ajie¢ BHW3HAYalIbHUN (AKTOp - BIACYTHICTh OYIb-SKOI HOMEHKJIATypH
JepeB'sTHUX KOHCTPYKIii. ToOTO BiACYTHICTH HOPMATUBHOI 6a3u, 63 AKOi He MOYKHA PO3MOYMHATH
MPOCKTYBaHHsA. [, HaWTroJIOBHIIIE, TICUXOJOTTYHNK YMHHUK. lle HemoBipa 3BHUUYaWHUX JIOJEH, sK1
BBAXAIOTh, L0 3 IEPEBUHU MOKHA pOOUTH TUIBKU CTOJISIPHI BUPOOH, @ HaAIHHUI OyIMHOK MOXe OyTH
3a11300€TOHHUM a00 1nerstHUM. J[iist BupimeHHs 1€l mpoOjaeMu MOKHa a0 B3ATH 32 OCHOBY
3apyOi’KHI HOPMH Ta HOMEHKJIATypy, a00 po3polisaTu cBoi. [Ipu mboMy npocTe KomitoBaHHs HaBpsi
yu Oyze eeKTUBHUM.

KoncTtpykTuBHi cxemu OararomoBepxoBux OyIMHKIB 3 aepeBuHH. ChOTOIHI iCHYIOTh
HACTYMHI BapiaHTH KOHCTPYKTHBHUX CXEM O0araToloBepXOBUX OyaiBeldb 3 KJICEHOI JCPEBHHMU:
[UTBHOCPEB'sTHA Ta KOMOIHOBaHA — JIEPEBO 3 OETOHOM, JEPEBO 31 CTAILIIO.

LlinpbHOIEPEB'sIHI.

- cuctema OyniBauiTBa 3 CLT maneneit. Ile Texnonorisa Cross-laminated timber a6o X-lam — 3
BEJIMKOrabapuTHUX NEPEeXpPECTHO-KIICEHUX MaHeneil. Bucymieni aepes'siHi 1ameni TOBIIMHOIO Big 10
10 45 MM mix THckoM He Menmte 0,6 H/mm? MEPEKPECHO HAKJICIOIOTh OJIMH Ha OJTHOTO 3a JOTIOMOT OO
CIOJYYHOTO  CKIaay, SKHM He  MICTUTh  (eHONpOopManbIeriTHUX  CMOJ.  3aBISKU
MePIEHIUKYISIPHOMY PO3MIIIEHHIO BOJOKOH HIBETIOETHCS aHI30TPOIHICTh JEPEBUHU, MaKe 10
MiHIMYMY 3BOJHUTHCA €(EKT YCUXaHHS Ta 3HAYHO 301IbIIY€ETHCSI HECyYa 3/1aTHICTb;

- cuctrema FFTT (Finding the Forest Through the Trees) [5]. Cepen pi3HOBUAIB AaHOT CUCTEMH
pO3TIIsTHEMO IIUTbHOAEpEB'ssiHy. BoHa po3poOiena i OydiBenb BUCOTOKO 10 12 mOBepxiB i
nepeadavae HassBHICTB )KOPCTKOTO sipa 3 CLT maHenei Sk CTIHY 1 TUTMTH TIEPEKPHUTTS, a TAKOK 0aJI0K
1 KOJIOH 3 KJeeHoi nepeBunu. Ha Ganku cnupatotsest miautu nepexkpurts CLT;

- CTIHKOBO - 0AJIKOBI CHCTEMH - IPUITYCKAIOTh (JOPMYBaHHSI HECYUOTO MPOCTOPOBOTO KapKaca
3 BUKOPHUCTaHHSM CTIHOK Ta Gayiok 3 nepeBa. MaroTh 0OMEKEHHS MO BHCOTI 4epe3 HeoOXiTHICTh
3a0e3meYeHHs] HOPMAaTUBHUX BHMOT TIPOCTOPOBOI CTIMKOCTI 1 dYacTimie TOEIHYIOThCS 13
3aJ11300€TOHOM 1 CTAJIIIO;
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- KapKacHO — IIWTOBI KOHCTPYKIi — BHUKOPUCTOBYIOTH YKPYIHEHI CTIHOBI €JIEMEHTH
3aBOJICBKOTO BUTOTOBJICHHS y BUTJISI/II IITUTIB Ta KapKaciB;

- 00'eMHO-0J10KOB1 OY/IiBJII — MOHTYIOTHCA 13 OJIOKIB — KIMHAT 3aBOJICBKOTO BUTOTOBJICHHS 13
JepeB'sTHUX TUIUT a00 KapKacHO — IIUTOBHX €JIEMEHTIB.

JlepeBo Ta GeTOH.

- Texnonoris CREE System. 3acHoBaHa Ha 3aCTOCYBaHHI JEpPEBO-3aTi300€TOHHHUX IUIUT 3
MaKCUMaJIbHUM MPpoaboToM 10 M, y SIKUX JepeB'sHl peOpa MpairoloTh Ha PO3TAT Y HWKHIM YaCTHHI
TUTUTH, a 3aJ11300€TOHHA MOJIUIISI HA CTUCK Y BEPXHIiH;

- KapKacHI CHUCTeMH 13 3alli300€TOHHUM SAPOM JKOPCTKOCTI — BHKOPUCTOBYIOTBCS JISI
OyIIBHUIITBA BHCOTHUX OyiBellb MPU HEOOXIAHOCTI 3a0e3meueHHs MiIBUIICHUX BHMOT JIO
YKOPCTKOCTI Ta CTIHKOCTI 32 paXyHOK pOOOTH HECY4Ooro cepicuHuKa i3 3aimizoberony. o midToBo-
CXOJIOBOI IIAXTH 3 MOHOJIITHOTO 3aJ1i300€TOHY NMPUMHKAE CTIHKOBO-0aJ0YHA CUCTEMA 3 KOJIOHAMH 3
kieeHoi aepesrunu Ta CLT maHensiMu nepeKpuTTiB;

- OymiBmi 13 3ami300€TOHHUMH €IEMEHTaMH Ta BY3JIOBUMHU 3'¢HaHHAMH [6]. [lns
0araTonoBepXOBHUX OY/iBENb MOIIIFHO BKJIIOUATH 3a11300€TOHHI €JIEMEHTH Ha HAWHANPYKCHIIINX
AinsHkax. Tak Mpu MEepeKpUTTIX 3 AEPeB'SHUX IaHeled, BUKOPHCTOBYIOTh 3ali300€TOHHI Oanku
0OB'sI3yBaJIbHI.

JlepeBo Ta craib.

- KapkacHi OyaiBii 3 s,ApoM )KOpCTKOCTI 13 ctaneBux pam [ 7]. Bullitt Center financial case study
[7]. Cranb BUKOPUCTOBYETHCS 1 JUISI BY3JIOBUX KOHEKTOPIB KOJIOH, OaJIOK Ta MaHeme;

- IepeB'siH1 KapKacH 31 CTaJIeBUMU By3J1aMH Ta PO3KOCAMH, 110 103BOJISIOTH CKOPOTUTH BUTPATY
Mmarepiainy;

- TIONEPEHBO HAINPYXKEHE JEPEBO — METAJCBl CUCTEMHU Yy paliOHax IMJABHUIIEHOI CEHCMIYHOT
aKTUBHOCTI. 3aCTOCYBaHHsS TaKMX CHCTEM HE 3HAHMIIIO MIMPOKOTO TOIIMPEHHS Yepe3 BUCOKY
BapTICTh;

- FFTT cucremu i3 cTajJeBUMM KOHCTPYKIISIMH NpHU BHCOTI OyaiBii moHax 12 moBepxis.
PexomenayeTbcss KOMOIHYBaTH cTajieBl OalKW Ta JAEpeB'sHI MaHEN sl JOCATHEHHsI HE0OXiTHOT
KOPCTKOCTI KapKacy.

Merta pociigxeHHs. Po3poObutu KOHCTPYKIIiI0 6araTonoBepXoBOro Oe3pureabHOro Kapkacy
3 MEPEeXPECHO — OATOYHUMH TTAHEJSIMU TIEPEKPHUTTIB, OOIIEPTUMH IO KyTaX Ha KOHCOJI1 KOJIOH.

Metoauka nociixkeHHs. [IpornmoHyeThCs KOHCTPYKIIisl OE3pUTEIBHOTO KapKacy, OCHOBOIO
AKOTO € mepexpecHo-0anouni mutu Puc. 1. Ilepmmii etan npoekTyBaHHS — po3poOKa JepeB'sHOT
MepexpecHo — 0aI0vHOT TUTHTH 3 KJICEHOT nepeBruHU. Hara mporo3uirist mojsirae y BAKOPUCTaHH1
OPHTIHAIBHOTO CTAJIEBOTO KOHEKTOpPa, 3arpornoHoBaHoro imkeHepom Kosrynom B.I1., mo qo3Bosse
BUTOTOBUTH IUTUTY 3 OKPEMHUX €JIEMEHTIB HEBEIHMKOi JOBXHHU. BHHaxin HaIeXUTh [0
YHIBEpCAJIbHUX BY3JIB 1 crocoOy 30MpaHHS €JIEMEHTIB Kapkacy OyAiBelbHUX KOHCTPYKIIH, 110
MOXYTb OyTH 3’€HaHI MiJ PI3HUMH KyTaMH, K MO MPOEKTY TaK 1 3 MOXKJIMBICTIO BHECEHHS 3MiH Y
BXKE ICHYIOYl KOHCTPYKIIii. 3aiponoHOBaHUN HaMU croci0 3'€JHaHHA BOX, TPHOX a00 YOTHUPHOX
KapKacCHUX €JIEMEHTIB JI03BOJIsIE 3MIHIOBAaTH KOHCTPYKIIi Oe3mocepeHb0 Ha MICIIi, 3'€JHAHHS MOXE
OyTu 3aTpeOyBaHe mpu OYyJIiBHUIITBI MOBEPXOHb Pi3HOI (pOpMH, BKIIIOUAIOYM ILJIOCKI, CKIICTIIHYACTI,
XPECTOIOAI0H1 CKIIETIHHS 3pyHHOBaH1 TOIIIO.

TexHomorist 103BOJIIE CHOPYMXKYBATH CTPATOJAE3WYHI KYMOJbHI CHCTEMH, TinepOosivHi
mapaboJI0iaK Ta IHIII CKIaaHI TeoMeTpruuHi popmu. B yHIBepcampsHOMY BY3J1 3'€THAHHS €IIEMEHTIB
MICTSATBCS AlaroHaNbHI KPIMUIbHI eneMeHTH. [Ipu boMy 3’€THYBaHI TOPII €IEMEHTIB BUKOHAHI i
KyToM 45° 10 MOB3J0BXHBOI IEHTPAJIBbHOI OCi 3’€IHYBAaHOTO TOPIS BIAMOBITHOTO KapKacHOTO
eJIEMEHTa, a KapKacHI eJeMEHTH OyAiBeTbHUX KOHCTPYKIIH CIIONydeHi IpaHsMH iX 3’€JHYBaHHX
TOPIIIB 3 YTBOPEHHAM KyTa 90° Mk HUMHU.

-71 -



CyuacHi 6ydieenvhi KOHCMPYKYii 3 memany ma depegunu, 2025. — Bun. Ne 29 (ctop. 68-76)

Puc. 1. Kapkac 3 nepexpecHo — 0aJTOUHUMH TUIUTAMU

3HaYHUI BHECOK y PO3BUTOK METOJIB po3paxyHKy miuT 3poouB C.I1. Tumomenko [8], BiH
3acTocyBaB MeToj PiTia i Teopiio aHI30TPONMHMX IJIACTHUH. Y MEpIIOMY BHIIAJKy €HEpreTHYHE
pPIBHSHHS ~ KPUBOJIIHIMHOI TOBEPXHI CHUCTEMH 3aJa€ThCsl Yy BT  PAAYy  TMOABIMHHMX
TPUTOHOMETPUYHHUX (DYHKIH 1 3py4HO Ui BUPIIIEHHS 3aBJaHb 3 BUIBHOIO OMOPOIO MO KOHTYPY.
Inma pob6ora C.I1. TumomeHkOo 3acHOBaHA Ha 3aMiHI CTEPXKHEBOI PEIIITKH EKBIBAJICHTHOIO
aHI130TPOITHOIO TUIACTHHOIO 3 MIPYKHUMU TTapaMeTpaMH, «PO3IMOIIJICHUMI» IO TOBEPXHI, 0OMeXKeHIN
TUM e KOoHTypoM. lleit cmoci® mpuOam3HMiA 1 a€ XOpOoIIl pe3yiabTaTH TUIBKH MPH OKPEMOMY
HanpsMy CTEp’KHIB 000X HampsMKiB. Ha BigMiHy BiJ BapiallifHUX METOIB OOYMCIICHHS, YHUCIIOBI
METOIM 3HAWIIIM IMIMPOKE 3aCTOCYBAaHHS JIMIIE B OCTaHHI JECATHIITTA. MeTox oOYncCiIeHHS 3
BUKOPUCTaHHSAM YaCHUX PIBHSIHb B YMOBaX CKIHUYCHHHUX pi3HUIL OyB po3pobienuii @. braeiixom i E.
Menanom [9]. Ilpu oCHOBHUX MONYIIEHHSX OyIBEIBHOI MEXaHIKH 1€ MeTon € TouHuM (0e3
ypaxyBaHHs KpyueHHs1). OiHaK HOro pillieHHsS I'POMI3JIKi, @ pO3PaXyHKHU TPYJOMICTKI.

Puc. 2. YuiBepcanbHuii KOHEKTOP

Amapatr MeTOay CKIHYEHHUX - pa3HOCTEH CTae Ime OLIbII TOTY)KHUM B TOEIHAHHI 3
BapiallifHUMH MPUHIIUIIAMHI MEXaHIKH, a TAKOXK METOAAMH CUJI 1 epeMilieHb. PO3BUTOK KIaCHYHUX
METOMIB PO3PaxXyHKY CKJIQJIHHUX CTATUYHO HEBHU3HAYECHUX CHCTEM, IO MPU3BOASTH 10 BUPIMICHHS
BEJIMKOI CHCTEMU IIHIHHUX PIBHSAHB, OBTHH Yac TajJbMyBaBCS OOUYMCIIOBATHBHUMH TPYIHOIIAMH.
[TosiBa KOMIT'IOTEPIB 3HAYHO PO3MIUPHIIO 00JIACTH 3aCTOCYBAaHHS METOJIB OYy/IBEIIbHOI MEXaHIKH 1
Teopii mpyXHOCTI. IS TOYHOTO CTATHYHOTO PO3PAXyHKY BHKOPUCTOBYIOTHCS OOYHMCIIIOBAIIBbHI
komruiekcu Tuny "Jlipa", SCAD, B skux, peangi3oBaHO METOJ CKIHUEHHHUX E€JIEMEHTIB Yy BUIJISIII
nepemimnieHs [10].
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Pe3yabTaTi noc/iazkeHb. 3aipoeKTOBaHa MOJACID 2 X 2 M MEPEXPECcHO — OATIOYHOI TUTUTH
po3MipoM 6 X 6 M 31 CIpaHHSAM 0 KyTaxX Ha KOHCOII KoJioH. [lepepi3u eJeMeHTIB ITUTH BU3HAYCHI

1] HOpMaTHUBHE HaBaHTAXXEHHS )KUTJIOBO1 6araTornoBepxoBoi Oy/IiBIIi.
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Puc. 3. KoHCTpyKTHBHA Ta pO3paxyHKOBA CXEMH MOJIEJIi TTaHel
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OcHoBow pocnimkeHs Oyna teopiss O.D. Jlomedita anms 3ami300€TOHHOTO MOHOJIUTHOTO
MIEPEKPUTTSI CTOCOBHO 30IPHOTO: - TpaauIlidHI OaKku OaJIOYHOTO TEPEKPHUTTS IMEPETBOPHINCH B
KOHTYpHI Oanku Tumty. [Ipu crimpanHi iX Ha KOJOHHU, OTPUMAEMO KOHCTPYKIIIIO, SIKa MPEACTaBIIsE
cO00I0 TUIUTY, OOMEpPTy IO YOTHPHOX KyTax Ha KPYrorl KOHCOM KOJOH. OCOOJWBICTIO TUTMTH €
KynospHa (popma i1 HHKHBOI MoBepxHi. Jlani MOXXHO 3pOOUTH HOBUI KPOK 1 PO3IJISIAATH IUTUTY, SK
OJIOTY 00OJIOHKY, IO 00mepTa Ha YOTUpH KyTa. be3bamouHe mepekputTTs 3 KPYIMHOPO3MIPHUX TUTAT
OTPHUMAJIO TIEpEeBary MPOCTOPOBOI POOOTH ITiJT HABAHTAKEHHSM M0JI0Tr01 000JI0HKU. PO3BHHYTI KOHTYpHI
OTIOPHI OAJKH TUTMTH J00pe CIIPUIUMAIOTh PO3Iip Ta HAKICHI 3yCWJUIA Y KyTax. BincyTHICTh pureniB
BUMarae JI0IaTKOBUX 3aXO0/1iB JUIs 3a0€3MeUeHHs IPOCTOPOBOI AKOPCTKOCTI KapKacy. 3araibHa CTIHKICTh
OymiBII 3a0€3MeUy€ETHCS CYNUTLHOK POOOTOI0 TOPU3OHTAIBHUX JUCKIB MEPEKPUTTIB T4 BEPTHKATBHUX
B'13iB. IlepekpuTTst cnpuilMaloTh €KCIUTyaTalliiiHi HaBaHTaKEHHS 1 3a0e3MeuyloTh >KOPCTKICTb Ta
HE3MIHHICTh OYy/IiBJIl B TOPU3OHTAIIBHIN TUIOIIHMHI MIISTXOM MEPEPO3NOALTY 3YCHIIb BT BITPY Ta 1HIIHMX
TOPU30HTAJIBHUX HABAaHTAKEHb. 3a0€3MEUEHHSI MPOCTOPOBOI KOPCTKOCTI y BEPTUKAIBHINA IUIONINHI
CHPOIIYETHCS, SKIO 3aCTOCYBATH KOMOIHOBAHE PIlIEHHS — 31 CTAJICBUMH KOJIOHAMH 1 B'sI3aMH.

[TonepenHiii po3paxyHOK IUIMTH [TOKA3aB i JOCTATHIO HECYUY 3/1aTHICTh. PIBHOMIpHO po3noineHe
HABaHTAKECHHS OYyJIO MPHUBEICHO JI0 30CEPEDKEHOTO y By3Jiax. BU3HAUMBINKM 3yCHILIS, ONTHMI3YBaJIH
MIOTIEPEYHi TIEPePi3u OKPEMHX €JIEMEHTIB ILUTUTH — O0OJIOHKH.
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Puc. 4. Po3paxyHKOBI 3yCHJIJIS B TUTUTI

0.07

Jlnst BU3HaueHHsSI €(pEeKTUBHOCTI MPOMOHYEMINH KOHCTPYKIIT MEpEeKpUTTs Oynu 3pobieHi IBi
¢ poBi Mozeni 6araronoBepXoBUX Oy/AiBENb 3 OJHAKOBUM 00'€MHO — IUIaHYBAJbHHUM 1 Pi3SHUMHU
KOHCTPYKTHBHHMH CXEMaMH - IIECTH moBepxoBa Oymiist 30 x 18 M, 13 ciTkor0 KoyIoH 6 X 6 M. [lepma
cxeMa — 31 CTaJleBUMHU KOJIOHaMU Yy BUTIIsAL [BoTaBpiB 40K 1 1 nepeB'stHUME IUTamMu — 000JI0HKAMH,
o0mepTUMH Ha KOHCOJII KOJIOH, JIpyra 31 3BUYaiHUM CTAJIEBUM OQJIOYHUM KapKacoM 3 JBOTABPOBHX
kosioH 40K 1, purenis 3 1BoTtaBpiB 351113 i MOHOMITHUX 3a11300€TOHHUX MEPEKPHUTTIB TOBIIKUHOIO 160
MM. B sKocTi siapa KOPCTKOCTI NpuiHATa 3amizo0eToHHa nidgrToBa maxrta. [lo pesymbpTaTam
po3paxynky moneneid B IIK Jlipa CAIIP mpoBeaeno ixHiii mOpiBHsUIBHHM aHami3. B pesynbrari
PO3paxyHKy OTpHUMaHi 3HAYCHHS BHYTPIIIHIX 3YCHJIb, IO BUHUKAIOTh B KOJIOHAX MEPIIOTO TIOBEPXY
B 000X BapiaHTax, mpeacTaBieHi B Tabmui 1.

Taomums 1

3HavYeHHS BHYTPIIIHIX 3YCHJIb B KOJIOHAX KapKaciB JBOX BapiaHTIB

Bua xapkacy N, kH M, kHm Qy, kH
1 2 5 6

Bapiant Nel -1465,37 26,24 0,094

BapianT Ne2 - 954,957 -17,533 -4.91
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30UIbIIEHHsT 3YCHJIb B KOJIOHAX B TEPIIOMY KOHCTPYKTHMBHOMY BapiaHTi 3 0e30aiouyHuUM
NEPEKPUTTAM HE MPHU3BEIIO 10 KPITHUHUX Aedopmaliil kapkacy. MakcumanbHi gedopmartii mpu aii
PO3paXyHKOBHX HaBaHTAKEHHIX HE MEPEBUIIMIN KPUTHYHUX 3HAYCHB.

Taomums 2

MakcumanbHi1 IEpeMIIICHHS By3JIiB KapKacy

Bun xapkacy no X, cm noY,cm
1 2 3
BapianaT Nel 0,0999 0,149
Bapiaat Ne2 0,268 0,0655
BucHoBKH:

1. 3ampomaHoBaHa KOHCTPYKIiSl O€3pHIelbHOTO KapKacy, OCHOBOIO SIKOTO € IepexpecHo-
0aJ04Hi MIUTH, OONEPTI MO KyTax.

2. Jlnsi BUTOTOBIIGHHS TIEPEXpPECHO — O0aJ0YHOl IUJIUTH BHUKOPUCTOBYETHCS OPHUTIHAIBHUMA
cTaJieBUH KOHCKTOpP, IO MOO3BOJII€ BUI'OTOBUTU IUIATY 3 OKPCMHUX e.HeMeHTiB HEBEJIHUKO1
JOBKUHU.

3. OcoOnuBICTIO MIUTH € KyMoJibHa (GopMa 1 HUKHBOI MOBEpXHi. bezbanouHe nmepekpurTs 3
KPYIMHOPO3MIPHHX TIJTUT OTPUMAJIO IEpEBaru MpoCcTOPOBOi pOOOTH MOJIOT0i 0OOJTOHKH.

4. Po3paxyHOK IUIMTH TOKa3aB i JOCTaTHIO HECy4y 3aTHICTh B SIKOCTI BUKOPHUCTaHHA, 5K
€JIEMEHTa MIKITOBEPXOBOTO MEPEKPUTTSI IKUTIOBOTO OyTUHKY.

5. TlopiBHsibHUMN aHaNi3 poO3paxyHKy LU(POBHUX MoOJeNneil TpaaulidHOrO OanoyHOro
0araTomoBEpPXOBOrO0 KapKacy 31 CTaJeBUMHU KOJOHAMH, PHUTEISIMH 1 MOHOJITHUMH
3a11300€TOHHUMH TIEPEKPUTTSIMU 3 BapiaHTOM OE3pHUreIbHOTO KapkKacy 31 CTaJeBUMU
KOJIOHAMH 1 NepexXpecHo — OAIOYHUMH TUIUTAaMH — 00OJIOHKAMHU TT0Ka3aB, 10 Oe3pUreabHun
KapKac Ma€ CYTTEBI PE3€pBH HECYUOi 34aTHOCTI.

6. 3amaHoBaHa HU3Ka aHAIITUYHUX 1 JJAOOPATOPHUX BUIIPOOYBaHb MEPEXPECHO — OamOuHUX
TUTUT Ta iXHIX BY3JIIB JIJI1 BU3HAYECHHS ONTUMAJIBHUX YMOB KPITIJICHHS TUTUT MK COOOFO 1 TUTUT
3 KOJIOHAMH Ta JUI TOYHOTO OMUCY MOJETIOBAHHS MPOMIXXHHX BY3JIiB.
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Abstract. We propose the design of a transomless frame based on cross-beam slabs. Our
proposal is to use an original steel connector, which allows us to make a slab from individual elements
of small length. The invention belongs to the universal connections of frame elements that can form
assemblies at different angles. A model of a 2 x 2 m cross-beam slab measuring 6 x 6 m with a corner
support on column consoles was designed. Traditional beams of the beam floor are transformed into
contour beams of the slab. When they are supported on the columns, we get a structure that is a slab
supported at four corners on circular column consoles. Floors bear operational loads and ensure the
rigidity and stability of the building in the horizontal plane by redistributing forces from wind and
other horizontal loads. Ensuring spatial rigidity in the vertical plane is simplified by using a combined
solution with steel columns and trusses.The peculiarity of the slab is the dome shape of its lower
surface.The beamless slab of large-size slabs takes advantage of the spatial operation of the hollow
core. The developed contour support beams of the slabs are well suited to accommodate bracing and
overhang forces in the corners. To determine the feasibility of the proposed structural solution, two
digital models of multi-storey buildings with the same space-planning solution were made. The first
one has steel columns and wooden slabs - shells supported on column consoles, the second one has a
conventional steel beam frame and monolithic reinforced concrete floors. The results of the
calculations showed the efficiency of the beamless frame with cross-beam laminated wood slabs.

Keywords: beamless flooring, multi-storey buildings made of wood, connector for wooden
cross-beam elements.
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YIAK 693.55:691.11 d0i:10.31650/2707-3068-2025-29-77-85

AHAJII3 LJISIXIB PO3BUTKY TA BUKOPUCTAHHSI MEPEKPUTTS
3 IEPEBA TA KJIECHOI JEPEBUHU

TimanoB O.M., acmipa#r,
gimanov(@gmail.com, ORCID: 0009-0009-3640-1061
Ooecvka depoicasna akademis 6YOiGHUYMBA MA APXIMeKmypu

AHoTanifs. Y CTaTTI pO3MIISIIAIOTHCS MEPCIIEKTUBYA BUKOPUCTAHHS IEPEB’ THOTO MEPEKPUTTS
y cydacHOMy OymiBHUITBI. [IpoBeneHO aHami3 HiTEpaTypHUX JHKEpeN MO0 TEXHOJIOTIYHOTO
PO3BHUTKY JACPEB’SIHUX KOHCTPYKIIH, iX €KOJOTIYHHMX Ta (yHKIIOHANBHUX mepeBar. OkpecieHi
OCHOBHI HampsMHU JOCTKeHb y cdepi O6araTonoBepXxoBHX JepeB'sHux cnopyad. IlpeacraBieno
PO3paxyHKOBY MOJIETIB T’ SITH TIOBEPXOBOI KapKACHOI OY/IiBIIl 3 MEPEXPECHOI0 CUCTEMOIO TTEPEKPUTTS,
sKa BUKOPUCTOBYETHCS, SIK MOJIENb aHAJOr JJIs PO3pOOKM HATYpPHUX AOCHITHHX 3paskiB. [lix yac
CTBOPEHHSI MOJIENI MPUHHSATO UMK Psii CIIPOUICHD Ta MPHITYIIEHb, 110 TOTPEOYIOTh MOJATBIITNX
nocmikeHb. Ha ocHOBI 4oro cpopMysibOBaHO METY Ta 33/1a4i TUCEPTALifHOTO TOCTIIKEHHS.

KarouoBi cjoBa: nepeBrHa, KIe€Ha JEpEeBHHA, OYIiBENbHI KOHCTPYKIi, €KOJOTIYHICTD,
0araTonoBEpPXOBi CIIOPY/IH, 3BYKO130JISIIisI, BOTHECTIMKICTD, TPOCKTYBaHHS, PO3PAXyHKOBA CXEMa.

Beryn. JlepeBuHa € oaHMM 3 HailAaBHIMMX OyaiBeNbHUX — MaTepianiB, SKUH
BUKOPHUCTOBYBABCS JIIOJICTBOM TIPOTATOM THCSUYONITh. Bin Haimepmux nepeB’sSHUX XaTHH [0
CKJIAJHUX apXITEeKTYPHUX CIOPYA, JepEeBUHA 3aBXKIU Oyina BaXKJIMBUM PECYpPCOM 3aBISKH CBOIN
JIOCTYITHOCTI, JIETKOCTI 00poOKu Ta mirtHOCTi [ 1, 2]. ¥ craponaBHi yacu AepeB’siHI KOHCTPYKIIIT Oy
OCHOBOIO KHTJa, 00OPOHHUX CHOPY/ Ta PENirifHuX Oy/IiBenb.

3 PO3BUTKOM TEXHOJIOTI Ta MPOMHCIIOBOI peBotorii y XIX cTomiTTi nepeBuHa MOCTYIMOBO
rmoyasa MoCTYMaTUCS MICIIeM IHIIUM MaTepianaMm, TaKUM sIK cTaib Ta 0eToH. [IpoTte, y cydacHOMy
OYIIBHHIITBI JICPEBUHA 3AIHIIAECTHCS TMOMYISIPHOIO 3aBISKH CBOIM €KOJIOTTYHHM BJIACTUBOCTSM Ta
€CTeTHUYHIN MpUBaOIMBOCTI. Y 3B’S3KY 3 UM aHAJI3 JITepaTypHUX JPKEpEN 3 BUBHAUCHHSM IIUISIXIB
PO3BHUTKY Ta BUKOPUCTAHHS IUIUT MEPEKPUTTS 3 JepeBa Ta KJICEHOI ACPEBHUHH — € aKTyaJbHUM
3aBJaHHSIM.

MeTo10 po60TH — € ONPAIFOBAHHS BITYM3HIHHUX Ta 3aKOPJOHHUX JITEPATYPHUX JDKEPEI M
BUKOHAHHSA aHaJi3y CTaHy HayKOBHX JOCII/DKEHB y raiy3i Oy[iBHULITBA 3 IEPEBUHH Ta BUSHAYCHHS
MOJKJIMBHUX HAIPSIMKIB IMOIAIIINX HAYKOBHX JOCIIPKEHb Ta TIOCTAHOBKA 3a/1a4.

AHani3 my6uikaniii. PO3BUTOK BUKOpPUCTaHHS JI€pPEBUHU y OYIIBHHUIITBI CJiJl MOB'A3YBaTH 3
PO3pOOKOIO Ta BIOCKOHAJIEHHSIM TEXHOJIOT1i BUPOOHUIITBA KOHCTPYKIIiH 3 KieeHoi fepeBuHu. Kiieena
JepeBUHA BIJKpHUIAa HOBI MOMJIMBOCTI [UI CTBOPEHHS Ta IPOEKTYBAaHHS CyYacCHHX JIE€pEB’STHUX
koHCTpyKIid [3, 4]. 3 mouarky 2000-X pOKiB y CBITI CIIOCTEPIra€ThbCsl CIUIECK OYIIBHUIITBA
0araTormoBepXOBUX JepeB’sHUX OyaiBenb [5, 6]. YV poboTi [6] aBTOpH aHANI3YIOTh apXiTEKTypHi
MOXJIMBOCTI Ta PI3HOMAHITHICTh Y CY4aCHOMY CEpIMHHOMY Ta MOIYJIBHOMY 0araTomoBEpPXOBOMY
OyniBHMLTBI 3 aepea. JocmimkeHHs oxoruntoe 350 cydacHHMX 0araTomoBEpPXOBHX JEpEB’SHUX
OyIiBeJIbHUX MTPOEKTIB 110 BChOMY CBITI, 1110 ToOyoBani 3 2000 mo 2021p.

Pesynbrat poboTH mpeicTaBieHi y BUIIAALI TpadikiB Ta miarpam. Hampuknan na Puc. 1
MPEACTABICHO PO3MOJAUT KIUIBKOCTI Oy/iBeNb IO pOKaM TMPUHHATTA B EKCIUTyaTamilo Ta 3
ypaxyBaHHSM IIOBEPXOBOCTi. SIK BHAHO BUCOTa OyAiBeNb HEYXHJIBHO 3pOCTa€ BOHA IOKa3aHa
kospopoM. [lepmuii n'sTunoBepxoBuii mpoekT 3'sBiseTbest B 2004 pori, B 2006 porri mepuuii 6-
noBepxoBuil mpoekt, B 2008 poui Bxke moOymoBaHo 7- i 8-moBepxoBi OymuHku, B 2009 pomi 9-
nmoBepxoBuii OynuHOK, B 2012 pori 10-moBepxoBuii OyauHok 1 Tak nami. Ile 3aBepmryetses y 2021
poti 34-moBepxoBoro OyxiBieto, 3aBepiieHoro B Hinepnannax, npoexkt Haut. Ha rpadiky BuaHo, 1o

-77 -



CyuacHi 6ydieenvhi KOHCMPYKYii 3 memany ma depegunu, 2025. — Bun. Ne 29 (cTop. 77-85)

me 13 mpoekTiB MmiIaHyeThes 3aBepmuTd y mepiox 3 2022 mo 2024 poxu. Y 2019 pori Oymo
o0y 0BaHO HAHOIBITY KiIbKICTh OyAnHKIB — 50.
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VY CBITOBIH CIUJIBHOTI BCE YacCTillle BU3HAYAIOTh, IO 3POCTAHHS HACEJICHHS Ta ypOaHizarlis
MPU3BEIYTh JI0 3HAYHOTO MOMHUTY HAa HOBE KHUTIIO Ta CydyacHY 1HPPACTPYKTYpPY, a B CBOIO YEpry Iie
30UTBIINTH BUKUIM MTAPHUKOBUX Ta3iB Yepe3 BUPOOHUIITBO IIEMEHTY Ta cTaji. SIk 3a3HadaeThea y [7]
BUKOPUCTAHHA JIEPEBUHU B OYAIBHHIITBI CEPETHBO MMOBEPXOBUX Oy/IiBEIb MOXKE CTaTH €(PEKTUBHUM
croco0oM 30epekeHHS BYTJIENEBOro OajgaHCy Ha TuiaHeri. JlepeBuWHA J03BONSIE YHUKHYTH
BYIJICLIEBO-MICTKOTO BHPOOHMIITBA OyMiBEIBHUX MaTepiajiB, CIIPHUSIIOUN JOBrOTPUBANINA CcTpaTerii
3MEHIICHHS BYTJICIIEBHX ra3iB. Tak BUKOPUCTAHHS IEPEBUHH B OYIBHHUIITBI MOKE CTaTH BAXKIIUBUM
IHCTpYMEHTOM Yy 60pOTH01 31 3MIHOIO KJIIMATY.

OcHoBHA yacTuHA. BukoHaBIIM aHali3 nepeBar BUKOPUCTAHHS JIEPEBUHU SK Cy4acHOIO
OyIIBEIBHOTO MaTepialy — MOKIMBO BH3HAYHTH, 110 OCOOIHMBO I[IHHUM € aKIIEHT Ha €KOJOTIYHHX
repeBarax Ta BIUIMBI Ha 370pOB’s Jrojeld. Tak MOXKHA BU3HAYUTH 7 OCHOBHUX IPHHIIUIIB, IO
OOIPYHTOBYIOTh BUKOPUCTAHHS ACPEBUHHU Y SKOCT1 Oy/iBEIILHOTO MaTepiay:

1. VYmopaBmiHHS BYIUVICIEBUM OOJDKETOM TUTAHETH. BBaxaeTbcsi 10 JepeBHHa €

HU3BKOBYTJICIIEBUM OY/iBETHbHUM MaTepiajioM, 3JaTHUM JAOMOMOITH 3MEHIIUTH BUKUIU
CO» 3a paxyHOK TOTJMHAHHS BYTJIEIIO i Yac POCTY JAEPEB 1 MEHIIOI €HEPrOEMHOCTI
fioro 00poOKH MOPIBHAHO 31 cTA/LTIO Ta OeToHOM [8, 9].

2. VYuruibHeHHST MicT. Bara nepeB’sSHUX KOHCTPYKIII MEHIIa HIXK y METaJeBHX Ta
3a11300€TOHHUX, TOMY BUKOPHCTaHHS  JEPEBUHHU CTBOPIOE MOJIMBOCTI 30UIbIICHHS
MOBEPXOBOCTI iCHYHOUMX OyaiBenb. TakoX 1T03BOJIsIE BHKOHYBAaTH OYIIBHUIITBO Ha
CKJIQIHUX AUISHKAX TPU HEOOX1THOCTI 3MEHIIIEHHS Baru KOHCTpyKii [ 10].

3. JlepeBuna 1 poOpoOyr. CepenoBuile B SKOMY 03700J€HHS BHKOHAHO 3 JEPEBUHU
3a0e3MeuyroTh 3/10pOoBillly aTMOCc(epy 3aBSKH BIUIMBY Ha piBeHb cTpecy i komdpopr [10,
11].

4. MaiibytHe 3a iHgycTpiamizaimiero. IHHOBamlii y I1HAYCTpiaJbHOMY  BHPOOHMIITBI
JIEPEB'THUX KOHCTPYKIIH CHPUAIOTh IIBHANIOMY Ta OUIBII €()EKTHBHOMY IMPOIECY
OyniaunTsa [10, 12, 13].
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5. Cranuii po3BUTOK. BU3HA4eHO BaXUIMBICTH BiIAMOBIJAJIBHOTO YIPABIIHHS JiCaMU IS
30epexeHHs 610pi3HOMAHITTA i 3017IbIIeHHS 3anaciB Byriewnto [ 14, 15].

6. JlochimkeHHs BIAacCTUBOCTEH JepeBHHM. JlepeBHHA Mae 0COOJMBI XapaKTEPUCTUKH, IO
BHMArarTh JI0OJaTKOBHUX JIOCIIKeHb ISl TapaHTii O€3MeKH, MIITHOCTI Ta JOBTOBIYHOCTI
[16].

7. Iunoarii. HOBITHI TeXHOJIOTIT Ta JOCTIKEHHS BIKPUBAIOTh EPCIEKTHUBH PO3IIUPEHHS
3aCTOCYBaHHS JiepeBa y 0araTomoBepxoBux OymiBisax [17].

Sk 1 Oynb-akuil OyiBeNbHUN MaTepiai, JepeBHHA Ma€e CBOI OCOOJIMBOCTI, 110 MOTPEOYIOTH
YB@KHOTO BUBUEHHS Ta BpPaxyBaHHS IpPH MPOCKTyBaHHI Ta OymiBHUITBI. OpHi€0 3 mpobiem €
3a0e3neueHHs] MIIHOCTI Ta BOTHECTIMKOCTI JEpeB'SHUX KOHCTPYKIIH, OCOOIMBO B yMOBax
MIIBUIEHUX BUMOT 10 ITOKEXKHOI OE€3IEKM.

JlepeB'stHI MIXKITIOBEPXOBI EPEKPHUTTS BiAIrPalOTh 3HAYHY POJIb y Cy4acCHOMY OyIiBHUIITBI,
MOEHYIOUN B c001 €CTETUYHY NMPUBAOIMBICTh, €KOJOTIUHICTh Ta (PyHKIIIOHAIBHICTE. KpiM TOTO,
JIepeB'ssHI TMEPEKPUTTS TMOBUHHI BIAMOBIIaTH CYYacCHHM CTaHAApTaM IIOJ0 3BYKOI30JIAIIi Ta
B1OpOCTIKOCTI, 3a0e3meuyoun KOM(OPT Ta 3aTUIIIOK y MPUMIIIEHHSX.

AHanizyroun octanHi gocnimpkenns [1, 6, 10, 16, 18, 19, 20, 21, 22], MOXIUBO BiJ3HAYHUTH,
HACTYIHI Cy4acHI HaNpsSMH PO3BUTKY KOHCTPYKIIIM MEPEKPUTTS 3 KJICEHOT ICPEBUHH:

- PEKOHCTPYKIIis Ta miacuieHHs. [lepeB’siHi KOHCTPYKIIi IIMPOKO BUKOPUCTOBYIOThCS IIPU
PEKOHCTPYKINi OyaiBenb Ta COpyA. AHAMI3YEThCS K MOXKJIMBICTh MiJICHJICHHS CTapuUX
JepeB’IHUX KOHCTPYKIIM Tak 1 3aMiHa IHIIMX THUMIB TEPEeKPUTTS Ha JEpeB’siHI 3
BUKOPHUCTAHHIM Cy4YaCHUX TEXHOJIOT1H 3BefeHHs [19].

- IunoBamiiini marepianu Ta Tunu 3’ eaHanHs [ 18, 21]. Po3poOka HOBUX MaTepialiB Ta TUIIIB
3’€THaHHS KOHCTPYKIIH PO3IIMPIOIOTh MOMJIMBOCTI BHUKOPHCTaHHS Ta MOJEpHi3arii
M1KITOBEPXOBUX MEPEKPUTTIB.

- BiOparis Ta 3ByKOi30Js1ia. KOHCTpyYKIlisS Ta MaTrepiali MDKIIOBEPXOBUX MEPEKPUTTIB
3HA4YHO BIUTMBATH Ha 3BYKOI30JAIIIO Ta piBeHb BiOpawmii. JlocmimkeHHs mokas3aiu, 10
TIJIJIOTOBI TOKPUTTSA HA JIEPEB'SHUX IUIMTAaX TMOBOMATHCS 1HAKIIE, HIK Ha OETOHHUX
mTax. Y JepeB'sHUX KOHCTPYKLISAX BU3HAYAIOTh 3MEHIIECHHS piBHA BiOparii [22, 23]

- TIJIBUIIEHHS BOTHECTIMKOCTI. X04a JepeB'siHI MIXKITOBEPXOB1 MEPEKPUTTS MAIOTh 0araTo
nepeBar, iXHs BOTHECTIMKICTh € CKJIQJHUM THTAaHHAM, SKE€ MOTpeOye peTenhbHOro
PO3IIISITY BIACTUBOCTEN MaTepially, KOHCTPYKIIIT Ta METO/iB BUIIpOoOyBaHb. JlocsSarHeHHS
B 00JIaCTI YMCEIIBHOTO MOJENIOBAaHHS Ta PO3YMIHHS NPHUHIIMIIB, MAlOTh BHpIIIalIbHE
3HAYEHHS JIJIS TT1IBUILICHHS ITOXEXHO1 O€3MEKH B IEPEB'THUX KOHCTPYKITISX.

AHai3yroun OCTaHHI JOCHTIKEHHS, MOXKIIMBO BIJI3HAYUTH, 1[0 HAYKOBII 30CEPEKEHI Ha
MOKpAIIEeHH] XapaKTEPUCTUK KOHCTPYKIIN 3 KIIEEHOT JEPEBHHM IIOAO MIIHOCTI, 1HIyCTpiamizamii
(TexHOMOTIi 3BECHHS), MiJBUIIEHHS BOTHECTIMKOCTI Ta 3BYKOI30JAIl, 3MEHIICHHs BiOparii Ta
BapTOCTI BUPOOHMIITBA.

HesBakatoun Ha JOCATHEHHS BITUM3HSHHUX Ta 3aKOPJIOHHUX BUCHHX, 3aBXKU 3THINAIOTHCS
npoOjieMyd B ONTHMI3AIl TPOSKTHUX pillieHb. J{OCTIIPKEHHS MPOJAOBKYIOTh 30CEpeIKYBaTHCS Ha
MiHiMi3allil CIO)KMBAaHHS MaTepiaiiB MPH MAaKCUMAIbHOMY 301JIbIIEHH] TPOTYKTUBHOCTI.

JI1st momanbIuX TMOIIYKIB Ta Tij 9ac HABYaHHS B acIlipaHTypl MPHU BU3HAYEHI TEMH Ta 3aa4
JOCIIJKEHHSI BPaxOBYIOUM YCE CKa3aHE MOKJIMBO 3pOOMTH BHUCHOBOK, 1[0 po0OOTa MpPUCBSYECHA
BU3HAUYCHHIO HaIpPYy>XEHO-1e(OPMOBAHOTO CTaHy 1 pO3paxyHKy MepexpecHO-0alouHOi TUTHTH 3
KJICEHOT IEPEBUHU — € AKTYAJIbHOIO.

Jnst momaneioi poOOTH Ta MIaHyBaHHS 1 po3po0Ili TOCTITHUX 3pa3KiB BUSHAUYMIIN HACTYITHY
6a30By OyniBiIO, IO MPEACTaBIse cOOOI0 I'ATH MOBEpPXOBY OyxiBmo Puc. 2 3 kojoHamu Ta
JIEPEB'THUM TEPEKPUTTSM 3 TIEpeXpecHOi cucTemMu 0amok. Kpok kKojioH 6M, BUCOTa TTOBEPXY 3M.

Buxonsuu 3 3arajgbHUX peKOMEH A1, BUCOTY €JIEMEHTIB MEPEXPECHO-0aTIOUHUX CUCTEM, 1110
MePEKPUBAIOTH KBAaIpaTHI B TIaH1 MPUMIIICHHS, CJIi] mpuiiMaTu B Mexkax 1/12...1/20 mponwsoTy (ipu
CIHMpaHHI IO KOHTYPY), @ BUCOTY HECYYHX KOHTYpHUX Oajok mpu3HadaioTh He Oumbime 1/10...1/12
nposiboTy. [puitHsnm kouTypHi 6amku 200x600 mMm, 6anku nepexpecHoi cuctemu 100x200 mm. Kpox
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6amok 1000 mm. Po3paxynkoBy cxemy y IIK Jlipa maBegeno na Puc.3. YKopcTkicTh €eMeHTIB Ta
napaMeTpH IepeTuny 3seneHo y Tao.1.
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Puc. 3. Cxema nepexpecH0-0a109HOT CUCTEMHU TIEPEKPUTTS

Tabmuus 1
[MapameTpu (mepepiz-(cm)
Tun , .
. Im's npyxHicTb-(kH,M) po3m.Bara-
KOPCTKOCTI (<HLA))

Ro=0.5,E=1e+007

1 Bbpyc 10 X 20 B=10,H=20
Ro0=0.5,E=1e+007

2 Bbpyc 20 X 60 B=20,H=60
Ro0=0.5,E=1e+007

3 Bpyc 40 X 40 B=40,H=40

4 Imactuaa HS | E=1e+007,V=0.25,H=5,R0=0.5
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Po3paxyHOK BUKOHYBaJIM Ha JIBa BUY HABaHTA)KCHb — MOCTIHHI HABAaHTAXEHHS (BJIaCHA Bara)
Ta THUMYacoBi (KOpMCHE HaBaHTaXeHHs). BiacHa Bara eneMeHTIB KapKkacy NpHKIIaaajiach
aBTaMaTuyHO. HaBaHTaXeHHS Ha MEPEKPUTTS MPHUKIAAAIOCH PIBHOMIPHO PO3MOAUICHUM IO BCIH
mwiomti (moctitine — 3000 H/M?, Tumuacosi — 1500 H/M?). V pesynbTaTi po3paxyHKy OTpHMAJIH
nepemimeHHs Puc.4 Ta emopu BHYTpINIHIX 3yciiib. Emopy MomMeHTiB HaBeaeHo Ha Puc. 5.

e L | — I I
-13.2 -115 -9.86 -8.22 -6.58 -4.93 -3.29 -1.64 -0.132

-
-
e

Puc. 4. BeprukanbHi mepemillieHHs BiJl BIACHOT Baru

Puc. 6. Emropa momenTiB, kHMm

[IpencraBnena po3paxyHKOBa MOJIENb I’ SITH MOBEPXOBOi KapKacHOi OYAIBIIL 3 MEpEeXpecHOi
CHCTEMOIO TIEPEKPUTTS, BAKOPUCTOBYETHCSI, SIK MOJIENIb aHAJIOT JUTSl pO3pOOKH HATYPHHUX JOCIITHUX
3paskiB. [1iJ1 yac CTBOpEHHS MOJIEINi MPUHHSATO IUTHIA PSJT CIIPOIIEHB Ta MPHUITYIICHb, 110 MOTPEOYIOThH
MOJAIBIINX JOCIIIKEHD. Ha ocHoBi 4oro cdopMmynboBaHO METy Ta 3ajadi IUCEPTAIliHHOTO
JIOCTI/DKCHHS. AHATI3YI0Yl OTPUMaHi Pe3yabTaTH Ta CIIPOIICHHS Ta HEBU3HAYEHOCTI, 1110 MPUNUHSATO
MPU PO3paxyHKYy CIHPAIOYNCh HAa aHaMi3 JITEpaTypHUX JDKEPEN MOXKHa CHOPMYITIOBATH METY
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AucepTaniiHoi po0OTH — BUKOHATH EKCIEPUMEHTAIBHO — TEOPETHUYHI JOCIIHKEHHS pOOOTH
NepexpecHo — OaOYHOI CUCTEMH MEPEKPUTTS 3 KICE€HOI IepEeBUHH, 3 BUKOPUCTAHHSIM 1HOBALIHHOTO
KOHEKTOpY Yy By3Jax, 3alpONOHYBAaTH peKOMEHAIIIT 1[0/10 PO3PaxXyHKY 1 IPOEKTYBaHHS.

11 1oCSITHEHHS MOCTABJIeHOI MeTH BU3HAYMMO HACTYIHI 3a/1aui:

- BUKOHATH aHali3 KOHCTPYKIIIH IUINT 3 KJICEHOI JEPEBUHU Ta TEXHOJIOTIT iX BUTOTOBJICHHS;

- PO3pOOHUTH KOHCTPYKTHBHI PIllICHHS €JIEMEHTIB 1 By3JliB MEPEXPECHO — OAOYHOI IITUTH 3
JepeBUHHU, OONIEPTOI MO KyTaX 3 BUKOPUCTAHHIM KOHEKTOPY;

- 3aIIPONIOHYBATH TEOPETUYHE OOTPYHTYBaHHS (Pi3MUHOT i MATEMAaTHYHOT MOJIEII IEPEXPECHO
— OaJIOYHOT IUTUTH 3 IEPEBUHU, OOTIEPTOT 1O KyTax;

- TIPOBECTH EKCIIEPUMEHTANIbHI JOCIIIKEHHSI MIITHOCTI, KOPCTKOCTI, CTIHKOCTI HATYpPHHUX
(dbparMeHTiB 1 MOZIeI MepeXpecHO — OATTOYHOI TUIUTH 3 IEPEBUHHM, OOTIEPTO] 10 KyTax 3 BU3HAYCHHSIM
iX HarpyXeHo — 1e()OPMOBAHOTO CTaHY;

- 3aMPOTNIOHYBATH KOHCTPYKTUBHO-TEXHOJIOTTYHE PIIICHHS YHIBEPCATBHOTO BYy31a KPITIJICHHS
€JIEMEHTIB IUIMTHU 3 KJICE€HOI JePEBUHH;

- PO3pOOUTH TEXHOJIOTII0 BUTOTOBJICHHSI TIEPEXPECHO — 0aIOYHOI CHCTEMHU TMEPEKPUTTS 3
JePEBUHH.

BucHoBku

1. ¥ poboTi mpoBeneHO aHalli3 HAYKOBHX JDKEpes, M0 BiJoOpakae AWMHAMIKY PO3BUTKY
KOHCTPYKIIIH 3 IPEBUHM, @ TAKOXK BUKOPUCTAHHS JCPEBUHH Yy OaraTornoBepxoBoMy OyIiBHUITBI.

2. [IlpencraBieHO pO3paxyHKOBY MOJENb I SITUTIOBEPXOBOi KapKacHOi OymiBii 3
MEPEXPECHOI0 CHUCTEMOIO TIEPEKPUTTS, SKa CIYyrye OCHOBOIO JUIsI PO3POOKH HATypHHX
eKCIIEpUMEHTAIbHUX 3paskiB. [lig yac MopaemtoBaHHS OyJI0 TPUHHATO HU3KY CIPOIICHb Ta
MPUITYIIEHb, 10 MOTPEOYIOTh MOAAIBIIOTO INIMOMIOTO JOCHTIKEHHS Ta YTOUHEHHS.

3. Ha ocHoBI nipoBeaeHOro aHaii3y copMyI-0BaHO OCHOBHI LTI Ta 3a7a4i TUCEPTAIIHHOTO
JNOCTIPKEHHSI, CHOPSIMOBAHOTO HA BJOCKOHANICHHS KOHCTPYKTMBHHUX pIilllEHb, MiIBUIICHHS
€(EeKTUBHOCTI JEpPEB’SIHUX TMEPEKPUTTIB Ta PO3POOKY HOBITHIX MPOCKTHUX METOIOJIOTI, IO
BPaxOBYIOTh Cy4acHi BUMOTH.
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ANALYSIS OF DEVELOPMENT PATHS AND THE USE OF TIMBER AND
GLUED LAMINATED TIMBER FOR FLOOR SYSTEMS

Gimanov O.
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Odesa State Academy of Civil Engineering and Architecture

Abstract. This paper explores the development and application of timber and glued
laminated timber (GLT) in modern construction, particularly for floor systems. Timber has
historically been one of the most widely used construction materials, and its utilization remains highly
relevant due to its ecological advantages, architectural flexibility, and structural properties. The
analysis focuses on the technological advancements that have led to the widespread implementation
of GLT, enabling the construction of multi-story wooden buildings worldwide.

The study examines scientific publications on the evolution of wooden structures, highlighting
key aspects such as sustainability, carbon footprint reduction, sound insulation, vibration resistance,
and fire safety. A particular emphasis is placed on the advantages of timber in mitigating
environmental concerns associated with conventional construction materials like concrete and steel.

Additionally, this paper presents computational models and experimental research addressing
the mechanical behavior of cross-laminated timber floor systems. The structural integrity and design
optimization of these systems are investigated, along with proposed improvements for connection
nodes and innovative approaches for enhancing strength and durability.

The findings demonstrate the growing importance of timber in contemporary engineering and
urban development. Key directions for future research are outlined, including experimental validation
of laminated timber connections, development of advanced fire-retardant treatments, and
optimization of the material for large-scale construction applications. The study contributes to the
understanding of timber’s role in sustainable architecture, offering recommendations for efficient
integration in modern building practices.

Keywords: timber, glued laminated timber, structural engineering, sustainable construction, fire
safety, sound insulation, vibration resistance, architectural design.
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YK 624.072.002.2 d0i:10.31650/2707-3068-2025-29-86-92
MNOCUJEHHS 3AJIIB0BETOHHOI IVIMTU CTAJIEBUMU EJJEMEHTAMMA

I'oaoaunos O.1., 1.1.1H., pod.,
Hepacasnuu ynisepcumem «Kuigcokuii agiayitinuti incmumymy», M. Kuis, Yxpaina,
golodnow(@ukr.net; ORCID: 0000-0002-9722-9164;

AnoTtauisi. HeoOXiqHICTh Y MpOBEACHHI 00CTEKEHHS OYHIBEIBbHUX KOHCTPYKIN (parMeHTty
TUTUTH MIEPEKPHUTTS B MAPKIHTY JKUTIOBOTO OYJIMHKY BHHHUKIIA BHACIIIOK MOSBHU MOIIKOKEHb.

Byno npoBeneHo oOcTexxeHHsT PparMeHTy 3a1i300€TOHHOT IJIUTH MEPEKPUTTS, BU3HAUEHO ii
TEXHIYHHI CTaH, BUKOHAHO PO3PaXyHKH 1 MPOEKTYBAHHS KOHCTPYKIIM NOCKIIEHHS (pparMeHTa IIUTH
MEPEKPUTTS MAPKIHTY OyAiBII1 BIMOBIIHO O BUMOT YNHHUX HOPMATUBHUX JIOKYMEHTIB 1 3p00JIEHO
BHCHOBOK PO MO>KJIMBICTD MOJIANIBIIOI €KCIUTyaTallii.

Bynu BUKOHaHI BUTOTOBJICHHS 1 MOHTQX CTaJIEBUX KOHCTPYKITINA MTOCUIICHHS.

KuirouoBi cjioBa: icHytoua OyniBis, (parMeHT 3a1i300€TOHHOI ITUTH NEPEKPUTTS MaAPKiHTY,
00CTeXEHHS, TEXHIYHUHN CTaH, MPOEKTYBAHHS, BUTOTOBJICHHS 1 MOHTaK KOHCTPYKITIH IMTOCUJICHHS.

Beryn. IlocranoBka mpo6Jemu. HeoOxinHICTh y HpoBeOeHHI OOCTEXEHHS KOHCTPYKIIH
ICHYIO4YO01 Oy/IiBJII BUHHUKJIA Y 3B’SI3KY 3 TIOSIBOIO MTOIIKO/KEHB B YACTUHI TUIUTH TIEPEKPUTTSL.

OO6cTexeHHs, OLIHKY TeXHIYHOTO CTaHy KOHCTPYKIiH, pO3paxyHKH, MiATOTOBKY BUCHOBKY
PO TEXHIYHUM CTaH 1 OOTPYHTYBaHHS MOKJIMBOCTI MOJANBINOI €KCIUTyaTalii KOHCTPYKIIIH
BUKOHAHO BIATOBITHO O BUMOT YNHHUX HOPMAaTUBHUX TOKYMEHTIB [ 1-4 Ta iH.].

Maiinan4uk, Jie po3TalioBaHO OYAMHOK, SIBISIE COOOI0 IJITHKY CTApOBUHHOI MiChKOi 3a0y/10BH
M. Kuea. XKutnosuit OynuHok moOymoBano Ha mo4atky 21 cromitrs (puc. 1).

ByauHOK siBIIsIE 0000 CKIIAAHY B TUTaHI BOCBMHUIIOBEPXOBY CIIOPYY 3arajbHUMHU PO3MipaMu
40,75x24,80 M. B OyauHKy, OKpiM KMTJIOBUX NPHUMIIIEHb, SIKI PO3MIIIEHO 3 2 MO 8 MOBEpXH,
pO3TalIOBaHO TPUMIMIEHHS TPOMAJCHKOTO TpPU3HAYCHHS Ha |-My TIOBEepCi Ta JIBOIIOBEPXOBHUI
napkinr. Bucora nmoBepxiB B MapKiHry cTaHOBUTH 3 M. KoHCTpyKTHBHA cucteMa OyJUHKY — 3MillIaHa.
[IpocTopoBa »KOpPCTKICTh OyIMHKY 3a0€3MEYYETHCS CIIILHOK POOOTOI0 30BHIMIHIX Ta BHYTPIIIHIX
CTiH Ta TEPEropoJIOK, MOHOJIITHUX 3aJ1i300€TOHHUX KOJIOH, a TaKOX TOPH3OHTAILHUMH IHCKAMU
MIEPEKPUTTIB 1 TOKPHUTTS.

Puc. 1. TonosHuit q)aa;[ OyAuHKY
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[lepekpuTTss B mapkiHry OyIWHKY BHUKOHAHO B MOHOJIITHOMY 3alli300€TOHHOMY BapiaHTI.
Burmnsin dparmMenTa Mty NepeKpuTTs HaJl MAPKIHTOM HaBEeICHUN Ha puc. 2.

Puc. 2. 3aranbHuil BUIIIS BEpXHbOT YACTUHU TUIMTH MEPEKPUTTS B MAPKIHTY OYAiBIIi B OCSAX
A-b/8-9

HeoOxiaHicTh y IpOBEIeHHI 00CTEKEHHS KOHCTPYKIIH 1ICHYIO4Oi Oy/IiBIII BUHUKIIA Y 3B’SI3KY 3
MOSIBOIO TIOIIKO/KEHb B YACTHUHI IUIMTH 3ali300€TOHHOTO TEPEKPHUTTS BHACIIIOK MOPYILEHHS
TEXHOJIOT1i OETOHYBAaHHS IJTUTH B 3UMOBHI 11epiof (puc. 3).

AHaJi3 oCTaHHIX /uKepeJs J0CaizKeHb i myOaikanii. Pazom 3 HOBUM OyniBHHULITBOM BCE
YacTille BUHUKAE HEOOX1THICTh B TPOBEACHH] pOOIT 1O BITHOBJICHHIO €KCIUTyaTaI[iiHOT MPUIaTHOCT1
OyniBeTbHUX KOHCTPYKIIH OyiBeNb Ta CIIOPY.l Y 3B 53Ky 3 MOSABOIO AC(EKTIB Ta MOIMIKO/PKEHb, SKi
OTpUMAaJId KOHCTPYKIIII I 4ac BUTOTOBJICHHS, MOHTaXYy Ta eKcruryaraiii. [Ipu mpomy HE0OXiTHO
BUPIIIYBATH MMUTAHHA, MOB'SI3aH1 3 BU3HAUYEHHSAM HaNpy>KeHO-1e()OPMOBAHOTO CTaHY 1 BUKOHAHHIM
POOIT 13 TPOIOBKEHHS TEPMIHY €KCIUTyaTallii CIiopy;I.

Bkazani poOOTH HEOOXiTHO BHUPILNIYBaTH B KOMIUIEKCI, TOOTO MPOTHO3Y MOXKIUBOTO
MPOJIOBXKEHHSI TEPMIHY €KCIUTyaTarii KOHCTPYKIIA OyJiBeNb Ta CIOPYJ TMOBHWHHI IEpeayBaTH
po0OTH, TMOB'S3aHI 3 OI[IHKOIO IXHBOTO TEXHIYHOTro crany. Lli poOOTH HEOOXiTHO BUKOHYBATH
BIJIMOBITHO JI0 BUMOT YHHHUX HOPMATUBHUX JOKyMeHTIB [1-10 Ta iH.].

@opMyJIIOBAHHSI METH Ta METOAIB AOCHiI:KeHHsl. Mera 1iei poOoTH TomsTae B po3poOIr
B3a€EMO3B'SI3aHUX 3aXOJlIB MO0 BHW3HAYEHHS TapaMeTpiB TEXHIYHOrO CcTaHy (parMeHTy
3a11300€TOHHOI IJIMTH MEPEeKPUTTS HaJ MapKiHroM OyAuHKY B ocsix A-b/8-9, oOrpyHTyBaHHI
MOXJIMBOCTI TIOCWJICHHS KOHCTPYKIIM OyAMHKY, SIKI MarOTh IOIIKOPKCHHS JJIS MPOJAOBXKECHHS
TepMiHYy eKcIulyaramii OYOWHKY, pO3poOIll MPOeKTy MOCHJIEHHS KOHCTPYKIIM 1 peamizamii
PO3p00JIEHOTO IPOEKTY B HATYPI.
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=0 B

Puc. 3. PylinyBaHHS 3aXHCHOTO mapy OETOHY 3 OTOJICHHSIM Ta IHTEHCUBHUM KOPO3iHHUM
3HOCOM apMarypu (pparmeHTa it B ocsax A-b/8-9

Meroau nocmimkens [1, 5-10 Ta i1.]:

- aHaJI3 HAsSBHOI TEXHIYHOI JOKYMEHTAIII;

- Bi3yaslbHE Ta IHCTPYMEHTaJIbHE 00CTEe)KEHHS KOHCTPYKITINA (DparMeHTy TUTUTH MEPEKPUTTS B
napkiHry OyauHKy B ocsix A-b/8-9;

- OIlIHKA TEXHIYHOTO CTaHy KOHCTPYKIIii TUTUTH HAa OCHOBI aHaJI3y TEXHIYHOI JOKyMEHTAIlii
Ta pe3yJIbTaTiB 00CTEKEHHS KOHCTPYKIIiH;

- MIATOTOBKA BHCHOBKY IMPO TEXHIYHUM CTaH 1 €KCIUIyaTalliiHy MPUIATHICTh KOHCTPYKITIN
OyniBIIi, MOXKJIMBICTB Ta YMOBH ii IOCUJICHHS;

- po3po0OKa MPOEKTY MOCUJICHHS! KOHCTPYKIIIT TUTUTH;

- BUKOHAHHSI POOIT 3 TOCUJICHHS KOHCTPYKIIIT TTUTH.

OcHoBHUI MaTepiaJ i pe3yabTaTu. [1i1 gac mpoBeaeHHS 00CTEXKEHHS 0YJ10 BCTAHOBJICHO, 1110
IUTMTA B IIEHTPAIBbHIA YaCTHHI Ma€ PyWHYBaHHS 3aXUCHOTO mapy OeToHy s apmarypu (puc. 3).
Apmartypa B Iiil YaCTHHI TUTMTH OTroJieHa Ta KopojaoBaHa. [Iporunu muTte B Mexkax 70 M. 3a Bcima
O3HAaKaMHu pyHHYBaHHs OETOHY Ta KOPO3il0 apMaTypu OyiI0 CIIPUYMHEHO MOPYIICHHSIMU TEXHOJIOTI]
ITiJT 9ac BUKOHAHHS POOIT 3 YCTPOIO KOHCTPYKIIIM — HE3aJ0BUIbHE BUKOHAHHS YIIUIBHEHHS OETOHY,
MOPYIIEHHS PEXKUMY MPOrpiBaHHA. J[0IaTKOBUMH MPUUMHAMHU KOPO3ii apMaTypyd MOXKHA BBaXKaTH
peryisipHe 3aMOYYyBaHHsS KOHCTPYKIIH BOJOK NpPU EKCIUTyaTallil MiJ 4ac MPOPUBY BOJOHECYYHX
KOMYHIKaIliif, 1110 0yJ10 miaATBEpIKEHO 3aMOBHUKOM.

BuzHaueHHs MIITHOCTI Ta OJHOPIAHOCTI O€TOHY BUKOHAHO YJIBTPa3BYKOBUM METOOM 3T1IHO
JACTY b B.2.7-226:2009 [3]. CyTb yIbTpa3ByKOBOTO METOAY MOJIATAE Y BUMIPI YacCy ¢ TPOXOIKEHHS
YIBTPa3BYKY BiJl BUIPOMIiHIOBaua JO TNpuiiMada 1 0a3u L mpo3BydyBaHHSA (BIACTaHI MIX
BUIIPOMIHIOBAYEM 1 pHiiMadyeMm).

[To 3HaiieHNX BETUYMHAX PO3PAXOBYETHCS MBHAKICTE C=L/t IOMMUPEHHS YIbTPa3ByKOBUX
KOJIMBAHb 1 0 BCTAHOBJIEHIN 3aJIEKHOCTI MK IIBUAKICTIO Ta MIIHICTIO BH3HAYA€THCI MIIHICTD
OCTOHY Ha KOHTPOJIBOBAHINA NUISHIN, Ta HOTO CYIUIBHICTH (HAsABHICTh MOPOKHUH B TUII O€TOHHOT
KOHCTPYKIIi{).

YabTpa3BykoBi BUIPOOyBaHHsS OETOHY BHMKOHAHO 3a jgomomoroio mpuwiaany YKC-MI4 3
aBTOMaTMYHUM BHpPAaxXyBaHHSAM MIIHOCTI OeTOHYy Ta (ikcami€lo MIBUIKOCTI MPOXOJKEHHS
YIBTPa3BYKOBUX XBUJIb KPi3b TIJIO KOHCTPYKIII.
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Bumipu mBuAKOCTI yIBTPa3BYKy Ta MIIIHOCTI OETOHY BUKOHYBAJIMCS CTIOCOOOM ITOBEPXHEBOTO
MIPO3BYYYyBAHHS.

Pesynbratu mocnmimpkeHp HaBeneHO Ha puc. 4 (mudpamu BkazaHa MinHICTh B MIla B Mexkax
JOCIHIJKYBAaHUX JIUISHOK). SIK BUAHO 3 I[bOTO PUC., OETOH ITUTH MEPEKPUTTS B MAPKIHTY OYIHHKY
HEOJTHOPITHUHN 33 CBOIMH BJIACTUBOCTSIMH, IO CBIAYUTH PO MOPYIIECHHS TEXHOJIOT1] BUTOTOBJICHHS
KOHCTPYKIIiH.

o 4580 5800
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Puc. 4. Pe3ynbratu 1OCTIIPKEHDb OJTHOPITHOCTI Ta MIITHOCT1 OETOHY TUIUTH

3riIHO BUMOT M. 5.2 yuHHOTO HOpMaTUBHOTO AokyMeHTa [ICTY 9273:2024 [1] TexHiuHmiA
CTaH KOHCTPYKUIi (hparMeHTa IIINTH EPEKPUTTS B MAPKIHTY OyAMHKY B ocsax A-b/8-9 BimHocuThcs
JI0 CTaHy «3» — He MPUJIATHUN 10 HOPMAJIBHOI €KCILTyaTallii, OCKITbKH KOHCTPYKIIisl HE BIITOBIIA€
KareropisaM «1», «2» o0 Hecyuoi 34aTHOCTI a00 HOPMAJIBHOI peanizallii 3aXucHUX (QyHKIIIH, ae
aHai3 Me(eKTiB 1 MOMKOHKEHB 3 IEPEBIPHUMH PO3paxyHKaMU BHSIBJISIE MOXKIIMBICTh 3a0€3MEUCHHS
il HiTICHOCTI A0 MPOBEACHHS PEMOHTY, MOCHJICHHs a00 3aMiHHM 32 YMOBH BiJICYyTHOCTI JJOJJaTKOBOTO
HaBaHTaKCHHS.

OCKUTbKM TEXHIYHMM CTaH CTaH KOHCTPYKIM IUIMTH NMEPEKPUTTS B MAPKIHTY OYIUHKY
BITHOCUTBCS IO CTaHy «3» — HE NMPHUIATHUH 70 HOPMAaIbHOI eKCIUIyaTalii, mojaibiia Oe3rnevyHa
eKCIuTyaTallisi 0e3 BUKOHAHHS 3aXOJiB IOJO PEeMOHTY a0o 3aMiHM HeMmoxiauBa. Posrisgamuce 2
BapiaHTHU:

- JEMOHTaX 3 NOJAJBIIOI 3aMiHOIO Y BIJIOBITHOCTI 3 MPOEKTOM, 3TIAHO SKOTro OyJo
moOy10BaHO OYIMHOK;

- TIOCWJICHHS KOHCTPYKUIH IUIMTH IIJIIXOM YCTPOIO IUIOCKOI OajKOBOi KIITKH, SIKY
HEOOX1THO MABECTH il TUTUTY (pHC. 5).

JUnist BUKOHAHHS pOOIT 3 MOCUIICHHS O0yJI0 HE0O0X1THO po3poOUTH BiANOBITHUIA POeKT [2, 4-10].
[TocuneHHs TUIMTH 3aMPONOHOBAHUM CIIOCOOOM JIO3BOJIMIJIO BUKOHATH POOOTH Y KOPOTKI TEPMIHHU 3
BUKIIIOUEHHSIM «MOKpHUX» TmporieciB. HaBaHTakeHHS BiJ] Baru KOHCTPYKIiH TUIMTH 3TiAHO 3
PO3POOJICHNM TPOEKTOM MEPENAETHCS Ha KOHCTPYKIII paMH, KOJOHM Ta (YHIAMEHTHY IUIUTY
OyAMHKY.
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Puc. 6. Burmsia craneBux elIeMeHTIB OCHICHHS (parMeHTy TUTUTH

3 moyatky poOoTH (BHi3J Ha MicIe, O3HAHOMIICHHS 3 00'€eKTOM, 0OMipHI poOOTH) A0 31adi
00'eKTy B €KCILTyaTaIlio MPOUIILIIO MEeHIIIe 45 JTHIB.

BucHoBk#. 3a pe3yibTaTaMy POBEJACHUX JTOCITIKEHb 3p00JIEHO HACTYITHI BUCHOBKH.

1. ByauHok moOyaoBaHO 3a iHAUBIAYadTbHUM MPOeKTOM. KOHCTpYKTHBHA cucTeMa OyJIMHKY —
3mimana. [IpocTopoBa KOPCTKICTh OYAMHKY 3a0€3MeuyeThCsl CIIIBHOIO POOOTOI0 30BHIIIHIX Ta
BHYTPIIITHIX CTIH 1 TIEPEropoJIOK, MOHOJITHUX 3aJII300€TOHHUX KOJIOH, & TaKOXX TOPU30HTAIHLHUMH
JIICKaMU MEPEKPUTTIB 1 HOKPHUTTS.

2. TlepexpuTTs B mapKiHry OyJWHKY BUKOHAHO B MOHOJIITHOMY 3aj1i300€TOHHOMY BapiaHTi.
ITix gac mpoBeneHHs 00CTEXKEHHS OyJI0 BCTAHOBIEHO, IO ()ParMEHT IUIUTH MEPEKPUTTS B OCIX A-
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b/8-9 B nienTpanpHili YaCTHHI Ma€e pyiHHYBaHHS 3aXHUCHOTO I1apy O€TOHY I apMaTtypu. ApMarypa B
il YacTHHI IJIUTU OTOJICHAa Ta KOPOJOBaHA. 32 BCiMa O3HaKaMU pyHHYBaHHsS OETOHY Ta KOPO3il0
apMaTypH IUTMTH OYJIO CIPUYMHEHO MOPYIIEHHSAMH TEXHOJIOTI MiJ Yac BUKOHAHHS POOIT 3 YCTPOIO
KOHCTPYKIIH — He3aJ0BIIbHE BUKOHAHHS YHIUIBHEHHS OCTOHY, MOPYILEHHS PEXHUMY MpPOTpiBaHHS.
JlonaTkoBUMH IPUYMHAMHU KOPO31i apMaTypy MOXKHA BBAXKAaTH PETYJISIpHE 3aMOYYBaHHS KOHCTPYKIIIH
BOJIOIO ITPU eKCIUTyaTallii i 9ac IpOpUBY BOJOHECYYHNX KOMYHIKAIIii.

Pesynbrat ynbpTpa3ByKOBUX JOCTIIHKEHBb CBIAYaTh MPO T€, IO OCTOH (pparMeHTy ITUTH
NEPEKPUTTS B MApKIHTy OyJUHKY HEOJHOPITHHUI BHACHTIOK MOPYIIEHb TEXHOJIOT1] BUTOTOBJICHHS
KOHCTPYKIIiH.

3. 3riHO BUMOT YNHHUX HOPMAKTHBHUX JOKYMEHTIB TEXHIUHUH CTaH KOHCTPYKILIi (hpaHMEeHTa
IJTUTH TIEPEKPUTTA B MApKIHTY OyAuHKY B ocsix A-b/8-9 Bu3HaueHo, sk «3» — HE MPHUIATHUNA 10
HOpPMaJIbHOI eKCILTyaTallii, OCKIJIbKM KOHCTPYKLiS HE BIAMOBIIa€ KaTeropisaM «1», «2» moa0 Hecy4oi
3MaTHOCTI 200 HOpMaTbHOI peasizallli 3aXxucHuX (YHKIIH, ane aHami3 Ae(eKTiB 1 MOIIKOIKEHb 3
MEPEeBIPHUMH PO3pAXYHKaMU BUSBIISIE MOXIIUBICTH 3a0e3meueHHs il HITICHOCTI J0 MPOBEACHHS
PEMOHTY, MOCHJIEHHS a00 3aMiHU 32 YMOBU BUKJIIOUEHHS Ha HEl 101aTKOBOTO HAaBaHTa)KEHHSI.

4. Jlnsa 3a0e3nedeHHs MOAanbIIoi 0e3MeyHoi eKcIulyartanii KOHCTPYKLINA TUIUTH PO3pO0IeHO
MIPOEKT 1 BUKOHAHO TTOCWJICHHSI KOHCTPYKIIIH.
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STRENGTHENING OF REINFORCED CONCRETE SLAB WITH STEEL ELEMENTS

Holodnov O., D.Sc., Professor,
State University "Kiev Aviation Institute", Kyiv, Ukraine,
golodnow(@ukr.net; ORCID: 0000-0002-9722-9164;

Abstract. The need for inspection of building structures containing the fragment of the floor
slab in the car park of a residential building arose due to appearance of damage.

A fragment of the concrete floor slab was inspected, calculations for the slab were performed
in accordance with the requirements of current regulatory documents, its technical condition was
determined, and a conclusion was made concerning possibility for further operation.

During the research, a regulatory procedure for assessing the technical condition and load-
bearing capacity of operated structures was applied. The results of performed survey, calculation and
technical condition assessment for building structures containing the slab fragment were presented.
It was determined that according to the current regulatory documents containing requirements for
technical condition the concrete slab fragment is unusable for operation. The cause for defects and
damage in the slab structure was determined: violations of technology for execution of concrete
structures in the winter.

Based on the research, a design for strengthening the slab structure was developed.
Manufacture, transportation and installation of steel reinforcing structures were carried out.

Reinforcing the slab using the proposed method made it possible to complete the work in a
short time without using wet processes. The load from the weight of the slab structures, according to
the developed project, is transferred to the frame structures, columns, and foundation slab of the
building.

Keywords: existing building, fragment of concrete floor slab for car park, inspection, technical
condition, design, manufacture and installation of reinforcing structures
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Anortaunisi: [IpoaHnanizoBaHO CydyacHUN CTaH €KCIEPUMEHTAIBHO-TEOPETUYHUX JIOCITIPKCHD B
HasBHUX JITEPaTypHUX JDKEpeN 3a JaHOI0 MpoOieMaTHKOo0. BCTaHOBIEHO OCHOBHI MpoOiieMu 3
OaHuX JociikeHb. IIpoaHanizoBaHO cydacHI METOJMKH 3 BU3HAYEHHSI MOYAaTKOBOTO MOJYJIS
NPY)KHOCTI LIJBHOI JAEPEeBHHU. B CTaTTi HaBelEHO pe3yabTaTH EKCIEPUMEHTAIbHO-TEOPETHUYHUX
JOCITIKEHb BUOOPY 3HAYEHBb MOYATKOBOTO MOAYJIS MPYKHOCTI IUIBHOI IEPEBUHM HA BU3HAYCHHS
TEOPETUYHOI HECY4Oi 3/aTHOCTI 3TUHAJBbHUX HEAPMOBAHUX Ta apMOBAHUX EJIEMEHTIB 3 KJIEE€HOI
nepeBuHU. Meta poOOTH — 1€ OCOOJIMBOCTI BH3HAUEHHS MOMAYJIS MPYXKHOCTI JCPEBUHU 1
JOCTOBIPHICTh BU3HAUYEHHS TEOPETHYHOI HECY4Ol 3/1aTHOCTI 3TMHAIILHUX €JIEMEHTIB 3 JCPEBUHHU 32
nedopmaritHo METOANKOI. BcTaHOBIEHO, 1T0 HAWOLIBI OJU3BKUMHU PE3YJIBTATAMH € PE3YJIbTaTH
PO3PaxyHKy TEOPETHYHOI HECYyYOi 3JaTHOCTI 3THHAIBHUX EJEMEHTIB 3 KJIEEHOI JIEePEBUHU [0
eKCIIEPUMEHTAJIbHUX 3 BHUKOPUCTAaHHSAM JedopMaliifHOl MOfeli, B SKOMY BHKOPUCTOBYETHCS
MOYaTKOBUH MOJYNb IMPY)KHOCTI BCTAHOBJIEHHI Ha 0a3i IUIbHOI JEPEeBMHHU 3 SKOI BUTOTOBJICHA
KOHCTpyKIlig. [edopmariiiina Moaenb po3paxyHKY 3THHAJIbHUX EJIIEMEHTIB 3 KIICEHOI JEpEBHHHU
nepeadavyae BUKOPUCTAHHS BU3HAYCHUX HOPMAJIbHUX HaNpyXeHb Ha 0a3i nedopmartiii, 110 BUHUKIN
B HOPMaJIBHOMY TI€pepi3l 3TUHAILHOTO €JIEMEHTA TIiJ] 30BHINIHIM HaBaHTaXKCHHSAM. HanpyxeHHs B
PO3paxyHKOBOMY HOPMaJIbHOMY TMOIMEPEYHOMY TMepepi3i OMUCYEMO Pi3HUMHU (DYHKIIISIMA Ha TPHOX
pI3HUX NIISHKaX BUCOTH mepepisy. llepma nuisiHKa - AUISHKA PO3TATY, NMOYMHAETHCS BiJ HU3Y
eJIeMEHTa JI0 HEUTPAIbHOI JIiHIT OMUCYETHCS JIIHINHOIO (QYHKINEI; ApyTa IUJISTHKA — JIJISTHKA CTUCKY,
BiJl HEUTpaIbHOI JIiHIT 0 MaKCMMAaJbHOTO 3HAYCHHS HANPYKEHb CTHCKY ONUCYETHCS HENiHINHOIO
(GyHKIEO; TpeTs AUISTHKA — 1€ TaKOX IUISHKA CTHCKY, BiJl KIHII APYToi MIISSHKA 10 BEpPXY
3TUHAJILHOTO €JIEMEHTA OMHMCYETHCS HEMHIMHOIO (DYHKITI€0 3 BpaxyBaHHAM MOsIBH cKiIaaku. [Tonano
aCMeKTH MOJAIbIIUX JOCIiIKEHb.

KirouoBi ciioBa: nepeBo, 3ruHaNbHUN €IeMEHT, JeopmaliiiHa MOJieNb, MOIYJb MPYXHOCTI,
Hecy4a 37aTHICTb.

IlocTanoBka npoodJeMu. 3aBAsSKH CBOiK Kpaci, MPOCTOTI B 00poOIli, MOHTaX1 Ta MIITHOCTI
JIepeBUHA JaBHO HAJWXa€ Ha Bce OunbIe ii BUKOPUCTAHHS B MPOCTHX Ta CKJIAIHUX JEPEB'STHUX
KOHCTPYKITISX. A 3acTOCyBaHHS B OYIIBHMIITBI KJICEHOI JACPEBHHH 1 BUKOPHUCTAHHS TOJBIHHOTO
MAaCHBHOTO apMYyBaHHS Il CHJIbHINIE 30UIbIIyEe HATIHHICTh KOHCTPYKIIHM 1 J03BOJISAE 3BECTU 10
MIHIMyMY BIUIMB TIPUPOJHUX BaJ Ta HEMOJIKIB Marepiany. Haluactime B OymiBHHUITBI
BUKOPHUCTOBYIOTh JIEPEBUHY y SIKOCTI 3TMHAJIBHUX €JIEMEHTIB. AJie Taki KOHCTPYKIil moTpeOyroTh
JIOCKOHAJIOTO PO3PaxyHKY.

AHaJI3 OCTaHHIX J:Kepesa Aocail:keHb Ta myOJikamii. Huni 3a girounmu HOpMamu [1-2]
TEOPETHYHHI PO3PaxyHOK HECYUOl 3/IaTHOCTI 32 HOPMAJILHUMH TIEpepi3aMu €JIEMEHTIB 3 apMOBaHOT
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Ta HEapMOBAaHOI JepeBUHU [3] MNPOBOAUTHCS 3a CHIIOBOK METOJMKOI 3 BHUKOPUCTAHHIM
reOMETPHYHOI XapaKTEePUCTUKH - MOMEHT OIOpPY PO3PaXyHKOBOTO IMOTEpPeYHOro mnepepizy W. Amne
3a paXyHOK aHI30TpOMii IEPEBUHHU, a CaMe TOTO, 1110 MIITHICTh JEPEBUHHU HA PO3TSAT Maike B JBa pa3u
MIEPEBUINYE MII[HICTh IEPEBUHH HA CTUCK B3JIOBXK BOJIOKOH, & TAKOX 1 332 TOTO, [0 IIPU OJJHAKOBUX
nedopmariisax pizHHX MapiB JEPEBUHU HANPYKEHHS PO3TATY Ta CTUCKY € PI3HUMH, TO CHJIOBA
HeTpasibHA JiHIA HE CIIBIAAA€E 3 IIEHTPOM Baru ImnomepeyHoro mnepepisdy. IIpore Bu3HadyeHHs
MOMEHTY ONOpYy IIONEPEYHOro Iepepidy eleMeHTa 3 JAepeBuHu W came 1 mpuB’s3aHe 10
BCTaHOBJICHOT'O LIEHTpa Baru 1 6a3yeTbcs HAa HbOMY. SIKIIO CHIIOBA JIiHIS HE CITIBIIAAAE 3 IIEHTPOM
Bard, TO TEOMETPUYHI XaPaKTEPUCTHKA MOMEHT oropy W Ta MoMmeHT iHepmii / yisi Takoro
Hanpy>KeHO-1e()OPMOBAHOTO CTaHy IIONEPEYHOro TNepepi3y He MOKHa BUKOPHUCTOBYBaTH B
po3paxyHkax, 00 BOHHM HEBIPHO BPaxOBYIOTH PO3MOJLI MOMEPEUYHOTO TEpepidy Ha PO3TIATHYTY 1
CTUCHYTY 30HHU. SIKIIIO Ha 11e (paKT He 3BepTaTH yBary i M BCe 5k TAKM BUKOPHCTAEMO B PO3paxyHKaxX
W ocobnuBO UIsi TPaHMYHHX YMOB, TO OTPHUMA€EMO 3aBIJOMO HEJOCTOBIpHI 3HaueHHsA. OTke,
HEOOX1JHO IIYKATH 1HII HUIAXH JUI BUPILICHHS JaHOT MPOoOIeMH.

Pimennsim 1i€i 3amadi, Ha HAII TOTJIS, € BUKOPUCTAHHS IedopMaIlifHOl MOJENl pO3paxyHKy
3TUHAJIPHUX €JIEMEHTIB 3 HEapMOBAaHOI Ta apMOBAHOI IIIBHOI Ta KJIEEHOI nepeBuHHU [4-9]. A
nedopmariiiina MOACIIb PO3paxyHKY 3THHAIBHUX €JIEMEHTIB 3 HEAPMOBAHO1 Ta apMOBAHO1 JICPEBUHHU
nepeadavyae KpiM CHJIOBUX Ta T€OMETPUYHHX MapaMETpiB I€ BUKOPHCTAaHHS JegopManiiHuX
MMOKAa3HUKIB MaTepiajiB TakWX, SK KPUTUYHI 1 TPAaHWYHI 3HAYEHHS BIJHOCHHMX aedopmariiid Ta
MOYaTKOBOTO MOAYNA TMpYXHOCTi. | 1i mepepaxoBaHi MapaMeTpud MO XOAY YAOCKOHAJCHHS
BUKOPHUCTAHHS JIeOopMaIliifHOT METOIUKH MOTPEOYIOTh YTOUHEHHS.

IMocTanoBKka wijieil i 3aBaanb gociaigxkeHb. Mera poboTH — 11€ OCOOIMBOCTI BH3HAUCHHS
MOAYJSl TIPYXKHOCTI JEPEBUHHM 1 JTOCTOBIPHICTh BH3HAYEHHS TEOPETUYHOI HECY4doi 3AaTHOCTI
3TUHAIBHHUX €JIEMEHTIB 3 IEPEBUHH 32 JIe(hOpMaIlifHOIO0 METOUKOIO.

Bukiaa ocHoBHOro Mmartepiajy. 3ynmiHUMOCS Ha TOYaTKOBOMY MOAYJI1 MPY>KHOCTI JI€PEBUHU.
Sk moka3ye MpakTHKa, MOYaTKOBUN MOAYJIb MIPYKHOCTI MOke OyTH BUSHAYCHHUH PI3HUMH CIIOCO0aAMHU
1 Ma€e CyTT€eB1 pO301’KHOCTI B CBOIX MOKa3HUKAX.

Hedopmariiiina Monenb po3paxyHKYy B3THHIBHUX €JIEMEHTIB 3 JEepeBUHU Iependayae
BUKOPHUCTAHHS BH3HAYCHHX HOPMAJIbHUX HANpyXeHb Ha 0a3i nmedopmariiid, Mo BUHUKIA B
HOpPMAaJIbHOMY TIe€pepi3i 3TMHAIBHOIO €JIEMEHTa MijJ 30BHIIIHIM HaBaHTaXEHHAM. HarmpyxkeHHs B
PO3paxyHKOBOMY HOPMaJIbHOMY MOIMEPEYHOMY IMepepi3i OMUCYeEMO Pi3HUMHU (DYHKIIISIMA Ha TPHOX
pI3HUX NIISHKaX BUCOTH mepepisy. llepma niunsiHKa - AUISHKA PO3TATY, MOYMHAETHCS BiJ HU3Y
eJIeMEeHTa 10 HeWTpalbHOI JiHIi; Apyra IiIsHKa — JUISHKA CTHCKY, BiJ HEHUTpaJlbHOI JiHIT 10
MaKCHMaJIbHOTO 3HAYEHHS HAIMPYKEHb CTUCKY; TPETS JUISTHKA — [1€ TAKOXK JIIJITHKA CTHCKY, BT KIHIIS
Jpyroi AUISHKH 10 BEpXY 3THHAIILHOTO eJIEMEHTA.

Enropy o B 3aJ1eXKHOCTI BiJ U /U1 HOPMAJIBHOT'O IEepepi3y JepeB’THOrO 3rMHAIBHOTO €JIeMEHTa
BHPA3UMO JIBOMa (DYHKITISIMU Ha PI3HHUX JUISTHKAX:

- mepma QyHKLIA € NPAMOJIHINHOIO Ta ONKMCYE HANpPYXEHHS B PO3TATHYTIH 30HI JIepeB’sTHOrO
eJIeMeHTa 1 1€ B Mexax Big 0 10 y,

ora = f1(w) = Eo 5 - Ugas (1)
ne Eqos - MOAYJIb MPYXKHOCTI IEPEBUHHU 3a Iii PO3TATY; U4 - BITHOCHI Aedopmalii 3a Aii po3Tiary
JIepEBUHH;
- apyra GyHKIiS ONUCY€ HANpPYKEHHSA, 110 BUHHUKAIOTh B B JBOX JAUISHKAX CTUCHYTOI 30HHU
JiepeB’THOTO eNleMeHTa B Mexkax Bija 0 110 y,

Oca = f2(u) = kyucq + kcug,d' 2)

Po3paxyHOK 3rMHAJbHUX €JIEMEHTIB 3a BHKOPHCTaHHS nedopmariiiHoi mMojeni sk 06auyumMo
nepeadayae BUKOPUCTAHHS MOJYNS MPYKHOCTI JEpEeBUHHU. AJie SK BUJHO 3 JaHUX HABEICHUX B
po6otax [10-16], moyaTKoBi MOAYJIi MPY>KHOCTI JJIs IIUTBHOI Ta KJICEHOI AEPEBUHHU OJHOTO 1 TOTO XK
KJIacy MILIHOCTI OJTHi€T 1 Ti€l sk mopoau ayxe pizusaThes Bin £=11801 MIla no E=23140 MIla (talmn.

).
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Ta6nuus 1 - OCHOBHI MapaMeTpu KOPEAIiiHIX PiBHIHB 3aI€XKHOCTI «E — 17» Ta iX cTaTUCTHKH

?I;I)Zi]:(z Kopensiiini piBHIHHS r my r/ my V, %
[11I-1 E'=12,858 - (1-0,056 - ) 0,959 0,024 40 1,13
IIL1-2 E'=15,446 - (1-0,133 - ) 0,840 0,089 9 4,75
I11-3 E'=15,024 - (1-0,107 - ) 0,984 0,009 104 1.12
I11-4 E '=15,467 - (1-0,060 - #) 0,977 0,014 71 0,71
I1L1-5 E'=14,121 - (1-0,068 - ) 0,998 0,001 734 0,27
[111-6 E'=12,702 - (1-0,070 - ) 0,994 0,004 283 0,53
[11-7 E'=11,801 - (1-0,030 - ) 0,725 0,143 5 1.93
ITK-1 E'=19,563 - (1-0,087 - ) 0,902 0,056 16 3,67
[TK-2 E'=15,848 - (1-0,055 - 1) 0,930 0,041 23 2,42
I1K-3 E'=17,543 - (1-0,053 - ) 0,861 0,078 11 2,94
[1K-4 E'=23,140 - (1-0,102 - ) 0,894 0,061 15 3,74
[K-5 E'=15,716 - (1-0,032 - ) 0,743 0,135 5.5 0,78

31 3HaueHb, IPUBEJCHUX B Ta0J.1, BCTAHOBIICHO:
- cepeniHe 3Ha4YeHHs IS KieeHol nepeBuHu — E = 18360MI1a (mpuitasto 18000MI1a);
- HaliMeH1Ie 3HaYeHHs 11 KieeHoi aepesunu — E = 15710MIla (nmputinsro 15500MIT1a);
- cepeliHe 3Ha4YeHHs I mibHOT nepeBuHH — E = 14400MlIla (mpuitasito 14500MI1a).

Pe3yabTaTn Ta 00roBopenHsi. [IpoBeneHo po3paxyHOK HECYydOi TEOPETUYHOI 3aTHOCTI 3a
nedopMaIlifHOI0 METOAUKOI I TPbOX BUIIB 0aloK 3 KIIGEHOI AepeBUHH, sIK HeapMoBaHMX BK
(6anka keeHa), Tak 1 KOMOIHOBaHO apMoBaHUX Oaiok Mmapok bKA-12 (apmoBaHa B CTUCHYTIH 30H1
2012 AS500C + Sika CarboDur S-512 B po3tsarnyrtiii 30ni) Ta BKA-16 (apMoBaHa B CTHCHYTIH 30H1
2016 A500C + Sika CarboDur S-512 B po3TsrHyTiii 30H1). J{7151 OpIBHSHHS 00paxyHOK ITPOBOIUBCS
3 BUKOPUCTAHHSM PI3HUX MPUBEIACHUX 3HAYCHH MOYATKOBOTO MOIYJS MPY>KHOCTI: a) E =
18000MI1a; 6) E = 15500MI1a; B) E = 15000MIla; r) E = 14500MI1a.

Po3paxyHok 3a nedopmaniifHOI0 METOIMKOIO MPOBOAMBCS 33 AITOPHUTMOM, II0 HaBEACHH B
po6oti [7]. B maniit poOOTI IpHUBEACHO MPUKIAA PO3PAXyHKY 3rHHAIBHUX €IEMEHTIB 3 JEePEBUHU
mue 3 MoxyaeMm npyxkHocti E = 15500MIla, a pe3ynpratu 00paxyHKiB 3 iHIIMMH 3HAUYECHHSIMH
MOYJIsl IPY>KHOCTI 3aHECEHI 10 TabJI. 2.

Ipuxnad po3paxynxy Heapmogarux 0anok 3 KieeHoi depesunu mapxu BK

Buxigui nagi:

JlepeBHHA - COCHA 3 TAKUMH (I3UYHUMHU XapaKTEPUCTUKAMHU:

Eo.0s = 15500 MITa = 1550 xH / cm? - MOAYJIb MPY>KHOCTI, 1110 BIATIOBiAa€ HAOIMKEHO 10 KBAHTLJIS
MOYaTKOBOTO MOJYJISl IPY’KHOCTI IEPEBUHU HA PO3TT;

e find = 0,0035 - KpuTHYHI BIJHOCHI AeopMallii 1epeBUHHU Ha CTUCK;

e fine = 0,0038 - rpannyHi BiTHOCHI AeopMallii 1epeBUHHU HA PO3THT;

Jfeoa =46 Mlla - rpaHrYHE 3HAYCHHSI HANIPY>KEHb, 110 MOXKE CIPUHHATH JepeBUHA MIPH poOOTI Ha
CTHCK;

ki = 2628 Mlla - xoeditient nmoninoMma I; k. = 375510 MIla - xoedinienT moniHoma II;

b =10 cm - mmpuHa niepepisy 6anku; & = 15 cm - BUcoTa mepepizy.

Jlnst moYaTKy po3paxyHKy BCTAHOBIIIOEMO MOYATKOBE 3HAYCHHS BITHOCHHUX Aedopmartiil, gxi
MOXXYTh BUHHUKAaTH B KPaHbOMY BOJIOKHI PO3TSTHYTOI 30HU U;q4; Ta 3aJa€MCS IOJIOKEHHSM
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HEUTpaNbHOI JiHIi Ve, 7, V1, 1. [1ichs monryky piBHOBaru nepepizy Mu OTpUMY€EMO 3HAYEHHS BITHOCHUX
nedopMartii ueq 1, IKi BAHUKAIOTh B CTUCHYTIH 30Hi 1 BIAMOBIJAIOTH PiBHOBA3I.
VY HamoMmy BUNAIKY:
CUg1 Ve 0,0038-7,32

U = =0,00362 3
c,d,l yt)l 7’ 68 ( )

3ycuiuis, sSiKi ClipuiiMae MoMepeyHui epepi3 B CTUCHYTIH N Ta pO3TATHYTIN 30H1 N; , 1O € Y
OamaHci:

k ku’ . _ } 2
N, :by&l[ s +7“”3“d‘1 j :10-7,32-[2628 0.00362 | 37551030’ 00362 J:ZZ&I KH (4)
N, = %byt,lEut’d’l =0,5-10-7,68-1550-0,0038 = 229,1 k[ 5)

Ockinbku Ne =228,1 kH =~ N;=229,1 kH, T0 MOXHa BBa)KaTH, IO Iepepi3 3HAXOAUTHCS B CTaH1
pIBHOBar", TOMy MO>KEMO BH3HAUWTH 3THHAIBHUN MOMEHT, IO CIIPUHMAE MOMEPEYHUN mepepi3 B
CTUCHYTIN M. Ta pO3TATHYTIH 30H1 M; :

k ki’ . _ , 2
M=y | Fteas | Kltean )y 7 32 2628-0,00362 | ~375510-0,00362 | | '
o3 4 4 (6)
=10,4 kHm
M, = %byilEu,‘d‘l = [%-10-7,682 ~1550-0,0038j/100 =11,73 kHm (7)

3rUHAIBHAN MOMEHT, 110 MOYE CIIPHIHATH TIepepis:

Mga=M:+ M,=10,4+ 11,73 =22,13 kHm (8)
Ipuxnao pospaxynxy apmosanux 6anox

banku BKA-12. Ins po3paxyHky Oanok BKA-12 3 xomMOiHOBaHUM apMyBaHHSM MPUHHATO
HACTYIHI BUXITHI JaHi:

Xapaxrepuctuku aepesunu: E = 1550 kH / cm?; ucfma = 0,0035; tcfm: = 0,0038; feoa = 46
Mlla; k; = 2628 Mlla; k. = 375510 MIla; b = 10 cm; h = 15 cm.

XapaKkTepucTUKU apMaTypy B CTHCHYTIH 30Hi: 2012 A500C A, = 2,26 cym’ - mioma nepepizy
JIBOX CTepykHiB apMaTypu; E.. = 210000 MIla = 2,1-10* kH/cm? - MOy b IPYKHOCTI apMaTYPH; Uc -
=0,0022 - nepopmariii cTucHyTOi apMaTypu B MOMEHT PYHHYBaHHS OaJIKH.

XapakTepuCTUKHU apMaTypu B pO3TATHYTIH 30H1: by = 2,5 cm - mmpuHa cTpiuku; f, = 0,12 cm -
ToBiMHA cTpiuky; Er- = 165000 MITa = 1,65-10* kH/cm? - Moxynb npysKHOCTI cTpiuky; ;.= 0,0036
— nedopMalii po3TITHYTOI apMaTypy B MOMEHT pyHHYBaHHS OajIKH.

Jlis TodYaTKy aHaJOTiYHUM YHWHOM BCTAHOBIIOEMO TIOYATKOBE 3HAYCHHS BiJIHOCHHUX
nedopmariiii, siki MOXKyTh BUHHUKATH B KpPalHbOMY BOJIOKHI PO3TATHYTO! 30HU U;d> Ta 3aJAEMOCS
MOJIOKEHHSIM HEHUTPANbHOI JIiHIT Ve2 , V4,2. IIicIs MOMIYKY piBHOBAaru nepepisy OTpUMYEMO 3HAYECHHS
BITHOCHUX AehOpMAIIii Uc,q 2, SIKI BAHUKAIOTh B CTUCHYTIH 30H1 1 BIIMOBIAIOTH PIBHOBA3I.

VY naHoMy BHNAJKY:

i, =tz Yea 00038645 o 0 o)

Via 8,55
3ycuiu, sIKi ClipuiiMae MorepeyHuil nepepi3 B CTUCHYTIN 30H1 N OTPUMY€EMO SIK CyMY 3YCHUJIb,
10 BUHUKAIOTh y CTUCHYTIN JepeBuH1 N g Ta apMmatypi N -

kluch kcucde
Ne = Neat New =00 | 757047370 |4 e Biosten =10-6,85%
. _ . 2 10
X(2628 02,00289+ 37551030,00289 J+2,26-2,1-104-0,0022: (10)

=176,6+95,2=271,8 kH

3ycuiuis, Mo CIOpUiiMe PO3TATHYTA 30HA MOMEPEYHOro mepepizy N; OOUYHCIIOEMO SIK CyMY
3yCHUJIb, III0 BUHUKAIOTh Y PO3TATHYTIH JepeBUHI N;g Ta cTpivim N
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1
N, =Nyt Ny = by Bt + 4, E, 2, = 0,5:10-8,55:1550-0,0038 +

t,z "t,z"t,z,0

11
+2,5-0,12-16,5-10*-0,0036 =251,8+17,8 = 269,7 kH (b

Tak, ax N. = 271,8 kH = N; = 269,7 kH, To MOXXHa BBaXXaTH, IIO Mepepi3 3HAXOAUTHCSA B
pIBHOBa31, TOMYy BH3HAYUMO 3TUHAJILHUA MOMEHT, [0 CIIPHIIMAE MONEPEUYHUNA TIepepi3 B CTUCHYTIHM
M. Ta pO3TATHYTIi 30H1 M, :

ki, kol
MU = byf,z[ lu:;’d’z +%]+ AU,zEc,zuc,z,ch,z = 10 6’ 452 X
2628-0,00289 -375510-0,00289° (12)
x 3 + d /100+(2,26-2,1-10*-0,0022-5,1) /100 =

=7,24+4,6=11,84 xHnm,
ne ye- = 5,1 cm — BiACTaHb MO BHCOTI Mepepi3y Big HEUTPAIbHOI JIHIT /10 IIEHTpa CTaJeBOi
apMaTyp, TOOTO 110 JiHil 1ii 3ycusis Ne,-.

Mt :lbytzzEutdO +AtzEtzut20ytz :[1108’552 15500,0038j/100+
370 I 3 (13)
+(2,5-O,12-16,5'104 -0,0036-8,61)/100=14,35+1,53 =15,88 kHwm,

ae yi: = 8,28 cm — BIACTaHb [0 BUCOTI NEpepi3y Bl HEUTPAIBHOI JIiHIT 10 LIEHTPa KOMIO3UTHOI
CTpPiYKH, TOOTO 110 JIiHIT dii 3ycHIuist Ny ..

CymapHuii 3ruHaTbHAI MOMEHT, 110 MOXe CIIPUHHATH apMOBaHUI mepepis:

Mga=M:+ M,= 11,84+ 15,88 = 27,72 xHwm. (14)
banxu BKA-16. Po3paxyHok 6ai1ok BKA-16 3 koMOiHOBaHMM apMyBaHHSIM MPUHHATO HACTYITHI
BUXIIHI JaHi:

XapakTepucTuky aepeBunu: Egos = 1550 kH / cm?; ueina = 0,0035; tefine = 0,0050; fe.04 = 46
Mlla; ki = 2628 Mlla; k. = 375510 MIla; b = 10 cm; h = 15 cm.

XapaKkTepucTUKU apMaTypd B CTHCHYTiH 30Hi: 2016A500C A, = 4,02 cm’; E.. = 2,1-10*
kH/cm?; uez0=0,0025.

XapaKTepUCTUKU apMaTypH B PO3TATHYTIH 30Hi:
by=2,5cm; ty= 0,12 cm; Ei- = 1,65:10* kH/cm?; uy2,0=0,0055.

BcraHoBII0OEMO TMOYaTKOBE 3HAYEHHS BIJHOCHHUX JedopMariid, sIKi MOXYTb BHUHUKAaTH B
KpailHbOMY BOJIOKHI PO3TSATHYTOI 30HH U;4,3 Ta 3aIaEMOCS TIOJIOKEHHSIM HEUTPaIbHOT JIHIT Ve 3, Vi 3.
[Ticns momyky piBHOBaru Tmepepizy OTPUMYEMO 3HAuYeHHsS BiTHOCHUX aedopmariil ucqs, sKi
BUHHUKAIOTh B CTUCHYTIH 30Hi 1 BIIMOBIIal0OTh PIBHOBA3I.

VY nmaHoMy BUNAJKY:

_ Uygs Ves _ 0,00506,06
uc,d,3 - -
Vs 8,94

3ycuiuis, siKi CipuiiMae CTUCHYTa 30HA MOMEPEYHOro mepepizy Ne:

=0,0034 (15)

2
kluc,d,S + kc‘uc,d,fv

Nc=Nc,d+Nc,z=byc,3( 2 3

J " AC’ZEC,Zuc,z,O =10- 6, 06 x

. _ . 2 16
o[ 2628:0,0034  -375510-0,0034%) | (104 0 0025 - (16)
2 3
=182,7+191,7 =374,4 kH
3ycuiiist B pO3TATHYTIH 30H1 Ni:
1
N, =N, ,+N,. =—by, Eu_,,+4 _E u,_,=0,5-10-894-1550-0,0050 +
A (17)

+2,5-0,12-16,5-10*-0,0055 = 346,25+27,23 =373,5 kH

-97 -



CyuacHi 6ydieenvhi KOHCMPYKYii 3 memany ma depegunu, 2025. — Bun. Ne 29 (cTop. 93-102)

Tak sax N. = 374,4 kH = N; = 373,5 kH, To MOXKHa BH3HAUUTH 3TUHAJILHUN MOMEHT, IO
cripuiiMae ToNepeYHHiA iepepi3 B CTUCHYTIH M, Ta po3TArHyTiH 30H1 M,

k ku’
Mc = bycz,3 (% +%] + Ac‘zEc‘zuc,z,ch,z = 10 ' 6’ 062 o
2628-0,0034 —375510-0,0034> (18)

x( 3’ + : j/100+(4,02-2,1~104-0,0025-4,1)/100=
=6,94+6,97=13,91 kHwnm,

ne ye: =4,1 cm.
M, =lbyt23Eutd otA E u v, = (1-10-8,942 15 50-0,0050]/100+

37 I 3 (19)
+(2,5-0,12-16,5-104 -0,0055-9,0)/100 =20,65+2,43 =23,08 kHm,
ne yi: = 9,0 em.

3aranpHUN 3THHATHLHUI MOMEHT, 1[0 MOKE CIPUWHSATH TIepepis:
Mga= M.+ M;= 13,91 + 23,08 = 36,99 xHm. (20)

3Ha4YeHHs HECy4ol 37aTHOCTI, OTPUMaHi HUIAXOM €KCIIEpUMEHTAIbHUX BUIPOOYBaHb MpH Ail
OJTHOPA30BHX CTATHYHHUX HABAHTAKCHb TA TECOPETHYHUM METOIOM 3 BUKOPUCTAaHHAM JeopMmaniiHoi
MOJIeTi PO3paxyHKy, HAaBEJAEHO IJIS BCIX 3a3HAYCHUX OAllOK i3 KIIGEHOI NEepeBUHHU y TaOmwii 2.
HeoOximHo 3ayBaxuTH, 10 pPyHHYBaHHS EKCIEpUMEHTAIbHHX 3pa3kiB Mapok BK ta BKA-12
MIPOHIILIO 10 HOPMAJILHOMY TIepepi3y, a 3pa3kiB Mapku BKA-16 o notnynnM nepepizam 3a paxyHOK
CKOJIFOBAHHSL.

Sk BuAHO 3 Taba. 2 po3paxyHKH 3a JnedopMaliifHo0 MoJe/uTio HeapMoBaHuX Mapku BK Tta
KOMOIHOBaHO apMOBaHMX 3THHAJIBHUX eJeMeHTIB Mapku BKA-12 HeoOXimHO TpoBOIUTH 3
BUKOPHUCTaHHAM MOYATKOBOTO MOJYJIS IPY>KHOCTI 3pa3KiB LIJBHOI AEPEBUHHU 3 TOTO K MaTepiaiy,
[0 BUTOTOBJICHA JaomIaTokieeHa Oanmka. Tak sk Oasku 3 kKoMOiHOBaHMM apmyBaHHSIM BKA-16
3pyHHYBaJHCS Ha OMOpi 3a JOTUYHUX HAIMPY)KEHb BiJl CKOJIOBAHHSI, TO MOKHA TOBOPUTH, 1110 BOHU
HE BHYEPHAIM CBOI MOJKJIMBOCTI HECY4YOi 37aTHOCTI MO HOPMaJIbHOMY TEpepily, a pe3yibTaTH
eKCIIEPUMEHTAIBHUX JTOCIIKEHb MTOPIBHIOBATH HEKOPEKTHO.

Ta6muis 2 - [opiBHsUTBHA TaOIUI HECYUOi 31aTHOCTI OAJIOK 3 KIICEHOT 1epeBUHHA Mqx (KH/M) 3
pi3HUM MoayneM npyxkHocTi E (Mlla)

Ekcrmiep. Hecyua Hecyua Hecyua Hecyua
[To3nau. ApMyBaHHS Hecyda 3IaTHICTh | 3JaTHICTH | 3JaTHICTH | 3JaTHICTH
smatHicth | E=18000 | E=15500 | E=15000 | E=14500
BK-A - 23,85
24,03 22,15 21,53 21,06
BK-b - 22,05
2012 A500C +
bKA-12A Sika CarboDur S-512 26,55
012 AS00C + 30,59 27,72 27,38 26,48
bKA-12b Sika CarboDur S-512 29,25
2016 A500C +
bKA-16A Sika CarboDur S-512 31,93
316 ASO0C + 41,17 36,99 36,19 35,45
bKA-16b Sika CarboDur S-512 33,75
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BucnoBku. Ha 0CHOBI MpoBeZIcHUX €KCIEPUMEHTAIBHO-TEOPETUYHUX JTOCITIKEHb 3p00JICHO
HACTYIHI BUCHOBKHU:

1. Po3paxynku 3a nedopmariiiHOIO MOJIE/UTIO HEapMOBAaHUX Ta KOMOIHOBAaHO apMOBAHUX
3TUHAJIBHUX €JIEMEHTIB HEOOXITHO MPOBOJUTH 3 BUKOPUCTAHHSIM ITOYaTKOBOT'O MOJYJISl IPYKHOCTI,
10 BU3HAYAETHCS 3a 3pa3KaMu 3 IIJILHOT IepeBUHU. To1l TEOpEeTUYHI 3HAYEHHS PO3PaxXyHKY HECYUOl
3JIaTHOCTI HE TIEPEBUIIYIOTh CKCIIEPUMEHTAIbHI 3HAUCHHS Ta OJM3bKi 32 3HAUCHHSIM.

2. banku 3 komOiHOBaHUM apmyBaHHSIM BKA-16 3pyitHyBanucs Bl CKOJIFOBaHHS Ha OTOpI 3a
JOTUYHUX HANPY>KEHb 1 He BUYEpIall CBOET HECYUOi 3JaTHOCTI 110 HOPMAJILHOMY II€pepizy.

3. Ha3zpina HeoOXiIHICTh PO3POOKH MiCUICHHS KOMOIHOBAaHO apMOBAaHHUX OAJIOK 3 ACPEBUHHU
110 TOXUJIUM TIepepizam.
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Abstract: Modern methods for determining the initial modulus of elasticity of solid wood are

analyzed. The article presents the results of experimental and theoretical research on the selection of
values of the initial modulus of elasticity of solid wood for determining the theoretical bearing
capacity of bending unreinforced and reinforced elements made of glued laminated timber. The
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purpose of the work is to determine the features of determining the modulus of elasticity of wood and
the reliability of determining the theoretical bearing capacity of bending elements made of wood
using the deformation method. It is established that the closest results are the results of calculating
the theoretical bearing capacity of bending elements made of glued laminated timber to the
experimental ones using a deformation model, which uses the initial modulus of elasticity established
on the basis of solid wood from which the structure is made. The deformation model for calculating
bending elements made of glued laminated timber involves the use of determined normal stresses
based on deformations that have arisen in the normal cross-section of the bending element under
external loading. The stresses in the calculated normal cross-section are described by different
functions in three different sections of the cross-section height. The first section is the tension section,
starting from the bottom of the element to the neutral line and described by a linear function; the
second section is the compression section, from the neutral line to the maximum value of the
compressive stresses is described by a nonlinear function; the third section is also a compression
section, from the end of second section to the top of the bending element is described by a nonlinear
function taking into account the appearance of a fold.

Keywords: wood, bending element, deformation model, modulus of elasticity, bearing
capacity.
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Ooecvka depacasna akademis 6yoisnuymea ma apximexmypu, Odeca

AHoTtauisi. B maniii po60oTi BHU3HAUYCHO cdepu parioHAIHPHOTO BHKOPHUCTAHHS Ta PIBEHBb
JOLTBHOTO  MIJABHIIEHHS HABAaHTAXEHb IPH  3aCTOCYBaHHI  30BHIIIHBOTO  BYIJICIIEBOT'O
($i10pOoIIacTUKOBOTO apMyBaHHS IS TMIJIBUIIEHHS CTIMKOCTI IEHTPajJbHE CTHCHYTUX METAJICBUX
€JIEMEHTIB.

[IpeacraBnenuii aHagi3 MOXIUBUX €(PEKTUBHHX pillleHb 30BHINIHHOTO (HiOpOTIACTHKOBOTO
apMyBaHHS CTHCHYTHMX METAJE€BUX CTEpXKHIB Ta C(HOPMYJIbOBaHI NPUHIMIIN TPHUKIATHOTO
BH3HAYCHHS 3arajbHUX MapaMeTpiB iX CTIKKOCTI.

[Ipy cuMeTpUYHOMY 30BHIIIHBOMY AapMyBaHHI METAJIeBUX CTUCHYTHUX CTEp)KHIB
¢diOportacTUKaMu 3HUXKYETHCS iX 3arajlbHa THYYKICTb, [0 3a0€3MeUyEThCS pOOOTOI0 30BHIIIHHOTO
MOCUJICHHS B 30H1 Iepepi3y, 0 OTPUMY€E PO3TATYBAHHS y MpoIleci BTpaTH CTiKoCTi. BianosiaHo,
MPEACTABIICH] TPUHITUIY TPAKTUYHOTO BU3HAYCHHS 3araibHOI CTIMKOCTI PO3TIIIHYTUX KOHCTPYKIIIi
3 ypaxyBaHHSAM crenn(piyHUX 0COOIMBOCTEH CHiIbHOI poOOTH cTali Ta (iOpOMIacTUKIB: 3HAYHOI
PI3HOMOJYJIBHOCTI MaTtepialliB, JIOJAATKOBUX TEMIIEPAaTypHUX HAINPYKEHb, IO JTOBAHTAXYIOTh
METajeBl €JIeMEHTH, MPAKTUYHOI 3JaTHOCTI (PiOpOIUIACTUKIB €(EeKTUBHO CIPUMMATH TUIBKU
PO3TATYIOYM 3YCHIJUISA, IO 3MIHIOE pOoOOYEe TOJIOKEHHS ILEHTPY TSHKKOCTI Tepepidy Mpu BTpaTi
CTIMKOCTI, @ TaKOX He3JaTHICTIO (hiOPOMAICTUKOBUX CHCTEM, W0 IependayvaroTh aaresiiHe
KPIIJICHHS, TIOBHOIO MIpOIO BCTYIATH B POOOTY Yy CKJIaJi €IMHOI KOHCTPYKITIi.

IcHye HEoOXiHICTh y BIAMOBIAHOI po3poOLl MPHUKIATHUX METOAIB BH3HAUYEHHS 3arajibHOi
CTIHKOCTI BKa3aHUX €JIEMEHTIB, 3aCHOBAHMX Ha HasIBHIM HOpPMATHUBHIN 0a3l po3paxyHKYy METAJICBUX
KOHCTPYKIIIH Ta 0OIPYHTOBAaHUX HEOOX1THUMHU €KCIIEPUMEHTAIBHUMH JTOCIIKCHHSIMU.

Kuro4uoBi cjioBa: MeTaneBl KOHCTPYKIIIi, CTUCHYTI €IEMEHTH, CTIHKICTh CTUCHYTHX CJICMEHTIB,
MOCUJICHHSI CTUCHYTHUX €JIEMEHTIB, 30BHIIIHE (hiOPOIIACTUKOBE apMyBaHHS.

Beryn. Ilpu BupimeHHi psafgy crnenugiuHuX 3aBlaHb, [0 BU3HAYAIOTh HEOOXITHICTH
MMOCWJICHHSI CTHCHYTHX €JIEMEHTIB METaJIeBUX KOHCTPYKIIIM, SKI 3HAXOMATHCS B EKCIUIyaTarlil
TPUBAJIMM Yac, 3aCTOCYBaHHA TPATUIIMHUX METONIB MIJABUILEHHS HECy4oi 34aTHOCTI, IO
nepeadavaroTh 3MiHY KOHCTPYKTUBHOI (DOPMH, a TAaKOX BBEIICHHS 3BapHUX a00 OOITOBUX 3'€HAHB,
HE 3aBXX/IU € JOIMYCTUMHUM. Y IIMX BUMAJKaX MiJBUIIEHHSI HECY4oi 31aTHOCT1, 0OMEXEHOI CTIHKICTIO
PO3MIISIHYTUX EJIEMEHTIB, CTA€ MOJIMBHAM TPH BHKOPHCTAHHI 30BHIITHHOTO (HiOpOIIACTHKOBOTO
apmyBaHHs. [Ipy oMy HEOOXiIHI METOIMKH MPAKTUYHOTO BU3HAYEHHS IMapaMeTpiB CTIHKOCTI
METaJIeBUX CTUCHYTHUX CTEP)KHIB, IO BPaXxOBYIOTh OCOOJMBOCTI CHUIBHOI pobOoTH crami i
¢dibpormactukis, BincyTHi. JlaHa poOoTa po3risiiae MOXIMBI €()EKTHUBHI PIIICHHS 3aCTOCYBaHHS
(bi0poIUTacTUKIB JUIS MIIBUINEHHS CTIHKOCTI BKa3aHUX €JIEMEHTIB Ta BH3HAYA€ 3arajibHi MPHHIIUAIN
nediHiIii BiMOBIIHAX TapaMeTpiB.

IloctanoBka mnpodaemu. IIpouecu TpuBanoi ekcruryaTamii OyAiBeTbHUX KOHCTPYKIIIH
BH3HAYAIOTh MIMPOKY HEOOXIAHICTH BIIHOBJIEHHS a00 MOCHJICHHS ICHYIOUMX Iepepi3iB iX HECYUHX
eneMeHTiB. CTOCOBHO METaJeBHX KOHCTPYKIIHM IIsI HEOOXiAHICTH OOYMOBIIOETHCS MOKIMBHUMU
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3MiHaMH JiI0YMX HaBaHTa)K€Hb, PYWHYBaHHSM 3OBHILIHIX MOBEPXOHb EJIEMEHTIB arpeCUBHUMH
BIUITMBAMH HAaBKOJIMIIIHBOTO CEPEIOBUINA, a TaKOX HEOOXIMHICTIO 3HM)KCHHS PIBHS JIIOYNX
Hanpy>KeHb, MPU3BAHOTO KOMIICHCYBATH 3MiHH (i3MKO-MEXaHIYHHX BJIACTUBOCTEH MaTepiaiy, 110
B11I0YBAIOTHCS M1 TI€F0 TPUBAIMX MPOIIECIB HOTO CTapiHHS a00 BTOMHU.

Tpaauuiiini  Meronum BHUpPINIEHHS 3a3HA4eHOI MpoOJieMH  mependayaroTb  PO3BHTOK
TCOMETPUYHUX XapPAKTEPUCTUK TIOTMIEPEYHUX TEepPepi3iB PI3HUMH KOMOIHAIISIMU JTOAATKOBUX
€JIEMEHTIB 30BHIIIHBOTO MTOCUJICHHS, SIKi BCTAHOBJIIOIOTHCS 3 BAKOPHCTAHHIM 3BapHUX 200 O0ITOBUX
3’e¢nmHanb. [lpu 1bOMy, SIK TIPaBHJIO, 3MIHCHEHHS NAHWX PIlIEHh CTa€ MOMJIMBHM TiJIbKH TIPU
YaCTKOBOMY 200 IOBHOMY PO3BaHTaKEHHI KOHCTPYKIIIM.

OpHak BITHOCHO KOHCTPYKIIH, IO 3HAXOIATHCSA B EKCIUTyaTallli TpUBaJl TMEpioau dacy,
peanizaiiisi TpaaWIiHHUX METOJIB IOCWICHHS [ajJeKOo HE 3aBXKIU € MOXIWBOK. MeTanesi
KOHCTPYKIIIi, IO IIUPOKO 3aCTOCOBYBAIKCS B Npyrii monoBuHI XIX — Ha movarky XX CTOMITH,
BUTOTOBJISUIACS 3 MaTepialiB, 10 HE JOMYCKAIOTh BUKOPUCTAHHS 3BAapIOBAHHS, a PsiJi KOHCTPYKIIii,
BUTOTOBJICHMX Y TI3HINI Tepioau, aje skl mpoOyBadu y BaXKHX pPEKUMaxX eKCIUTyaTarii,
JIE€MOHCTPYIOTh JIeTpajallilo BIaCTUBOCTEH MaTepiany, U0 MPU3BOIUTH 10 aHAJIOTTYHUX OOMEKEHbD.
Brenenns sk 00JITOBHX 3’€/THaHb YaCTO CIIPHUsIE€ 3HAYHOMY OCJIa0JICHHIO B)KE MOIIKOKEHUX TTepepi3iB
a0 € HempumyCTMMHUM IIiJl 4Yac BHKOHAaHHS pPOOIT CTOCOBHO €JEMEHTIB, MaTepialu SKUX
BIIPI3HAIOTHCS MIABUIICHOIO KPUXKiCTIO. [IpobiieMa ycKIaaHIOEThCS HEOOX1THICTIO pPO3BaHTAXKECHHS
KOHCTPYKIIiH, 1110 MOTEePeKY€e 3A1HCHEHHIO BiIMOBITHUX POOIT.

Kpim Toro, ocobnuBy Tpymy CKJIaJar0Th KOHCTPYKIIi, sSIKI BXOAATH J0 CKIady OyIiBelb Ta
CHOpY[, IO BIAHECEHI 0 00'€KTiB apXiTeKTYpHO-OyMiBeNbHOI CHAAIIMHU. Y [UX BUMAIKaX J0
30epexeHHsT iX AaBTEHTUYHOTO BHIJIALY TMPEISABISIOTHCA OCOONHMBI BUMOTH Ta MOJCpPHI3allis
BIJIMOBIHUX EJIEMEHTIB TPAJAUIIMHUMU METOJIaMH, SKi IMepen0avyaroTh MOCWICHHS, IO 3MiHIOE
rabapuTu Ta 30BHINIHIA BUIJISIA KOHCTPYKIIH, € HENPUIYCTUMHUM. PO3BaHTaXEHHS X TaKUX
€JIEMEHTIB y OLIbIIOCTI BUMAJKIB CTa€ MOXXJIMBUM TUIBKM TPU BHECEHHI 3MIH /10 ICHYIOYHMX
KOHCTPYKTUBHHUX CXEM, IO JUISI PO3TIITHYTUX 00'€KTIB TAKOXK HETTPUUHSATHO.

Meta po60oTH — aHai3 MOXIUBUX €PEKTHBHHUX DilllEeHb 30BHIIIHBOTO (HiOPOIIIACTUKOBOTO
apMyBaHHS CTHCHYTHX METAJICBHX CTEP)KHIB Ta NMPaKTHYHE BU3HAYCHHS 3arajlbHUX IapaMeTpiB iX
CTIMKOCTI.

AHaJji3 eeKTUBHUX MeTOiB BUPimeHHs: mpo0jaemMu. CydaCHUM METOJIOM, IO 3HAXOIUTh
3pocTaroyue 3aCTOCYBAaHHS y CBITOBIN NMpakTHILli Oy1iBHUIITBA 1 JO3BOJIsIE€ 3a0€311edyBaTH BiTHOBICHHS
HECy4oi 37aTHOCTI PO3TJISHYTHX KOHCTPYKIIH, € MoJAepHi3allis ejleMeHTIB (ibpoapMOBaHUMHU
KOMIIO3UTHUMH MaTepianaMu. JIeMOHCTpYIOUM MOTEHLIHHY MOMIIMBICTIO CYTTEBOTO ITiIBUIICHHS
HECy4O0i 3/IaTHOCTI KOHCTPYKIIM y MallOyTHbOMY, aje Mpu I[bOMY OOJaAyHOuH PSIOM CEPHO3HUX
eKCIUTyaTal[ifHUX HEAOJNIKIB, XapaKTepHUX B JNAaHUM dYac Ui KOMEpPLIWHO JOCTYMHHUX CHUCTEM
nocuyIeHHs (TABUIIICHA YYTJIMBICTh JI0 PALY aTMOC(EpHUX, TEMIIEPATYPHUX 1 BaHAAIBHUX BIUIMBIB,
€KCTPEeMaTbHO HU3bKa BOTHECTIHKICTB 1 T.J.), BOHH PO3TJISINAIOTHCS SIK MI€BUN 3aci0 MiABUIICHHS
PIBHS PO3paxyHKOBUX HABaHTAXEHb BIJl EKCIUTyaTAaI[IiHUX /0 TPaHWUYHUX 3HA4YeHb (B MeXax
CYKYIHHX Koe(ilieHTiB HadiiHOCTI) [1-4].

EdexTuBHE BUKOPHCTaHHS JaHUX METOIB MOCWICHHS IIOJO0 3aTi300€TOHHUX KOHCTPYKITIH
MaJio Micre 3 ceperHu 80-X POKiB MHHYJIOTO CTOJITTA, a JJISi METAJIEBUX — 3 II0YATKy MOTOYHOTO
cromitta. Jlo mepeBar mocuieHHs (piOpapmoBaHuMU Kommo3uTamu [1, 5-9] 3a3Buuail BiAHOCSTH
3HAa4YHE CHPOILIEHHS TEXHOJIOTii BUPOOHMLTBA MOHTaXKHUX pPOOIT, Maja Bara MOAIOHUX CHUCTEM
MTOCUJICHHS, BUCOKI MIIHICHI Ta MPY>KHI BJIACTUBOCTI apMYIOUHMX MaTepialliB, CTIMKICT 10 KOPO3ii 1
T.4. [Ipy 11poMy HaiOIIBII Ba)KIMBOIO 3 MOTJIATY BIAHOBJIEHHS KOHCTPYKIIH, 0COONMBO THX, IO
BUMAararoTh 30€pEeKCHHS AaBTEHTHYHOTO 30BHIIIHBOTO BHUIJISNY, € MOKJIHUBICTh BiJIHOBJICHHS
Mpare31aTHOCTI €JIEMEHTIB 0€3 TMOMITHOI 3MiHM ra0apuTHUX PO3MIPIB iX MepepisiB, M0 HAMOUTBII
e(EeKTHUBHO JJOCATAETHCS MPU BUKOPUCTaHHI TKAHUHHHUX MaTepialliB 30BHIIIHBOTO apMyBaHHs [ 1-4].
[Ilo HEemayio Ba)kKJIMBO, TOCHWJICHHS KOHCTPYKIIIA 3 BUKOPHUCTAaHHSM MOMIOHMX METOIB y psiai
BUIIA]IKIB CTA€ MOXUIMBUM 0€3 MOTEPEAHBOTO iX pO3BAHTAKCHHS.
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@i0poruIacTUKOBI MaTepiany, BUTOTOBJICHI HAa OCHOBI apMYyIOUMX BOJIOKOH 1 MOJIMEPHHUX
3’€IHYBAJIbHUX MAaTpPHIlb, BIAPI3HAIOTHCA TETEPOTreHHO-aHI30TPOITHOIO MPHUPOJIOI0 1 BUSBISAIOTH
TepeBaKHO IiHiifHO-TIpyXkHEe nehOPMYBAHHS 10 MOMEHTY pyHHYBAaHHSA. IX IPYKHO-MilHiCHI
BJIACTUBOCTI BU3HAYAIOTHCS TUIIOM BUKOPHUCTOBYBaHOI (iOpu. 3 MaHOI TOUKH 30Dy IJIsl TTOCHICHHS
METaJeBUX KOHCTPYKLIH HalOuUIbily e(eKTUBHICTh JAEMOHCTPYIOTh BYIJICHEBI IUIACTHKH,
BUTOTOBJICHI Ha OCHOBI BHCOKOMOJYJBHHUX BOJIOKOH, IO MAalTh MOAYJIl TPYKHOCTI, SKi
NEPEBUIIYIOTh aHAJIOTIYHUI MapaMeTp CTajli 1 J03BOJSAIOTH OIBIIOI0 MIpOI0 JOJIYy4aTH 10 poOoTH
BHCOKOMIITHUH KOMITO3UTHHM MaTepiall, 1[0 J1a€ HU3KY NepeBar MpH MiJACHICHH] KOHCTPYKIIH T
HaBaHTaxeHHsM [ 1, 2, 10, 11]. Tum He MeH11I, TeBHI TepeBart i HEAOMIKH MalOTh BC1 BUAM apMYIOUHX
BOJIOKOH, 110 HIIMPOKO BUKOPUCTOBYIOTHCS B OYAIBHUIITBI, 1 JUIS BIIHOBJICHHS IIE€pepi3iB €JIEMEHTIB,
AKI XapaKTepU3yIOThCS HE3HAUHUMH BTpaTaMd poOOYOro marepiaqy, MOXYThb YCIIIIHO
BHUKOPHCTOBYBATHCS OUTBII JCIICB] CKJIOBOJOKOHHI Ta apaMiOBOJIOKOHHI TiacTuku [ 1, 4, 12, 13].

B sxocTi MaTpuis, 110 3a0e3mneuyoTh B3aEMHY poOOTY OCHOBHOT'O MaTepiaiy KOHCTPYKIIII Ta
apMyIOUUX BOJIOKOH, MOXYTh BUKOPHUCTOBYBAaTHCh PI3HI TEPMOIUIACTH Ta TEPMOPEAKTUBHI CMOJIU
(emoxcuHi, nmomiedipHi, BiHinoedipHi Too). OgHaK B AKOCTI HAHOIBII ePEeKTUBHUX 1 KOMEPIIIHHO
JOCTYIHHUX 3pa3KiB, 3aCTOCOBHMX Ul BHUKOPDUCTaHHsS Yy CKJIaJl METaJeBUX KOHCTPYKLIH B
TENepilIHii yac, peleBaHTHI eMOKCUIOMICTKI cuctemu [1-3].

Crin 3a3Ha4UTH, IO IPOLIEC APMYBAaHHS METAJICBUX KOHCTPYKIIIM BYIJIELEBUMH €I€MEHTaMU
MOB'SI3aHUNA 3 CEPHO3HOI0 MPOOJIEMOI0 MPOSIBY TalbBaHIYHOI KOpO3ii, 110 BUHUKAE MPH MPSIMOMY
KOHTAKTI BIJIMOBITHUX MaTepiamiB. SIK pileHHs 3a3Ha4eHOi MpOoOIeMH A0 CKIIaay aare3iifHoro IIBa,
10 KpinmuTh (iOpOIIACTUKOBUM €JIeMEHT Ha MOBEPXHI KOHCTPYKLIi, MOXe BBOIAMTHUCS TaK 3BAaHHM
«HYJIBOBMI» IIAp MaTepiaily, IO CKIAAAETHCS 31 CKIIOBOJIOKOHHOT TKAHWHU 3 TOBIIMHOIO MOHOIIAPY
o6mu3zpko 0,05 MM, AKHMI BUKIIOYA€ TaJbBaHIYHMNA KOHTAaKT KOHCTPYKILIHHHMX MarepiajiiB Ta
MPAKTUYHO HE BIUIMBAE Ha Mpale3aaTHICTh 3'eqHansb [ 1, 2].

KoHCTpYKTHBHI pillIeHHS, 1110 BUKOPUCTOBYIOTHCS MPU 3A1HCHEHHI aHATi30BaHUX MOCHJICHb,
MOXYThb Tiepen0adaTd 3aCTOCYBaHHsS CHCTEM 30BHIIIHBOIO apMyBaHHS Yy CKJIaJl €JIEMEHTIB
3aBOJICBKOI TOTOBHOCTI, BUTOTOBJICHHUX METOJAaMH MyNTpy3ii abo jamiHamii i MPUKICIOBAaHUX 0
[IOBEPXOHb KOHCTPYKIIH, a TaKOX, TaK 3BAHUX, «MOKPHX» CHCTEM Yy CKJaJl €JIEMEHTIB, LIO
BUTOTOBJISIIOTHCS 38 MICIIEM MTOCUJICHHS Ha MOBEPXHIX KOHCTPYKIIH IUIAXOM YKJIaJlaHHS apMYIOUNX
«CYXHMX» BOJIOKOH, CTPI4OK a00 TKaHUH 3 TOJIAJIBIINM 1X HAaTOBHEHHS MaTPUYHUMU cyMimiamu [ 1-4].
Jpyruii MeToa Mae OiIbIly aKTYalbHICTh Y HO€AHAHHI 3 KOHCTPYKLISIMH, III0 MAIOTh CKIAJHY GopMy
MONIEPEYHUX TIEPePi3iB.

[Tpupona ¢idporIacTUKOBUX MaTepialiB, IO CKIAJAIOTBCS 3 THYYKMX BOJOKOH Ta
3’€IHYBAJIbHUX MATpHIlb, BU3HAUAE iX €(EeKTUBHY pOOOTY IIPH Aii PO3TATYIOUHMX 3yCHIIb 1 IPAKTHUHY
HECTIPOMOJKHICTh CHPUHHSATTA CTUCKAIOYMX 3YCHJIb, IIO 1 OOYMOBHJIO TOMNEPEIHIO TNPAKTHKY
BUKOPUCTaHHS JAHOTO apMyBaHHs y CKJIaJl CyTO PO3TATHYTHX €JIEMEHTIB a00 30H OyAiBEeIbHUX
KOHCTPYKIIIH, a TaKOX SK 3aci0 KOMIEHcallil BEpXHiX MIapiB MaTepialy y CKJajai mepepisis, L0
3a3HamM  ICTOTHUX  pydHyBaHb. CrmpoOu 3actocyBaHHs  (iOpoapmyBaHHS, 1 30Kpema
YTJIEPOJOBOJIOKOHHUX TUIACTHKIB, 11010 METAJIEBUX CTUCIIUX €JIEMEHTIB 3BOJMIMCA JI0 PillIeHb, 110
nepeadavaroTh iX OETOHYBAaHHS IO JOBXKHUHI Y CKJIaJll YIJIepOA0BOJIOKOHHUX TPYO [14]. [Ipn npomy
MIIHICTB 1 )KOPCTKICTh TAKUX €JIEMEHTIB 3017bIIIyBajIacs 0ETOHHOIO CKJIaJOBOIO, 2 KOMIIO3UTHI TpyOu
BHCTYIAJH B POJIi PO3TATHYTHUX 000#M, 1110 30BHI OOTHUCKAIIA OETOH.

HeoOXigHiCTh NMOCHJICHHA METaleBUX KOHCTPYKIiM iCTOpWYHMX OO0'€KTIB Hajali copusia
MEePIINM  EMIIIPUYHUM CIpoOaM ITOCHJICHHS BIAMOBIIHUX CTUCHYTHX €JIEMEHTIB 30BHIIIHIMHU
aruTiKaIiiMd Ha OCHOBI BYTJIEIEBUX TKaHWH. OTpHMaHi pe3yiabTaTH CBIAYMIN MPO MOIUIBHICTH
MoAIOHUX pillleHb, M0 MPU3BOAWIN 1O 30UIBIICHHS 3araJbHOI HECYydOi 3/aTHOCTI Ta 3HUKCHHS
HeOe3MeKr KPUXKOTro pyWHYBaHHS MaTepialy.

VY 611 mi3HIA nepio]] 30BHIMIHE (iOPOIIACTUKOBE MOCHICHHS CTUCIUX €JIEMEHTIB Y CKIIai
MeTaJIeBUX KOHCTPYKIIIH, 110 3M1MCHIOBAJIOCS MEPEBaYKHO Ha 0a31 BYTJICIIEBOBOJOKOHHUX MaTepiaiB,
CTaJIO0 3HAXOJUTH PO3LIMPEHE MPaKTUYHE 3acTocyBaHHA [15, 16] Ta cripusino popMyBaHHIO HOBOTO
HaIpsMy JOCTIIKCHB BIMOBITHAX KOHCTPYKIIIH.

- 105 -



CyuacHi 6ydieenvhi KOHCMPYKYii 3 memany ma depegunu, 2025. — Bun. Ne 29 (cTop. 103-111)

Bu3HaueHHs1 NPMHUMMIB NPaKTUH4YHOI AediHinii 3aranabHoi ctilikocti. CyuacHuil miaxisg 10
MOCUJICHHS METAJICBUX CTHCHYTHUX €JIEMEHTIB BYTJICIICBUMHU MaTepialaMu pO3TIIsae OCTaHHI SIK
3aci0 MiIBUIIEHHS HECYYOol 37JaTHOCTI 3a paxyHOK 3a0e3nmeueHHs OibInoi CTIHKOCTI KOHCTPYKIIIH.
[Ipu cumMeTpuYHOMY 30BHIIIHBOMY apMyBaHHI BIAMOBIAHUX CTUCHYTHX CTEP)KHIB 3HIDKYETBCS iX
3arajibHa THYYKICTb, 110 3a0e3MedyeTbcs poOOTOI0 30BHIIIHBOTO MOCHICHHS B 30HI Mepepisy, LI0
OTPUMYE PO3TATYBaHHS Yy TIpolleci BTpaTH CTIHKOCTI. Bixg 30BHINIHBOTO 3K apMyBaHHS,
PO3TAIIOBAaHOTO B CTUCHYTOI 30HI CTEpXKHs, IO BTpayae CTIHKICTh, 4yepe3 WOro NpaKkTHUYHY
HE3/IaTHICTh JI0 COIPUUHATTS JOCTATHIX 3YCHJIb, TPAIUIIIMHO a0CTParyrOThCs.

[lepcnekTUBHICTD 301IBIICHHS CTIHKOCTI CTHCHYTMX METAJEeBUX CTPUKHIB 30BHILIHIM
apMyBaHHSM BYTJICIIEBOBOJIOKOHHHUMH MarepiajaMid OOMEXYETbCS BIJICYTHICTIO HEOOXigHOT
TeopeTnyHOi 0a3u. JlocTaTHi pekoMeHAalii Ta HOPMU PO3PaXyHKY MOAIOHUX MOCHIJIEHb BiACYTHI.
[Ippu 1upoMy mpoOiemMa BU3HAYECHHS TapaMeTpiB MIABUIIEHOTO TIOPOTY BTpPAaTH CTIAKOCTI
YCKJIQ/THIOETHCS PSAAOM (PaKTOPIB.

CyMicHHI pO3TIsaa poOOTH MeTaliB Ta (iOpOIIaCTUKIB BUMAarae BpaxyBaHHS JTOAATKOBUX
3yCHJIb, IO BUHHMKAIOTh BHACIIJOK 3HAYHMX BIIMIHHOCTEH y iX TepMidYHOMY aedOopMyBaHHI.
KoedirienT miniiHOTO TemMnepaTtypHoro AehopMyBaHHs OyliBEIbHUX CTAJICH CTAHOBUTH BEIMUHUHY
12,0x10° °C"!, B Toi1 yac sk ByI7Ie1eBOBONIOKOHI IITACTUKH A€MOHCTPYIOTh HEFATUBHE TEMIIEPATypHE
nedpopMyBaHHS 3 BIANOBIJHUMH  MapaMeTpoM, IO  3HAXOAAThCS B Jlama3oHi
(-0,6...-1,45)x10° °C!. Takum uymHOM, 3MiHA TeMmImepaTyp y MpOLECi eKCIIyaTaimii MoxXe
NPU3BOJUTHA [0 TOMITHOTO JOBAaHTAKEHHS CTUCHYTUX METAJIEBUX EJIEMEHTIB, IO BHMAarae
BIJIMIOB1THOTO BpaxyBaHHSI.

He3natHicTh 30BHIIIHBOTO (hiOPOIIIACTUKOBOTO apMyBaHHS JI€BO CIPHUIMATH CTUCKArO4i
3yCHJUIS, SIKE TIPY BU3HAYCHHI IMapaMeTpPiB CTIHKOCTI MPU3BOAUTH /10 BpaxyBaHHS TiIIbKH €(heKTUBHOT
YaCTUHH Tepepi3y, 10 BKIIOYAE METAJCBHH €EMEHT 1 PO3TATHYTY YacTUHY (iOpOIIacTHKOBOTO
apMyBaHHS, BU3HAYA€ CKJIA/IHICTh MPAKTUYHUX PO3PaxXyHKIB, MOB'sI3aHy 3 HEOOX1THICTIO BUBHAYCHHS
METOJIOM TIOCJIiIOBHOTO HAOIIMKEHHS IIEHTPY TSHKKOCTI TAKOTO Iepepizy.

3HWKEHI TPYKHO-MIIHICHI XapaKTePUCTUKH aAre31MHUX IIapiB, M0 3a0€3MeUyI0Th CIUIbHY
poOOTY OCHOBHOTO MaTepiany KOHCTPYKIi Ta 30BHIIIHBOI'O BYIJIELIEBOBOJOKOHHOI'O apMyBaHHS
(0coOMMBO 3a HAsBHOCTI «HYJIHOBOTO», AHTHTaJbBaHIYHOTO CKJIOBOJOKOHHOTO IIapy), HeE
JI03BOJISIIOTH €IEMEHTaM MTOCUJICHHS BCTYNAaTH B POOOTY MOBHOIO MipOIO 1 BUMAararoTh 3aCTOCYBaHHS
1010 1X TUTOI 3HMXKYBJIBHUX KoedirieHTiB [2, 17, 18].

Ha mincraBi BHINECKA3aHOTO, BUAAETHCS MOXIUBUM BHUKOPHUCTAHHS JJIS MPUKIIAIHOTO
BH3HAYCHHS MMapaMeTpa CTIMKOCTI METaJeBUX IEHTPATHbHOCTHCHYTHUX CTEP)KHIB, 30BHI apMOBaHUX
¢bi10ponIacTUKOBUMH MartepiajamMy, yMOBH, BU3HAYEHOTO JII0UYMMH HallioHaTbHUMH HOpMami [19],
Ta TpaHC(OPMOBAHOI 3 ypaxyBaHHSM CHENU(DIYHUX OCOOJMBOCTEH CIIJIBHOI pOOOTH CTam Ta
(bi10ponIacTUKiB: JOJATKOBUX TEMIEPATYPHUX HAIPY>KEHb, 110 JOBAHTAXKYIOTh METAJICBl €IEMEHTH,
MPaKTUYHOI 31aTHOCTI (HiOpoOIacTiB €PEeKTHBHO CHPUUMATH TUIBKH PO3TATYIOUM 3YCHILIS, IO
3MiHIO€ poOOU€e MOJIOKEHHS LEHTPY TSHKKOCTI Mepepi3y, a TaKoXK HE3NaTHICTIO (hiOpOonaicTUKOBUX
CUCTEM, IO TepeadadaroTh aare3iiHe KpITUICHHs, TTOBHOIO MIpPOI0 BCTymaTH B poOOTYy y cKiani
€IMHOI KOHCTPYKLIi. BaknmuBUM mapaMeTpoMm, KUK BIUIMBA€E HA CTYMiHb MiJBHILEHHS CTIHKOCTI
PO3MIISIHYTUX CTEPKHIB, € PI3HOMOYJIBHICTh 3aCTOCOBYBAHHMX MaTepiajiB:

N+ Npr

<1, 1
¢A€f ‘Ry]/C ( )

ne N —mo310BKHE 3yCHILIS, TIPUKIIAICHE IO OCi CTEPIKHS, Nar — MO3JOBXKHE 3yCHIUIS B CTEPIXKHI,
10 BUHUKAE BHACTIJOK PI3HMII TeMIepaTypHuX aedopmariiii ctaiai ta Gpidpo miacTUKiB; ¢ —
KOeQIIIeHT CTIMKOCTI MpH HeHTpanbHOMY CTUCKY [19]; 4er — mpuBemena mioma epeKTHBHOT
YACTHHU TIEPEpi3y CTepkHs; RyY.— po3paxyHKOBUH Omp CTaji 3a IPAHMIIEI) TEKY4OCTi 3
ypaxyBaHHSIM KOe(IIIEHTY YMOB pOOOTH.
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BenuunHa TO3M0BXKHBOTO 3YCWIUIS, IO BPaxOBYE HEOJHOPIAHICTH TEMIEPATypPHOTO
nedhopMyBaHHS CKIIAJOBUX MEpepizy, MOKe OyTH BU3HAYCHA SIK:

Npr=E A Ao AT, ()

ne E; — MOAylb INPYKHOCTI MaTepiany (iOpOIuIaCTUKOBOrO IOCHIIEHHS; A,— IOBHA ILIOMIA

nepepizy CHUMETPUYHO PO3TAIIOBAHOTO ITOCHJICHHS, BHU3HAYE€HA BIAMOBIAHO 10 CyMapHOi
€KBIBAJICHTHOI TI'€OMETPMYHOI TOBIIMHM IIapiB apMyrouoro (iopomnacTuky; Aa=a,-a;

— pi3HKLA KOE]ILIEHTIB JIIHIKHOTO TemMIepaTypHoro aeopMyBaHHs Gi0pOIIACTHKA o, Ta CTaNl

a,; AT —po3paxyHKOBa 3MiHaA TEMIIEPATyp €KCIUTyaTarlii KOHCTPYKITii.
Benuunna npuBeneHo1 ol eheKTHBHOI YaCTUHU TIEpepi3y CTEPIKHSI CKIIafe:

A=A+ A9, 3)

ne Ay —TIOBHA IUIOIIA CTalIeBOi YACTUHU IIepepizy; A;f — TuIoIa €PeKTUBHOI YACTUHU IPUBEACHOTO

nepepizy piOporacTUKOBOro nmocusaeHHs (AuB. puc. 1), mo Oepe ydacts y poOOTi Ha pO3TAT Y

Mporieci BTpPATH CTIMKOCTI CTEPXKHsS Ta BU3HAYAETHCS METOAOM IIOCTIJOBHOTO MiAOOpYy 3
. . . . ef _ Ef

ypaxyBaHHSIM HpUBEIEHOI e(heKTUBHOI PO3paxyHKOBOI TOBHIMHU (ibpomnactuka ;7 =1 S
S

E s, E;— BIINOB1THO, MOJYJIl TPYKHOCTI (p16poOIIacTHKa Ta CTal.

Llentp Barn
CTANCBOIO EJIEMEHT
10 TTOCHITIOETECH

IenTp Baru
nepepizy y ckaagi
nnout 4, + 47

Puc. 1. Po3paxyHkoBa cxema nepepi3y y CKJIaji METajIeBOTo eJIeMEeHTa Ta YaCTUHU
(bi106pOoMIaCTUKOBOTO apMYyBaHHS, 1110 PO3TATYETHCS B MIPOLEC BTPATU CTIMKOCTI CTPHIXKHS

EdexTuBHa po3paxyHKOBa TOBIIMHA 30BHIMIHBOTO (PIOPOIIACTUKOBOTO apMyBaHHS, IO
BpPaxoOBYy€ HEPIBHOMIPHICTh pO3MOAUTY 3yCHJIb Y CKJIaAi OaraTomapoBux (iOpOmIacTUKOBUX
€JIEMEHTIB,  BUTOTOBIEHUX 3  BUKOPUCTAHHAM  GUCOKOMIYyHUX  (HOPMANbHOMOOYIbHUX
E =240..2801TIa ) i sucokomooynvrux ( E y =390..760 I'Tla ) ByT/IelleBOBOJOKOHHUX KOHCTPYKIIHHUX

CTPIYOK Ta TKaHWH, MOX€e OyTH BH3HAaU€HA 3 ypaxyBaHHSIM KOe(]iIli€eHTIB HEPIBHOMIPHOCTI pOOOYNX
nedopmariii k;, mo omucani y [2, 17, 18] Ta BCTaHOBIIOKOTH CTYMiHb 3aBAHTA)KEHOCTI OKPEMHUX

mapiB JaHOTO MaTepiainy, TOOTo
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t.. 2
_n
=222 ks @
n g
e n=1..5 — KUIbKICTh PIBHMX MO TOBIIMHI MOHOIIApiB apmyiouoi ¢ibpu; ¢, — Oisn4Ha
TOBLIMHA OKPEMOIO MOHOMIAPY apmyrodoi (Gibpu; Ak, — xoediumieHTH HepiBHOMIPHOCTI

3aBaHTAXCHHS IIApiB, PIBHI IS GUCOKOMIYyHUX (HOPMATbHOMOOYIbHUX) BYTICIEBUX
dibpomnacrukis  k, =1,0, k, =073, ky=k,=k;=017, a mns eucoxomodynenux

Byrienesux Qibpomnacrukis k, =1,0, k, = 0,78 ,k, =k, =k =0,56 (puc. 2).
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Puc. 2. Po3nonin HanpyskeHb Y BYTJICIIEBOBOJIOKOHHUX IIapaxX 30BHIMIHBOTO (hiOpOMIaCTUKOBOTO
apMyBaHHS CTAJICBOTO €JIEMEHTA: a — IIPU BUKOPUCTAHHI 8UCOKOMOOYIbHUX BYTJICIICBUX BOJIOKOH, O
— TIpY BUKOPUCTAHHI 8UCOKOMIYHUX (HOPMATbHOMOOYIbHUX) BYTIIEIIEBUX BOJIOKOH [17, 18]

Crin 3a3HAa4MTH, OI0 BIPOBAKEHHS Y MPAKTUKY MPOCKTYBAHHS BUILCHABEJCHUX NPUHIIUIIIB
BU3HAYEHHS CTIHKOCTI IIGHTPAIBbHOCTUCHYTUX CTEPKHIB, TIOCUJICHUX 30BHIIIHIM (hi0OpOIIaCTHKOBUM
apMyBaHHSM, TOTpeOy€e BiAMOBIAHOTO €KCIIEPUMEHTATFHOTO OOTPYHTYBaHHS.

HemanoBaxHUM U1 pO3paxyHKy aHali30BaHMX KOHCTPYKLIH TakoX € Te, L0 CepHo3Hy
CKJIQIHICTh ISl aHaJTI30BaHMX IIOCUJICHb KIHIIEBOI JOBXXMHHM TaKOX CTaHOBUTH KpaiHs ¢opma
aHI30TpOMii TO3J0BXXHHO APMOBAHMX IUIACTUKIB, MIIHICHI BIACTUBOCTI SKHUX (PAKTUYHO
3a0e3neuyloThCs TIABKM B OJHOMY HANpsIMKY, LIO INPOBOKYE MOSBY 3HAYHUX KOHIEHTpaLii
Hanpy>kKeHb MO KIHIMX KICHOBHX 3'€IHAHb 1 CIIPUSAE B MPOIIECI BTPATH 3arajbHOi CTIHKOCTI MPOSIBY
BIJIIIAPOBYIOUUX HANPY’KEHb, 10 Y CBOIO YEPTy MOKE BUMAaraTy BBEACHHS J101aTKOBUX MEXaHIYHUX
KPIIUIEHb 110 KiHISIX €JIEMEHTIB 30BHIIIHBOTO apMyBaHHS [ 1-4].

Hampukinmi  3a3HaurMo, 1O  PO3TJIAN  ICHYIOUOI TEOPETHYHOI 0a3W  MOCHIICHHS
METAIOKOHCTPYKIIi (iOpoapMOBaHUMH TUIACTUKAMH CTaBUTh DS 3aBJaHb MIOJ0 IiIBUIICHHS
3arajbHOl CTIMKOCTI CTUCHYTHX CTEpXKHiB. [[OIITbHUM BHIAETHCS pO3pOOKA MPUKIATHUX METOJIB
BIJITIOBITHOT'O TIOCHJICHHS Ta PO3PaxyHKY, 3aCHOBAaHUX Ha HasBHIA HOPMAaTHBHIHN 0a3i po3paxyHKiB
MeTaJIeBUX KOHCTPYKIIiA. B TemepimHiii yac moTpiOHA BiJMOBIHA CHCTEMAaTH3AIlis Ta aJanTailis
ICHYI04O0i CBITOBOI IPAKTHKH MOCHIICHHS (hiOpOIIacTUKAMH PO3IIITHYTUX €JIEMEHTIB Ta (POPMYBaHHS
BIJIMOBITHUX BITYU3HSIHUX HOPM.

BucHoBok. [lns BupileHHS psay cneun(iyHUX 3aBJaHb IMOCUJICHHS CTUCHYTHX E€JIEMEHTIB
METaJIeBUX KOHCTPYKIIiH, €eKTUBHUM 3aCO00M, 110 JO3BOJISIE MIABUIIUTH PIBEHb PO3PAXYHKOBUX
HaBaHTAXEHb BiJ] eKCIUIyaTalliiHUX [0 TpPaHUYHUX 3HAYCHb, € 3O0BHIIIHE apPMYyBaHHS
BYTJICIICBOBOJIOKOHHUMH KOMMoO3uTaMu. [IpuBeeHo aHali3 MOKIMBUX PIlIeHb Ta c(hOopMyTIbOBaHi
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BIJIMOBIAHI MPUHIMIIA TPHUKIATHOTO BHU3HAUEHHS 3arajibHOT CTIHKOCTI BKa3aHUX KOHCTPYKIIIH.
Hagenene nmorpedye ekcriepuMEHTATLHOTO OOTPYHTYBaHHS.
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Abstract. This work recognizes areas of rational use and the level of appropriate load increase
for using external CFRP reinforcement to increase the stability of centrally compressed metal
elements.

An analysis of possible effective solutions for external CFRP reinforcement of compressed
metal struts is presented and the principles of applied determination of general parameters of their
stability are formulated.

With symmetrical external reinforcement of compressed metal struts by FRP, their overall
flexibility is reduced, which is ensured by the work of external reinforcement in the cross-sectional
area that receives tension in the process of losing stability. Accordingly, the principles of practical
determination of the overall stability of the considered structures are presented, taking into account
the specific features of the combined operation of steel and FRP: significant heteromodulus of
materials, additional temperature stresses that add to the load on the metal elements, the practical
ability of FRP to effectively perceive only tensile forces, which changes the working position of the
center of gravity of the cross-section upon loss of stability, as well as the inability of FRP systems
that involve adhesive fastening, to be fully operational as part of a whole structure.

Currently, there is a need for appropriate systematization and adaptation of existing global
practices for reinforcing the elements in question with fiber plastics and for developing corresponding
domestic standards.

There is a need for appropriate development of applied methods for determining the overall
stability of specified elements, based on the existing national regulatory framework for the calculation
of metal structures and substantiated by the necessary experimental studies.

Key words: metal structures, compressed elements, stability of compressed elements,
reinforcement of compressed elements, external FRP reinforcement.
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HHI «Ilpuouninposcvka depacasna akademisn OyoisHuymea ma apximexkmypuy, YIVHT

AHoTauis. Y poOOoTi pO3IIISIHYTO MUTAHHS CTIHKOCTI CTaJIEBUX BEPTHUKAIBHUX LMITIHIPUYHUX
pesepByapi (PBC) npu il BITpOBOr0 HaBaHTXKEHHSI, IO € BAXKJIUBUM (PaKTOPOM JTsl 3a0€3MeUeHHS
ix HaniiHOI ekcrutyaranii. BuUKoHaHO cepilo po3paxyHKIB CTIMKOCTI A7 IMJIIHAPUYHUX 0O0JIOHOK 3
T€OMETPUYHHUMHU TapaMeTpaMu, IO BiJIMOBIIal0Th BiTUM3HSAHIA HOMeHKnatypi PBC. Pesynbpratn
PO3paxyHKiB JO3BOJISIOTH OLIIHUTH BIUIMB XapaKTEPUCTUK PO3OUTTS MOJEIi 0OO0JIOHKH HA TOYHICTD
BHU3HAUEHHS KPUTUYHUX HaBaHTaKeHb. BU3HaueHO epeKTUBHI MapaMeTpu CKIHYEHHO-EJIEMEHTHUX
moneneit PBC st anekBaTHOTO YHCEIHHOTO aHAMI3y iX MOBEIIHKY MPU BITPOBOMY THCKY.

KuarouoBi cjoBa: mwriHapuyHa O0O0O0JIOHKA, BITPOBE HABAaHTAXEHHS, KPUTUYHUN THCK,
FEM-monens.

Beryn. HasBHicTh pe3epBiB HAQTONPOAYKTIB € CTPATEriuHO BAXKIUBOIO JISI €KOHOMIKH
VYkpaiau. B ymMoBax BOEHHOTO CTaHy pe3epByapHUi (OHJ KpaiHU 3a3HAE€ 3HAYHHMX BTpaT: MEBHY
YaCTHHY Pe3epBYyapiB MOBHICTIO 3HUIIEHO, 1HIIIA YACTHHA — PO3TAIlIOBaHA HA TAMYACOBO OKYITOBAHUX
TepuTopisix. Lle 3ymMoBmtOoe HaraibHy mNOTpedy y CTBOPEHHI HOBHX, €KOHOMIYHO €()EeKTHBHHX
HadTocxoBuml. OTHUM 13 HAWMOIIMPEHIIIUX THUIIB €MHOCTEH A 30epiraHHs HapTONPOAYKTIB €
cTaneBi BepTHKANbHI IUTIHIPHYHI pe3epBYapH. IX pO3MOBCIOIKEHICTh MOACHIOETHCS, MO-TEpIIeE,
0COOJIMBOCTSIMM TE€OMETPUYHOI (OpPMH PO3TISAHYTHX pe3epByapiB. LluimiHIpuyHa CTiHKa TaKHX
pe3epByapiB € OJIHIE€I0 3 Halle()EKTUBHIMINX HECYUYNX KOHCTPYKIIH, sIKa MOEAHYE B COO1 €KOHOMIIO
MaTepialliB 1 3MEHILICHHS Bard KOHCTPYKUid. Ilo-mpyre, cydacHi TEXHOJOTii BHTOTOBJIEHHS Ta
MOHTaXy pe3epByapiB JOCATIN BUCOKOTO PIBHS PO3BHUTKY, IO 3a0e3medye iX mBHIKE OYTIBHUIITBO
Ta BBeJCHHSA B ekcrutyarauito. CraneBi BepTukaibHi pesepyapu (PBC) mimmani nii Garatbox
HaBaHTAXKEHb 1 BIUIMBIB, 30KpEMa, 11¢ BJIaCHA Bara KOHCTPYKIIIH 1 Bara 00JIaIHaHHsI, Bara BiJl THCKY
MPOAYKTY, IO 30epiraeTbcs, HaaAMIpHMH THCK a00 BakyyM y Ta30BOMY IpOCTOpi pe3epByapy,
aTMocdepHi BIutiBH (cHIr, BiTep). Haxiiina excrutyarariss PBC Bu3HauaeThes MIIHICTIO pe3epByapiB
npu aii rigpoctatmyHoro THcky. [Ipore, Ha PBC mie Takox IinMi KOMIUJIEKC CTHUCKAIOUUX
HaBaHTaXCHb, SIKI MOXYTh CIIPHYMHHUTH BTPATy CTIHKOCTI pe3epByapy. Cepen Takux HaBaHTaKECHb
0CcOOJIMBOT yBaru 3aciiyroOBYe BITPOBUU THUCK. PO3TJIsIHYTI criopyau € BEepTUKATLHUMHU HA3eMHUMU
IAJTHIPUIHUME 000JIOHKAMH, K1, SIK TUTIOB1 TOHKOCTIHHI KOHCTPYKIIii, Ty>Ke YyTJIUBI 10 3TUHY BiJ
111 BITPOBUX HABaHTaXEHb, OCOOJMBO KOJIM BOHH MOPOXKHI 200 MAIOTh HU3bKHI PIBEHBb MPOIYKTY.
Takum umHOM, muTaHHs cTiiikocti PBC mpu aii HaBaHTa)KEHHS BITPOBOTO THIy Ma€ CYTTEBE
3HAYCHHS.

AHaJi3 ocTaHHix JkepeJ i myOaikauiii. /{ito BITpoBOro HaBaHTaXEHHS Ha pe3epByap MOXKHA
PO3IIISIIATH SIK OKPEMUM BUIIAIOK HEBICECUMETPUYHOTO 200 HEPIBHOMIPHOTO 30BHINIHHOTO TUCKY Ha
TOHKOCTIHHY IMJIIHAPUYHY O00JOHKY. TeopeTHuHOMY MOCHIIKEHHIO HANpy>KEHOro CTaHy Ta
CTIHKOCTI IMITIHAPUYHUX 0OOJOHOK TMPH 11 HEBICECUMETPUYHOTO 30BHIITHBOTO TUCKY TTPUCBIYEHO
pobotu [1, 2].

3amauy criiikocTi oOosioHOK 3 mapamerpamu [ /r=04-+4, r/t=200 npum naii
HEBICECUMETPUYHUX HaBaHTaXEHb po3mIsiHyTO B [1]. OTpuMaHo, 1m0 OJHIEIO 3 OCOOIUBOCTEN,

-112 -



CyuacHi 6ydieenvhi KOHCMPYKYii 3 memany ma depegunu, 2025. — Bun. Ne 29 (cTop. 112-120)

NpUTAaMaHHUX 3a3HAaYCHOMY KJacy 3alad, € CYTT€Ba MOMEHTHICTh BHUXIIHOTO HAaIPYXEHO-
nedopMOBaHOTO CTaHy O00O0NOHOK. KpUTHYHI HaBaHTa)KEHHS, BU3HAYEHI B PaMKaX CTATUYHOTO
kputepito Eitnepa, MOXyTh mpH IIbOMY ICTOTHO HE 30iraTtuicsi 3 TPaHWYHUMHU HaBaHTAKCHHSIMU.
Benuunna BigXuiieHHS 3QJIKUTH SK BiJ BUIY HAaBAaHTKEHHsS, TaK 1 BiJl TOYHOCTI BU3HAYCHHS
BHUXIJIHOTO CTaHy OOOJIOHOK, SIKMM BH3HAUYAETHCSA 3 JIHIMHHUX, JIHEApU30BaHUX a00 HETIHIHHUX
piBHsaHb. [loBeniHka BiTPHO OOMEPTHX NMIIHAPUYHUX OOOJOHOK 332 HEBICECUMETPUYHOTO
30BHIIIHBOTO THCKY JIOCTIKYEThCS B poOOTI [2]. s 000J0HOK 3 TEOMETPUYHUMH TTapaMeTpaMu
[/r=2;3;r/t=200,290, 400 BUKOHAaHO cepio PO3paxXyHKIB y JiHIIHIN 1 HETIHIMHIA MOCTAHOBII.
AHaJi3 pe3yapTaTiB MOKa3aB, [0 MA€ MICIIE PE30HAHC TOKPUTUYHUX (PopM BUTHUHY 1 GopM, sKi
peaizyloThcs 32 HaBaHTKEHHs, OJIM3BKOTO 10 TpaHU4HOTO. KpiMm TOro, B [2] BCTAaHOBICHO MEXi
3aCTOCOBHOCTI CITPOIIEHUX PO3PAXYHKOBUX MOJENEH, SKI BHU3HAYCHI 3aJIeKHO BiJ IMapamMerpa
3MIHIOBAaHOCTI 30BHIITHFOTO HABAHTAXCHHS:

; (1)

7ie M — KUTbKICTh XBUJIb 30BHIIIHBOTO TUCKY B OKPY>KHOMY HAIPSIMKY;

1 — KUTBKICTb XBUJIb (DOPMH BTPATH CTIHKOCTI OOOJIOHKH MPHU HEBICECUMETPUIHOMY THCKY.

OTtpumaHo, MmO 3a Majloi HEOJHOPIAHOCTI HaBaHTaxeHHs §<0,5 maHl JiHIKHOTO
01 ypkaniiHOro po3paxyHKy J00pe y3TOMKYIOThCS 3 pe3yabTaTaMu HENiHIHHOTO po3paxyHKy. 3a
3Ha4YeHb s> 0,5 miHIMHWN OidypKamiiHUA pPO3paxyHOK Ja€ CYTTEBY MOXUOKY: mpu s = 1,8
CIIOCTEPIraeThCsl 3aBUIICHHS KPUTUYHOTO HaBaHTa)KeHHS B 1,5 pa3u. AHaii3 HEBICECUMETPHUYHOIO
THCKY 3a [2] mokasaB, IO emopa TUCKY HAOIMKAETHCA 10 HOPMATHBHOTO PO3IOILTY BITPOBOTO
HaBaHTAXCHHS NPH 3HaueHH1 m = 12. OiHaK reOMETpUYHI apaMeTpu 000JIOHOK, 1110 PO3TIIAAAI0THCS
B [2], ABHO HE BIANOBIIaIOTh TEOMETPUYHUM TapaMeTpaM pe3epByapHUX OOOJIOHOK, OTKE,
3aJIMIIAETHCA HE3PO3YMIJIOI0 MOXIIMBICTH 3aCTOCYBaHHA pe3ynbTaTiB pobotu st PBC mpu mii
BITPOBOTO THUCKY.

3 pobiT, mo Oe3mocepeHhO0 CTOCYIOTHCS IOCHIIKEHHS MPOOJIEMHU CTIHKOCTI CTaJIeBUX
pe3epByapiB MpH Jiii BITPOBOTO HABAHTAXEHHS, CIiJ] 3a3HaYUTH poboTH [3—5]. ¥V [3] mochimxkyeTbes
CTIHKICTP HA3€MHOTO IWIIHAPUYHOTO pe3epByapa 3 KOHIYHOK TMOKpiBIe. BUKOHYIOTHCA
TEOPETUYHI PO3pPaxyHKH, TOCTOBIPHICTh PE3YNbTATIB SAKHX MEPEBIPAETHCS MUIIXOM 3ICTaBICHHS 3
peaNbHOI0 BTPATOI CTIMKOCTI pe3epByapy, IO CTajacs BHACHIOK Jii yparaHHOTO BITpY.
Po3rnsmaroTeess pi3HI BapiaHTH pPO3PAaXyHKOBOI CXEMH pe3epByapa. BcTaHoBieHo, 1o B pasi
BUKOPHUCTAHHS PO3PaXyHKOBOI CXEMHU «OOOJIOHKA - MOKPIBIISA» KPUTHYHE HABAaHTAKEHHS 1 (Hopma
BTPATH CTIHKOCTI pe3epByapa € HalaJeKBaTHIIIMMU AiicHUM. OJHaK y IIbOMY BUMAJKy 06araTto 1o
3QJICKUTH BiJI PO3IMOALTY BITPOBOTO THUCKY IO IMOBEPXHI MOKPIBIII.

VY po6ori [4] po3rnsgaeThes MOBEAIHKA y KpUTUYHOMY Ta 32 KpUTUYHOMY CTaHI TOHKOCTIHHUX
WTIHAPUYHUX pe3epBYyapiB, HABAHTAKEHUX BITPOM, 1 YyTJIMBICTh TAaKO1 MOBEAIHKH JI0 BIUIUBY MallUX
T€OMETPUYHUX BIIXHIICHb Bl HATIHAPUIHOI (hopmu. [aHe moCTiHKeHHS TTOKa3ye, 10 B 3aJI€KHOCTI
BiJl CBOIX T€OMETPUYHHUX OCOOIMBOCTEH pe3epByapH MOXKYTh IEMOHCTPYBATH YKE Pi3HY MOBEAIHKY
MIPU BUTHHI Ta YyTJIMBICT IO HETOCKOHAJIOCTEH reOMETPpUUHO1 (DOPMH i €0 BITPY.

Y po6oTi [5] po3risgaeThCs YMCIOBA OLIHKA CTIMKOCTI MOPOXHIX TOHKOCTIHHUX CTaJIEBHX
pe3epByapiB, 10 3HAXONMATHCS TiJ JIEI0 BITPOBOTO HABAHTAXKCHHS, SIKA BHUKOHYETHCS 3TiTHO 3
HOpMaMu NpoekTyBaHHS KpaiH €Bpocorozy EN 1993-1-6, EN 1993-4-2 [6, 7] Ta HOpMamu
npoektyBanHss CIIA API 650 [8]. Bim3HauaeThcsi, MO MONEpeaHI IOCTIIKEHHS BHUSIBUIH
PO301KHOCTI MIOAO OMOPY BTPaTi CTIHKOCTI MOPOXHIX pe3epByapiB MK METOJOM PO3PAXYHKY,
3allpONIOHOBAHUM aMepuKaHChbKUM crangaptom APl 650, Ta anamiTuuyHuMH (HopMyIamH,
PEKOMEHJIOBaHUMU €BporiecbkuMu cranaapramu EN 1993-1-6 ta EN 1993-4-2. V npomy
JOCHIJKeHHI TPEACTABICHO TIOPIBHAHHSA TOJOKEHb BKAa3aHUX HOPM NPOCKTYBAHHS IUIIXOM
BUKOHAHHS BCIX THUITIB YUCEIbHUX aHATI31B Ha BUTHH, PEKOMEHI0BaHUX y €Bpokoi, To6To LBA —
TiHIMHUKA TpyxHUR Oipypkauiiinuii aHamiz, GNA — reoMeTpu4HO HENiHIHHMNA MPYXHUN aHaIi3
imeanpHOrO 3a (hopmoro pesepByapa Ta GNIA — TreoMeTpuyHO HENIHIMHUN TPYKHUN aHami3
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pe3epByapa 3 HeIOCKOHAJIOCTSIMU TeOMETpUYHO1 hopmu. ABTOpaMu poOOTH [5] 3a3Ha4€HO, IO TaKl
PO3paxXyHKH TMPOBOIATHCSA MJIs TOrO, MO0 OLIHWUTH OIMip BTPATi CTIKHKOCTI JABOX ICHYIOUHX
TOHKOCTIHHHMX CTaJICBUX PE3€PBYapiB 3 BEJIUKHUM JI1aMETPOM 1 3MIHHOIO TOBIIIMHOIO CTIHOK. Takox y
poOOTI MMOKa3aHO YYTJIMBICTh KPUTHYHUX HaBaHTAXEHb A0 TpaHMyHUX yMmoB. Ilomo mii
HEPIBHOMIPHOTO BITPOBOTO THCKY Ha pe3epBYyapH BiA3HAYEHO, 1[0 PIBHOMIPHUM PO3MO/ILIT BITPOBOTO
TUCKY € OUIBII HECTIPHUATIMBUM Yy TOpPIBHAHHI 3 po3noximom EN 1993-1-6, i us obcraBuHa
MiITBEp/UKEHA eKCTIEpUMEHTAIbHO. [IpoTe mpu mpoMy peanizyeThesl iHIIA MOBEAiHKa 00O0JIOHKHU 3
MEHILIUMH NTEPEMILICHHAMH 1 HaIIPY>KEHHSAMH.

VY BITUM3HSHUX HOpPMax MNpoekTyBaHHsA [9] mpu omiHmi crtiikocti PBC HepiBHOMIpHUIA
BITPOBUM THUCK NPUHUMAETHCA Y BHUIISIAI YMOBHOTO BITPOBOTO HABAaHTAXEHHS, PIBHOMIPHO
PO3MOIITICHOTO IO KOITY:

Qeqg = kw "W (2)

1€ Wm — PO3PaxyHKOBE BITPOBE HaBaHTAKECHHS;

kyw — xKoedIieHT TepETBOPEHHS HEPIBHOMIPHOTO BITPOBOT'O HABaHTAXXCHHS J0 PIBHOMIPHOTO
THUCKY.

[Ipu upomy, 3rimHo 3 [9], koedimieHT k, MpUHMAETbCS OIHAKOBUM JUISI PE3epBYapiB YCiX
00’eMiB 1 gopiBHIoe 0,5. Ha nymKy aBTOpiB, TaKHMil MiJIXi1 HE BPaXxOBY€ LTy HU3KY MapaMeTpiB, sKi
o0ymoBmot0TH ToBeAiHKY PBC mipu n1ii HEpiBHOMIPHOTO BITPOBOTO THUCKY. 30KpeMa, T€OMETPHYHI
napametpu PBC 3MiHIOIOTBCS Y 10BOJII BENMKUX Jiana3oHax: » /¢t =590 +3800; / /= 0,6 + 2,5. Sk
3a3Ha4YaeThCs y [4], 3 TOUKH 30py MEXaHIKU HWTIHAPUYHI pe3epByapy PO3IIISIHYTOTO THITY HE € OJTHUM
KJIaCOM IITHAPUYHUX OOOJOHOK, 1, B 3aJEKHOCTI BIJT OCOOJMBOCTEH CBOIX T'€OMETPUYHUX
napameTpiB, BOHU MOXYTh JIEMOHCTPYBATH YK€ Pi3HY MOBEAIHKY IPHU BTPATi CTIHKOCTI MiJ Ai€l0
BiTpy. Takok y HOpMAaTUBHIN OIliHIII CTIHKOCTI [9, 10] HISTKMM YMHOM HE BPaXOBYETHCS BIUTMB YMOB
3aKpIIUICHHS TOPIiB LMIIHAPUYHOI CTIHKM HA BEJIMYMHY KPUTHYHOTO THCKY, 5IKi, B 3aJI€KHOCTI BiJl
KOHCTPYKTHBHOTO PIIIEHHS BY3JIB KPIIJIEHHS CTIHKKA JO JHA 1 TOKPIBJII, MOXYTh OyTH IyKe
PI3HOMAaHITHHUMH.

Bupinenns He po3B’A3aHMX paHillle YaCTHH 3arajbHol npodyaemu. He3paxaroun Ha BEJUKY
KUTBKICTh HAyKOBUX JOCHIKEHBb, OUIBIIICTb 3 HHX BHUKOHAHO ISl OOOJIOHOK, T€OMETPUYHI
napaMeTpH SIKUX CYTTEBO BIIPI3HAIOTHCS BijJl FTEOMETPUYHUX ITapaMeTpiB CTaleBUX pe3epByapis. Lle
YCKJIa/IHIOE 3aCTOCYBAaHHS OTPUMAHUX PE3yJIbTaTIB Y MPAKTUYHHX 337a4ax aHalli3y Ta MPOEKTYBAHHS
peanbHuX pe3epByapiB. [locTanoBka 3aBaaHHs. MeToro 11i€l poOOTH € BH3HAYCHHS SEKTUBHUX
napameTpiB FEM-Mozeneil muimiHApUYHUX pe3epByapiB Uisl aHalizy ix peanbHOI poOOTH Ta
0CcOOIMBOCTEH TMOBENIHKM Tifl €0 BITPOBOIO HABAaHTAXEHHA 3 YpaxyBaHHAM (aKTHYHOIO
XapakTepy HOTo PO3MOILTY.

OcHoBHUIT MaTepian i pe3yabTaTu. Po3B’s3aHHS 3a7a4 CTIHKOCTI IUIIHIPUYHUX 0OOJIOHOK
MOJISITa€ y BU3HAYCHH1 KPUTUYHUX HABAHTAXEHB 1 BIATIOBIAHUX /10 HUX (OPM BTpaTu CTIHKOCTI [11,
12]. PimeHHs piBHSAHHS CTIHKOCTI LMIIHAPUYHOT OOOJOHKM MHpU Jii 30BHIIIHBOIO THCKY 32
BIJIMIOBITHUX TPAHUYHUX YMOB 3BOJUTHCS JIO PIIICHHS JBOBUMIpHOI 3ajaui Ha BJIACHI 3HAYCHHS.
Po3B’s13aHHS TakuxX 3a7a4 B AHATITHYHOMY BUTIISAI MOMIJIHMBO OTPUMATH TUIBKU IIUISIXOM
3aCTOCYBAaHHS SKMXOCh MaTEeMaTUYHHUX MPHUIOMIB Ta CIPOIIEHb. [IpoTe, anropuTMu Takux pillcHb
Jy’)K€ TPOMI3JKI, 1 BUKOPHCTAHHS iX MJIs IH)KEHEPHUX 3a7a4 HE 3aBXIW MOXJuBe. ['apHOIO
ATBTEPHATHBOIO AHANITUYHUM METOJaM € MeTOJ| cKiHueHHuX enemeHTiB (FEM), skuii mo3Bosise
BHpIITYBaTH TOCTABIICHI 3a/1ayi, YpaXxOBYIOUM OCHOBHI KOHCTPYKTHBHI OCOOJIMBOCTI PO3TJISHYTHX
criopya i aKTU4HI 3aKOHHU PO3MOAUICHHS JII0YMX Ha HUX 30BHIIIHIX HABAHTAXEHb.

MopentoBaHHS BUKOHYBAJIOCS 13 3aCTOCYBaHHSIM mporpamaoro komiuiekey JIIPA-CATIP. ns
CKIHYEHHO-CJIEMEHTHOT MOJETi OOOJOHKM BUKOPUCTOBYBAJHUCS YHIBEpCalbHI MPSIMOKYTHI
o6ononkoBi enemeHTH KE41 ta KE341. Big3naueHi ckiHYeHHI €JIEMEHTH MalOTh MO 6 CTYIEHIB
cBOOOM Y KOKHOMY BY3Ji: u, v, W, du / dx, dv/dy, dw/ dz.
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[Ipu BUOOpI TpaHWMYHHUX YMOB Ha TOPISIX JOCIIMKyBaHUX OOOJIOHOK BPaxOBYBAJIOCS, IO
crocoBHO PBC Bci MOXIINBI pillIeHHS BY3J1iB CIIOJIy4Y€HHS HAIIHIAPUYHOI CTIHKU 3 JTHOM 1 ITIOKPIBJICIO
BIJIMOBITAOTh MPYKHUM 3aTHUCKAHHSM 3 KOPCTKICTIO, 1110 3HAXOUTHCS MK MIAPHIPHUM 1 )KOPCTKUM
3aKpiIUIeHHSAMH. Y poOoTi Oyi0 MPUIHATO HACTYIHI BapiaHTH IPAaHUYHUX YMOB: BUIbHE OONUpPaHHS
1 )KOPCTKE 3aTUCHEHHS 000X TOPIIiB 000JI0HKH. BKa3aHi rpaHWYH1 YMOBU NPUHHSATO BUXOSYH 3 TOTO,
10 Y TEXHIYHIN JiTepaTypi € 6araTo pe3ynbTaTiB po3paxyHKIB Ta BUIPOOYBaHb OOOJIOHOK 3 TAKMMHU
rpannaHuME ymoBami [11, 12]. Lle mo3Boimi0 mopiBHIOBATH PE3yJIbTaTH PO3PAXYHKIB 3 BIAOMUMH
pIIICHHSIMH, 1 BAKOHYBATH OLIIHKY IOCTOBIPHOCTI OTPUMYBaHHX pe3ynbTariB. [llapHipHe oOnmupaHHs
3a0e3medyBasiocsi 3a00POHOI0 TEPEMIIICHb vV 1 W TI0 TOPIIX OOOJOHKH, a KOPCTKE 3aTHCKaHHS,
BiJIMOBIAHO, 3a00POHOIO JIHIKHUX 1 KYTOBUX MepeMiieHb. Heo0XiTHO TakoX BIA3HAYUTH, IO MPH
IIApHIPHOMY 3aKpIMJIeHHI 00OJOHKH, 100 YHMKHYTH ii NEpeMIIIeHHs SK OPCTKOTO IIJIOTO, B
OJTHOMY 3 BY3IIiB HHXKHBOTO TOPIISI HAKJIATAIOCS OOMEXKEHHS MO3/I0BXHBOTO MEPEeMIlleHHs, TOOTO
u=0.

[TomanHst 00OJIOHKM Y BUTIISAI CKIHYEHHO-EJIEMEHTHOI MOJIENI BUKOHYBAJIOCS 3 YpaxyBaHHIM
pexomenaiii [ 13, 14]. CnouaTky npuiiManocst T0BUIbHE po30UTTs 000I0HKH. [TpH 11bOMY KUTBKICTH
CKIHYEHHHUX E€JIEMEHTIB IO KOIy 7, PUIMAaJacs KPaTHOIO YHCIy XBUJIb 719 BIACHOI ()OPMU BTpATH
CTIHKOCT1 000JIOHKH ITPU PIBHOMIPHOMY 30BHIIIHHOMY THCKY. 3HAYECHHS 719 BU3HAYAIIOCS 32 B1JJOMOIO
dbopmymoro [11]:

no =462 1- 12 /Il =271 3)

ne u - koedimient [lyaccona.

Ile 3abe3mevyyBano OTpUMaHHS KPOKY CITKH MO KOJY 7, B MEXKax (1/ 201/ 35) BiJl AlaMeTpy
MWTHAPUYHOT CTiHKH. KimbKiCTh CKIHYEHHHX €IIEMEHTIB Yy TO3JI0BXKHBOMY HAIPIMKY 7ix
BH3HAYaIacsl BUXOASYH 3 BUMOTH PIBHOCTI pO3MIpiB cKiHdeHHUX enemeHTiB [10]. s mpuitHsaToro
PO30UTTSI 0OOJIOHKH BUKOHYBABCSI PO3PAaXyYHOK CTIHKOCTI, BU3HAYAINCA KPUTHYHI HABAHTAXKEHHS Ta
dbopmu BTpatH criikocTi. Ha HacTyrmHOMY eTari CiTka CKIHYeHHUX €JIEMEHTIB 3TYIyBaiacs, i 3HOBY
BUKOHYBABCS PO3PAXyHOK CTiMKOCTI. TakuM 4MHOM, BUKOHYBABCS sl MOCIIOBHUX PO3PaXyHKIB 13
MTOCTYIOBHUM 3TYIIEHHSAM CITKH Ha KOXHOMY eTari. Po3paxyHKH MPUITHHSUTACS, SIKIIO PO301KHICTH
MiX JBOMa CYCIIHIMU PIlLICHHSIMU HeE repeBuiryBaia 5%.

Pesynbrat po3paxyHKiB 1jisi 00OJIOHOK 3 Te€OMETpUYHHMH TapameTrpamu » /¢t = 500 + 3000;

VA =12/rt\/1—,u2 =1000 naBeneHo y Tabmx. 1, 2 i Ha puc. 1.

a) 0) B)
Puc. 1. ®opmu BTpaTH CTIIKOCTI 000JIOHKH 3 TEOMETPUYHUMU TTapameTpamu » /¢t = 500,
Z = 1000 npu po3ourti Ha CE: a —ny xn, =44 x 10; 6 — ny, xn, =77 x 18;
B—ny xny =143 x 33

Takox y Tabum. 1, 2 HaBe1eHO KPUTHUYHI 3HAUEHHS BITPOBOTO THCKY crw, OTpuMaHi y ITK JIIPA-
CAIIP pyist po3ristHyTUX 00OOJIOHOK.
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Ta6mums 1. Kpuruuni HaBaHTaKeHHS 17151 000710HOK 13 Z = /000 (11apHipHe oOMpaHHs )

] | e | | e | 8% |
7 77x18 | 24,688 5,3
10 110x25 | 24,531 4,9

500 11 T 4303 | 24.531 23,382 29 33,71
16 176x42 | 24,531 4,9
4 72x10 2,734 5
6 108x14 | 2,734 5

1500 18 8 144x19 | 2,656 2,598 2,2 3,44
10 180x24 | 2,656 2,2
12 216x28 | 2,656 2,2
3 78x7 0,748 15
5 130x12 | 0,684 5

3000 26 7 182x17 | 0,680 0,650 4,6 0,81
9 234x22 | 0,679 4.4
11 286x27 | 0,678 4,3

Tabmurs 2. KpuTudHi HaBaHTaXKEHHS ISt 00010HOK 13 Z = 1000 (xOpCTKE 3aTUCHEHHS])

e | e | e | | e | 4% |
7 77x18 | 34,79 0,8

500 1 10 1025 | 3481 | og 03 LT 1 4608
11 143x33 | 34,394 2
16 176x42 | 34394 2
4 72x10 4,062 42

1500 18 0 L0814 | 3.828 | 000 | L8 | ,e)
8 144%19 3,75 3,9
10 180x24 | 3,75 3.9
12 78x8 1,062 8.9
3 104x10 1,0 2.6

3000 26 5 156x15 | 0,938 | 0975 | 39 | 113
7 182x17 | 0,938 3.9
9 208x21 0,938 3,9

Pesynpratn, HaBeneHi y Tabn. 1, 2 moka3yiooTh, IO NPH AEAKiM KUIBKOCTI CKIHYCHHHUX
€JIEMEHTIB 1, x ny B FEM-Mozemni 0007I0HKH pillleHHs 3a[a4i CTabUTI3y€eThCs 1 CTA€ MOCTIMHUM IS
KUTBKOX CYCIIHIX pO30UTTIB, SKi CKJIQAaI0Th Aiana3oH e(ekTuBHOro po3ouTTs obononku Ha CE.

JIisi mpakTUYHUX [UJIeH MOKHA KEPyBaTHCS PEKOMEHJAIISIMH IIOJA0 KiTHKOCTI CKIHUCHHHX
€JIEMEHTIB Ny, B OJIHI¥ MIBXBUJII 000JIOHKH, HABEACHUMH y TaoI. 3.
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Tabaunus 3. KinbkicTb CKiHYCHHUX eneMeHTiB n,, , CE B V2 xBuiii 060710HKN

n, Ry
8+11 13=16
12+14 1015
15+20 7+12
2031 79

OTpuMmaHi YHCIOBI 3HAYCHHS KPUTUYHOTO THCKY TOPIBHIOBAJIUCA TAaKOX 3 BIJOMHMH
TEOPETUYHUMHU pillieHHIMH. /{151 mmapHipHO o0mepTux 0600HOK [11]:

dc1,nel :0,92-E-(r/l)-(t/r)%, 4)

ne E — monyns FOnra.
VY Bunaaky »opcTkoro 3atucHeHHs [1, 11]:

dci,nve2 = L5- qci,nel s Q)

€ q. noet> ey — KPUTHYHI 3HAU€HHsA THUCKY, BIANOBINAHO, I BUIAIKY IIAPHIPHOTO

oOMHpaHHS 1 )KOPCTKOTO 3aTUCHECHHS.

[TopiBHSHHS 3Ha4Ye€Hb KPUTHYHOI'O PIBHOMIPHOTO THCKY, OTPUMAaHHUX JUIS aHalTi30BaHUX
000JIOHOK, 3 BIMOBITHUMHU aHAJTITHYHUMHU 3HAYCHHSIMH TI0Ka3aJ1o0, 110 TPH MAapHIpHOMY OOMHpaHHi
BIIXMJICHHSI YMCJIOBUX KPUTHYHHX HABAHTAXXEHb BiJl aHANITUYHHX HE IMEPEBUIIYIOTH 5% mipu
NPUHHATOMY €(PEKTUBHOMY PO3OHUTTI 0O00JIOHOK HA CKIHUCHHI €JIEMEHTH.

VY pa3i XKOPCTKOTO 3aTHCHEHHS TOPLIB OOOJOHOK BIIXWUJICHHS OTPUMAHHMX KPUTHYHUX
HaBaHTXKEHb NPH eheKTUBHOMY po30MTTI 000710HOK Ha CE BiJ BiAMOBIIHUX aHATITUYHUX 3HAYCHB
3HaXOAThCA B Aiana3zoHi 5-9%, 110 TaKOX € JOCTaTHHOIO TOYHICTIO OTPUMAHUX PE3YIIbTATIB.

Heo06ximHO qomatu, Mo y BUIAIKY KOPCTKOTO 3aTHCHEHHSI 000JIOHKH MArOTh KUIBKICTh XBUJTb

* o . . . . v
BUIIMHAHHA 7, (OpPMHM BTpaTH CTIHKOCTI OOOJOHKM OUIbIly, HDK aHAJOTIYHMH Mapamerp no

[IapHIpHO 00mepTUX O0OJNOHOK, AuB. puc. 2. OUeBUIHO, 1T OOCTaBUHA TOSICHIOETHCS BIUTHBOM
YKOPCTKOTO 3aTHUCHEHHS TOPI[iB 000JOHKH.

RIS

a) 0)
Puc. 2. ®opmu BTpatu cTiikocTi 000510HKH 3 7/t = 500, Z = 6000 nipu piBHOMIpHOMY 1
BITPOBOMY THUCKY JIJIsl BapiaHTIB TPAaHUYHUX YMOB: a — MIApHIpHE OONUpaHHs;, O — )KOPCTKE

3aTUCKaHHA
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Takox po3paxyHKH MOKa3alu, IO JUIS BCIX PO3MJISSHYTUX OOOJOHOK KPUTHYHE 3HAYECHHS
BITPOBOI'O THUCKY IEPEBUIIYE KPUTHUHUN PIBHOMIPHUI THUCK, 1 TaKke NepeBUILeHHS cKianae 19-40%.

BucnoBku. OTpumaHo, 110 MpHU ACSIKOMY PO3OUTTI 7, X 1y OOOJIOHKU HA CKIHYEHHI €JIeMEHTH
pileHHs 3a1a4i cTabli3yeThCs 1 CTae MOCTIMHUM JUIA KITBKOX CYCITHIX pO30OUTTIB, K CKIaJa0Th
nianazoH eexTuBHOrO po30uTTs 06010HKH Ha CE.

Jnst Bu3HaueHHs eextuBHUX napamerpiB FEM-moneneit PBC npu aii 30BHIIIHBOTO TUCKY Ha
MIPaKTHII MOYKHA KEpyBaTUCS PEKOMEHIAIlisIMH Ta0I. 3.

OTpumaHo, IO BIIXWJICHHS YHCIOBUX 3HAUYE€Hb KPUTHYHOTO PIBHOMIPHOTO THCKY JUIs
aHaTI30BaHUX 00O0JIOHOK MTPH MPUIHATOMY epeKTUBHOMY po30uTTI 000510HOK Ha CE Bij BiANMOBITHUX
AHATITHYHUX 3HAYE€Hb CTAHOBUTH 5-9%, 1110 € JOCTATHHOIO TOUHICTIO OTPUMAHUX PE3yJbTaTiB.

Jlnist BCiX pO3TIITHYTUX OOOJIOHOK OTPUMaHE YMCIIOBE KPUTUYHE 3HAYCHHS BITPOBOTO THCKY
NEPEeBUIIlYE KPUTHYHUN DPIBHOMIPHUH THCK, 1 Take nepeBuineHHs ckianae 19-40%. Otpumanuii
BHCHOBOK JTI0Op€ Y3TO/DKYETHCS 3 PaHillle BAKOHAHUMU JOCTIKeHHSIMU [ 1, 2], mpoTe reoMeTpudHi
napamMeTpH po3risHyTHX B [1, 2] 000510HOK CyTT€BO Binpi3HsIOThCs Bijx reomerpii PBC.
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Abstract. Introduction. The paper investigates the stability of steel vertical cylindrical tanks
under wind load. Cylindrical tanks as thin-walled structures are vulnerable to compressive loads. The
analysis of the behaviour of tanks under wind pressure, which can cause a loss of stability, is
important. Analysis of publications. An overview of research works on the behaviour of thin-walled
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shells and tanks under external pressure is presented. It has been found that for the class of problems
under consideration, critical loads do not always coincide with the limit loads. The difference in
results depends on the nature of the load and the accuracy of determining the initial state of the shells.
The ranges of relevance of the simplified calculation models were established. However, the
geometric parameters of the studied shells do not correspond to the geometric parameters of the tanks.
An analysis of the design standards methodology showed its shortcomings. This is an insufficient
consideration of the geometric parameters of the tanks, the conditions of shell anchoring and the
actual nature of the wind load distribution. This failure to take into account can lead to significant
errors in the determination of critical loads. This can lead to a risk to the tanks safe operation. The
aim of the study is to determine the effective parameters of FEM-models of cylindrical tanks for
analysing their behaviour under wind load, taking into account the actual nature of its distribution.
Main material and results. The calculations were carried out in the LIRA software package of the
computer-aided design system. Different variants of boundary conditions were considered: free
support and rigid clamping of the shell ends. The finite element mesh was gradually thickened to
ensure convergence of the results. Refinement was stopped if the difference between two consecutive
solutions did not exceed 5%. Conclusions. It is shown that the solution of the problem stabilises at
some partitioning of the nyxnx shell into finite elements. For several adjacent partitions, the solution
of the problem becomes constant. Such discretization was taken as the range of effective
discretization of the shell into FEs. Recommendations for determining the effective parameters of
FEM models of the tanks under the action of external pressure are given. It was found that the
deviation of the numerical values of the critical uniform pressure for the analysed shells from the
corresponding analytical values was 5-9%. This is a sufficient accuracy of the results obtained. The
calculated numerical critical value of the wind pressure exceeds the critical uniform pressure for the
considered shells. This excess is 19-40%.
Key words: cylindrical shell, wind load, critical pressure, FEM model.
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Jeporcasnuu ynisepcumem « Kuiecbkuti agiayiunuul iHCmMumymy

AHoTanisi. Y cTaTTi MPEeACTaBICHO PE3YJIbTaTH YHUCEILHOTO MOJCIIOBAHHS Ta PO3PaxXyHKY
Hanpy>KeHO-1e()OPMOBAHOTO CTaHy JUId JBOX BapiaHTIB KAapKAaCHUX IOKPiBEIb BEPTHKAIBHUX
IWJTHIPUYHUX Pe3epByapiB 3 KOHIYHOI Ta cepuuHoro reomerpieto. [IpoBeneHo mopiBHUIBHUI
aHaii3 e(EeKTUBHOCTI pI3HUX KOHCTPYKTHBHHMX pIlIEHb: 3 YpaxyBaHHSAM Ta 0e3 ypaxyBaHHS
JUCTOBOTO HACTWIIY Y CKIHYEHHO-CIIEMEHTHHX MOJENSX. BCTaHOBIEHO, MO CHPOIICHHS
PO3paXyHKOBHX CXeM 0€3 MOJICIOBAHHS HACTHITY IPU3BOAMUTE JIO CYTTEBOTO 3aBUIIEHHS BHYTPIIIHIX
3ycuib 1 Aedopmariiii B eneMeHTax kapkacy. BusHaueHo KpuTudHi GaKTOpH JJIT OCHOBHUX HECYUUX
€JIEMEHTIB 3aJIC)KHO BiJ] JiaMeTpa pe3epByapa, 0 B MOJAIBIIOMY JI03BOJIsIE OOTPYHTYBAaTH BUOIp
TUITYy TIOKPIBJII Ta palioHAJbHUX KOHCTPYKTHBHUX pIIIEHb JJIS IIJBHINCHHS HAIIMHOCTI Ta
e(eKTUBHOCTI cTaneBUx pe3epByapiB. OTpuMaHi pe3yiabTaTd MOXKYTh OyTH BUKOPUCTaHI IS
BJIOCKOHAJICHHSI METOIHMKH IH)XCHEPHOTO PO3PaXyHKY Ta OINTHUMI3allii KOHCTPYKTHBHHX CXEM
KapKacCHMX IOKpiBeJb PU MPOEKTYBAHHI Pe3epBYyapiB BEIUKOTO JliaMeTpa.

KuouoBi cjioBa: HanpykeHO-1eOpMOBaHUI CTaH, BEPTUKAITBHHUHN WITHAPUYHUN pe3epByap,
MOKPIBJIS, CKIHUCHHO-EJIEeMEHTHA MOJIEIb.

Beryn. AHanmiTMuHI METOIM TEPEBIPKU HAINPYKEHO-AS(POPMOBAHOTO CTaHY KOHCTPYKIIIH
BEPTUKAIBHUX IITIHAPUIHUX pe3epByapiB 100pe onucani B 0araThox pociipkeHnsx [ 1-3]. B mexax
1H)KEHEpHOT MPAaKTUKHU 1X 3aCTOCYBaHHs yCKJIaJHEHE Ta BUMAarae 3Ha4YHUX BUTpaT 4acy. IleBHO, 110
HaWOLIBII paIliOHATBPHUM I BU3HAYCHHS TTOBHOTO CIIEKTPY BHYTPIIIHIX 3yCHJIb Ta MEPEMIIICHb Y
CKJIaTHUX NPOCTOPOBUX CHCTEMaX € METOJI CKIHUEHHO-eJIEMEHTHOTr0 aHajizy [4-8]. TouHicTh 1aHOTO
pO3paxyHKy, IPH MPaBUILHOMY BBEICHHI TPaHUYHUX YMOB Ta PAIliOHAIBHO O0OpaHiii po3paxyHKOBIH
cxemi, He mijsrae cyMmHiBy. LIupokuil iHCTpyMeHTapiii MpOrpaMHUX KOMIUIEKCIB MII[HICHOTO
aHaTI3y JI03BOJISIE CTBOPIOBATH Pi3HI PO3PaXyHKOBI CXEMU JJISI OJTHOTO 1 TOTO 3K 00’ €KTY, SIKI MOXYTh
BIJIPI3HATUCS TOYHICTIO MPEACTABICHHS, TEPMIHOM Ta TPYAOMICTKICTIO BUKOHAHHS. 3BICHO, JOCHTb
4acTO XapaKTEPUCTUKU O0’€KTa CIPOILIYIOTHCS NMPHU UYHUCEIbHOMY PO3paxyHKy. Takum 4YMHOM B
JOCHIJUKEHHSAX TPH 3HAXO/HKEHHI 3HA4eHb MIIHOCTI Ta CTIMKOCTI BHUKOPHCTOBYIOTHCS MPOCTI
CKIHYCHHO-EJIEeMEHTHI Mojemi. B maHiii cTaTTi BUKOHAHO aHATI3 HACHIIKIB TaKUX CIPOIIEHb HA
MPUKIIAA] IPOCTUX KOHCTPYKLIN KapKacHOI OKPIBIi BEPTUKATBHUX ITIHAPUYHUX PE3EPBYaPIB IS
30epiranHs HaTH.

AHaJTi3 OCTaHHIX A0ciTKeHb i myOaikaniii. 3a1aua MPOEKTYBaHHS CTAJICBUX PE3EPBYyapiB HE
BTpava€e CBOET aKTyalIbHOCTI BKe 0arato pokiB. BiaMiTHMO HOBI HAyKOB1 TOpOOKHU B IIiii 00J1acTi, B
SAKUX JIOCHI/DKYIOTbCS TIMTAaHHS KOHCTPYIOBaHHA [9] Ta YHCETBHOTO pO3PAaXyHKYy OKPEMHUX
KOHCTPYKTUBHHX €JIeMEHTIB jaHux o0’ektiB [10, 11], aHami3zy MOBEIIHKH TPU BITPOBUX
HaBaHTaXeHHsX [4, 12] Ta ceiicmiunux BrumBax [13, 14].

IlocTanoBKka mpo6aeMu. Y CydacHiil 1H)KEHEPHIN MPaKTHIl MPOEKTYBAHHS BEPTUKAIBHHUX
WIIHAPUYHUAX pe3epByapiB Ui 30epiraHHs HapTH ToOCTae MNpobdjeMa TOYHOTO BHU3HAYCHHS
HaIpy>XeHO-Ae(OPMOBAHOTO CTAaHY E€JIEMEHTIB iX MOKpiBeNIb. AHATITUYHI METOIU PO3PaxXyHKY, €
CKJIAJHUMH, TPYJOMICTKUMH Ta HE 3aBXKIU MPUAATHUMHU JJISl PAKTHYHOTO 3acToCyBaHHs. HaBmakwy,
JIOCUTh YacTO B 3pyYHOMY IHCTPYMEHTAapii YHMCEIBHOTO PO3paxyHKY, MOJEN CHPOUIYIOTHCA, IO
MPU3BOJUTH IO HEJOCTOBIPHUX PE3yJIbTATIB: 3aHMKEHHS a00 3aBUIIICHHS HANpPYXeHb 1 Jedopmanii
y HECYYHX €JIEMEHTax MOKPHUTTIB. 3 OrJIsiy Ha 116 BUHUKAE HEOOX1HICTh Y BUBUCHHI BIUIUBY TaKUX
CIIPOIICHb HA TOYHICTh PO3PaXyHKiB Ta OOIpYHTYBaHHI iX JOIIIBHOCTI.
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Meta Ta 3aBaaHHs. MeTOI0 [aHOTO MOCHIPKEHHS € 4YHCEIbHE MOJETIOBAHHS Ta aHawi3
Hanpy>KeHO-1e()OPMOBAHOTO  CTaHy KapKaCHUX IMOKPIBEIb BEPTUKAIBHUX  LMIIHIAPHYHUX
pe3epByapiB 3 ypaxyBaHHIM OCOOIMBOCTEH X KOHCTPYKTHBHOTO BUKOHAHHS Ta BIUIUBY HACTHITY. Y
MeXax Ii€el MeTH mependadyeHo po3poOJCHHS CKIHUEHHO-EIEMEHTHUX MOJeJel pe3epByapiB 3
pPI3HUMHU THUIIAMH TIOKPiBENb (KOHIYHUMHU Ta C(HEpUUYHHUMHU), TTPOBEACHHS MOPIBHSIBHOTO aHATI3y
BapiaHTIB 3 ypaxyBaHHIM HacTUIIY Ta 0€3 HbOTO, BUSBJICHHS BIIMIHHOCTEH y 3HAUEHHIX BHYTPILITHIX
3yCHJIb 1 IEPEMIIIICHB, a TAKOK OOTPYHTYBaHHS JAOIUIBHOCTI 3aCTOCYBAaHHS IIEBHUX TUITIB TIOKPiBEIh
3aJIeKHO BiJl TCOMETPUYHUX ITapaMeTpPiB pe3epByapiB.

KoHCTpYKTHBHI cHCTeMH CTaliOHAPHMX KApPKACHHX MOKPUTTIB BePTHKAJIBHHUX
HWTHAPUYHUX pe3epByapiB. CraiioHapHe KapKacHE TIOKPUTTS BEPTUKAJIBHHUX CTaJeBUX
pe3epByapiB MOKe MaTH KOHIUHY a00 chepudny hopmy.

Kapkac KOHIYHOT MOKpIBJIi MPOEKTYETHCS Y BHUIJIAI CHCTEMH pajialbHUX Oalok, sKi
CIUPAIOTBCS Ha IIEHTpaJIbHE KuIbIle a00 CTIMKYy Ta OOB’sS3yBajbHE OIOPHE KIJIbIE. 3BEPXY
BKJIQ/Ial0THCS IPOTOHU Ta HACTWJ y BUIJVISII IIUTIB 3 JIUCTOBOI cTaii (puc. 1-a). SIkio neHTpaibHa
CTilika He mependavyeHa, NUTOBA IMOKPIBJISI € PO3IMIPHOI0 KOHCTPYKINiE. Po3mip BUKIUKA€E 3yCHILIA
CTHUCKY B pajliaJIbHUX OajiKax 1 CIpUiMaEeTbCs OTIOPHUM KiTbLIEM.

OCHOBHUMH KOHCTPYKTHBHHMH €JIEMEHTaMH IOKPHUTTS pe3epByapa y BHIIALI peOpHCTOro
CKJICTIIHHS € palianbHi pedpa-apKu, sIKi aHAJIOT1YHO MOMNEPEIHBO OMMCAHOMY BapiaHTY, CIIUPAIOTHCS
Ha 30BHIIIHE Ta BHYTPINIHE OMOPHI KUTbIS (puc. 1-0). [TpoMidkHI KiJbIIS Ta IPOTOHH CIIUPAIOTHCS Ha
panianbHi pebpa. TOHKOIMCTOBHI HACTUJI MPHUBAPIOETHCS 3BEPXY HECYUYHMX EJIEMEHTIB Kapkacy.
BiamosigHo HOpMm [15] kapkacHi MOKPUTTS KOHIYHOI (OpMH PEKOMEHAOBaHI ISl pe3epByapiB
JiaMeTpoM 210 25 M, a chepudHoi — Big 25 M 1 Ginblie.

- A .8

DS i ion

Puc. 1. KapkacHa nokpisis pe3epByapy:l a— Koﬁiqﬁd; 6 —C(bequHa “

AHAIITHYHHI PO3PAXYHOK CTAHIOHAPHUX KAPKACHUX MOKPHUTTIB.
Haeanmaoicennsa ma ix xombinayii. OqHUM 13 HAWUOUIBII HAaBaHTAKEHUX KOHCTPYKTUBHHUX
eJIEMEHTIB pe3epByapy € ioro mokpisis. IIpu po3paxyHKy MOKpiBeidb BpaXOBYIOTh JIBI KOMOiHALi

HaBAHTAKEHb. PO3PAaXyHKOBI HABAHTAXEHHS, 1110 IOTh HA TIOKPUTTSA 3BEPXY BHU3 P)| (BJacHa Bara

KOHCTPYKIIT IIOKPUTTS 3 O0JAHAHHSIM g4, TEIUIOI30IILIS g, , PO3PaXyHKOBE 3HAYCHHS CHITOBOTO

HaBaHT@XeHHA S, , BAKyyM pp ) Ta 3HM3Y Bropy Py (BHYTpIlIHiH HaIMIIKOBUH THUCK Y
HapOMOBITPSIHOMY CEPENOBHIIL P, BITpOBE BiACMOKTYBaHHs W),)
PL=8y Vit & VstV Su+Dy-Vry), (1)
Pr=V oY rp W) =8ar Vst — & Vs )
Ae y=0,9 KOehIEHT CIONYUCHHS 3YCUIb; Y/ s VyysVrysVy,p, KOCOIUIEHTH HaniiHOCTI 3a

HaBaHTAXEHHAM BIAMOBIAHO BiJ BJIACHOI Baru METAJOKOHCTPYKIIN MOKpiBIi, BiA Baru
TETUT0130JIA1111, B/l TUCKY BaKyyMYy, BiJl HQJJIUIIKOBOT'O TUCKY MAPOTIOBITPSIHOT CYMIIIIi.
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B pa3i BukoHaHHS TIEPEBIPKH JKOPCTKOCTI HECYYHMX €JIEMEHTIB MOKPHUTTS BUKOPHUCTOBYIOTH
eKCIUTyaTalliiiHi 3HAaYeHHS

Pro=V-Po+tW 7!V i) = 8ap — &> (3)
Pro=Po W70 1V W —8ap — &t (4)
Ae ¥y — KOCQIUIEHT HAIIHOCTI 3a SKCIUlyaTalliiHUM PO3PAaXyHKOBUM 3HAYCHHSM CHIOBOIO Ta

BITPOBOT'0 HAaBAaHTAKEHHS.

Pospaxynox noxpieni. B naHoMy HOCHIIKEHHI pO3IIISAQINACS BapiaHTH TIOKpiBENb 0e3
HEHTPAJIbHOI CTIMKH. BiAMoOBiAHO 10 YMHHUX HOPM MPOEKTYBaHHA [15] mpu po3paxyHKy MOKPHUTTS
BEPTUKAJIBHOTO IMIIHAPUYIHOTO pe3epByapa HEOOXiJHO BpaxoBYBaTH CyMiCHY pOOOTY €JIEeMEHTIB
KapKacy 1 JHMCTOBOro HacTuiy. llpore mpu aHamiTUYHOMY MiJXOAI BHUKOHYETHCS OKpPEMHIU
PO3paxyHOK KOKHOTO €JIEeMEHTa IOKPIBIi: pamiadbHuUX pedep, momepeyHux pedep, HACTUIIY Ta
OTIOPHOTO KiJIBIIS.

JIyist KOHIYHOI TTOKpIBIII, HECYdl pamiayibHl OajdKkW BOX MiaMETPaIbHO MPOTHICKHHUX IIUTIB
PO3IISLIAIOTECS K OJlHA JaMaHa Oalika, 10 CIHMPAEThCsl KIHISIMM Ha CTIHKY pe3epByapa. 3azada
MoJIsiTae 'y poO3B’si3aHHI OJMH pa3 CTaTUYHO HEBU3HAueHoi cuctemu. Ha puc. 2 HaBexaeHi
PO3paxyHKOBa cxema OanKH, OCHOBHA CHCTEMa Ta €MIOPH MOMEHTIB BiJ] OIMHIYHUX HABAHTA)KCHb.

0 0 P,”(-”-f'-‘)

a) e ,D;I) P, =1 if x,<a -"w;:_;—-\';
P‘ Plr P i
a"l. | L . ! WWWW
b I-b — 1 _
: a(l-a)/1

o
if  x,<b M_f ZM)_\}

if x,>b M 5 P‘f Ao

B), H=I P /16 M=X/8

r) q=I Mg= g{—(f 27+ ? ) €) P=I M/=0,5Px
WMMMM W Bt 11| e
1 | \\\
y - ll
/24 £

Puc. 2. Po3paxyHkoBa cxema laMaHOi OaJKku: a, 0 — OCHOBHA CHCTEMa; B-€ — EMIOPU MOMEHTIB

€B1IOMUHA PO3Ii = X, BA3HAYACTHLCH 13 CHIBBIHOIIEHHS
H H=X,
ne O] — cyMa OJMHHYHHUX MEPEeMIleHb BiJl YCiX HABAHTAXKEHB, A, )= BAaHTAXHHUM WICH BiJ yCiX

HABaHTAXXCHb.
[TepeminienHs BU3HAYAIOTHCS 3a BiIOMUMHU (popMyiiamMu OymiBeIbHOT MEXaHIKH y BUTIIAI

l /
ELS,, = [ M3, (x)dx, ELA,, = [ My, (x)Ms, (x)dx, (6)
0 0
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ne My (x)=M ;) (x)+M gl(x) +M 22 (x)+ Mg (x) — cymapuuii 6aKOBHI MOMEHT BiJ] YCiX OJUHHYHUX

HaBaHTaXeHb; [, — MOMeEHT inepuii nepepisy 6ankn; My, (x) =M (x)+M , (x)+M ), (x)+M ,(x) -

cyMapHUii 0aTKOBUI MOMEHT BiJ[ YCiX 30BHIIIHIX HABAHTAXKEHb.
Y 4acTKOBOMY BHINAIKy, KOJIM Ha OalKy i€ TUIbKM pO3MOJIiIIEHE HaBaHTAKCHHS

IHTEHCUBHICTIO § = P -by, opMyH 11 BU3HAYEHHS HEBiTOMUX IEpEMillleHb &), Ta A, , HaOyBarOTh

BUTJISIITY
(/2 3 4
1 —3ql
El.6,,=1/4 | xdx = , A, =—. 7
i £ 1536 775120 @)
3HaueHHS PO3IOPY, BIAMOBITHO CTAHOBUTHME
H=09-q-/. ®)
YMoBa MIITHOCTI Ha /1110 MO3A0BXKHBOT CHIIM Ta 3TMHATBHOTO MOMEHTY
M. N
o=— x _~'x < R , 9
W _Ax VR, 9)

ne W, ta A, BIANOBIIHO MOMEHT ONOPY Ta IUIONIA IIONIEPEYHOr0 Mepepily Oanku; 7, =1 xoediumieHT
yMoB pobotu; N, Ta M — BiINOBIJHO MO3IO0BXKHS CHJIA i MAKCUMAIbHUI 3THHAIBHUM MOMEHT y

nepepiszi 6anku

N, =H,
2, 10
Mx:quE- (10)
48

HapanrtaxeHHs P4, IO Jli€ 3B€PXy BHU3 HA HOKPHUTTS PE3E€PBYapa He 3a1Iy4acThCs 10 PO3IIILY

B IIbOMY BHIJKOBI BHACIIIOK TOTO, III0 CTBOPIOE 3yCHIIJISL PO3TATY B pamianibHii Oammi. Kpim Toro,
MaKCUMaJbHUI 3rUHAILHUNA MOMEHT TaKOXX Ma€ JO0JaTHE 3HAYCHHS (32 aOCONIOTHOIO BEITUYHHOIO

TIO3/I0BKHS CHJIa i 3TMHAILHUKM MOMEHT IIPH JIii HABaHTaXeHb P Ta Py OJHAKOBI)

ITepeBipka >KOPCTKOCTI paianbHOI OaKi BUKOHYETHCS 32 POPMYIIOI0

I3 4t [L
¢ 5120 EI. |/

Jnst chepuyHOi MOKpiBIi y BUIIIAAI peOprcToi 000JOHKHM XapaKTepHe IIapHIpHE CIHpaHHS
pebpa-apku Ha 30BHINTHE KibIle. B pe3ynbTari BBaXKa€ThCsl, IO 30BHIMIHE KIJbIIE OOMEXYE TUIBKU
TOPU3OHTANIBHI TepeMileHHsT pebep-apoK, a 3HAYUTh 1 BCHOTO 30BHIIIHBOTO KOHTYPY OOOJIOHKH
(cTiHka pezepByapa CIY)KUTh HEPYXOMOIO OTIOPOI0 Y BEPTUKAIBHOMY Harpsimi). Y By3ii BHHUKAIOTh
ropu30HTaNbHA (PO3ITip) Ta BEPTHKAIbHA PEaKIlii.

CrnmpanHsi peOep-apoK Ha BHYTPINIHE KiJIbIIE MOYKE BHPINIYBAaTHUCS B JBOX BapiaHTax: abo
pebpa-apku TPHUBAPIOIOTHCS O BHYTPIIIHBOTO KIIBIS 1 TOMI 1€ 3’€IHAHHS MPUHHSATO BBaXKATH
KOPCTKUM, 200 BOHU KPIIUIATHCS A0 BHYTPIITHBOTO KUIBIISI O0JITaMH 1 TOJI 1€ 3’ €THAHHS BBAKAIOTh
WApHIPHUM. BBaarouu pO3MOALT 30BHIMIHIX HABAHTAXKCHb P, DIBHOMIPHUM, PO3PaxyHOK

(11)

pedpucToi 000TOHKH 3BOJIUTHCS JI0 PO3PAXyHKY OKpPEMHX apok (pedpa 00O0JOHKHM) i3 30BHIITHBOIO
3aTSHKKOIO (30BHINIHE KijlbIle apku). [Ipu 1iboMy 3a1e:KHO BiJ MPUIHATOTO BapiaHTa CIIHpaHHs pedep
Ha BHYTPIIIHE KUIbLIE apKa pO3TIIAIaeThCs K IBOX- a00 TpbOXIIApHipHA.

YucenbHHUil PO3PAXyHOK CTANIOHAPHMX KapPKaCHUX NOKPHUTTIB. /[[1s9 BUKOHAHHS
YUCENBHOTO PO3PaxXyHKY HEOOXIAHO pPO3pOOWTH CKIHYEHHY MOJeib IOKpiBmi (pe3epByapa) 3
BUKOPUCTaHHSAM MPOrPAMHOTO KOMILIEKCY. 3 Mi€l0 MeTor0 Oyiia 3aCTOCOBaHA MpOrpama MillHICHOTO
anamizy SCAD. KoM torepHa Monens po3po0sisacs I BEPTUKAIBHUAX MWJIIHIPUIHUX CHIIOCIB
niamerpamu 15180 MM Ta 18980 MM 3 nBOMa BapiaHTaMH KOHCTPYKTHBHHX CXEM IOKpIBII —
koniuHoro (K) ta cdepuunoro (C) obpucy (puc. 3). Ilpu npomy tumm K1 ta Cl Bignosimamm
CIIPOIIICHUM CXeMaM KapKacHUX Mojeinei 6e3 Hacuiy, a K2 1 C2 BignmoBigHO BpaxoByBasiu HOro.
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Puc.3. Moneni kapkacy mokpiBii pe3epByapy: a — koniuna (K1), 6 — chepuuna (C1), B — koHiuHA
(K2), r — chepuuna (C2)

['eomeTpryHi XapaKTEPUCTHKUA NMPUHAMATIUCSA HACTYIHI: HOMIHAJbHUNA KYT HaxWIy KOHIYHOI
nokpiii 10°; miameTp 1eHTpaTbHOTO KUTBIIS — 530 MM; KUTBKICTh TOJIOBHUX paJialiIbHUX Oanok — 16;
3arajibHa BUCOTa KOHI4HOI mokpiBii 1292 mMm. ['eomerpist mepepisiB HaBeeHi B Tabaumsax 11 2.

Tabmmus 1.
Kputuuni pakTopu eneMeHTIB KOHIYHOT TOKPiBITi
D= 15180 mm D =18980 mm
Kogeigllem KoedimienT 3amacy mns mozeni
Enement | Ilepepis M [Tepepis
K1 K2
K1 K2 — — — —
MILHICTh | CTIWKICTH | MILIHICTH | CTIMKICTB
Pagianpai | mBOTaBp JIBOTaBp
A Nol6 091 0.33 Nol8 0.87 1.19 0.47 0.32
Kinbuesi HIBeJIep IIBEJIEp
Oanku |- No10 2.53 0.34 Nol2 0.69 3.05 0.42 0.38
o IpyCcy
Kinbuesi KYTHHK IIBEJIEp
Oanku  2- 70x5 0.99 0.23 Nol0 0.04 - 0.16 0.55
o ApyCcy
Kinbuesi KYTHUK IBeJIep
Oanku  3- 70x5 0.99 0.23 Nol0 0.47 1.09 0.51 1.17
o Ipycy
Kinbuesi KYTHHK IIBEJIEp
Oanku  4- 50x5 1.08 0.12 Nog 0.61 1.03 0.68 1.14
o ApyCcy
Kinbuesi KYTHUK KYTHUK
Qanku  5- 50x5 1.08 0.12 75%6 0.51 0.56 0.88 0.57
ro pycy
Kimbue s KYTHHK KYTHHK
OCHOBi 90x8 2.1 0.42 75x8 2.56 - 0.88 -
TTOKPIBIi
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3aranbHUIA BWTJIS] CKIHYCHHO-CJIEMEHTHHX MOJENEH pe3epByapiB 3 KOHIYHOKO TMOKPIBJICIO
3MOJICIIbOBAHOIO 32 CIIPOIIEHOI0 CXEMOI0 0e3 BpaxyBaHHS JTUCTOBOTO Hactuiny mokpiBm (K1) ta
noBHOI Mozeni K2 HaBeneHi Ha puc.4.

0)

a) e

Tirg

il

Puc.4. Po3paxyHKOBa cxeMa CKiHYCHHO-EIIEMEHTHUX MOJIeleit 1ist pedepByapy D =15180
MM; a — Mozenb K1, 6 — monens K2

[Ipu po3paxyHKy BHKOHYBaBCsI aHAJi3 BEPTUKAIBHHUX MEPEMIIIEHb BY3JIIB KapKacy MOKpPiBIi
IIPU PO3paxyHKOBIH KOMOiHaMIl HABaHTa)KEHb 3BEPXY BHHU3 Ta 3HU3Y Bropy. Pe3ynbraT 4ncioBoro
pO3paxyHKy MpeACTaBiIeH] Ha puc. 5-6. B KibKiCHOMY BUpa)XCHHI KPpUTHYHUX (PAKTOPIB CIEMEHTIB,
pe3yNbTaTh po3paxyHKy HaBeleHi B TaOmuIi 1.

| B w2 a7
= [rE T

|| @l #r m30
R ol ®s 0 "
ol e |

M Eane
“Mness 0

EL ROy

EEEEENEREREERERE

EEEEBEOO00000DDED

Puc. 5. BeprukanasHi mepemileHHs By3J1iB KapKacy MOKpiBii peseppyapy D =18980 mm npu
PO3paxyHKOBI¥ KOMOIHAIlIT HABAaHTaXKEHb 3BepXy-BHU3: a — Mozenb K1, 6 — momens K2
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Puc. 6. BepTukanpHi nepeMimeHHs By3/1iB KapKacy MOKpiBii pesepByapy D =15180 mm npu
pO3paxyHKOBii KOMOiHaIlii HaBaHTaXeHb 3HU3Y-Bropy: a — mojaenb K1, 6 — momens K2
AHaJOTiIYHI po3paxyHKH Oyau MPOBEICHI Uil MOKPiBIi iHImOro tumy. OTpuMaHi HaCTYIHI
pe3yibTaTH sl BEPTHKAJIBHUX Ta paaiaibHUX TepeMiiieHb (puc. 7) Ta KUIBKICHI 3HAYeHHS
KoeiIieHTiB 3amacy sl eIeMeHTiB (Tali. 2).
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Puc. 7. BeptukanbHi Ta pagianbHi nepeMilieHHs By3/IiB Kapkacy chepuyHOi MOKpiBIIi
(D=15180 MMm) mipu po3paxyHKOBiM KOMOiHAIlIT HABAHTAXEHb 3HU3Y-BrOPY:
a—moxenb C1, 6 — moaens C2

Tabmus 2.
Kputnuni gakTopu eleMeHTiB KOHIYHOT MOKPIiBII
D= 15180 mm D = 18980 mm
Mogeinn Moneinn
Enement | Ilepepi3 Cl 2 [Tepepi3 - Cl _ - C2 _
MIIHICTh | CTIMKICTH | MIIHICTh | CTIMKICTD
Pagianpai | nBOTaBp JIBOTaBP
ATk Nol0 042 | 0.24 Nol2 0.56 0.59 0.22 0.19
Kiﬂbue.B HIBeIep KYTHHK
OCHOBI. No§ 0.84 | 0.63 75x8 1.77 - 0.62 -
MTOKPIBJIi

BianoBigHO 10 po3paxyHKY, MPOTHHH KOHCTPYKIIH MOKPIiBENb AJIS PI3HUX CXEM HaBEJCHI B
Tab:1. 3. 'pannyno nonyctumuii mporud 1/200 nmponboTy pagiansHOI 6amku, ToOTO 46.8 MM

Tabnuus 3.
[Tporunum Big po3paxyHKOBUX HaBaHTaxeHb (D = 18980 mm)
MaxkcruMaibHe BepTUKAIbHE MepeMillieHHsl (MM) [Tl TUITY
Tun HaBaHTa)KEHHS K1 2 Cl I

BnacHa Bara kapkacy 23.6 | 13.9 | 49| 2.1 ]
HaBaHTa)keHHS BiJl BAKYyMY 8.9 | 4.7 2.5 ] 0.9 |
HannumikoBuii THCK 88.51 46.9 1 24.6 1 8.81
CHIToBe HaBaHTKCHHS 60.2 | 31.6 | 174 | 6.2 |
BiTpoBwuii THCK Ha MMOKPIBIIO 20.2 1 10.7 1 5.61 2.01

CymapHuii NpOruH 92.7185.111502143.7171248 2531 ] 92871

BucHoBok. 3 ananizy 3HaveHb TaOMUIB | 1 2 BUIHO, IO HEBpPaxyBaHHS B PO3PaxXyHKOBUX
MOJIETISIX CKIHYEHHO-EJIEMEHTHOTO aHaNi3y JIMCTOBOTO HACTHIIY TOKPIBJII BEAE JO CYTTEBOTO
3aBUIICHHS BHYTPINIHIX 3yCWJIb B €JIEMEHTax Ta fedopmMarriii kapkacy. Tak, Hanmpukiai, po3paxyHoK
nokasye, 1o /s KoniuHoi nokpisii (K1) pezepByapy niamerpom 18980 mwm, kinbiesi pedpa 3-ro ta
4-ro spyciB (mBenep NelO ta Ne8 BiAmoBiHO) HEOOXIAHO JOJATKOBO PO3KPIIUTIOBATH HACTUIIOM
(xoua 0 YaCTKOBO IMOCEpeAMHI NPOJILOTY). MILHICTh X MOCTaTHs, ane KPUTUYHHUN (PakTop Ha
CcTiMikicTh OinbmIe 3a 1,0.

ITpu niamerpax pesepByapa 19 M i Oinbinme omTuMi3amis pagiaJbHUX OallOK CTa€ MEHII
epeKTHBHOI. L{e MOSICHIOETBCS THM, 10 TOJIOBHHM (paKTOPOM, SIKHW BH3HA4Ya€ BHCOTY OAllOK, CTa€
HE MIIHICTb, a AeopMaTHBHICTh. [|JI IBOTO CITiJ 3aCTOCOBYBATH OAJIKH i3 PO3BUHYTOIO BHCOTOIO,
HaIpuKIaz, 3 nepdopaliicro CTiHky. [HImi BapiaHT — nepexia 10 chEepUIHUX TOKPIBEb.
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Abstract. The article presents the results of numerical modeling and stress-strain state analysis
of frame roofs of vertical cylindrical tanks with conical and spherical geometries. A comparative
analysis of the efficiency of various structural solutions was carried out, considering both the presence
and absence of the roof sheathing in finite element models.

Analytical calculation methods are complex, labor-intensive, and not always suitable for
practical application. On the contrary, quite often, in convenient numerical calculation tools, models
are simplified, which leads to unreliable results: underestimation or overestimation of stresses and
deformations in load-bearing elements of coatings. In view of this, there is a need to study the impact
of such simplifications on the accuracy of calculations and to justify their feasibility.

This study looked at roofing options without a central support. According to current design
standards, when calculating the covering of a vertical cylindrical tank, it's important to consider how
the frame elements and sheet flooring work together.

It was found that simplification of calculation schemes without modeling the sheathing leads to
a significant overestimation of internal forces and deformations in the frame elements. Critical factors
were identified for the main load-bearing components depending on the tank diameter, which allows
substantiating the choice of roof type and rational structural solutions to improve the reliability and
efficiency of steel tanks. The obtained results can be used to improve engineering calculation methods
and optimize structural schemes of frame roofs in the design of large-diameter tanks.

Keywords. Stress-strain state, vertical cylindrical tank, roof, finite element model.
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I JTHTL] APK

AHoTtanisi: B po0oTi HaBeneHWN YWCETBHUN EKCIIEPUMEHT MOJICTIOBAHHS JIepeB’ THUX
apMOBaHUX 0aJIOK 3a J0MOMOroko nporpamuoro komiuiekcy JIIPA- CAIIP. PosrasHyTi TpH criocoOu
MOJICJTIIOBAaHHS apMaTypu B KOHCTPYKIii Oanku: 1 cmoci0d - po3MileHHS apMaTypud y BHUIJISIL
CTepkHIB MK By3naMu Iockux CE (CKIHUGHHHMX €NEMEHTIB); 2 - TPUBEACHHS >KOPCTKOCTI
CKIHUCHHHX €JIEMEHTIB Ha MPOMDKKY J€ 3HAaXOJHWTHCS apmarypa J0 MPUBEICHOI MKOPCTKOCTI
apMaTypH Ta JepeBUHH; 3 - pO3MIIIEHHS apMaTypHu Y BUTJISL APy 3 LIEHTPOM, KU BIJOBIga€e oci
pO3MiIIeHHsT apMaTypu (MpU I[bOMY IUIONIA apMaTypH piBHA IUIONI APy, SKOK MOICTIOETHCS
apmatypa). [IpoBeeHO MOPIBHSAHHA PE3Y/IbTATIB YUCENBbHOrO excrepuMeHTy 3 miockumu CE Tta
00’emunmu CE Ta 3 pe3ynbraramMu eKCriepuMEHTaIbHUX JTOCTIKeHh HATYPHUX OaJIoK.

Kiro4oBi ci1oBa: nepesuHa, nepes’siHa Oaika, KOHCTPVYKIIIS, apMyBaHHSL.
9 9 2

IlocTanoBka mpo6aemu. HemomikoM BUKOpUCTAaHHS JEPEBHMHH B KOHCTPYIOBaHHI OalloK €
HaJMipHa JeQOPMIBHICTh, IIO0 CHPUYMHAE BUHUKHEHHS BEJIIMKHUX IPOTMHIB Ta IEPEMIlICHb.
HaiieexTuBHImmMM croco0oM 30UIbIIEHHS >KOPCTKOCTI € BHUKOPHCTaHHS B KOHCTPYKIII Oanok
KOPCTKUX apMyloud eneMeHTiB. [Ipu BHKOpHCTaHHI apMyBaHHS €JIEMEHTIB MOXXHA 30UTbIINTH
KOPCTKICTh OajoK Ta 3MCHIIWTH HANpYXEHHS B JepeBHHI. B cydacHMX ymoBax BiJCYTHI
peKoMeHaalli Mo MPOEKTYBaHHI apMOBAaHUX JEPEB’SIHUX 3THHAIBHUX eneMeHTiB [1,2] Ta BiAcyTHi
MPUKJIaAM MPOEKTYBAHHS TaKUX KOHCTPYKLIN 3a JOMOMOIOI0 CY4aCHHUX MPOrPaMHUX KOMILIEKCIB.
TomMy OCHOBHOIO 33/1a4€l0 CTAlO AOCHIHKEHHS CIOCOOIB YHMCEIBHOTO MOJENIOBAHHS apMyBaHHS
JIepeB’ sSTHUX OaJoK.

AHaJIi3 0CTaHHIX [Kepes TOCTilKeHb Ta myOJikamiid. BuBueHHSM HacnigkamMu apMyBaHHS
JIepeB’sSTHUX OalloK 3aiiManocs BeJMKa KUIBKICTh HAayKOBINB. HaifwacTimme B cydacHiil miteparypi
3yCTpi4aloThCsi POOOTH B AKHX PO3MIIAJAETHCS IOAABaHHS apMaTypd B PI3HOTO BHY JAEpeB’siHI
KoHCTpyKIIii [3-15]. Bei aBTOpHM Big3HAYaIOTh 30UIBIICHHS dKOPCTKOCTI KOHCTPYKIIIHM Ta 3MEHIIICHHS
nporutiB 6anok. IIpore oaHOO 3 TPOOIEMOI0 HAYKOBOTO aHallizy 0ajoK 3 JepEeBUHH € iX YHCeIbHE
MOJICITIFOBAHHS 32 JOTIOMOTOI0 CYYacHUX IMPOTPaAaMHUX KOMIUIEKCIB, POOOTH SKI TPHUCBSYCHI Iii
npo6uiemi [ 16-22]. [Ipu BUKOHAHHI YMCETHHOTO MOICITIOBAHHS 32 JIOMOMOT'OI0 00’ €EMHHUX CKIHUEHHUX
enemeHTiB (Hagan CE) Oyna BusiBieHa MOXKIIMBICTh MOJICITIOBAHHS TAaKMX 3THHAJILHUX CIEMECHTIB 3a
nonomororo minockux CE. [Ipote onHO0O 3 mpo0iieM € MeTOIMKa MOJAETIOBAaHHS apMyBaHHS TaKHX
eneMeHTiB. TomMy MeTor0 poOOTH € aHaji3 YMCeIbHOTO MOJCIIOBAaHHS apMyBaHHsS Oallok Ta
CIIBCTaBJICHHS iX 3 IPOBEJACHUMH €KCIIEPUMEHTAIBHUMH JOCTIKEeHHAMH [23-25].

IlocTanoBKa 1iJieii i 3aBAaHb AocaixKeHb. YncenbHe MoentoBadHs y BUTIAII i1ockux CE
€ XOpOIIOK aJbTepHATHBOI MojenoBaHHI0 00 emHumu CE, 00 1meil BapiaHT MOJETIOBaHHS
JI03BOJISI€ 3MEHILUTH TPYIOBUTPATH NMPOECKTYBaJIbHUKA MPU BUKOHAHHI CKJIAJHUX PO3PaXyHKIB, aje
IIPU IIbOMY 1 TO3BOJISIE aHAJII3YBATH HANPYXEHHS B KOHCTPYKIisAX. OJTHOIO 3 OCHOBHHUX MTPOOIEM MU
MozemoBanHl 00’emHuMH CE € MopaemtoBaHHsA apMyBaHHsS 0O MpaBWIBHHHN MiAOIp BETUYHMHHU
CKIHYEHHUX €JIEMEHTIB He 3aBXId MOXIUBUH, a ¢opma ix oOmexeHa. Tomy MOKIHMBOIO
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AThTEPHATUBOIO apMyBaHHSA y BUIIISAAI 00 €MHUX €JIEMEHTIB JCPEB’SHUX OallOK € BKa3yBaHHS
apMaTypH MiX By3iaMu 00’eMHUX eneMeHTiB. [Ipu oMy cama KOHCTPYKIlis Mae OyTH po30uTa Ha
00’€MHI eJIeMEHTH Tak, 100 BiCh CTEpPXKHIB apMaTypu cmiBnagana 3 By3inamu CE. Tak camo 1 pu
mojemoBanHi wockumu CE BUHMKae psj mpobiiem, siKi MatoTh OyTH BpaxoOBaHi MPH YHCEIHHOMY
MOjIeNIIoBaHHI. B po0oTi mocraBieHa 3agava - MpOBECTH YHCEIIbHUI €KCIIEPUMEHT 3 MOJICITIOBAHHS
nepeB’tHUX OaJoK 3 PI3HUMHU CIIOCOOaMM MOJICJIIOBAHHS apMYyBaHHS.

Buxiaan ocHoBHoro marepiasy. [[ist MmonemtoBaHHs AepeB’ stHUX 0aliok OyJ10 3alpoONOHOBAHO
TpH BapiaHTH MOJEJIOBAHHS 1X apMyBaHHs: 1 — crociO po3MillleHHs apMaTypH Y BUTIISAL CTEPIKHIB
MK By3samu Tuiockux CE; 2 — mpuBeeHHS ®KOPCTKOCTI CKIHUEHHUX E€JIEMEHTIB Ha MPOMIKKY e
3HAXOJIUTHCS apMarypa 10 MPUBEIEHOI >KOPCTKOCTI apMaTypud Ta ACPEBUHU; 3 — PO3MIIICHHS
apMaTypu y BUTJIBIAI IIApy 3 IIEHTPOM, KM BIAMOBIAAa€ OCi PO3MIIIEHHS apMaTypu (MpU IIbOMY
II0MIa apMaTypH Ta IJIOMIA APy Ma€ CITIiBIIaIaTH ).

Memoouxka uyucenvHo2o mooentosanns 3a oonomozorw niaockux CE. UncioBe MOIEIIOBaHHA
7epeB’ssHUX OalloK MPOBOAMIIOCH 3a Jormomoror mporpamuHoro komruiekcy JIIPA CAIIP. Bechb
3MOJIeNIbOBAHMI eleMeHT BHKOHyBaBcsi 3 miockux CE posmipom 1x1 cm? . XapakTepHCTHKH
JCPEBUHM 3aJaBallUCh, K Ui OPTOTPOMHOr0 Matepiany. OCHOBHUMH (i3UKO-MEXaHIYHHUMU
XapaKTEePUCTUKAMH MaTepially JEpEeBUHU, K1 HEOOX1THO 3aJaTH JJIA YHUCIOBOTO MOJCIIOBAHHS €:
MOJTyJIb IPY>KHOCTI JIEPEBUHHU B3J0BXK BOJOKOH, MOIYJIb MPY>KHOCTI IEPEBUHHU BIIONEPEK BOJIOKOH,
Moayni 3cyBy Ta koedimientu Ilyaccona. [[ns monemoBannss CE nepeBuHm Oyno BUKOPHUCTAHO
MOJIYJIb IPYKHOCTI, SIKUi OyB BU3HAYCHH [IITXOM €KCIIEPUMEHTAIBLHOTO BUIIPOOYBAHHS IEPEBUHU
OaJIKu, a TaKOXX MPUMHATI TaOJIMYHI 3HAYCHHS MOJYJIB MPY)KHOCTI JEPEBUHU TOMEPEK BOJIOKOH,
Moy 3cyBy Ta kKoedimientu [lyaccona. Bei ¢iznko-mMexaHiuHi XapakKTepUCTUKH JIEPEBUHH 3aHECEH1
no tabmumi 1. Di3uKO-MEeXaHIuHI XapaKTEPUCTUKH apMYIOUd €JIEMEHTIB: BYTJICIIEBOI CTPIUKH Ta
CTaJIeBO1 apMaTypH, TAKOK 3aHeceHi 10 Tabmumi 1.

Ta0mms 1.
[TpuiinsaTi npyxHi Ta nedopMariiiHi XxapaKTepUCTHKH MaTepialiB
IUTS MOJIEIIOBaHHS 0aI0K

3mone- Monayni | Monaynb Koedi- Monyinb Koedi- Monynb Koedi-
JTIbOBaHA pyK- MIPYKH. IIIEHT MIPYKH. IIEHT MIPYKH. IIEHT
Oanka HOCTI Bronepek | Ilyaccon | apmar., Ilyaccona | Byruenw. [lya-
JepeBU- | BOJIOKOH, a E,_ . v, CTpIYKH, CCOHa
HHU, El,w , 20> Vips Vo MIla Ecarb , v,
MIla MIla MIla
GRB-12A | 13000 400 iz = 0,018 205000 0,3 165000 0,3
Va1 = 0,48
GRB-12B | 13000 400 viz = 0,018 205000 0,3 165000 0,3
Vo1 = 0,48

B uncenpHiN Mol eKCIEpUMEHTAIBHO AOCTIKYBaHUX Oaniok 3 Bukopucranusm [1K JIIPA
CAIIP, Oynu 30epexeHi BCi pO3MIpH €JIEMEHTa, a TaKOX PO3MIIIEHHS Ta PEXUM IMPHUKIATAHHS
HaBaHTaXEeHHA. B mpu omopHiil 30Hi, a TaKOXX B MiCLli NMPHUKJIAJaHHA HAaBAaHTAKCHHS B YHMCENbHIN
Mozen Oyno pO3MIMIEHO XOPCTKY METalleBy IUIacTHHY. Po3paxyHkoBa cxema OallkM a TaKOX
NOTIepEeYHHI nepepi3 moka3zaHuii Ha puc. 1.

[Ipu BUKOHAHHI YHCETHLHOTO EKCIIEPUMEHTY, OCOOJIMBY yBary OyJio MPUIIJICHO MOICTIOBaHHS
apMyBaHHS, SIK 323HAYaJI0Ch BUILE OyJI0 3MO/I€TIbOBaH1 TPU CIIOCOOM MOJICIIOBAHHS.

B nepmomy cnioco0i posmiwenns apmamypu y euensioi cmepoicrie migic gyziamu niockux CE,
BUKOHYETHCS HUIIXOM pO30OMBKM €leMEHTIB JepeB’siHoro 3paska Ha CE takum unHOM, 11100 By3nu
CKIHYCHHHMX €JIEMEHTIB CITIBMAaJaTH 3 BicClo apMarypu. CxemMaTH4yHE 300paKeHHs IMOKa3aHO Ha
pucysky 1. Ilpu iboMy BapiaHTi MOJICJIIOBAHHS CJTiJ1 BpaXOBYBATH 3aMiIlIEHHS JCPEBUHH apMaTypoIo,
INUBSIXOM 3MEHIICHHS MOIYJS TPYXKHOCTI apMaTypd Ha BelMuuuHy monyns aepesunu [1]. Ilpum
MOJICJIFOBaHHI MOTPIOHO NMPOBECTH CYMYBAaHHS IUIOII apMYIOUYMX €JIEMEHTIB, 1 BKa3aTH ILUIOLLY
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CTEP>KHIB PIBHOIO IUIONI apMaTypu. Halikpaie niis moaentoBaHHs 0OUpaTH CTEP)KHEBY CUCTEMY 3
KpyrimM nepepizom. [Ipu iboMy po3paxyHoOK JiameTpa MO’KHa BUKOHATH 3a (popmyoro [2].

Apmatypa 2012 A500C

FxHF ——

P | 3

L 90cm |, 90cwm 90cw |

150000

Sika CarboDur S-512
Puc. 1. Po3paxyHkoBa cxema Ta monepeyHuit mepepi3 3MoIeIbOBaHOT OaIKu

Earm,CEl = Earm - El,w 5 (1)
D=.44 /x , )
pi(S] Earm,CE - MOAYJIb pr)KHOCTi CE CJICMCHTY, B JaHOMY BHUIIAAKY CTCPIKHA, Earm - MOAOYJIb

NPY>KHOCTI apMaTypHOTO CTEpPXKHS; El,w - MOAYJNb TPYKHOCTI JCPEBHUHH B3IOBXK BOJOKOH;

A, - 3aranbHa IWIONIA ApMyBaHHS, CM’.

s

MonenoBaHHs apMyI0U0i BYTJIe1IeBOT CTPIYKH BUKOHYBAJIOCh TAKOX 32 JIOTIOMOT'OI0 CTEPIKHIB
IIPOTE€ 3HAYEHHS MOJYJS NPYKHOCTI HE 3aHMUXKYBaJOCh, TOMY IO CTpIYKa MPUKIICIOBAJIACh Ha
nepeB’ssHy Oanky 1 He 3amimana aepeBuHy. @opma cTepxHiB Oyla npUHHATA NPSIMOKYTHOIO, SIKa
BIJIMOBiAaJa IHUPHUHI 1 TOBIIMHI apMYyIO401 CTPIYKH.

N
O O = L CE apMatypn
= 3a1aHI CTEPIKHAMII
- q
lﬁ S N
— SN CE nepeBuHn
CE Byrienesoi
CTPIYKH CTEPIKHAMU
100mm
/

Puc. 2. Cxematuune 300pakeHHs1 CIOCOOY apMyBaHHS JICPEBUHH CTEPIKHIMU

3a Apyroro crnocoldy npusedeHHs HCOPCMKOCMI CKIHUEHHUX eleMeHmi8 HA NPOMINCKY Oe
3HAXOOUMbCS ApMamypa 00 NPuUseoeHoi xcopcmrkocmi apmamypu ma oepegunu. 1leit crocid MmoxxHa
BHKOHATH, IUIIXOM po30uBkU Ha CE Takum unHOM, 100 Kpai apmatypu cmiBnaganu 3 kpasmu CE.
Tax psn CE B sikomy Oyae po3MillyBaTHCh apMaTypa Oyae MaTu MPUBEACHUN MOy MPYKHOCTI.
3HaueHHs MPUBEACHOT0 MOy MPY>KHOCTI 175 Takoro mapy CE MokHa 3amucatu 3a J0IOMOTOIO
dopmynu [3]. [llupuHa npuBeaeHOro mapy piBHA mapy camoi O6anku i ckinanae 10 cu. Cxemaruune
300pakeHHsT crmoco0y MOJENIOBaHHS MOKa3aHo Ha puc. 3. Sk 1 MeraneBa apMmarypa, BYTJICIEBY
apmatypy MoxkHa mpuBectu no CE OGanku, 3 mupuHoto piBHowo mupuHu CE tutactuam Ganku.
dopMya mpUBEACHHS U1 BYIJICNEBOI CTpiuku [4]. Y TakoMy BUIAAKy 1 MeTajieBa apMmarypa i
ByIJIeLIeBa CTpiuKa OyJie 3aBaTHCh MPU MOJICIIOBAHHI IIJIOCKUMH €JIEMEHTaMHU 3 TOBIIMHOIO PIBHOIO
tosuwmHu CE mractuau 0anku.
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E _ EarmAarm + EI,WAW,CE
arm,CE2 — A A ) (3)
arm + w,CE
ne A, ., - IIoma AUISHKY, Ky 3aiiMae IepeBUHA B CKIHUEHHOMY eneMenTi; A~ - mnoma apmarypu.
E _ Ecarblcarb
carb,CE2 — b 5 (4)
ne [, - MIUPUHA BYTJICHEBOT CTPIUKK; b - NIMPUHA CKIHUEHHOTO €IIEMEHTY GalTKH.
() () .
§ CE apmarypu
S L
o) = :
— I\ CE nepesunn
CE Byrreneoi
CTPIUKH

1 10020,

Puc. 3. Cxemaruune 300paskeHHs cr1oco0y apMyBaHHS IIIISIXOM MTPUBEICHHS KOPCTKOCTI

B tperboMy cnioco0i posmiwenus apmamypu y 6ueandi wapy 3 yeHmpom, aKutl 8i0nosioae oci
posmiwenns apmamypu (IIpH IbOMY IUIOIIA apMaTypH Ta IUIOWIA Iapy Mmae cmiBnagatu). Crociod
nepeabavae po3MimeHHs apmarypu y Burisaal mapy CE. Tak sk, mioma mapy € piBHOIO IUIOII
apMaTypu, TOMY HPUBEICHHS MOIYJSl MPYKHOCTI MPOBOAUTH He moTpiOHO. [IpoTe, HEOOXigHO
BU3HAYUTH TOBIIMHY IIApy METAJIECBOI apMaTypH i MPaBHIBHO PO3IUIUTH IIApU CKIHYEHHHUX
eneMeHTiB. CxeMaTH4He 300paXeHHsI croco0y MOKa3aHo Ha puc. 4.

§ < CE apmatypu
2
— CE nepeBunu
A ] CE Byrnenesoi
CTPIUKU
10011

Puc. 4. CxemaTnune 300paxeHHs crioco0y apmyBaHHs mapom CE

ToBmuyHYN mapy MeTaxeBoi Ta ByIJICLEBOI apMaTypy MOKHA BU3HAYUTH IPUBOISIYH /10 INUPUHA
CE 6anxwu, a came b = 10 cm. Tomy TOBIIIMHA €JIeMEHTIB Oy/ie piBHOIO IX IJIOIII MOA1ICHOT Ha HIUPHHY
b. Ins metaneBoi apmarypu ¢opmysa [5] Ta nis ByrieneBoi crpiuku popmyna [6].

ts,CES = As /b s (5)

tcarb,CES = Acarb /b s (6)
Aac ts,CE3 , tcarb,CES - TOBIIWHA IAPY METajeBol Ta Byl“.HGI_IeBO'f apMaTtypu npu MOI[GJIIOBaHHi;

A

'y - TUIOIIA APMYIOYOi BYTJIELIEBOT CTPIUKH.

Pe3yabTaTn 4mMCeJBHOro exkcrnepuMeHTy. OTpuMaHi 130107 HampyXeHb uid Oajok 3
PI3HUMU BapiaHTaMHU YHCEIILHOTO MOJICTIOBaHHS apMyBaHHs. [30110J11 HaNpy>KeHb JJ1s1 OAJTKU B K1
apMaTypa MOJeNioBaiacs CTep)KHSMHU 300paxkeHa Ha puc. 5. Jlas nporo BapiaHTy MOJETIOBAHHS
(urockumu CE) oTpumani st Takoi Oanku XapaKTEPHHM BUIJIAI 130TOJIB HANpPY>KEHb, 5K 1 IS
00’eMHUX eJleMeHTiB. MakcuMasbHe 3HAa4eHHS MPOTUHY JJIS TaKOro €JIEMEHTY CKijae 15,6 M.
MakcumanbHl TOB3JIOBXKI HAMpPYKEHHS 3T1HO 130MOJiB BUHHKAIOTH O1IS MICIh TPHKJIATaHHS
HaBaHTaXXEHHs 1 ckianaroTh 23,3 Mlla , npu 1boMy MakCHUMallbHI HAmNpy>K€HHI B LEHTPATLHOMY
nepepisi ckiaagaTk 15,6 MlIla, qis ctucHyToi 308U Ta 19 MIla ans po3tsarayToi 30HA. J{7s boro
croco0y apMyBaHHSI OTpPUMaHa emiopa HaNpy>KeHb, 110 BUHUKAE B LIEHTPAIbHI YaCTHHI OaJIKH pHC.
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6. Jlns maHoi METOMKH BU3HAYCHHS HANPY)KEHb TAKOXK € XapaKTEPHUM 300paKeHHS IMOB3JOBKHIX
3yCWJIb B CTEPXKHSX, IO MOJETIOITH poOoTy apmaTtypu. IlpoTe myis BU3HAYCHHSI HANpPy>KEHb
HEOOX1THO TPOBOJIUTH PO3PAXyHKH.

| I N 5 I I
-156 -13.7 -117 9m -1.82 -5.86 391 -195 -0.0249 0.0249
1 3asanTaxenns |
Isononz mepemimers no Z
Omumnmi sIMipy - MM

o
P
©

2233 2204 175 -146 117 874 583 291 0191 0191 291 583 874 117 146 175 19.1
1.3asanTaxennx 1
[sononz manpyxens Nz
Omznms smeipy - MIla

Miri -32.8234; M 774754
Puc. 5. [3omomns nepemitieHs, HanpyXeHb Ta 3yCHJIb JIJIsl IEPIIOTO BapiaHTy YHCEIIBHOTO
MOJICJIFOBaHHS apMYBaHHS

T

/? f
' f
=
||Il._
f
F
[——
£ —— o
L —— _ e
: s :
= L= L=
1. = 2. == 3. 5=

Puc 6. OTpumani emopu Hapy>keHb B IEHTPATBHUX MEpepi3ax YUCeTbHO 3MOACTbOBAHUX
OaJikax IIOCKUMH eJieMeHTaMH (1 - apMyBaHHS CTEPXKHIMU; 2 — CIIOCIO apMyBaHHSI 3 TPUBEIACHUMU
MOJYJISIMU; 3 — apMYBaHHs y BUTJISITY IIAPY apMaTypH )

[Tpu apyroMy BapiaHTi MOJIETIOBaHHS apMyBaHHS pHUC.7 OTPUMAHO MaKCUMAaJlbHI BEPTUKAJIbHI
nepemitieHHs 14,6 M, 110 € OJIU3bKUM JI0 PEATPHOTO 3HAYCHHS, IKM OTPUMaHUN €KCIIEPUMEHTOM.
3Ha4YeHHs HANPYXXEHb CTUCKY B IICHTPAJIbHIN YacTHUHI OaJIKU CITIBIIAAAIOTh 3 HAIIPY)KEHHSM MEPIIOro
BHUMAJKY 1 ckianarTs 15,9 MIla. [Ipu nboMy MiHYCOM JTaHOTO METOY, III0O MH HE MOYKEMO OTPUMATH
JMIMCHMX 3HAYeHb HampyXeHb B apmarypi. s BU3HAUeHHS HamnpyXeHb B apMaTypi MOTpiOHI
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JIOMATKOBI po3paxyHKH. Takok HEOJIIKOM € TepexiJ MK apMaTyporo Ta IEPEBUHOIO Ha JiarpaMax
HaMpyXeHb, 0 MMOKa3aHU Ha puc. 6. B 3B’s3Ky 3 UM NEPeX0/I0M HE MOKIIMBO BCTAHOBUTH JiHCHI

HAIIpy>XCHHA B [IUX 30HaX.

(=]
i

[ /IS I [ I — i E—

-146 -127 -109 209 -127 -5.46 -3.64 -182

Isononz nepemimers no Z
Omuzmi Binipy - M

| I I N N M — ] |
162 243 325 406 487 568 65

2254 2243 -162 S11 0254 0254 8.11
1.3asanTaxennz |
[sonona manpyxess Nz
Omummmi sinipy - MITa

Puc. 7. 13omomns nepemilieHs Ta Hanpy>KeHb JJIS IEPIIOro BapiaHTy YUCEITHHOTO
MOJIEJIFOBaHHS apMYBaHHS

[Tpu TpeTboMy BapiaHTI MOJETIOBAHHS apMyBaHHS OTPUMAaHI 130M0JII IEPEMIIIEHb MOKa3alln
XOpOIIMK pe3yiabTaT MO BHU3HAYCHHIO BEPTUKAIBHUX TEpeMillieHb puc. 8. MakcumanbHe

BEpTUKAJIbHE NepeMilneHHs ams Oanku 14,6 mm.

| N I [ I — | I |
26 -108 897 -118 -5.38 -3.5 -0.0248 0.0248 248

9 -1.79

144 -1

Isononz nepesimens no Z
Omiznmi Bidipy - M4

854 -186 -393 -0.853 0.853 393 786 118 157 197 236 275 315

Isononz manpyxens Nz
Omummi sinipy - MITa

Puc. 8. [30mons nepemilieHs Ta HAMPY>KeHb I TPETHOTO BapiaHTy YUCETHLHOTO
MO/ICJIFOBaHHS apMYBaHHS

BcranoBieHo, 110 3HaYCHHSI HAMPYXKEHb B CTUCHYTIN 30H1 IEHTPAIBHOTO MEePEpi3zy He CHITHHO
BIIPI3HAETHCS BiJl 3HAYCHb ISl TIEPIIMX BapiaHTIB apMyBaHHs, 1 ckiamae 15,7 MIla. Ilpu nupomy
3HAYEHHS HAMPYXKEHb B PO3TATHYTIN YaCTHHI TSKKO BCTAHOBUTH 1332 MEPEXOAY MK HANIPYKEHHSIMHU
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nepeBuHi 1 apmatypu. [IpoTe, mpu JaHOMY BapiaHTI YMCEILHOTO MOJICITIOBAHHS apMyBaHHS 3 CIIOP
HampyXeHb pUC. 6 MOXHA, BCTAHOBUTH 3HAYCHHS HANpPYXCHb, II0 BUHUKAIOTH B apMarypi Ta
3MOJIeJIbOBaH1 BYTJICIICBIN CTpivIll. 3HaUEHHS HANpPYXEHb I apMaTypu ckianarTs 85,2 Mlla Ta
111 ByruieneBoi crpiuku 315 MITa.

[TpoBereMo MOPIBHSHHS OTPUMAHHUX 3HAYCHb BEPTUKAJIBHHUX MEPEMIIICHb 3 TIEPEMIIICHHIMHU
OTPUMAHUMHU 32 JIONIOMOTOI0 MOJICTIOBaHHS OO0’€MHMMH CKIHUEHHUMHU €JIeMEHTaMH Ta
neOopMaTUBHOIO METOJIMKOI0, a TaKOX 3 JIaHMMH BUIPOOYBaHb JBOX HATYPHUX 3pa3KiB OajoK.
BenuunHu BepTHKAIBHHUX MEPEMIIICHb Ta IPOTHHIB HaBeICHI B TAOMUIII 2.

Tabmuws 2

BenmmunHu BepTHKAIBHHUX MEPEMIIICHb Ta MPOTUHIB OTPUMAHHUX €KCIICPUMEHTATIbHUM
IUISIXOM IPH BUNPOOYBAaHHI HATYPHHUX 3pa3KiB Ta YMCEIHHOT'O MOJICIIOBAHHS

ExcniepumenTanbHi . . .
) . TeopeTnuHi 3HAaYCHHS BEPTUKAIBHUX TMEPEMIIICHD 3a PI3HUX
Jlitoupit | 3HAYCHHS IPOTHHIB i
CIIOCO0OIB MOJICITIOBAHHS, MM
3TAHAI. 0anok, MM
MOMEHT Monentos. Monentos. Monentos. Monentos.
’ Jedopm. | JIIPA-CAIIP | JITPA-CAIIP | JIIPA-CAIIP | JIIPA-CAIIP
KHM GBRI12A GBRI12B METOOUKA 00’ eMHNMH TUIOCKUMHU TUIOCKUMHU TUIOCKUMHAU
CIICMCHTAMU CIICMCHT. CJIICMCHT. CJIICMCHT.
0 0 0 0 0 0,0 0,0 0,0
2 2,63 3,12 2,84 3,94 3,5 3,2 3,2
4 5,58 5,8 5,85 7,88 6,9 6,5 6,4
6 8,31 8,54 8,94 11,81 10,4 9,7 9,6
8 11,22 11,38 12,06 15,75 13,9 13,0 12,8
10 14,35 14,13 15,17 19,56 17,3 16,2 16,0
12 17,51 17,27 18,25 23,47 20,8 19,5 19,2
14 20,88 20,23 21,28 27,59 24,3 22,7 22,4
16 24,28 23,44 24,31 31,53 27,7 26,0 25,6
18 28,04 26,89 27,35 35,5 31,2 29,2 28,8
20 33,51 29,96 30,47 39,44 34,7 32,4 32,0
Mo ™, % - - 6,5 37,4 21,7 13,9 12,4
Ny *, % - - -4,0 24,3 9,2 2,2 0,8
*Tho > Mo - BUIXWICHHS TEOPETUUHUX 3HAYECHb BEPTUKAIBHUX IEPEMILIICHb BiJl 3HAUCHb
BHUMPOOYBaHHS €KCIIEPUMEHTAILHUM IIJISTXOM HAaTYPHHUX 3pa3KiB, BUPWKEHUX %o, IPH
3aBaHTakeHH1 BignoBigHo B 10 kHwm Ta 20 kHwM.

3 tabnumi 2 BUAHO, 1O Bei Bapiantu mozaentoBanHs apmyBanas CE na JIIPA-CAIIP naroth
XOpoIry 301KHICTh 3 €KCIIEPUMEHTATbHUMH pe3ysbTaTamMu. [IpoTe HalWOIbITy TOYHICTh JAIOTh 3
crnoci®é apMyBaHHS, SIKMH NMPUBOJUTH IUIONLY apMyBaHHS A0 IUTomli Moxeni miactud. IIpote ms
3pYYHOCTI BUKOPUCTAHHS 1 3MEHIICHHIM TPYIOEMHOCTI pOOOTH € TEPIIHi CIOCi0 MOJEITIOBaHHS
apMaTypu, 3 BukopuctanusaMm crepskaeBux CE. Jlo iioro nepeBar MokHa BiIHECTH MOKJIMBICTb HOTO
YTOYHEHHSI, MU MOKE€MO 3 JIETKICTh TIOMIHATH IUIONIY apMaTypH 1 MTPOaHali3yBaTH 3arajibHi 3MiHH,
SIK1 IPOXOJIATh B Oanii. B iHMX BUMMagKax Takoi MOXKJIMBOCTI HEMAE, TOMY III0 B IPYTOMY CIOC00i
MOJICITFOBaHHS HEOOXITHO MepepaxoByBaTH MPUBEACHI MOAYJ MPYKHOCTI, @ B TPETbOMY CITOCO01
noTpibHO KoperyBaTu Ha camiii monemi ToBumHM CE apmyBaHHS, IO € IyXe TPYAOEMHUM
npouecoM. Tako mepeBaror0 NEpIIOr0 METOJYy MOJEIIOBaHHS € OTPUMAaHHS HaIlpyXeHb B
JepeB’sHUX efeMeHTax. HemomikoM Mo)KHa BBaXKaTH HEOOX1HICTh 300payKeHHS €IIOP HAIPYKEHb B
apMYIOUYHMX CTepKHEBUX elleMeHTax. [Ipy 1boMy BU3HAUEHHS CaMUX HaIlpyXeHb Oy/1e BAKOHYBAaTUCh
3a hopmymnamu st apmaTyp [7] Ta Ui ByraeneBoi cTpiuku [§8].
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O-arm,CEl = Narm /As 5 (7)
Jcarb,CEl = Ncarb /Acarb s (8)
ne N, N, - 3yCUILIL B CTEPKHAX apMaTypH 1 ByIJIELEBOI CTPIYKH;

O wm.ci1> Oearp.cpi - HATIPYXKEHHS B CTEPIKHAX apMaTypH Ta BYTJIELEBOI CTPIUKH.

BucHoBku. 1. [Ipy BUKOHaHHI YHCEIBHOTO MOJICIIOBAHHA JCPEB’IHUX apMOBAaHUX OaJoK 3a
nornomororo mporpamHoro komruiekcy JIIPA-CAIIP Oyno BcTaHOBJIEHO, IO BCi BapiaHTH
MO/ICJIIOBAHHS apMYBaHHA JJAIOTh XOPOITY 301KHICTh pe3yJIbTaTiB PH BU3HAUEHHI IPOTHHIB OAJIKH.
3HaueHHs BIIXWJIEHHS CKJIalaloTh B cepenHbomy 11%, mo i Marepiany A€peBUHU € XOPOIINM
pe3yabTaroM. 2. [TopiBHSHHS pe3yibTaTiB OTPUMAHHX 130I0J1iB HAMIPY)KEHb Ta EMIOp HAIPY>KEHb B
[EHTPATBLHOMY TIepepi3i, MOKa3aiM, M0 BCl METOJIWKH € MOXJIMBHMHU JUIsl 3aCTOCYBaHHS, a came
BUKOPUCTaHHS KOXKHOI MOXJIMBE 11 BUKOHAHHs NEBHOI 3a1adi. 3. MoJenoBaHHsl apMaTypH, SIK
OKPEMHUMHM CTEPKHSIMH CJI1J] BUKOPUCTOBYBATHU B 33/a4axX KOJIM HEOOX1HO BU3HAUUTH HANpyKEHHS
camMe B JIEPEBHHI, TP [IbOMY BU3HAUCHHSI HANPYXEeHb B apMaTypi Oy/ie BUKOHYBATUCH 32 IOTIOMOT OO
¢dopmyn. Ha npoTtuBary nepumoro BapiaHTy MOJAETIOBAHHS B TPETbOMY BMIIAJKy HAIpPYKEHHS B
apMaTypi MOXKHa BU3HAYUTH BiJpa3y 3 €MIOp HampyxkeHb. 4. B 3aranbHOMY Crif BiA3HAYUTH, IO
MozemoBanHs miiockuMu CE 3MeHIye TpyaOMICTKICTh TIPH MOJICIOBAaHHI, a MJIOCKI €JIEMEHTH €
XOPOIIOKO aJIbTEPHATHBOIO JJIs1 BAKOPUCTAHHS.
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NUMERICAL MODELING OF THE BEHAVIOR OF A HYBRID-REINFORCED
TIMBER BEAM USING PLANE FINITE ELEMENTS
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Annotation: The study is devoted to the numerical modeling of reinforced wooden beams using
the LIRA-SAPR software package. One of the main disadvantages of wooden beams is their
excessive flexibility, which leads to large deflections and displacements. Reinforcing wooden beams
with stiffening elements is an effective method for increasing their rigidity and reducing internal
stresses. However, in current engineering practice, there is a lack of design guidelines and examples
for modeling such reinforced wooden structures using modern software tools. Therefore, the aim of
this work is to investigate different methods for modeling reinforcement in wooden beams using finite
element analysis. The paper presents an analysis of recent publications where different reinforcement
types—such as basalt, carbon, and glass fiber—were used in wooden structures. Special attention is
given to the challenge of numerically modeling such reinforcements, particularly when using planar
finite elements instead of volumetric ones, as this approach significantly reduces computational
complexity. Three reinforcement modeling methods are proposed and tested: 1) placing reinforcing
bars between planar finite element nodes; 2) adjusting the modulus of elasticity of the elements to
reflect the combined stiffness of wood and reinforcement; 3) modeling reinforcement as a separate
layer with equivalent cross-sectional area. Each method was implemented and analyzed for accuracy
and practicality. Experimental data from full-scale beam tests were used for comparison. Results
indicate that all three methods provide acceptable accuracy, with deviations from experimental
deflection values averaging around 11%, which is considered satisfactory for wood materials. Stress
distributions obtained through numerical analysis showed good agreement across methods, though
each has specific advantages. For instance, modeling reinforcement as individual bars allows precise
evaluation of stresses in wood, whereas layer-based modeling offers direct assessment of stresses in
reinforcement elements. The study demonstrates that numerical modeling of reinforced wooden
beams using planar finite elements in LIRA-SAPR is a reliable and efficient alternative to volumetric
modeling. Each proposed method can be effectively applied depending on the design goal, offering
engineers flexibility in structural analysis and optimization.

Key words: timber, timber beam, timber structure, reinforcement.
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BIIJIMB OJHOPA30OBUX TA MAJIOIUKJIOBUX HABAHTAKEHDb HA MEXAHIYHI
XAPAKTEPUCTHUKHU KJIEEHOI JEPEBUHU COCHU MOJUPIKOBAHOI
EITIOKCHUJHOIO CMOJIOIO

Yamwok O.C., K.T.H., J0II.,

ochapiuk1983@gmail.com: ORCID: 0000-0003-0283-1863
I'omon O.0., crapmuii 1ab0opaHT,
olyahomons@gmail.com

JIhyyvkuii HayioHanbHUli MexHiyHUull YHigepcumem

AHoTanis: Y I0CKOHAIEHO croci0d Moaudikaii JepeBUHU eNOKCHIHOI0 cMoioto. [IpoBeneHo
HaTypHI BUINPOOYBaHHS HEOOpoOJIeHOT Ta MOAM(}IKOBAHOI KIIEEHOI IEPEeBMHU COCHU 3a il
OJTHOPA30BUX KOPOTKOYACHUX Ta MAJIOIIMKIIOBUX HABAHTAXKEHB 32 OCOBOTO CTHCKY B3/I0BK BOJIOKOH.
[To6ynoBano ycepenneni maiarpamu aedopmyBaHHs MoaudikoBaHOi Ta HeMOAM(IKOBAHOI KICEHOT
JIEPEBUHH COCHH 33 TAKMX YMOB €KCILTyaTalii. byo BCTaHOBIIEHO TpaHUYHY MILIHICTh Ta BiIOBITHY
nedopmiBHICT HE0OpoOIeHOT Ta MOAM(IKOBAHOI KJICEHOI JEPEBUHH COCHH, SIK 32 OJIHOPA30BUX
KOPOTKOYACHHUX, TaK 1 32 MaJOLMKIOBUX HaBaHTaKeHb. Moaudikailisi KIe€HOI AEpEeBUHU COCHH
€MOKCHTHOIO CMOJIOKO 30UTBIITY€E TPaHUUHY MIITHICTB B 1,27 pa3, ne¢opMiBHICTh 3MeHIIYEThHCS B 1,05
pasu. BIummB MamouMKIOBHX HaBaHTa)KEHb 3MEHIIYE MIIHICTh KieeHoi nepeBuHu B 1,06 pasm,
nedopMiBHICTh MiABHINYEThC B 1,13 paszu. s monudikoBanoi mirtHicTh 3MeHIIyeThes B 1,07 pasw,
nedopmMiBHICTB 3pocTtae B 1,08 pazu.

KurouoBi ciioBa: monudikoBana kieeHa AepeBUHA, MAJIOIMKIOBI HABAaHTAXKCHHS, EMTOKCH THA
cMona, MoauQiKallis, MiITHICTh, 1e(hOPMIBHICTb.

ITocTanoBKka npodJemu. /lepeBuHa — 11e IPUPOJIHUNA yHIKaIbHHUM MaTepian. Bona mae cBoi
eKCKITIO3UBHI (P13MKO-MEXaH14HI BIacTHBOCTI. JlepeBrHa Mae Oararo rnepeBar B OPIBHSAHHI 3 IHIIUMHA
MmatepianamMi. DakTHYHO BUKOPUCTOBYETHCS y BCIX Traimy3sx mnpomucinoBocTi. CTpykTypa Ta
yHIKaJIbHI (D13WKO-MEXaHI4H1 BIJIACTUBOCTI JIO3BOJIAIOTH BHUKOPHCTOBYBATH ii NMPU BUTOTOBJICHHI
pizHomaniTHOi npoaykuii [1,2]. Ilpu BUrOTOBIEHHI HECy4nX €JIIEMEHTIB Ta KOHCTPYKLIN yacTimie
3aCTOCOBYIOTH XBOWHI MOPOH: COCHY, STTMHY, MOAPUHY. B HAyKOBIIIB 4aCTO BUHUKAE MUTAHHS L1010
CTBOPEHHSI MOJIIMEPHUX KOMIO3MIIN I 3aXUCTY AEPEBUHU Ta MOKpAIIEHHS 11 (Pi3MKO-MEeXaHIYHUX
BIIacTUBOCTEH. B maHiil ctarTi MM cpoOyeMO 3acTOCYBaTH EMOKCHAHY CMOJY Juisi Moaudikarii
KJICEHOT JCPEBUHU COCHHM IS CTallmi3alii Ta MOKpameHHs 11 MEXaHIYHUX XapaKTePUCTHUK, a TAKOX
BHBYHTH BIUIMB OJTHOPA30BUX Ta MAJIOIIMKIIOBUX HAaBaHTA)KEHb HA TaKl KOMIIO3HUIIIMHI MaTepialiy.

AHaJI3 OCTaHHIX JOCHiIKeHb Ta myOaikanii. [lominmeHHsIM MeXaHIYHUX XapaKTePUCTUK
JIEPEBUHU PI3HUX TOPI1JT 3alMaIHCsI, 3aMaOThCS 1 OyIyTh 3alMAaTHCS TOCTITHUKH 3 6araTboX KpaiH
cBiTy. IcHye OGaraTo cmoco0iB, 3a JOMOMOIOI0 SKMX MOXIIMBE MOJIMIIEHHS pi3HUX (i3uKO-
MEXaHIYHUX BIIaCTUBOCTEH nepeBuHH. OgHUM 13 Takux € 11 Mmomudikaisa [3-6]. € pi3Hi cocobu
monudikarii aepeBunu. Hac Oynme mikaBUTH MoamQikallis, sKa CIPUSE ITiIBUIIEHHIO MIIIHOCTI,
MOAYJsl TIPY>KHOCTI, 3MEHIICHHIO AehopMiBHOCTI. [ MOMIMIIEHHS AaHUX IMOKA3HUKIB MOXKHA
yIOCKOHAIIOBATH crocodu mMoaudikarmii abo MponoHyBaTH pi3HI KOMITO3MIIMHI Marepiaau amus ii
npoBeAcHHS [3-8]. 3 1HIIIOT CTOPOHM BY3JIM Ta €JIEMEHTH KOHCTPYKIIH 3 JEPEBUHU YaCTO 3a3HAIOTh
BIUIMBY MaJIOLIMKJIOBUX HaBaHTaxeHsb [9,10].

IloctanoBka winedd i 3aBaaHb JochdiTKeHb. MeToro poOOTH €  TMPOBEACHHS
eKCTIEPUMEHTAIBHUX JIOCITIKEHb KJICEHOT IEPEBUHU COCHH MOJM(IKOBAHOI €MOKCHUIHOIO CMOJIOIO
3a BIUIMBY OJHOPA30BHUX KOPOTKOYACHHX Ta MAJIOIMKJIOBHX HAaBaHTaXX€Hb, MOOYyAOBa niarpam
nedpopMyBaHHS, BCTAHOBJICHHS MIIIHICHUX Ta Je()OPMiBHUX MOKA3HUKIB.

MeToauka eKcrepuMeHTATbHUX A0CTIIKeHb. 3pa3Ku KIECEHOT IEPEBUHN COCHU TIEPEPi30M
30x30x120 MM BUTOTOBISUIUCH B 3aBOACHKMX yMoBax [11,12]. Cnovarky Oysiu BUTOTOBIIEHI KII€€H1

- 142 -



CyuacHi 6ydienvhi KOHCmMPYKYii 3 memany ma oepegunu, 2025. — Bun. Ne 29 (crop. 142-147)

OaJiku, TOTIM 3 HHUX BHUPI3YBAIW JOCHIIHI mNpu3Mu. g CKJICIOBaHHS BUKOPHUCTOBYBABCS
pe3opuuHOBHUi Kiel. Bcroro Oyno BurorosieHo 16 3paskiB Bosorictio 12% 6e3 Buaumux nedexTis,
8 3 HuX OyJI0 MOAM(IKOBAHO €MOKCHUIHOI CMOJIOI B aBTOKJIABI i THCKOM 2 aTM Ha MpoTs3i 1
roguHH. [licas yoro mpu3mMu moMimiaiy B CyIIUIbLHY KaMepy Ha MPoTs3i 2 ToAUH 3a TemrepaTrypu S0
OC. Ticas Moaudikalii KjIeeHa JEpeBHMHA COCHHM [EII0 3MiHIOBala CBiii Komip. Buroromneni
Mo udikoBaHi Ta HeMOAU(DIKOBaH1 3pa3ku 1MokasaHi Ha Puc.1.

a) 6)

Puc.1. 3pa3ku kieeHoi 1epeBUHM COCHU: a) HeMoaudikoBaHi; 6) MoaudikoBaHi

MopaudikoBani Ta HemMoau(iKOBaHI MPU3MH BUIPOOOBYBAJIMCH 3a OJHOPA30BUX Ta
MaJIOIUKIOBUX HaBaHTaXeHb HA BUNPoOyBaybHii MamuHi CTM-100 32 0ChOBOTO CTHCKY B3OBXK
BojiokoH [13,14]. Crmovarky 3pa3ku JOCHIKYBAIMCh 3a OJHOPA30BOTO0 KOPOTKOYACHOTO
HABAaHTAXXCHHS, 3a pe3ylbTaTaMH SKUX OylIOo BCTAaHOBIEHO iX YCEpPEAHEHY MIIHICTh Ta
neopMiBHICT. A 3roJoM 1HINI TPU3MH  MIJJABATUCh MAJOIUKIOBAM HaBaHTAKCHHSIM.
BusHauanuce Ti K moka3HMKU. KiTbKICTh IHMKIIB MaJOIMKIOBOIO HAaBaHTAKEHHS ckianana 10 B
pexumi 0,2-0,8 Big MIITHOCTI 3a OJHOPA30BOTO KOPOTKOYACHOTO HABAHTAKCHHS 1 3aKJIaJaiucs B
nporpamMHe 3abe3neueHHs BUnpoOyBaibHO1 MamuHu. Ha 11 nukii 3pa3ku JOBOAMIIN 10 pPYHHYBaHHS.
Jlns KO)KHMX OKpeMHX E€KCIIEpUMEHTAJIbHHUX JOCIIKeHb Opayiocss 1o 4 3pa3ku. 3HaueHHS BCIX
JOCTI/PKYBaHUX TIOKA3HUKIB MPUAMAIHCS YCEpeIHEHUMHU. XapaKTepHi 0COOIUBOCTI pyHHYBaHHS
MoauGiKOBaHUX Ta HEeMOAM(IKOBAaHUX MPU3M KIICEHO1 JICPEBUHM COCHU TOKa3aHi Ha Puc.2a, Puc.20.

a) 0)

Puc.2. PyitHyBaHHS 3pa3KiB KJICEHOI IEPEBUHU COCHU: a) HeMo I (pikoBaHUX; 0) MOAU(DIKOBAHUX
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Pe3yabTaTH eKkcnepuMeHTAJBLHUX AOCHiAxkeHb. [licns mpoBeneHWx BUMPOOYBaHb
noOyJ0BaHO ycepeaHeHi AiarpaMu aeopMyBaHHS HEMOIU(IKOBAHOT KIEE€HOI TEPEBUHU COCHH 3a
OJIHOPA30BOTO KOPOTKOYacHOTo HaBaHTaxeHHs (Puc.3a) Ta MoamdikoBaHOI €MOKCHUIHOI CMOJIOIO
(Puc.306).

a) 6., MIla 0) ¢ moa» MIla
35 45 -
30 | 40 T
55 35 -
| 30 -
20 - 25 -
15 - 20 -
10 - 15 -
10 -
5 A 5 - uc,o,d,mod’
u,,MM/MM MM/MM
O T T T T T 1 T T T T T 1
0 0,001 0,002 0,003 0,004 0,005 0,006 0 0,001 0,002 0,003 0,004 0,005 0,006

a) 0)
Puc.3. Ycepenneni niarpamu neopMyBaHHS KJICEHOI IEPEBUHUA COCHU 32 OJTHOPA30BOTO
KOPOTKOYACHOTO HABAaHTXKEHHS: a) HeMoAu(ikoBaHOi; 0) Moau(iKOBaHOT

[Ticns oOpoOku pe3ynbTaTiB JOCHIIKEHHS Ta MOOyHoBH miarpam naedopmyBaHHS Oyio
BCTAHOBJICHO TPAaHUYHY MIIHICTh HEOOpOOJEHOI KIJIEEHOI NEPEBUHHM COCHH fc,04=34,5 MIlla Ta
BIJNOBITHY 1€()OPMIBHICTH Uc,0,4=0,00437 Mmm/MM (Puc.3a). Takoxk BH3HAU€HO TpaHUYHY MIIHICTh
MOAM(DIKOBAHOT EMIOKCHIHOIO CMOJIOK0 KJIICEHOI JEPEBUHU COCHH fc,0,d,mod=43,9 Mlla Ta BigmoigHa
NePOPMIBHICTD Uc,0,d,mod=0,00416 MM/Mm (Puc.36). Ormxe, Moaudikailis KI€€HOI IepEeBHHU
€MOKCHUIHOIO CMOJIOI0 30UIbINYE TpaHWYHy MilHICTh B 1,27 pa3, mpu oMy JehOpMiBHICTH
3MeHuyeTses B 1,05 pasu.

Ha ocHOBI mpoBeneHOro EKCIEpUMEHTY HaBEICHO ycepeaHeHl aiarpamMu JaedopMyBaHHS
HEeoOpOoOIeHOT KIIGEHOI JEpEeBHMHHM COCHM 32 MAaJONUKIOBOro HaBaHTaxeHHs (Puc.4a) Ta
Moan(iKOBaHOT eMOKCUAHOI cMmooro (Puc.40).

a) Oc.cyer MlIIa a) O mod,cycs MlIlIa
35 - 45
40 -
30 - 0
35 A
25 4 30 -
20 - 25 -
15 - 20 1
15 -
10 - >
10 -
5 uc,cyc’ 5 uc,mod,cyc’
MM/MM MM/MM
0 T T T T T 1 T T T T T 1
0 0,001 0,002 0,003 0,004 0,005 0,006 0 0,001 0,002 0,003 0,004 0,005 0,006

Puc.4. Ycepenneni aiarpamu neopMyBaHHS KJIE€HOI TEPEBUHU COCHU 32 MAJIOLIUKIIOBOTO
HaBaHTXKEHHS: a) HeMo I (ikoBaHOi; 0) MoaudiKOBaHOT
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[Ticms oOpoOku pe3ynbTaTiB AOCTIPKEHHS Ta ToOymoBH jgiarpaMm aedopMyBaHHS OyIiio
BCTAQHOBJICHO TPAHUYHY MIIHICTh HEOOPOOJICHOI KJIIGEHOT IEPEBUHU COCHHU MICIs i MaJIOLUKIOBUX
HABAHTAXCHD fc,0,d.cyc=32,4 MIla Ta BimnoBimHy AePOPMIBHICTD Uco,d,cyc=0,00493 mm/mMm (Puc.4a).
Takox BU3HAUEHO TPAaHUYHY MIIHICTh MOAM(]DIKOBAHOI €MOKCHUIAHOI CMOJIOI KIICEHOI JepEeBUHU
COCHHU fc,0,d,mod,cyc=41,2 MlIla Ta BimnmoBigHy HehOPMIBHICTD Uco,dmod,cyc=0,00451 Mm/mMm (Puc.40).
OTxe, BIUIMB MAJIOIHMKJIOBUX HABAHTA)KEHb 3MEHIIYE IPAaHUYHY MIIHICTh HEOOpOOJIEHOT KIIeEHOT
nepesunu 1,06 pasu, npu 1pomy aedopMiBHICTD migBuiyerses B 1,13 pasu. [[ns monugikoBaHoi
JIEPEBUHH CIIOCTEPIra€Thcsl Taka >K KapTHHA TpaHWYHA MIIHICTH 3MeHunyeTrbes B 1,07 pasw,
nedopMiBHICT B CBOIO 4epry 3poctae B 1,08 pasu.

BucHoBku:

1. Y mockonaneHo crocid moaudikarii 1epeBUHH €TOKCHIHOIO CMOJIOIO.

2. IIpoBeneHO eKCHepUMEHTaIbHI JTOCTIIKEHHS HeoOpoOseHoi Ta MOAU(IKOBaHOT KIEE€HOI
JEPEBUHU COCHH 3a JIii OTHOPA30BUX KOPOTKOYACHUX Ta MAIIONMKIOBUX HAaBAHTaKEHb 32 OCHOBOTO
CTHUCKY B3I0BX BOJIOKOH.

3. [NobynoBano ycepenHeHi maiarpamu aedopmyBaHHS MOAU(IKOBaHOI Ta HEMOIU(DIKOBAHOT
KJICEHOT IEPEBUHU COCHU 33 OJJHOPA30BUX KOPOTKOYACHUX Ta MAJIOIIMKIOBUX HABAHTAXKEHb.

4. 3a pe3yJabTaTaMi €KCIIEPUMEHTALHUX JOCIIKEHb OYJIO BCTAHOBIICHO TPAaHUYHY MIIHICTh
Ta BIANOBINHY /1e(hOpMiBHICTH HEOOPOOIEHOT Ta MOAM(IKOBAHOI KICEHOT JEPEBUHHU COCHH, SIK 3a
OJTHOPA30BHX KOPOTKOYACHHX, TaK 1 32 MAIOIMKIOBUX HABAHTAKCHb.

5. Monudikartist KJIEHOT JepEeBUHI COCHU €MOKCHTHOIO CMOJIOIO 3017IbIIIy€e TPAaHUYHY MIIHICTh
B 1,27 pa3, npu npboMy aehopMiBHICTb 3MeHIITyeThCs B 1,05 pasmu.

6. BriiuB MajoOUMKIOBUX HABAaHTAXXEHb 3MEHIIIYE TPAaHUYHY MILHICTH HEOOPOOJIEHOI KIIe€HOT
nepesunu 1,06 pasu, npu 1poMmy JaedopMiBHICTD migBuiyetses B 1,13 pasu. [[ns monugikoBaHoi
JIEPEBUHH CIIOCTEPIra€Thcsl Taka >K KapTWHA TpaHWYHA MILHICTH 3MeHunyeTrbes B 1,07 pasw,
nedOpMIBHICTh B CBOIO 4epry 3poctae B 1,08 pasu.
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INFLUENCE OF SINGLE AND SHORT-CYCLE LOADS ON THE MECHANICAL
CHARACTERISTICS OF GLUE-LAIMED PINE WOOD MODIFIED WITH EPOXY
RESIN

Chapiuk O.S., PhD, associate professor,
ochapiuk1983@gmail.com: ORCID: 0000-0003-0283-1863
Homon O.0., senior laboratory assistant
olyahomons@gmail.com

Lutsk National Technical University

Annotation: Wood is a natural unique material. It has its own exclusive physical and
mechanical properties. Wood has many advantages compared to other materials. It is used in virtually
all industries. The structure and unique physical and mechanical properties allow it to be used in the
manufacture of a variety of products. The aim of the work is to conduct experimental studies of glued
pine wood modified with epoxy resin under the influence of single short-term and low-cycle loads,
construct deformation diagrams, and establish strength and deformation indicators. The method of
experimental research of untreated and modified glued pine wood under the action of single short-
term and low-cycle loads in axial compression along the fibers is presented. The method of wood
modification with epoxy resin has been improved. Modified and unmodified prisms were tested under
single and low-cycle loads on a STM-100 testing machine under axial compression along the fibers.
Experimental studies of untreated and modified glued pine wood under the action of single short-term
and low-cycle loads under axial compression along the fibers have been conducted. Averaged
deformation diagrams of modified and unmodified glued pine wood under single short-term and low-
cycle loads have been constructed. According to the results of experimental studies, the ultimate
strength and corresponding deformability of untreated and modified glued pine wood were
established, both under single short-term and low-cycle loads. Modification of glued pine wood with
epoxy resin increases the ultimate strength by 1.27 times, while the deformability decreases by 1.05
times. The effect of low-cycle loads reduces the ultimate strength of untreated glued laminated timber
by 1.06 times, while the deformability increases by 1.13 times. For modified wood, the same pattern
is observed: the ultimate strength decreases by 1.07 times, while the deformability, in turn, increases
by 1.08 times.

Keywords: modified glued laminated timber, low-cycle loads, epoxy resin, modification,
strength, deformability.
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YK 624.011.1 d0i:10.31650/2707-3068-2025-29-148-156

TEOPETUYHE JOCJ/I>KEHHS ITPOI'MHIB KOMBIHOBAHHUX INTEPEXPECHO-
KJIEE€HUX JEPEB’SIHUX ITAHEJIEH 3 YPAXYBAHHSAM HOB3YYOCTI

Hlexopkina C.€., 0.1.H., mpodecop,
svitlana.shekhorkina@pdaba.edu.ua, ORCID: 0000-0002-4377-3746
Tanam A.B., aciipanr,

talashandrii@gmail.com, ORCID: 0009-0008-1559-4629
Vrpaincoruil oepoicasnuil yHigepcumem HAyKu i mexHo102il

AHoOTaUig. Y CTaTTi JOCTIKEHO MOJIMBICTh 3aCTOCYBaHHS KOMITO3UIIIMHUX MartepialiB i3
BTOPUHHOI JIEPEBHHHM Yy TONEPEUHUX Iapax MepexpecHo-kiaeeHux nepen’ssuux mnaneneit (ITK])
[IIIXOM OLIHKU BIUTUBY (DI3UKO-MEXaHIYHUX XapaKTePUCTUK HA NMporuHu komOinoBanux I1K/I-
MaHeJeld TOPIBHSAHO 3 TPAAUIIIMHUMHU 13 CYIIIBHOI JepeBHHH. METOHO0JIOTis JTOCTIIKEHHS
0a3yBanacsi Ha YMCEIILHOMY MOJETIOBaHHI METOJOM CKIHYEHHHX €JIEMEHTIB Yy MpOTrpaMHOMY
komruiekci RFEM 5. Posrnsayro Tpu- ta m’stumaposi [1K]I-maneni nponsoroM 3—5 M mia Ji€ro
PIBHOMIPHOTO HAaBaHTA)XKEHHS 3 ypaxyBaHHAM JedopManiii moB3ydocTi. PesynbraT mokasanu, 1o
BukopuctanHs LVL 1 OSB B HeHecy4nx m1apax MmaHeli CyTTEBO HE BILUIMBAE PO3MOJILI HAMPYKCHb,
aJie IPU3BOIUTH JI0 301bIIeHHs TporuHiB Ha 10-25% 3anexHo Bix kKoHirypamii. BcranoBieHo, 1o
nedopmarllii moB3ydocTi 30UIbLIYIOTh NMPOTMHU BCiX TUIliB naHened Ha 47-63%. [JlocnimkeHHs
HiATBEP/KYE IOLUIBHICTh 3acTOCyBaHHA BTOpUHHOI nepeBunu y IIKJl-maHenmsix, 1o crpuse
pecypcoeeKTUBHOCTI Ta 3MEHIIICHHS BIAXOIB y OyaiBeIbHIN Ta AEpEBOOOPOOHIH TaTy3sX.

KniouoBi cioBa: mepexpecHO-KI€E€HAa [EpEBHHA, JAEPEBUHA BTOPUHHOTO ITOXOJUKEHHS,
KOMIIO3ULIIHI IepeBUHHI MaTepiaiy, Aedopmariii MoB3y4oCTi, IPOTUHU

Beenenns. CydacHi BUMOTH LIOJI0 CTIMKOTO PO3BUTKY CHPUYMHMIIM 3POCTAaHHS 1HTEpECYy 10
€KOJIOTIYHUX OyAiBeIbHUX pimieHb. B ocTaHHI poku Oy/iBelbHA raly3b CTajla CBIJIKOM TOMITHOTO
BIJIPO/KEHHS 1HTEpECY /10 JePEeBUHH SIK KOHCTPYKIIiifHOTO Matepiany [1]. Lle 00ymoBiIeHO MOSIBOIO
CyJaCHHUX 1HXEHEPHHUX PO3POOOK B Trajy3i MAaCMBHOI JACPEBUHU [2], cepen AKuX, MOPsA 13 BIAOMHUM
OaraTtomapoBUM KJICEHHMM OpycoM, MOXKHAa BHUJUIMTH JlaMiHOBaHMM mmmoHoBaHuii 6pyc (LVL) Ta
nepexpecHo-kieeny naepeBuny (CLT ab6o IIK]). Lli mepemoBi po3poOKH PEBOJIOIIOHI3YBAIH
CBITOBU Oy/iBENbHUI CEKTOp, 3pOOMBIIN JCPEBHHY, SKa € IOHOBIIOBAHMM Ta JIOCTYITHUM
MIPUPOTHUM PECYPCOM, PEaTbHUM BHOOPOM 17151 3BEJICHHS Oy/IiBENb Ta CIIOPY PI3HOTO MPU3HAYCHHS.
[TomanpmuM HampsIMKOM HAyKOBUX JIOCHI/PKEHb B aCIEKTax Mepexoay A0 IHUPKYISApPHOT MoJelni
€KOHOMIKM Ta JekapOoHizallii OyiBelb MOXK€ CTaTH BUKOPHCTAaHHS CHPOBHUHH BTOPHHHOTO
MOXO/KEHHS, HU3bKOCOPTHOI 200 HENIKBIIHOI JEpEeBUHH B 1H)KEHEPHUX BUPOOAX 3 JACPEBHHU IS
BUKOPHUCTAHHSI B HECYYUX KOHCTPYKIIISIX.

AHaJi3 ocTaHHiX JocailkeHb Ta nyoJikaniii. [lepexpecHo-kneena aepesuna (ITKI) — me
1H)KEHEepHUH BUPIO, 10 CKIIAA€ThCS 13 HEMApPHOI KUTBKOCTI CKIICEHUX MiK co00t0 mapiB (Big 3 10 9)
JIONIOK, IO YKJIAJaloThCs Y B3aEMHO NMEpHeHIUKYIsApHuX HampsMkax. [IK]/] Oyma po3pobnena B
1990-x pokax B ABcTpii 1 3 Toro dacy HaOysna mommpeHHs B 0araTboX KpaiHaxX sk epeKTUBHHI
OyniBenbHUM MaTepia A OyniBeib pi3HOro MPU3HAYCHHS, B TOMY YMCIi OaraTonoBepxoBux [3].

BaxxnuBum nutaHHsAM y OyIiBHHUIITBI 3 JE€PEBUHH, K CHPOBUHH IPUPOIHOTO MOXOMKEHHS, €
pecypcooImagHicTb. JloCATTH HOTO MOMIJIMBO 32 PaXyHOK BHKOPHCTAHHS pe3epBiB TOHKOMIPHOI,
HU3BKOCOPTHOI 1 HETIKBITHOIT AepeBUHU. 3a TaHUMH [4] B YKpaiHi 3arOTOBIIOETHCS OM3bKO 15 MITH.
M JTKBiHOT JNEPEeBUHHU Ha PiK. 3 OTO 00CATY A0 3 MIIH. M CKIIaiae HU3BKOTOBApHA Ta HENIKBiTHA
nepeBuHa. [HIIMM HKepesoM CHPOBUHU MOXE OyTH JIepeBHHA, HE TOB’si3aHa 0e3MoCepeHbO 13
micozarortiBiero. Ll nepeBuHa kinacu@ikyeTbes 3a TphOMa OCHOBHUMU THUITAMHU:

- penukiTiHTOBa (Bi aHT. recycled), MO HAAXOAUTh 3 ICHYIOUMX KOHCTPYKIIIH, sKi Oynm
3HeceHi abo JEeMOHTOBaHi, 1 MiAAaeThCsi OOpOOIl TaKUM YWHOM, IO KIHLIEBUH MPOIYKT
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BUKOPHUCTOBYETHCS 3a 1HIMUM MPU3HAYCHHSAM (ANPHUKIIAJ, CJIEMEHTH OaJIOK TEPEKPUTTIB MOXYTh
CIIyTyBaTH CHPOBHHOIO JIJIsl IEPEBHOCTPY>KKOBUX IIITUT 200 MAPKETHOI JOIIKH TOIIO);

- IOBTOPHOTO BUKOPUCTAHHS (B aHTIL. reclaimed), sika Bxke Oyia 3aroToBJieHa Ta BUKOPUCTaHa
st OyJIiBHUIITBA, aje 3aBISKH BiAIOBITHOMY COPTYBaHHIO MOXe OYyTH 3aCTOCOBaHA MOBTOPHO B
CTPYKTYPHUX €JIEMEHTaX 4H JUJIs 1HIIHUX IIUIeH 06e3 1oaaTkoBoi 00poOku. Llei Bua Moke BKIIOYATH
MOCTIHAYCTpiaJIbHy JEpEBUHY, L0 OTPUMYETHCA 3 BIAXOIIB JA€peBOOOPOOKH Ta BHPOOHHIITBA
MUJIoMaTepialliB Ta 1HIIUX BUPOOIB, Ta MOCTCIIOKUBYY JEPEBUHY, III0 B OCHOBHOMY BUJIY4a€ThCS 31
cTapux OyIMHKIB, MOCTIB Ta IHIIUX CIIOPY/I;

- «30epexeHay (Bi7 aHTI. salvaged) nepeBuHa, sKa € MOOIYHUM MPOJAYKTOM 1HIIIOTO TIPOLIECY.
Jl>xepenoM 1IOro BUAY JIEPEBUHHU MOXKYThH CIYT'YBaTH JEpeBa, M0 BUAANSIOTHCS MPHU TUIAHOBUX
crujax Ha TEPUTOPISIX MICT, NMPH MIATOTOBIN 3eMENbHUX JUISTHOK NIl OyIIBHUIITBA, TIPH TIJIAHOBUX
BUpPYOKax y IpOMHCIOBOMY CaJiBHHUIITBI TOILO. SIK MPaBHUIIO TaKi IepeBa MePETBOPIOIOTHCS HA TPICKY
a00 CIaOTHCA K BIIXOAM, TOAI K BUKOPUCTAHHS iX B SKOCTI CHPOBHHH Yy JIEPEBOOOPOOHIMA
MIPOMHCIIOBOCTI JUIsi BUPOOHHIITBA B TOMY YHCII OyAiBeNbHOI MPOAYKLii MOke OyTH Ba)XJIMBUM
KPOKOM Y MEPEX0/Ii 10 palioOHaTLHOTO TPUPOIOKOPUCTYBAHHS.

Bci BuienaBe/ieHi TUIIM BTOPUHHOI JIPEBUHH MOXKYTh OYTH BUKOPHCTaH1 JJIsi BUTOTOBIICHHS
JnepeBUHHUX Kommno3umiianx Marepianax (OSB, JICII i T.mm.), a TaKoK y KOMIO3UIIIHHUX JIONIKAX,
Opycax Ta umMTax KOHCTpYyKIiiHOTrOo mpu3sHadeHHs (30kpema, LVL, OSL, LSL, PSL Tomro) [5]. i
BHPOOM CBOEIO YEProOl0 MaKyTh CIYT'YBaTH CKJIQJOBHMH KOMIIO3UTHUX ab0 OaraTomapoBux
JepeB’ THUX KOHCTPYKLiH. Taka MOXKIUBICTh CHOTO/IHI OTpUMaJla PO3BUTOK y CYy4aCHHX PO3pOOKax,
CIPSIMOBAaHUX Ha MaKCHUMaJbHO €()EeKTHBHE BUKOPHCTAHHS BCiX BHUIIB JCPEBHHHU Ta MIiHIMI3aIlito
JICpEBUHHUX BIXO/IB ITiJl 3aXOPOHEHHS a00 YTHIIi3aIlifo.

Texnomoris BurotoBnenHs IIK][-manenelt mepembavae, mo sSK B TO3JOBXHIX, TaK 1 B
MOTIEPEYHHMX IIIapaX, BUKOPUCTOBYETHCS BiICOPTOBaHA AepeBuHA. [Ipu 11boMy Hecyda 34aTHICTh MIPH
3THHI Ta CTUCKY 3QJICKUTHh BiJl MIIHOCTI JEPEBHHH Ta IUIOMNII TOIEPEYHOT0 Tepepi3y JOIIOK,
HABAaHTA)XCHHUX B3JIOBXK BOJOKOH. [lomepedHi mapu maHem MPaKTUYHO HE MPUKHMAIOTH y4acTh Y
CHPUIHATTI HAaBaHTAXEHHS, ajie BUKOHYIOTh POJIb CTPYKTYPHHX €JIE€MEHTIB, sIKi BIIMOBITAIOTH 3a
Mepepo3MOo/IiI HABAHTAKECHHS MO JOBXKUHI KOHCTPYKIii. 3 OMNIAay Ha 1e, Ui MiJBUIICHHS
pecypcoedeKTUBHOCTI Ta 3a0e3TMeUYCHHS] MOKIIMBOCTI BUKOPUCTAHHS BTOPUHHO1, HU3bKOTOBAPHOI Ta
HEJIIKBIIHOT JI€PEBUHU Pl aBTOPIB IMPOINOHYE B IMONEPEYHUX MIapax BUKOPUCTOBYBATH Taki
KOMITO3HITIHI MaTepiaiu sSIK OpIEHTOBAHO-CTPY)KKOBI IUTUTHI BUPOOH, OPYC 3 IAMIHOBAHOTO IIITIOHY
touro [6, 7]. Lle 0OymoBII0€ HEOOXiIHICTH BUKOHAHHS OCHIKEHb HANpyXeHO-Ie(pOPMOBAHOTO
crany HoBux BuiB [TK/I.

MeTo10 po6OTH € TEOpETUYHE IOCIIIKEHHS MPOTHHIB KOMOIHOBAHUX MEPEXPECHO-KICEHNX
JepeBSIHUX TaHelel 3 BUKOPUCTAHHSM KOMITO3ULINHUX BHPOOIB 3 JIEPEBUHU BTOPUHHOTO
MOXOJKEHHSI.

Marepiaan Ta MeToau. JlepeBrHa € aHI30TPOITHUM MAaTepiajioM i3 TphOMa TOJIOBHUMH OCSIMHU
(MIO10BKHBOIO, TAHTEHITIATFHOIO, PAAialIbHOIO), ajle TIPU MOJICTIOBAHHI Ta MPAKTUYHHUX PO3paXyHKaxX
i 3a3BU4Yail PO3TIIANAIOTH SK OPTOTPONHUN MaTepiall. Bu3HaueHHS mapaMeTpiB HaIpyKEeHO-
nedopmosanoro crany 1K/ € 6i1bIn CKI1aJHUM, OCKUJIBKY MTaHENb € 6araTomapoBO0 KOHCTPYKIII€I0
3 OPTOTPOIIHUX €JEMEHTIB 3 PI3HUMH BJIACTUBOCTSMU MapaliebHO 1 MEPIEHIUKYISIPHO OCHOBHOMY
HanpsMKy naHeni. Pi3uKo-MexaHiuHi Ta TeOMETPUYHI XapaKTEPUCTUKU KOXKHOTO OKPEMOTO IIapy
BUKOPHUCTOBYIOTHCS SIK BX1/IHI JIaH1 JJIsi OMKCY OPTOTPOITHOTO MaTepialy Ta (GOpMyBaHHS MaTpPHII
xopctrocti [TK][-nanerni.

CygacHi metonu po3paxyHKy aedopmariii 1 HanpyxeHb B I[IKJI-manemi rpyHTyroThCS Ha
(byHIaMEHTAILHUX TMOJIOKEHHIX Teopii ruractuH Minanina-PeliccHepa, sika J03BOJIsiE BpaxyBaTu
3CYBHI HaNpyXeHHs Ta AedopmMarrii o TOBIIMHI IJIACTUHU TPH 11 3ruHaHHI [§].

CxemaTWuHe TpEACTaBIEHHS CHUJI Ta MOMEHTiB, mo nitote Ha [IK]/[-manens, a Takox
BIAMOBITHKUX AedopMaltiii 3riJJHO 3 Teopi€eto iacTiuH MiHTiHa-PeliccHepa HaBOIATh aBTOPH POOOTH

[9] (puc. 1).
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Puc. 1. CxemaTudHe IpeICTaBICHHS CUJI Ta MOMEHTIB, 110 AitoTh Ha [IK]I-manens, Ta BiANOBIAHUX
nedpopmariiit [9]: Mx, My - 3ruHanbH1i MOMEHTHU; Mxy - KpYTHHI MOMEHT; Vxz, Vy, — OMepeyHi
(3cyBHi1) cunu;, Nx, Ny — mo310BxHI cuin; Nxy - 3CyBHA CHJIA B TUIOLIHUHI; Yxz, Yyz, Yxy — 3CYBHI
nedopmartii; kx, ky, kxy — KpuBu3Ha; &x, €y — nedopmartii B mouuti; Ry, Ry — paaiyc kpuBuznu

B 3aranpHOMY BHIAAKy CHIBBIJHOIICHHS HampyxXeHHs—AehopMalii s OpTOTPOITHOTO
Martepiany y MaTpuuHiil popMmi BUTIISAa€ HACTYITHUM YUHOM [8, 9]:

M,| [D;; Dy 0 0 0 0 0 0 k,
M, Dy 0 0 0 0 0 0 ky
My, kD3 0 0 0 0 0 kyy
sz _ D44 D45 0 0 0 . Y xz (1)
Ve Dss 0 0 0 |7
Ny sym Des  Dg7 0 Ex
Ny Dy 0 &y
No ) L kggDgg | |V xy
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B piBusnHI (1) 3MiHHI Djj B CyKYIHOCT1 (OPMYIOTh MAaTPHUIIIO KOPCTKOCTI €JI€MEHTA:

Dii, ..., D33 BU3HAYAIOTh 3THHAILHY KOPCTKICTh;
Dy, ..., Dss BUBHAYAIOTh 3CYBHY KOPCTKICTh;
Des, ..., Dss BA3HAYAIOTh OCBOBY ) KOPCTKICTb.

Koedimientu k33 Ta kss BAKOPUCTOBYIOTHCS JUIsl KOPUTYBAaHHSI 3HaU€Hb €JIEMEHTIB )KOPCTKOCTI
B MaTPHUIIi BIIOBIIHO 10 HASBHOCTI CKJICIOBAHHSI [0 KOPOTKHUM KpasiM JIOMIOK, 1110 ckiianaroTsh [TK]I-
MaHeNb.

Ockinbku mapu TIKJI, sk mpaBuiio, HE CKICIOIOTHCS MO KOPOTKMM CTOPOHAM JIOIIOK, TO
HanpyXeHHsI 3CYBY 4Yepe3 HUX He mepenarorbes. s BpaxyBaHHS BIUIMBY I[bOrO (axkTopy Ha
3HIDKEHHS )KOPCTKOCTI MaHeli KoeilieHTH k33 Ta kss BU3HAYAOTHCS 3a hopmynamu [10]:

1
ks = , )

t~qD
1+6pD(lj
a

1
k88 = s (3)

¢ qas
1+6ps(lj
a

1€ pp, Ps, 4D Ta ¢s — eMITIPUIHI KOeiIli€HTH, 3HAYCHHS SIKUX HABEICHO B Ta0JI. 1; @ — mmpuHa JOUIKY;
ti — ycepennene 3HadeHHs TOBUUHY wapy [IK/L (ti=hpane/n); hpane — TOBILIMHA TIaHEN1; 71 — KUTBKICTD
Iapis.

Tabmuns 1 — 3navueHHs KoedillieHTIB pp, ps, ¢p Ta gs [10]

o KinpkicTh mapis
Koedimient
3 5 7
pp 0,89 0,67 0,55
qp 1,33 1,26 1,23
ps 0,53 0,43 0,43
qs 1,21 1,21 1,21

Hocnimxenns BmuBy Ha nporunu [1K/I-maneneil 3aMiHK B monepeyHUX IIapax 3BUYAHHUX
UJIoOMaTepiaiB Ha KOMITO3UIIIIHI Marepiaqu 3 JepeBHHH BHUKOHYBAIOCh METOJOM CKiHYEHHHUX
eneMeHTiB 3 BukopuctanusaMm Moayisi RF-LAMINATE nporpamuaoro kommiekcy Dlubal RFEM 5, B
SKOMY peaji30BaHO BHIECHABECHI TEOPETUYHI MOJIOKEHHS.

Posrnsimanucst gexinbka BapiaHTIB maHenedl nepekputts mupuHoo 1,0 m. Ilpombotu
cranoBuiu 3, 4 Ta 5 M. Tun obnupanHs — mapHipHE 3 JBOX CTOpPiH. 3a KOH(QIrypami€r mnaHelb
CKJIaJiaacs 3 TPhOX Ta I ATH mapiB (Tadi. 2, 3). B AKOCTI MO310BXKHIX MIAPiB PO3TIATATUCS JOITKH
3 JIepeBUHU COCHU kiacy wmirHocti C24 TopmuHo 20 MM Ta 30 MM, mwmpunoo 100 MM. B sxocti
MOTIEPEYHMX MIAPiB OyJIU MPUHUHATI OPI€EHTOBAHO-CTPYKKOBI TIuTH TUy OSB-3 ToBIMHOIO 18 MM,
a Tako Opyc 3 naminoBanoro mmnony Tuny LVL 36 C toumnoro 24 mwm. [lupuna enemenris 3 OSB
ta LVL npuiimanacst aHaIOT14HO MTO3IOBXKHIM IIapaM.

Ta6muus 2 - Kondiryparist 3-maposux komOinoBanux [1K/[-nanenei

Howmep Ta HanpsiMOK IIapy/TOBIIMHA [IAPY, MM
Tun ma"eni 1 2 3 TOSI}II;:I?{EH?AM
0 90 0 ’
CLT 30 30 30 90
CLS-OSB 30 18 30 78
CLT-LVL 30 24 30 84
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Ta6muist 3 — Kondirypanis S-maposux kom6inoBanux I1K/[-nmanenei

HomMep Ta HanpsIMOK IIapy/TOBIIMHA IIAPY, MM
Tun nauent 1 . 2 . .E: . 4 - 5 Cymapha
90 0 90 0 TOBIIMHA, MM
CLT 20 20 20 20 20 100
CLS-OSB 20 18 20 18 20 96
CLT-LVL 20 24 20 24 20 108

[Taneni 3amaBanucs B TPUBUMIPHINA 03HAILl MOJIEII 32 JOTIOMOT'OF0 CKIHUEHHUX €JIEMEHTIB THUITY
2D Surface (IToBepxust). o Moaeneil nmpukiananocs piBHOMIPHO PO3MOAiIEHE HABAHTAXKEHHS IO
BCit TutonuHi inTeHcuBHiCTIO 100 Kr/M%. 3araibHUi BUTIIS PO3paxyHKOBOI MOJIEJl IPUBEACHO Ha
puc. 2.

T
Puc. 2. 3aranpauii Bursin po3paxyHkoBoi Mmozeni B Dlubal RFEM 5

OCKUTbKHA TEXHOJIOT1i BUPOOHHWIITBA 1H)XKEHEPHUX BUPOOIB 3 JACpEeBUHH (B TOMY YHCII,
BTOPUHHOTO TOXO/KEHHS) Jal0Th MOXKJIMBICTH 3a0€3MEYMTH KOHTPOJIbOBAHI 3HaueHHS (i3uKo-
MEXaHIYHUX XapaKTEePUCTHUK, TO BIACTUBOCTI OPIEHTOBAHO-CTPYKKOBUX BUPOOIB Ta KJIIGEHOTO ILTOHY
npuiManucs BiAmoBigHo no pekomenaamiii [ 11, 12]. [Tpu mbomy ockinbku LVL B monepedHux mrapax
[IK]] maneneii opieHTOBaHI MEpNEHAMKYISIPHO BOJOKHAM IIIMOHY, TO Ui OOYHCIIEHb NpUKiMaBcs
MOJyJIb MPYKHOCTI NEPIECHANKYIISPHO BOJIOKHY IPHU IIOCKOMY 3TMHAHHI E 90, mean. [T CyLIIBHOT
JepEeBUHU TNPUHAMaABCAd MOJAYJb MPYXKHOCTI B3JIOBX BOJOKOH Eu0mean, @ AN OPIEHTOBAHO-
CTPYXKOBHX IUTUT MOAYJIb IPYKHOCTI Emean.

Jlns BpaxyBaHHSI BIUIMBY JedopMalliidi MOB3y4OCTi A0 MOYATKOBOTO CEPEIHBOTO MOIYIIS
MPY>KHOCTI MaTepiairy 3aCTOCOBYBaBCs KOeQillieHT aedopMartiil ke 3T1AHO 13 YUHHUMHU HOPMaMH Ta
pEeKOMEeHIaIlisIMu 3 TIpoekTyBanHs [11, 12]:

Emean,ﬁn,i = Emean,i/(l + kdef)’ “4)

1€ Emean,i — TOYATKOBHUIA CEPEIHIN MOAYIb NMPYKHOCTI; Eean,fini — TOBHUN MOIYJb MPYXKHOCTI; Kdef -
koedimieHT gedopmaliit 11 BpaxyBaHHS BITUBY MOB3YYOCTI.

BinnoBinHi 3Ha4YeHHS MOIyJEH TNPYKHOCTI MOYATKOBHX Ta IOBHUX 3 YypaxyBaHHSAM
MOB3YyYOCTi, a TaKOK KoedirieHTiB nedopmartiii mpuBeaeHi B Ta0l. 4.

3HavyeHHs Koe(ilieHTIB k33 Ta ksg ans mpuidHATHX KoHGirypauii I[IK/[-maneneir 3
KOMOIHOBaHOI CHPOBHHH, OOYHUCIICH] 3 BUKOpUCTaHHAM dopmyi (2), (3) mpuBeaeHi B TabI. 5.

Tabmuns 4 - Monyni npykHOCTI Ta KoediuieHTH nedopMamiil kger I MOJAETIOBAHHSA
HanpykeHo-nepopmosanoro crany IIK/[-nanenei

HaiimenyBanns [ToyaTkoBuU MOYNb Koedirmient [ToBHUI MOYJIb
MaTepiany IPYKHOCTI Epeani, MI1a nedopmaniit kser | IPy)KHOCTI Epean fini, MI1a
CyuinbHa gepeBruHa
Coa 12000 0.6 7500
OSB-3 4930 1.5 1972
LVL 36 C 2000 0.6 1200

Tabmuus 5 — Bennunnu xoedinieHTis k33 Ta kg 11 npuitaatux kongirypauii [IK/I-nanenei
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KoeimieHTiB 10 €1eMEHTIB MaTPHIIi
o . . Cymapna .
KinbkicTs mapis Tun naneni YKOPCTKOCTI
TOBIIIMHA, MM
k33 kss

CLT 90 0,482 0,574

3 CLT-OSB 78 0,529 0,616

CLT-LVL 84 0,504 0,595

CLT 100 0,654 0,731

5 CLT-OSB 96 0,666 0,741

CLT-LVL 104 0,632 0,712

Pe3yabTaTn. B pesynpraTi cTaTMyHOrO po3paxyHKy npuiiHsaTHX BapianTtiB [1K/l-maneneit
OyJ1I0 BCTAaHOBJIEHO, IIJ0 BUKOPUCTAHHS B HEHECYUHX IIapaX KOMIIO3ULIHHUX MaTepiatiB 3 JepeBUHU
BTOPUHHOTO MOXO/uKeHHs (Ha mpukiani LVL Tta OSB) icTOTHO He BIJIMBa€ Ha BEITUYUHY
pPO3paxyHKOBHX BHYTPIIIHIX HANpPYXEHb B IONEPEUYHOMY Iepepi3i, MOPIBHIHO 31 3BUYAMHUMHU
na”ensiMH. BupimanbHy posib MpH OJHAKOBHHA JOBXHHI IPOJILOTY T4 HABAHTA)KEHHI Ma€ 3arajbHa
TOBIIMHA KOHCTPYKIii. [IpoTe CyTT€BUM € BIUIMB XapaKTEPUCTUK MOB3YUOCTi AEPEBUHU Ta BUPOOIB
Ha 11 OCHOBI Ha 3arajbHi PO3PaXyHKOBI MPOTMHU MaHened mepekpurTs. OTpuMaHi JaHi m0J0
BEJIMYMHU MHUTTEBOTO (0€3 BpaxyBaHHsI TOB3YYOCTi) Ta MOBHOTO (3 ypaxyBaHHSM ITOB3y4YOCTi)
TIPOTHHY MpHU HaBaHTaxeHHi 100 Kr/M?, 0 npuBeieHi B Tabn. 6 Ta Ha puc. 3, 4.

Tabmuus 6 — [Iporunu 3Buvaiinux ta komOiHoBanux [1K/I-naneneit

. IIporun, MM
P Winst Wiin % Winst Wiin % Winst Wfin %

CLT 1,7 2,5 47,1 5,0 7,9 58,0 12,0 | 189 | 57,5
CLT-

3 wapu OSB 2,4 3,6 50,0 7,3 11,6 58,9 17,7 | 28,1 58,8
CLT-
LVL 1,8 2.9 61,1 5,8 9,2 58,6 14,1 22,5 | 59,6
CLT 1,5 2,2 46,7 4.4 6,8 54,5 10,6 16,5 | 55,7
CLT-

5 mapis OSB 1,6 2,5 56,3 4,9 7,6 55,1 11,7 18,5 | 58,1
CLT-
LVL 1,1 1,8 63,6 3,5 5,6 60,0 8,6 13,6 | 58,1

Tpumimka. Winss — MUTTEBUH IPOTUH, Wi, — HOBHUH IIPOTHH 3 ypaxyBaHHAM MOB3Y4YOCTI; % — PI3HULISL
s Wi

M)XK MUTTEBUM Ta MMOBHUM HPOTUHOM (Y BiICOTKAX).

30
N
. e
. 7’
/s o
20 p —o—CLT
= e et -#- CLT creep
5 )t 7 _ % —« CLT-OSB
l:'g //> 6
= =  CLT-OSB creep
=¥ CLT-LVL
:+«-« CLT-LVL creep
3 3,5 4 4,5 5

JopxuHa IPOJILOTY, M

Puc. 3. I'padik 3MiHM MUTTEBHUX Ta MOBHUX NMpOruHiB Tpumaposux [1K/[-nanenei
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20
. 2
é ——CLT
? =#= CLT cree
Z 10 P
c CLT-OSB
="
= => CLT-OSB creep
= -CLT-LVL
«=s-« CLT-LVL creep
0

3 3,5 4 4,5 5
JIOBXUHA IPOJILOTY, M

Puc. 4. I'padik 3MiHM MHTTEBHUX Ta MOBHUX MpOruHiB I’ stumaposux [1K]I-manenei

SAx BuaHO 3 Tabn. 6 Ta rpadikiB Ha puc. 3, 4, IPOTMHU 3 YpaxXyBaHHSIM TOB3Yy4OCTI
30impmytoThess Ha 47-63% (1,5-1,6 pasiB) ans Bcix posrimsHytux THmiB [1KJ, sk 3 Tpaauuiiinoi
CYHIUIBHOI JIepeBUHH, Tak 1 3 BUKopucTaHHsAM LVL ta OSB B HeHecyumx miapax. HEOOXiIHICTh
BpaxyBaHHS IIbOTO €PEKTY MPU PO3PAXyHKaAX.

OTpumMaHi JaHi MIATBEPUKYIOTh MOJKJIMBICTh BHKOPUCTAHHS JIE€PEBMHH BTOPUHHOTO
oXo/KeHHs [U1s BurotoBineHHs [1K/[-maneneil, npoTe Ha ChOTOAHI HEOOX1THI TOJAITBII TEOPETHUYHI
Ta eKCTIEPUMEHTAIIbHI JTOCITIDKEHHS MIITHOCTI Ta 1e()OpMaTUBHOCTI TaKUX BUPOOIB.

BucnoBku. I[IpoBeneHo dncenbHe MOJENTIOBAaHHSA HampyxeHo-nedopmosanoro crany ITK/I-
MaHeJleld METOJIOM CKIHYEHHUX €JIEMEHTIB y mporpamHoMy cepemnounii Dlubal RFEM 5 3
YpaxyBaHHIM XapaKTEPUCTUK MOB3YUOCTI JEPEBUHH Ta JACPEBUHHUX KOMIIO3UIIHHUX BHPOOIB
BTOPUHHOTO TMOXOKEeHHS. Pe3ynbTaTH po3paxyHKIB IMOKa3aiu, IO 3aCTOCYBaHHS KOMITO3UTHUX
marepianiB (LVL ta OSB) y nenecyunx mapax [TKJ[-KOHCTpyKIIiii HE BUKIUKAE CYTTEBUX 3MiH Y
pO3MOALT BHYTPIIIHIX HAMPYKCHb MOPIBHIHO 3 TPATUIIMHUMHY MMAHEIISIMH 13 CYLUIBHOI JEPEBUHH,
ajie MPHU3BOAUTH A0 30imbImeHHS mporuHiB Ha 10-25% 3anmexno Bin koH¢irypauii. KirouoBum
(dhakTOpOM, 110 BU3HAYAE HECYTY 3/IaTHICTh MPHU (PIKCOBAHUX MPOJIHOTI Ta HABAaHTAXKECHHI, € 3arajibHa
ToBmMHAa maHeni. Jlepopmanii moB3ydocTi icTOTHO BrMBarOTh Ha mnporuHu [IK/I-maneneii,
30impHIytoun ix Ha 47-63%.

OTtpumani AaHi TOKa3ajid, IO BHKOPHCTAHHS KOMIIO3MLIHHMX MarepiaiiB 13 BTOPUHHOI
nepeBuHu y momnepeunux mapax [IK/[-maneneit € mepcrneKTMBHUM HaMpsIMKOM YAOCKOHAJIECHHS
[IBOTO 1H)KEHEPHOTO0 BUPOOY 3 TOUYKU 30py pPecypcoe(eKTUBHOCTI Ta 3MEHIICHHS BIIXOMIB Y
OymiBeNbHIM Ta JEpeBOOOPOOHINM Tally3sdx, NPOTE MOTPeOye TMOMATBIINX TEOPETHUYHHUX Ta
eKCIIEPUMEHTAIBHUX JTOCIIKEHb HECY4O0l 3AaTHOCTI Ta MporuHiB komoOinoBanux [1K/[-manenei.

JlitrepaTtypa

1. Svajlenka, J.; Posivakova, T. Innovation potential of wood constructions in the context of
sustainability and efficiency of the construction industry. J. Clean. Prod. 2023, 411, 137209.

2. Schubert, M.; Panzarasa, G.; Burgert, I. Sustainability in wood products: A new perspective for
handling natural diversity. Chem. Rev. 2022, 123, 1889—-1924.

3. Yusoh A. S., Anwar UM.K,, Lee Sh., Ong C., Asniza M., Paridah M. (2025). The properties
of Cross Laminated Timber (CLT): A review. International Journal of Adhesion and Adhesives.
2025. Vol. 138, p. 103924. URL.: https://doi.org/10.1016/j.ijjadhadh.2024.103924.

154 -



CyuacHi 6ydigenvhi KOHCmMpYKYii 3 memany ma depegunu, 2025. — Bun. Ne 29 (cTop. 148-156)

4.

10.

11.

12.

[1]
[2]
[3]

[4]

[5]

[6]

[7]

[8]
[9]

3aroTiBisg JCPEBHMHM 3a BHUJAMH JIICOBOI NPOAYKII TO perioHax. /[lepowcasua cayicoa
CMAamucmuKu.

URL: https://ukrstat.gov.ua/operativ/operativ2020/sg/lis/lis_reg/arh_zdvp_reg u.htm

Medvid L. V. Systematization of wood waste - the basis of their effective use. Forestry, Forest,
Paper and Woodworking Industry. 2018. T. 44. C.91-104.
URL: https://doi.org/10.36930/42184412.

Mechanical properties of hybrid cross-laminated timber with wood-based materials / S. Yang
et al. Industrial Crops and Products. 2023. T. 206. C. 117629.
URL: https://doi.org/10.1016/j.indcrop.2023.117629.

The Dimensional Stability and Bonding Performance of Hybrid CLT Fabricated with Lumber
and COSB / Z. Liang et al. Buildings. 2022. Vol. 12, no. 10. P. 1669. URL:
https://doi.org/10.3390/buildings12101669.

Reddy J. N. Mechanics of Laminated Composite Plates and Shells. CRC Press, 2003.
URL: https://doi.org/10.1201/b124009.

Turesson J., Berg S., Ekevad M. Impact of board width on in-plane shear stiffness of cross-
laminated timber. Engineering Structures. 2019. T. 196. C. 109249.
URL.: https://doi.org/10.1016/j.engstruct.2019.05.090 (naTa 3Bepuenns: 14.05.2025).
Numerische Studien zur Drill- und Schubsteifigkeit von Brettsperrholz (BSP). Repository.
URL.: https://repository.tugraz.at/publications/nqew3-j9975 (nata 3Bepuenns: 13.03.2025).
EN 1995-1-1:2004. Eurocode 5: Design of timber structures - Part 1-1: General - Common rules
and rules for buildinds [Valid from 2004-12-15]. BSI, 2004. 124 p.

European = LVL  handbook. Metsdé  Group  —  Growth, with  a  future.
URL: https://www.metsagroup.com/metsawood/products-and-services/technical-
information/european-lvl-handbook/.

References

Svajlenka, J.; Posivakova, T. Innovation potential of wood constructions in the context of
sustainability and efficiency of the construction industry. J. Clean. Prod. 2023, 411, 137209.
Schubert, M.; Panzarasa, G.; Burgert, I. Sustainability in wood products: A new perspective for
handling natural diversity. Chem. Rev. 2022, 123, 1889—-1924.

Yusoh A. S., Anwar UM.K., Lee Sh., Ong C., Asniza M., Paridah M. (2025). The properties
of Cross Laminated Timber (CLT): A review. International Journal of Adhesion and Adhesives.
2025. Vol. 138, p. 103924. URL: https://doi.org/10.1016/j.ijadhadh.2024.103924.

3aroTiBisg JEPEBHMHM 3a BHUJAMH JIICOBOI NPOAYKII TO perioHax. /lepocasua cayxcoa
CMAamucmuxu.

URL: https://ukrstat.gov.ua/operativ/operativ2020/sg/lis/lis_reg/arh_zdvp_reg u.htm

Medvid L. V. Systematization of wood waste - the basis of their effective use. Forestry, Forest,
Paper and Woodworking Industry. 2018. T. 44. C.91-104.
URL.: https://doi.org/10.36930/42184412.

Mechanical properties of hybrid cross-laminated timber with wood-based materials / S. Yang
et al. Industrial Crops and Products. 2023. T. 206. C. 117629.
URL: https://doi.org/10.1016/].indcrop.2023.117629.

The Dimensional Stability and Bonding Performance of Hybrid CLT Fabricated with Lumber
and COSB / Z. Liang et al. Buildings. 2022. Vol. 12, no. 10. P. 1669. URL:
https://doi.org/10.3390/buildings12101669.

Reddy J. N. Mechanics of Laminated Composite Plates and Shells. CRC Press, 2003.
URL: https://doi.org/10.1201/b124009.

Turesson J., Berg S., Ekevad M. Impact of board width on in-plane shear stiffness of cross-
laminated timber. Engineering Structures. 2019. T. 196. C. 109249.
URL.: https://doi.org/10.1016/j.engstruct.2019.05.090 (naTa 3Bepuenns: 14.05.2025).

[10] Numerische Studien zur Drill- und Schubsteifigkeit von Brettsperrholz (BSP). Repository.

- 155 -



CyuacHi 6ydigenvhi KOHCmMpYKYii 3 memany ma depegunu, 2025. — Bun. Ne 29 (cTop. 148-156)

URL.: https://repository.tugraz.at/publications/nqew3-]9975 (nata 3Bepuenns: 13.03.2025).
[11] EN 1995-1-1:2004. Eurocode 5: Design of timber structures - Part 1-1: General - Common rules
and rules for buildinds [Valid from 2004-12-15]. BSI, 2004. 124 p.
[12] European  LVL  handbook. Metsé  Group  —  Growth, with  a  future.
URL.: https://www.metsagroup.com/metsawood/products-and-services/technical-
information/european-lvl-handbook/.

THEORETICAL STUDY OF DEFLECTIONS OF COMBINED CROSS-LAMINATED
TIMBER PANELS CONSIDERING CREEP
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Talash A.V., PhD Student,
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Abstract. This study investigates the structural behavior of cross-laminated timber (CLT)
panels incorporating secondary-origin wood-based composite materials (LVL and OSB) in their
transverse layers. The research aims to evaluate how such modifications affect the panels' stress
distribution and deformation characteristics compared to conventional solid-wood CLT panels. The
methodology relies on Mindlin-Reissner plate theory, accounting for shear deformation effects in
layered orthotropic materials through numerical finite element method modeling using RFEM 5
software.

Three-layer and five-layer CLT panel configurations with spans of 3m, 4m, and 5m were
analyzed under uniform loading conditions (100 kg/m?). The experimental models compared
traditional all-solid-wood panels with innovative designs featuring OSB-3 (18mm) and LVL 36C
(24mm) in non-load-bearing layers. Material properties were adjusted to consider long-term creep
effects using deformation coefficients according to Eurocode standards for Service Class 1
conditions.

Key findings reveal that engineered wood products in transverse layers cause no significant
changes in internal stress distribution patterns while panel thickness remains the dominant factor
affecting load-bearing capacity at equal spans. Creep deformation increases total deflection by 47-
63% across all panel types, with the most pronounced effect (up to 61.1%) observed in LVL-modified
panels. Three-layer composite panels show 10-25% higher deflections than conventional CLT, while
five-layer configurations demonstrate better performance stability.

The study confirms the technical feasibility of using secondary-origin wood composites in CLT
production, potentially contributing to circular economy principles in construction, improved
resource efficiency through utilization of low-grade timber and reduced environmental impact of
building materials. However, the significant creep effects (1.5-1.6 deflection increase) necessitate
careful consideration in design practices. The results provide a foundation for future research on
hybrid CLT optimization and standardization of calculation methods for sustainable timber
construction.

Keywords: cross-laminated timber, secondary timber, composite wood materials, creep
deformations, deflections.
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