OOECbKA OEPXABHA AKAOEMIA bYAIBHULUTBA TA APXITEKTYPU

ISIPRIAL AT NIPALS

ISSN: 2707-3068

CyyacHi OyaiBenbHi KOHCTPYKLi
3 MeTany Ta AepeBuHu

Bunyck Ne26

Opeca 2022




ISSN: 2707-3068

MIHICTEPCTBO OCBITHU I HAYKU YKPAITHH

OJECBHKA JEPY)KABHA AKAJEMISI
BYAIBHULITBA TA APXITEKTYPU

3BIPHUK HAYKOBHUX ITPAILb

CYYACHI BYAIBEJIbHI KOHCTPYKIIII
3 METAJIY TA IEPEBUHU

Bunyck Ne 26

OJIECA 2022



CYYACHI BYJIBEJbHI KOHCTPYKIIII 3 METAJIY TA JIEPEBUHU
ISSN: 2707-3068
Bunyck Ne 26, 2022 p.

30ipHUK HAyKOBUX Ipalb BUAaeThes 3 1992 p., mepioguunicts — 1 pa3 Ha pik.

3acHOBHUK 1 BujaBenb — OechKa AepkaBHa akaaeMis OyaiBHuITBa Ta apxitektypu (OJJABA).

CaimonTBo mpo aepxkaBHy peectparito KB 16172-4644P Bix 02.12.2009

30ipHMK HAYKOBHX Mpalb BXOAUTH J0 NMepesiky HayKOBUX (paxoBUX BUIAAHb YKPAiHU,
y SIKHX MOXYTb ITyOJIIKyBaTHCS pe3yibTaTH aucepraniiaux poodit. Hakaz MOH VYkpaiau Ne 409 Bin
17.03.2020 poky (kaTeropis b).

30ipHMK HAYKOBHX Npalb BKJIYEHO 10 Mi’KHAPOJHOI HaykoMeTpu4Hoi 0a3u Index
Copernicus.

VY 30ipHHKY NpeACTaBICHI pPE3ylbTaTH HAYKOBUX 1 EKCHEPUMEHTAIbHO-TEOPETHUYHHX
JOCHIJKeHb OyJiBEeNbHUX KOHCTPYKLINH 3 MeTanmy Ta jaepeBuHHU. [lpu3HayeHMid IUIsi HayKOBHX
MPaLiBHUKIB, CHEMIATICTIB MPOEKTHUX YCTAaHOB Ta BUPOOHUYMX MIiANPHEMCTB OyIiBEIbHOI Tay3i,
acmipaHTIB Ta MariCTpiB HaBYAIbHUX 3aKJIAIB.

I'osoBHmii penaxkrop — Kapmiok B.M. — 1-p TexH. Hayk, pod., OJIABA;
Binnoinanbuuii penakrop — Knumenko €.B. — 1-p TexH. Hayk, npod., OJJABA;
Bignosinansumii cexkperap — I'itogo O.FO. — k-1 TexH. Hayk, goil., OJIABA.

Pepaxkuiitna xoJierisi:
binuk C.I. — n-p TexH. Hayk, npod., KuiBcbkuii HamioHaNbHUN YHIBEPCHTET OYIIBHHUIITBA 1

apXITeKTypH;

Buposoii B.M. — 1-p TexH. Hayk, npod., OJJABA;

lidanenko O.M. — n-p TexH. Hayk, npod., ABH3 «IIpna3oBcbkuii nepxkaBHUHA TEXHIYHUNA
YHIBEPCHTET»;

T'onoanos O.I. — 1-p TexH. HayK, npod., TOB «Ykpincranskon iM. B.M. IllnumanoBcbKOro»;
Maxinbko A.B. — 1-p TexH. HayK, c.H.c., TOB «ETyanby;

Miuyrin C.®. — 1-p TexH. HayK, npod., [TonTaBchkuil HAIllOHAIBHUI TEXHIYHUNA YHIBEPCUTET IMEHI1
Opis Konaparioka;

CyxanoB B.I'. — 1-p TexH. Hayk, pod., OJJABA;

SAxoBenko I.A. — g-p TexH. Hayk, npod., HamionaneHuii yHIBepcuteT OiopecypciB 1
IIPUPOJOKOPUCTYBAHHS Y KpaiHU;

Aniskin Aleksej — Ph.D., Assistant Professor University North, Xopsaris.

Texniuna penaxkuis:
Apcipiii A.M. — K-T TexH. HayK, nou., OJJABA.
Cbomina IO.A. - x-T TexH. Hayk, ac., OJJABA.

PexomennoBano 10 Buganusa Buenoro pagoro OJJABA
ITpotoxkon Ne 11 Big 26.05.2022 p.

Caimonreo KB 16172-4644P Bix 02.12.2009 p.

Haka3z MOH VYxkpainu Ne 409 Bix 17.03.2020 p. (kareropis b).

© Opechbka aeprkaBHA aKaaeMis
Oy/IiBHULITBA Ta apXITEKTypH
(OAABA), 2022



ISSN: 2707-3068

MINISTRY OF EDUCATION AND SCIENCE OF UKRAINE
ODESSA STATE ACADEMY
OF CIVIL ENGINEERING AND ARCHITECTURE

COLLECTION OF SCIENTIFIC WORKS

MODERN STRUCTURES OF METAL AND WOOD

Issue Ne 26

ODESSA 2022



MODERN STRUCTURES OF METAL AND WOOD
ISSN: 2707-3068
Issue Ne 26, 2022.

Collection of scientific works has been published since 1992, frequency — 1 per year.

Founder and publisher — Odessa State Academy of Civil Engineering and Architecture
(OSACEA).

Certificate of state registration KB Ne 16772-4644P, 02 December, 2009.

Collection of scientific works enters the list of scientific editions of Ukraine, in which
thesis results can be published. Order of the Ministry of Education and Science of Ukraine Ne 409,
17 May, 2020 (category B).

Collection of scientific works is included into International scientometric base of the
Index Copernicus.

Results of scientific and experimental-theoretical researches of building structures of metal
and wood. It is assigned for scientific workers, specialists of design organizations and manufacturing
enterprises of construction domain, postgraduates, masters of educational institutions.

Editor-in-chief — Karpiuk V.M. — D.Sc., Professor, OSACEA;
Executive editor — Klymenko Y.V. — Sc., Professor, OSACEA;
Executive Secretary — Gilodo A.Y.— Ph.D., Associate Professor, OSACEA.

Editorial Board:

Bilyk S.I.— D.Sc., Professor, Kyiv National University of Construction and Architecture;

Vyrovoy V.N. — D.Sc., Professor, Odessa State Academy of Civil Engineering and Architecture;
Gibalenko O.M. —D.Sc., Professor, State Higher Education Institution “Pryazovskyi State Technical
University”;

Holodnov O.1. — D.Sc., Professor, LLC “V. Shimanovsky Ukrainian Institute of Steel Construction”;
Makhinko A.V.-D.Sc., Professor, LLC «kETUAL;

Naichuk A.Y. - D.Sc., Professor, Brest State Technical University, Belarus;

Pichugin S.F. — D.Sc., Professor, National University «Yuri Kondratyuk Poltava Polytechnicy;
Sukhanov V.G. — D.Sc., Professor, Odessa State Academy of Civil Engineering and Architecture;
Yakovenko I.A. — D.Sc., Professor, National university of life and environmental sciences of
Ukraine;

Aniskin Aleksej — Ph.D., Assistant Professor University North, Croatia.

Technical editorship:
Arsirii A.M. — Ph.D., Associate Professor, OSACEA;
Somina Yu.A. - Ph.D., Senior lecturer, OSACEA.

Recommended for publication by the Academic Board of the OSACEA

Protocol Ne 11, 26 May, 2022.

Certificate KB Ne 16172-4644P, 02 December, 2009.

Order of Ministry of Education and Science of Ukraine Ne Ne 409, 17 May, 2020 (category B).

© Odessa State Academy
of Civil Engineering and Architecture
(OSACEA), 2022



Cyuachi 6ydisenvhi KOHCmpYKyii 3 memany ma oepegutu, 2022. — Bun. Ne 26 (cTop. 5-14)

UDC 694 d0i:10.31650/2707-3068-2022-26-5-14

TIMBER FOOTBRIDGES — VALORIZATION OF PARAMETRIC ANALYSIS IN
OPTIMIZATION OF LAYOUT OF BEAM BRIDGES

IBjelanovié¢ A., PhD, Professor,
adriana.bjelanovic@gradri.uniri.hr, ORCID: 0000-0002-1872-3253
2§timac Grandié L., PhD, Professor,

istimac@gradri.uniri.hr, ORCID: 0000-0003-3643-7848

3Franoli¢ F., mag. ing. Aedif

ffranolic@gmail.com, ffranolic@student.uniri.hr

L 2Faculty of Civil Engineering University of Rijeka

3, Radmile Matejci¢ Street, Rijeka, 51000, Croatia

SRijekaprojekt d.o.o

10, Mose Albaharija, Rijeka, 51000, Croatia

Abstract. Paper presents results of the analysis of possible design solutions of timber beam
bridges considering all usual demands for their stability, safety and functionality when they are
designed to serve pedestrian and cyclist traffic, and, if necessary, traffic of emergency and service
vehicles as well. Parametric finite element models (FEM) of bridges with simply supported glulam
main-beams, have been divided into four groups, each consisting of several subgroups. The type of
load-carrying deck (solid timber or CLT deck, covered by asphalt layer and protected) and its position
(lower or upper) were selected as relevant characteristic for some group, while the type of transverse
layout, corresponding to certain deck width and usable traffic profile, and also accompanying solution
of spatial stabilization were decisive for differentiation of considered subgroups. Using the span of
the straight main-beams and useful width of the load-carrying deck, conditioned by traffic
requirements as input parameters, prepared FE models, classified into twelve different cases were
undergone to static and dynamic analyses. According to criteria we selected as relevant, the results
of performed analysis were given as recommendations for the selection of optimal structural layout
matching the span of the bridge and the requests on its functionality and durability.

Keywords: timber beam bridges, cyclist and pedestrian traffic, emergency vehicle traffic,
optimization criteria, parametric FEM analysis, structural design.

1. Introduction. The purpose of the preliminary parametric analysis [1] is the selection
of the layout of the timber footbridge which structural form with simply supported straight main-
beams could be consider as optimal for particular span and useful width of the deck. The absence of
internal columns simplifies the analysis of wind loads [2], and chosen span range excludes the need
for dynamic analysis due to the wind [3]. It is applicable in both urban and rural areas, and almost
regardless of climate zone since it is traffic load crucial for the analysis [4, 5].

For its both characteristic, the two goals of conducted parametric analysis are set: define criteria
of the analysis and evaluation of results, as well as propose solutions that would fulfil the basic
demand of mechanical resistance and stability on the economic justified grounds. The results of the
analysis are a proposal of the transverse layout type matching the type of the load-carrying deck, and
it is suitable to variations of main-beam spans, L (from 10m to 18m) and the useful deck widths, B
(from 2m to 4,5m). The following parameters were analysed: position, type and static systems of the
load-carrying deck (open-boarded or sealed solid timber deck and CLT), number and the layout of
main-beams and transoms (cross-beams), i.e. geometry of the T-beams with CLT flange (as
alternation), and ancillary changes of the type of spatial stabilization. Structural members of standard
and high strength were applied and analysed: D30 / D40 (for hardwood solid deck), and C24 / C30
(for stringers of softwood) or GL24h / GL28h (for main-beams and transoms). For the CLT decks,
an even quality of the layers is considered (planks of standard strength class, C24, with thickness d =
22 mm) and the effective depth of 5-layered CLT, d = 100 mm [1].
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2. Parametric analyses

2.1 Parameters, parameter choice criteria and criteria for valorisation of design
solution. Optimization of the design solution (layouts) is based on the variations (Figure 1, Table 1
and Table 2) of the following parameters of the analysis: span L, width of the bridge B, type and the
position of the deck together with ancillary changes of transverse layouts and spatial stabilization.

Satisfying the requirements of the intended purpose, safety and comfort of traffic, was the
logical criterion of choosing the analysis parameters. Therefore, the analysed effects of the variations
of totally 6 types (Table 1) were classified according to width of usable traffic profile and the number
of traffic lanes on the type of the transverse layout of the bridge. Widths of 3,0m upwards enable a
mixed traffic separated by lines, colour contrasts or texture separation, where separate kerbs (for types
IV. and V.) or separating railings (e.g. for type VI.) for more than two traffic lanes [4, 5]. Analysed
effective deck widths are defined as prescribed smallest usable traffic profiles, expanded by 0,4m,
i.e. by 0,7m (for mixed traffic) in order to meet safety requirements and to provide usage comfort, in
accordance with national regulations on basic conditions for public roads and cyclist infrastructure
[6, 71.

Table 1 — Varied useful widths — analysed types of usable traffic profiles [1]

Type | Cases (Fig.1) Number of traffic lapes Usefulh width of
’ pedestrians cyclists the bridge [m]
I. 1 and 7 2 0 2,0
IL 2 and 8 0 2 2,5
111 3and 9 1 1 3,0
IV. 4 and 10 2 1 3,5
V. Sand 11 1 2 4,0
VI 6 and 12 2 2 4.5

The criteria of the choice of the range of span (from 10 m up to the 18 m), with the increase of
2 m represents expected widths of obstacles, limitation in the technology of production, transport and
assembling, and cost-effectiveness of this type of structural form [4, 5].

The following deck types (Figure 2, Table 2) were analysed as characteristic for the defined
purpose of the bridge: 1) solid timber deck, 2) CLT as countersunk deck continuously laid over
transoms and 3) CLT deck as flange of glued composite with Glulam ribs, i.e. series of T-beams, as
the alternative proposal of grillage assembly. The term of solid timber deck refers on planks with
castellated section (grooves as anti-slip option) transversal laid over stringers (sealed, countersunk
deck) or main-beams (open-boarded deck). Varying the position of the running deck implicates
different solutions of providing spatial stability, as well as classification of main-beams into
appropriate serviceability class (2 or 3, used in calculation) and hazard class (2 or 3, concerning
durability and protection measures) [1].

Table 2 — Analysed cases classified into representative groups of FEM

Analysed FEM groups LY IL. 1LY vy
Type of the deck 1 2 1 3
Position of the deck 2 lower lower upper upper
Range of deck width, [m]? <30 > 35 <30 >3.5
Analyzed cases ? 1-3 4-6 7-9 1012
Y shown on “Figures 3 and 4”; 2 shown on “Figure 1” and given in “Table 1”;
3)-9 defined subgroups that enable the number of stringers / main-beams to vary
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Figure 1. Schematic examples of analysed cases and accompanying groups / subgroups of FEM —
varying of layout and load-carrying deck type:
a) Case 1: Group L.; b) Cases 2 — 3: Subgroup L.;
c) Cases 4 — 6: Group II.; d) Cases 7 — 9: Subgroup III.; ) Cases 10 — 12: Subgroup IV

8 mn
h=20-30 mm

Structural layer [ h 2 50 mm

“wess v GO

120 - 250 mm J

¢

Boards with castellated section — used for type 1) Coated CLT decks — used for type 2) and 3)

Figure 2. Timber products used for analysed types of decks from 1) to 3 [1]
-7 -
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Varying the position of the running deck affected different solutions of providing spatial
stability. Beside common solutions of bracings, based on triangular principle of stabilization,
alternative solutions based on grillage principle were analysed for all cases with upper position of the
load-carrying deck (Figure 1 and 4). Variations of the span and spatial stability solutions we achieved
by altering the number of transoms and their distance (4). For groups III. and I'V. (as defined in Table
2), the number of transoms was limited on 5, e.g. on 4 for stiffeners.

The defined initial criteria of evaluating optimality of the design solution (the type of the deck
and transversal layout, the way of ensuring spatial stability, etc.) are ratios of quantities of used timber
vs. span, expressed: directly (for the type of transverse layout) and indirectly (for main-beams only,
considering their depth and number). Optimality of design solution has been valorised, and the
sufficient mechanical resistance and stability of the entire structure had been the most important
criterion. Considering the preliminary level of conducted analyse, recommendations are derived from
the results of verifications of serviceability limit state only (deflections and vibrations), performed
for more than 200 examples of FE models of bridges [1].

2.2 Considerations about durability and protection. The deck in first two types is
replaceable, and due to direct exposure (use class 3), requires adequate strategy of surface or
preservative treatment, drainage system and sealing. It is particularly valid for CLT, and therefore
additional wetting prevention (layers of waterproofing membrane and hydro-insulation) beneath the
wearing asphalt course needs to be used together with replaceable side cladding or strips. With this
the presumption only, CTL might be classified in serviceability class 2 (prerequisite of its structural
use). For 3) type, a special strategy of treatment needs to be applied because all parts of the assembly
are structural member, irreplaceable within designed working life. Necessary treatment of the main-
beams as vital members must be applied in all considered cases: good protective design details,
corrosion-resistant metal cover, surface finishes, etc. In all cases with the upper position of the deck,
where it acts as “roof”, main-beams are “drawn in”, and angle B > 30 (Figure 1) enables protection
from rainfall, while side wooden strips provide additional protection. Side faces of exposed main-
beams might be cladded by shiplap boards or louvers [5, 8]. Within conducted analyse we covered
influence of only those protection measures that affect the increase of permanent load. The effects of
costs of implementing a protection strategy were out of scope of our investigation, although for partly
exposed vital members, they can be initially estimated in amount of 10% up to 15% of total costs [5].

23 Finite element models (FEM) groups subjected to static and dynamic analyses.
FEM analysis were conducted for the influence of self-weight (using software package, including the
effects of varying of cross-sections), permanent load (e.g. concentrated load due to parapet and
uniform loads of wearing layer, applying its thickness of 30 mm for grooved surface of planks, and
50 mm for asphalt finishing and waterproofing layers above CLT), variable loads of snow (with s 2,5
kN/m?) and wind (with its basic velocity of 25 m/s, characteristic for the continental area) were also
considered. Vertical traffic load (pedestrian) was applied as 5,0 kN/m? where favourable effects due
to the span above 10 m were disregarded [3], and horizontal as 10% of amount of the vertical load.
The vehicle traffic was modelled as the moving load, considering its position variations inside the
usable traffic profile and tracking (Figure 3). National norms HRN EN 1995-1-1 and HRN 1995-2
were applied in conjunction with norms HRN EN 1990 and norms HRN EN 1991-3, HRN 1991-4
and HRN EN 1991-2 (for load analyses) and their National Annexes (valid in The Republic of
Croatia).

For every considered type of the transverse layout and accompanying solution of spatial
stability (Figure 1) appropriate 3D FEM was prepared. Using altogether 4 basic groups and relevant
sub-groups of these spatial models were prepared in order to check the instantaneous and the final
deflection (using relevant stiffness properties and load combinations), for checking the deflection due
the vehicle (as an independent load). The same 3D FEM-s were subjected to dynamic analyses to
determine the vibrations due pedestrians and combined influences of self-weight and permanent
loads. Sub-models were designed to analyse the influence of moving load, calculating the deflection
of planked deck where the number and cross-section of stringers were varied for its maximal distance
of Im. Horizontal load was applied as 60% of vertical moving load.

-8 -
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Transoms (SC2)

Stringers (SC2)
Sealed timber deck (SC3)

Figure 3. Example of submodel for static analysis of the deck (left), and simulation of moving load
with traced position of the vehicle (b =1,3 m) [1]

All prepared FEM-s (Figure 4) were analysed with span variations. For systems with
countersunk deck, grid of the transoms was followed by the increase in span, while for the systems
with upper deck position, the number of rectangular glulam main-beams (group III.) or composite T-
beams (group IV.) were varied from 3 to 4, using suitable subgroups of FEM-s. FE models of IV.
group were modelled with simplification, applying the bending stiffness (EI)cr calculated for glued
composites, presuming so the full composite action of those T-beams. In order to facilitate the
valorisation of the effects of the application of a certain type of transverse disposition, the cross-
sections of structural members other than main-beams were set as constant (i.e. 200/300 mm for
glulam transoms, 160/240mm for softwood stiffeners (in grillage systems), and 160/160 mm for
stringers), wherein load-carrying section of 200/50 mm was used for planked decks, and effective
thickness of 60 mm for CLT decks. It should be noted that 5-layered CLT plate was modelled as 3-
layered only, neglecting the load-carrying contribution of its transverse layers and taking them into
account through increased permanent load. In addition, verification of the deflection for sealed

planked deck wider than 2 m passed the system with two inner supports (stringers).

CLT pavement deck
(covered — SC2)

Transoms (SC2)

Transoms (SC2)

Main-girder (SC3)

Steel diagonal

e (horizontal bracing)
Main-girder (SC3)

Main-girder (SC2) Main-girder (SC2)

Transoms Transoms

Main-girder (SC3) Main-girder (SC3)

Ribbed CLT system

(T-section) / SC2 Ribbed CLT system

(T-section) / SC2

Transoms (additional stiffeners) / SC2 Transoms (additional stiffeners) / SC2

Figure 4. Examples of prepared FE 3D models, as given in Table 2: a) group I.; b) group II.; ¢) and
d) group / subgroup IIL.; e) and f) group / subgroup IV [1]

24 Results of performed static and dynamic analyses. The following limitations of
deflections for structural members with its span (L) were presumed: L/250, for the final, and £/300
for the instantaneous deflections, including those caused by pedestrian and cyclist traffic (any their
combining with snow load were excluded), and where occasional light traffic (by e.g. emergency
vehicle) was treated as an independent load [3]. Dynamic analysis was performed using minimal
required dimensions of the structural members resulted from implementation of deflection criteria.
Calculated vertical vibrations were within range 2,5 — 4,5 Hz for 1% and 2" mod of oscillation (the

-9.
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values decrease with increasing the span), while acceleration maxima for individuals or persons in
crowds didn’t exceed 0,7 m/s>. In accordance to HRN EN 1990/A2 and [2], both confirms deflections
as more important criteria for all studied cases.
Discussion of Criterion of Optimisation and Conclusion. Effects of initial criteria
for validating optimality of design solution with respect to the span could be discussed by assessing
the following detected differences: a) among total quantities of used material when structural
members are made of timber of different quality (i.e. when the effect of usage of standard or high
strength classes for the same design solution are compared), as shown on Figure 5, and b) between
required minimal depths of main-beams, as indicated on Figure 6.
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Figure 5. Quantity criterion — the effects of using different strength classes for main-beams [1]

Criterion a) did not prove as extremely crucial because the differences in the consumed material
are less than 5%. However, even so little difference may be relevant when more thoroughly analysing
the total costs, considering those relating to protection measures, discussed earlier. Also this criterion
might be significant for more pronounced differences between qualities of applied materials, when
its greater effect on decreasing of dimension is expected.
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From the Figure 5, it can be inferred the following: by comparing solutions with CLT deck,
grillage systems (Cases 10—12) are more efficient, even when they apply for wider traffic profile.
Among comparable cases with planked deck, its upper position is more favourable, although Cases 1
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and 7, with the smallest deck width, represent an exception. As can be seen on Figure 6, when criterion
of minimum required depth of the main-beams applies, the differences between results of analyses
performed for representative strength classes of standard and high quality are less than 10%. It
confirms this criterion as more efficient than previous one, but still has not so significant and clear
impact on the optimization.

In order to enable easier selection of suitable layout with respect to the span, we introduced an
additional criterion - limitation of the main-beams depths, and the results are shown on Figure 7. It
ensures better lateral torsion stability of main-beams in all cases with countersunk deck, and also
provides more attractive aesthetic appearance to the bridge because remaining height of parapet
enables to put the fence and handrails, allowing to users a view. At the other hand, it provides more
sufficient clearance beneath the bridge with the upper deck position. Therefore, dimension ratio for
rectangular main-beam 1is limited as 8:1 (i.e. maximal depth of 1,6 m) for Cases 1 — 6, while its
maximal depth of 0,7 m is assumed for Cases 7 — 12.
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Figure 7. Proposals for optimal layout type with respect to the span of main-beams relating to its
strength class and position of the deck: lower position (left) and upper position (right)

The results, compatible with data indicated in Table 1 and Table 2, and collected from the
analysis conducted for varied strength classes of main-beams, point to the following:

e For types from 1. to IIl., where its usable widths up to 3,0 m are representative for defined
purpose, layout types with sealed plank deck (Cases 1 — 3, group I.) are the most favourable as
applicable to all spans.

e For the same types, layout solutions with upper position of planked deck (Cases 7 — 9, group
II1.) are less favourable respecting the span, and therefore more sensitive to variations of the number
of main-beams and strength of used timber, especially for types II. and III.

e Therefore, Case 7, as well as Cases 8 and 9 if they consisting of 4 main —beams can be applied
on spans up to 14 m, independently of considered strength class. Layout type with 3 main-beams for
usable widths above 2,0 m are suitable only on span up to 12 m, and use of glulam of higher quality
(GL28) may be helpful for Case 8 to reach the span of 14 m.

e In general, all types with CLT decks (types IV. — VI. with usable width from 3,5 m to 4,5 m)
are able to reach spans of at least 14 m, despite the contribution of their increased self-weight and
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permanent load to deflection. It should be noted that usable width of 4,5 m is very comfort and not
so common for intended purpose of the bridge.

e For type IV. with lower position of CLT deck (Case 4), the span of 18 m is attainable no
matter of applied strength of glulam main-beams.

e For types V. and VL., when the same group II. applies (Cases 5 and 6), the spans of 16 m and
14 m are achievable when main-beams are made of GL24, while the application of GL28 enables
larger corresponding spans of 18 m and 16 m.

e For types IV. and V. with grillage system applied (group IV.), the results differ: for Cases 10
and 11 (comparable with Cases 4 and 5), the span of 14 m was reached if glulam ribs of GL24 applied,
and of 16 m, where they were made of GL28. The number of ribs didn’t produce significant effect on
both results.

e For type VI. (Case 12) the same spans are reached for different strength classes of glulam ribs.
As it was expected, the number of ribs was the most relevant, where 14 m was maximum for series
of 3 T-girders, and 16 m for system with 4 ribs.

All that were noted above stem from the additional criterion we introduced, and its effects are
shown on Figure 7. However, for any meaningful rating the optimality of layout type with respect to
the span, it is necessary to connect previous observations with the results of application of the initial
criterion that is based on the quantities of consumed timber material, as shown on Figures 5 and 6. It
should be noted that the results of the analysis are related to the most unfavourable load case — moving
load with traced position of emergency vehicle, as shown on Figure 3. According to the above, the
following could be recommended for the intended purpose of the bridge:

e When comparable groups I. and II. with countersunk decks apply for the same types of usable
traffic profiles, quantities of consumed material are significantly greater when CLT deck is selected
instead of the sealed solid timber deck. This is expected and caused by its self-weight and increased
permanent load due waterproof layers and asphalt finishing above the deck. For usable traffic widths
above 2,0 m, criterion with respect to the span provides an additionally argument to consider design
solutions with CLT as less favourable than those with solid timber deck.

e For comparable cases with upper position of the deck (groups IIl. and IV.), more detailed
analyses should be done to recommend more optimal layout type when it is choosing between design
solutions with open-boarded deck and those where CLT is used as a flange of composed T-beams in
grillage systems. Certainly, more detailed calculation of composed T-section and CLT itself should
be performed.

e For the final evaluation of the optimum design solution, the effects of applying the simplest
system, with solid timber planked deck should be further analysed in more detail, paying the attention
on the influence of pedestrians as dominant load.

And finally, although the goal of the presented research was to develop and evaluate criteria for
assessing the optimality of the disposition layout, there are also some its indirect targets which should
be highlighted. It promotes timber as a suitable material for bridge structures, but also to point up the
benefits of its use: high level of prefabrication and ease of erection. It is very important to include
protection strategy early in planning because it enables to discuss levels of protection and types of
construction, considering longevity of bridge without major repairs.
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AHOTaUig. Y CcTaTTi HaBeIEHO pe3yJbTaTH aHaJi3y MOXXJIMBHX KOHCTPYKTUBHHUX pillI€Hb
JIepeB’ sSTHUX OaJIKOBUX MOCTIB 3 ypaxyBaHHSIM YCiX 3BHYaWHHMX BUMOT JO IX CTIHKOCTi, MIITHOCTI,
Oe3neku Ta GYHKLIIOHATBHOCTI MPH 3A1MCHEHH] MIIOXiJHOTO Ta BEJIOCUIIEHOTO PyXY, a TAKOXK, 32
notpedu, pyxy aBapiiHux aBromMo01iB. [Tapamerpuyuni ckinuenHoenemeHTH1 Mojeni (IICM) mocTiB
3 KJIGEHUMH JIepEeB’ SIHUMU OJHONPOJIHOTHUMH OAJIKaMU PO3JIIEHO HAa YOTUPHU IPYINHU, KOXKHA 3 SIKUX
CKJIAZIAETHCS 3 KUIBKOX MATPYI. THUIT TpOTyapHOI IIUTKH (3 MacuBy nepeBunu abo Hactui CLT,
MOKPUTHH 1apoM acganbTy Ta 3aXHUIIEHH) Ta 11 MosokeHHs (HWXKHE YU BEpXHE) Oy oOpaHi y
SIKOCT1 PEJICBAaHTHOI XapaKTEPUCTUKH UIS IESIKOT TPYITH, TOML SIK THI TIOMIEPEYHOT KOMITOHOBKH, IO
Bi/ITIOBIJIa€ MIEBHIN INPUHI HACTUITY Ta KOPUCHOMY TpadiKy, a TAKOXK CYIyTHE PillIeHHS TPOCTOPOBOT
crabimzamnii Oynu BU3HAYANbHUMH (akTopamu i audepeHmiamii po3rITHYTHX —MiATPYIL.
BukopucroByroun mnpoiboTH 0ajoK 1 KOPUCHY IIMPUHY HACTUIY BUMOIICHHS, OOYMOBIEHY
BHUMOTaMHU PyXY SIK BXIIHUMH Tapamerpamu, niarorosieHi [ICM Oymu po3aiieHi Ha JBaHAIUAThH
pi3HUX KOMOiHALiH, Yy TOMY YHCIIi Oy/IM BpaxoBaHi sIK CTATUYHI, TaK 1 JMHAMI4HI HaBaHTaKEHHs. 3a
pe3yibTaTaMu MPOBEACHOTO JIOCHTIDKCHHsSI PO3pOO0JICHI Ta HaJaHI peKOMEHallli moao BUOOpY
ONTUMAJILHOI KOHCTPYKIi, fIKa ypaxoBye€ ()aKTUYHY BEJIMUYMHY NPOJHOTY MOCTY Ta BiANOBiIae
BHMOTaM JI0 HOro (DYHKIIIOHAIBHOCTI, MIITHOCTI, CTIHKOCTI Ta JOBTOBIYHOCTI.

KurouoBi cioBa: nepeB’siHi 0aikoBi MOCTH, BEJIOCHUIEIHHUI Ta MIIOXIAHUN pyX, Tpadik
aBapiiHUX TPAHCIIOPTHUX 3aco0iB, KpUTEpli omTHMIi3allii, MapaMEeTPUIHUA aHalli3, MPOCKTYBAaHHS
KOHCTPYKIIIH.
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AHHoTanusi. B crartbe npeacraBieHbl pe3yNbTaThl aHATU3a BO3MOMHBIX KOHCTPYKTHBHBIX
pelIeHnl JepeBSHHBIX OaJIOYHBIX MOCTOB C YYE€TOM BCEX TPAIUIIMOHHBIX TpPeOOBaHUU K UX
YCTOWYMBOCTH, TMPOYHOCTH, OE30MACHOCTH U  (YHKIMOHAJIBHOCTU TMPU  OCYIIECTBICHUH
MEIIEXOHOTO U BEJIOCUTIEHOTO JIBIKEHUS, a TaKXKe, MPU HEOOXOAMMOCTH, ABMKCHUS aBAPHITHBIX
apromobOuier. [lapamerpuyeckue koneuHonemeHTHbie Mmonenu (ITKM) mocTtoB ¢ KieeHBIMH
JICPEBSHHBIMU OJIHOTIPOJICTHBIMH OaTKkaMy pa3JelieHbl Ha YeThIpe TPYMIbI, KaKIas U3 KOTOPBIX
COCTOMT M3 HECKOJIbKMX MOArpymni. Tum TpoTyapHO! IUIMTKU (M3 MacCHUBa APEBECUHBI WM HACTHII
CLT, nokpsIThIi ciioeM achanbTa U 3alIUIICHHBINA) U e TOJI0KEHUs (HIDKHEE WU BepXHee) ObLTn
BbIOpaHbl B KAYECTBE PEJICBAHTHON XapaKTEPUCTUKH ISl HEKOTOPOM IpyHIbl, B TO BPeMsl KaK THII
IIONIEPEYHOM KOMIIOHOBKH, COOTBETCTBYIOILEH ONPENEICHHOW IIMPUHE HACTWIA MU II0JIE3HOMY
TpaduKy, a TakKe CONYTCTBYIOIIME PEHICHUS TMPOCTPAHCTBEHHON CTAOWMIM3alMK  OBLUIN
onpeaensomuMu  (hakropamu sl auddepeHmanu  paccMaTpUuBaeMbIX moArpymnm. Mcnons3ys
MpoJIETHl OaJIOK W TIOJNIE3HYIO IMUPUHY HACTUIa OTMOCTKH, OOYCIIOBJIICHHYIO TpeOOBaHUSIMHU
JBUKCHHS KaK BXOJIHBIMH TlapaMeTpaMu, noAarotopieHHbie [IKM Oblu pa3jeneHsl Ha JBEHAANATh
pa3IMYHBIX KOMOMHAILIMI, B TOM YHCJIE€ YYTEHbl KaK CTaTUYECKHE, TaK U JAUHAMUYECKUE HArpy3KH.
[To pe3ynbpTaraM MPOBEACHHOTO HCCIEIOBAHHS pa3padOTaHbl M MPEIOKEHBI PEKOMEHIAIUU 10
BBIOOPY ONTHUMAJIbHON KOHCTPYKIUHU, KOTOpasi YUUTHIBAET (DaKTUUECKYIO BEIMYMHY MPOJIETa MOCTa
1 OTBeUaeT TPeOOBaHUSM K ero (PYHKIIMOHAIBHOCTH, TPOYHOCTH, CTOMKOCTH U JOJITOBEYHOCTH.

KuroueBble cjioBa: nepeBsiHHbIE OaIOUHbIE MOCTBI, BEJIOCUIIEAHOE U MEIIEX0JHOE JBUKECHUE,
TpauK aBapUHHBIX TPAHCIOPTHBIX CPENICTB, KPUTEPUU ONTHUMH3AIUH, TTApAMETPUUSCKUN aHAIH3,
MPOEKTUPOBAHHE KOHCTPYKLIUH.
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Abstract: This paper presents the results of research conducted within R&D project. The
primary goal was to apply the current state of the art technology in aluminium to a timber-based
frames, but also to improve the energy performance of the building envelope and create
environmentally friendly product, which physical, structural and aesthetic performances are equal to
or even better than equivalent aluminium systems. The developed TimberCW is an innovative
structurally glazed curtain wall system entirely comprised of laminated timber profiles incorporated
in a fully prefabricated unitised curtain wall design, where glass panes are bonded by the structural
silicone to timber frames. While most current timber curtain wall systems are stick designs, combined
with aluminium elements, this new concept introduces timber split mullions and entirely eliminates
aluminium structural members, whilst maintaining high weathertightness performance. In order to
retain thin cross sections, as they are common for aluminium design, specialised corner connections
in timber frame and stainless-steel bracketry has been developed and laboratory tested. Comparative
energy efficiency analysis and condensation risk assessment of the TimberCW vs fully unitised
aluminium systems of identical overall geometry and structural performance are presented. Full scale
laboratory testing has been undertaken and certification obtained, proving the TimberCW concept
suitable for project application.

Keywords: TimberCW, laminated timber frame, unitised system, structurally glazed curtain
wall, thermal performance.

1. Introduction. Presently, the technology of exterior building envelopes is dominated
by the curtain wall based on the aluminium framing, which can be divided in two families: unitised
systems and stick systems. Unitised systems are completely prefabricated (frames and infill) and more
technologically advanced, providing the better overall quality and performance than stick systems,
which are assembled on site, offering the economic advantage, in particular for low-rise buildings.
Unitised systems are often structurally glazed, and this technology provides aesthetically pleasing
flush appearance, but also some performance advantages (bomb blast resistance, e.g.). Since
awareness of energy efficiency and sustainability have been growing rapidly in recent decades, the
introduction of timber as a suitable framing material for building envelopes is imposed as a reasonable
option.

The above listed logically leads toward to investigate possible alternative structural solutions
of wood-based curtain walls. Therefore, the scope of this research conducted under R&D project is
to prove that the technologically advanced concept of the curtain wall system can also be applied
using innovative wooden frames:

¢ Unitised wooden frames in lieu of the stick system.

e Glass units structurally sealed directly to the wooden substrate.
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By achieving the scope, the additional advantages will be brought to the unitised technology:

¢ Improved energy performance — TimberCW system effectively increases the energy efficiency
during the lifetime of the building due to the difference in the thermal transmittance between
aluminium and wood systems.

e Zero (0%) aluminium content — aluminium is a material with the large carbon footprint, having
C02 net emissions in the production and processing of 26 t/m?®, whereas wood sequesters only 1 t/m?
[1].

e Hygrotechnical (rot) and mechanical (thermal dilatation) interaction problems between
aluminium and the wood are eliminated.

2. Current State of the Art and Goals of R&D Project TimberCW

2.1 About current curtain wall systems incorporating timber. Due to the nature of
wood, most current curtain wall systems incorporating timber are based upon conventional stick
system designs whereby timber sections are combined with aluminium ones that in effect provide
weathertightness and glass retention. Stick systems are assembled on site from individual frame
elements which form a lightweight grid that supports the infill (glass, cladding panels and insulation).
While stick systems are simple and efficient, they are not well suited for high-rise buildings, due to
so far known limitations of stick systems, among which are:

e They are installed from the outside, so the scaffolding or an external platform are required,
which is impractical and costly for high-rise construction.

¢ Assembly on site is detrimental to the quality, in particular for the structural silicone, which
is not recommended to be applied on site.

¢ Limited capacity for the accommodation of differential vertical movements between floors —
these are caused by live loads, but also by long term effects as the creep and settlement (high rise
buildings usually feature thin metal deck slabs, whose low stiffness will highlight this problem).

Further, there are interaction problems between aluminium and the wood itself:

e Differential temperature elongation between aluminium and timber, which may lead to the
defect in aluminium-to-timber fixing.

To prevent this differential deformation, countersunk head screws are usually used to fix the
aluminium (or inox) profile to the wood, and the range of thermal elongation of the aluminium profile
(depending on the type of the glass and of the construction of the frame), can be illustrated by an
example of typical 3600 mm high unit:

— on the yearly basis the temperature of the aluminium profile will vary between approximately
0°C and 40-50°C, resulting in 3,3-4,1 mm differential aluminium-to-wood dilatation, or 1,6-2,0 mm
at screws located near profile’s ends;

— on the daily basis in the summer the temperature of the aluminium profile will vary between
approximately 20°C and 40-50°C, resulting in 1,6-2,5 mm differential aluminium-to-wood dilatation,
or 0,8-1,2 mm at screws located near profile’s ends.

Since the movement capacity at screws is limited or prevented, this elongation will cause the
searing load in screws and over time this will lead to the deterioration of the connection and eventually
to the failure of the metal-wood assembly, which has been observed in the practice. If stainless steel
is used instead of the aluminium, the differential movement will be reduced to 40% of those of the
aluminium, but still, over a number of cycles, detrimental effects may be observed.

Figure 1. Countersunk head screws fixing the inox profile with limited movement capacity
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e Screws that fix the aluminium have the same temperature as the aluminium section, so the
possible difference in the temperature between aluminium and timber sections may lead to the local
condensation around screws, leading to the rot localized at screw holes and subsequent failure of the
connection.

2.2 Goals of the Research Conducted under R&D Project TimberCW. The scope of
this research was to develop a functional, fully unitised curtain wall system that would:

e feature split timber mullions and stack joints;

e have zero (0%) aluminium content;

¢ have the same sight lines (width of the frame), structural stiffness and loadbearing capacity as
the equivalent aluminium system;

e have the same or better weathertightness performance as the equivalent aluminium system;

¢ have better energy performance than the equivalent aluminium system.

2.2.1  Unitised Construction. Unitised systems are fully preassembled in the shop, and
shipped to the site for the installation already complete with the frame, infill and gasketry. Although
more complex than stick systems, there are significant advantages of timber unitised systems:

e unitised systems are installed form the inside, without the requirement for the scaffolding or
external platforms;

e shop production and assembly maximise the quality of the workmanship;

e appropriate for the structural silicone;

estack joints enable the accommodation of large differential vertical movements between
floors.

2.2.2 Zero Aluminium Content. Aluminium is a material with the large carbon footprint,
due to its poor thermal properties (conductivity 160 W/mK) and to high energy requirements for the
production, processing and recycling. Exclusion of the aluminium from the TimberCW system
effectively increases the energy efficiency. Interaction problems between aluminium and the wood
are thus eliminated as well.

3. Design Concept. TimberCW is a system entirely comprised of glued laminated wood
profiles, using spatial lamination — longitudinal, lateral and layered gluing of wood lamellae [2],
incorporated in a fully unitised curtain wall design. Glass units are fixed to the frame by the structural
sealing, which avoids the direct exposure of wood elements to the weather. Unitised systems feature
split mullions; conveniently slim in typical aluminium framing design, that provide aesthetic narrow
sight lines.

3.1 Equivalent Aluminium System. In typical curtain wall applications, spanning
between floors, the main limiting structural property of frame members is stiffness, rather than
resistance. The allowed lateral deflection d under the design load is, according to EN 13830 [3].

od <L /200, if L <3000 mm:;

ed <5mm+ L /300, if 3000 mm <L <7500 mm;

od <L /250, if L > 7500 mm.

Frame elements of TimberCW have the same stiffness of the equivalent aluminium system. The
chosen comparable aluminium system is series 180 by Permasteelisa. The width of the frame is
maintained the same for both systems, 90 mm. TimberCW system features are the following:

e split wood mullions and stack joints;

e zero (0%) aluminium content;

e same sight lines (width of the frame) as the equivalent aluminium system;

e structural properties and loadbearing capacity not lower than the equivalent aluminium
system;

e same or better weathertightness performance as the equivalent aluminium system;

e better energy performance than the equivalent aluminium system and adequate durability.

The Young's module of elasticity in bending of the wood is 4-7 times lower than that of the
aluminium. Also, the limiting bending stress is much lower, depending on the used wood species and
grade. The system depth has to be increased approximately 30% in order to match the structural
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performance of the aluminium frame. The depth of the wood profile is 180 mm and of the aluminium

profile 140 mm, i.e. 28,6% more for the nearly equal lateral stiffness.
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Figure 2. Wood frame and equivalent 180 series aluminium frame

3.2 TimberCW Profiles. The profiles used are from glued laminated timber (glulam),
using spatial lamination — longitudinal, lateral and layered gluing of lamellas. Grain orientation in
different lamellas reduces the risk of warping and a single thin lamella is on the side face for the

improved aesthetic quality.
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Figure 3. Wood profiles: mullion and upper transom (left), lower transom, intermediate transom
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The section has been developed in the collaboration with University of Zagreb, Faculty of
Forestry. The material used for the sample was fir wood for the core and Siberian larch for the ridges,
Marine grade plywood stiffened the internal lateral face. The choice of the wood material was based
on its availability, moderate cost and adequate structural properties. Final choice can be project
driven, and a number of other species, including hardwood, may be used.

33 Corner Connection. A vertical row of curtain wall units structurally forms a Gerber
beam. The horizontal reaction from the upper unit is transferred to the lower unit through the stack
joint using bespoke spigots at the corners of the unit. Mullion sections in unitised system are very
narrow, for 90 mm of the frame width, the mullion width is only 39,5 mm and specialised bespoke
corner connections are required to form the corners of the frame and enable the load transfer the load
in limited space. Connection corners and brackets in stainless steel 1.4404 have been developed for
this [4, 5].

The transfer of the shear load through the corner connection (joint of the Gerber beam) until
the failure has been successfully tested (on three corner samples) at Faculty of Civil Engineering of
University in Rijeka. The observed range of results was homogeneous. The increase of the
deformation was approximately linear and it did not show any significant plastic deformation after
the load release at 5 kN. The breakage pattern was through the splitting of the wood at fixings of the
stainless steel connection joint. The resulting loadbearing capacity (~15 kN) is superior to the
loadbearing requirements of the joint (2,5-4,0 kN).

1200

3600

2400

1200

3600

2400

Figure 5. Structural test of the corner connection (left) and Gerber beam system (right)
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34 Structural Glazing. Since the aim of the development was to eliminate aluminium
parts from the design, the mechanical glazing with external retaining clips was not preferred, as it
would expose timber elements to the external weather. Glass units are fixed directly to the timber
frame by structural sealing. The structural silicone used is two component Sikasil SG500. The silicone
joint and the process of the application have been developed with the collaboration of the company
Sika and tested for adhesion in their laboratory [6, 7], while tensile strength was tested by

Permasteelisa [8].
ELLI LSTLE PITPP
/// it ///, P
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/£
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Figure 6. Glazed unit (left) and peel test — pure cohesive failure (right)

3.4.1  Peel test. The adhesion of 3 silicones were tested (peel test according to EN
13022-2: A.3.2 and C.3.1): Sikasil SG-500 (two component structural silicone sealant), Sikasil SG-
20 (one component silicone sealant for structural glazing) and Sikasil WS-605 (one component
silicone weather sealant). The silicone was applied to the:

e non-treated surface;

e surface of the sample that was painted with water based transparent finish (the surface in
contact with the silicone was protected by adhesive tape);

e and to the surface of samples impregnated with fire retardants.

Surfaces in all combinations both treated and not with the primer. Samples were conditioned
up to 21 days in the water saturated atmosphere (90% RH) and high temperature (55°C).

The results of the adhesion test were positive, meaning that the silicone peels through the
cohesive failure, proving that the adhesion to the substrate is higher than the cohesive strength
(denominated by “1”’). Only samples of Sikasil SG-20 (not used for the project) on non-primed
surface showed partial adhesive failure (“2” through “5”’) and separation of edges (“RA”).

3.4.2  Tensile Strength Test. Tensile strength test [8] of silicone (EN 13022-2: A.3.1 and
C.5 and EN 15434) on 10 “H” samples. The results of the adhesion test were positive. No adhesion
failure was observed. All samples broke through cohesive failure in the silicone within known
material strength limits. At 4 samples the breakage of the wooden substrate was observed, caused by
the small thickness of the wooden lamella used (between 5,6 and 5,8 mm), but this did not invalidate
the test results.

4. Performance Mock-up Testing. Full scale laboratory testing of a two-storey high by three
units (4500mm x 7200mm) sample was carried out in Permasteelisa laboratory (Vittorio Veneto,
Italy). The sample were successfully tested according to EN 13830 and certification obtained for
constructability, air permeability, water tightness, serviceability, thermal cycling, accommodation of
building movements, impact and structural resistance, proving this concept suitable for project
application [9].
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Test sequence and performance:

1 — Air permeability +600 Pa

2 — Static watertightness 600 Pa
3 — Wind resistance 2 kPa

4 - Air permeability £600 Pa

5 - Static watertightness 600 Pa

6 - 3 temperature cycles -20 °C / +50°C

7 - Air permeability 600 Pa (chamber only)

8 - Air permeability +600 Pa

9 - Static watertightness 600 Pa

10 - Vertical movements £10 mm* -1 cycle

11 — Horizontal racking +7 mm - 2 cycles

12 - Air permeability =600 Pa

13 - Static watertightness 600 Pa

14 — Dynamic watertightness 600 Pa (airplane
engine)
15 - Water hose test

16 - Safety test £3 kPa

17 — Impact load, external in 3 points, 45 kg falling
from 950 mm

18 - Impact load, internal in 3 points, 45 kg falling
from 950 mm

Figure 8. List of test sequence and performances (left) and internal view on installed sample (right)

5. Energy Performance. In order to evaluate the thermal performance of the Timber CW, a
comparative analysis of 4 different systems is made for a typical unit, characteristic for unitised
curtain wall projects [10] The modular width of a unit is 1500 mm and the height 3600 mm, of which
2400 mm is the visual area and 1200 mm is the insulated shadowbox. It has been assessed the thermal
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transmittance characteristic for winter conditions, using 2 different glass configurations: a double-
glazed unit (DGU, Ug- 1,1 W/m?K) and a triple glazed unit (TGU, U, = 0,6 W/m?K).

nrn

TimberCW Aluminium system Combined wood / alu Combined wood / alu
structurally glazed structurally glazed structurally glazed mechanically (dry) glazed

Figure 9. Four framing systems subjected to the thermal transmittance assessment
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Timber CW 180 series Timber CW /alu, Timber CW /alu, Timber CW 180 series Timber CW /alu, Timber CW /alu,
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Figure 10. Overall Ug [W/m?K] for double glazed, DGU (left) and triple glazed unit, TGU (right)

TimberCW has 84% of the overall thermal transmittance of the aluminium system for the option
with DGU (Ug = 1,05 vs 1,25 W/m?K) and 83% for the option with TGU (Ug = 0,68 vs 0,82 W/m?K).
Composite systems fall in between.

6. Conclusions. The development of the TimberCW system has proven to be a successful
innovative technical solution in meeting the proposed targets:

e Spatially laminated wood frames with specifically developed fittings proved applicable for a
fully unitised prefabricated facade system, featuring advantages over wood stick facade systems and
aluminium constructions.

e The structural glazing directly to the wooden frame proved to be feasible and functional after
the extensive testing.

e Energy performance of the wood-based framing system is better than of the equivalent
aluminium curtain walling, resulting in ca 35-41% better thermal transmittance of the frame alone
(for the warm glass edge technology) and up to 20 % better overall thermal transmittance of the
building envelope. The carbon footprint and heating costs are demonstrated to fall below the standard
aluminium prefabricated facade elements. 0% aluminium content contributes to the reduction of the
embedded energy in the system.

e The structural properties, weathertightness and transparency of the TimberCW building
envelope are equal or better than the aluminium solutions. Standard testing of the TimberCW system
proved that all the high end requirements according to EN 13830 are fulfilled, rendering the system
suitable for high-rise buildings and adverse climatic conditions.

TimberCW demonstrates that the structurally glazed unitised systems using innovative wooden
frames is the feasible technology that provides better energy performance than aluminium based
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systems. At the same time, it is advantageous to composite alu-wood stick systems, being suitable for
high-rise buildings and avoiding some stick related constraints (poor movement accommodations and
aluminium-to-wood fixing problems).
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AHoTauis. Y 1iit poOoTi mpeacTaBiIeH! pe3ynbTaTH JOCIIKEHb, TPOBEICHUX B paMkax R&D
npoekty. OCHOBHa MeTa ToJisArajia B TOMY, IIO0 3aCTOCYBAaTH CYYacHY TEXHOJIOTIIO TO€THAHHS
TIOMIHIIO Ta JEPeB’STHUX KapKaciB, a TaKOX IMOKPAIIUTH €Heproe(eKTUBHUCTh KOHCTPYKINI Ta
CTBOPUTU E€KOJIOTIYHO YMCTUI MPOIYKT, (Hi3MUHi, KOHCTPYKTHBHI Ta €CTETHYHI XapaKTEPHUCTUKU
SIKOTO piBHI a00 HaBiTh BUIIE EJIIEMEHTIB aHAJOTIYHUX altoMiHieBUX cucTeM. TimberCW 1e
iHHOBaIliliHa cucTeMa 31 CTPYKTYPHHM CKJIIHHSM JIepeB’SHOi HaBICHOI CTiHHM, $Ka MOBHICTIO
CKJIQZIAEThCSl 3 JIAMIHOBAaHUX JIepeB’STHUX MPOQiTiB, BKIOYCHUX y TMOBHICTIO 30ipHY 00’€qHaHy
KOHCTPYKIIII0 OTOPODKYIOUOI CTiHH, i€ CKJISIHI HMaHei MPHUKICEH! CTPYKTYPHUM CHUIIIKOHOM [0
nepeB'sHux paM. Lls HOBa KOHIIENIliS MOBHICTIO BUKIIIOYAE AIFOMIHIEB] €IEMEHTH KOHCTPYKIIIi Ta
3a0e3neuye BUCOKY aTMOC(HEPOHETPOHUKHICTD. [t 30epeKeHHs] TOHKUX TIOTIePEUHUX MepepisiB, AKi
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€ 3BHUYAHMMHU JUIsl QNIOMIHIEBUX KOHCTPYKUIH, Oynau po3poOisieHi Ta mpoBeneHi j1adopaTopHi
BUMPOOYBaHHS CIICIIaIi30BaHUX KYTOBUX 3’€JIHaHb B JCPEB’STHOMY KapKaci Ha KPOHIITEHHax 3
HepxkaBitouoi craii. [IpencraBieHo MOPIBHAIBHUN aHali3 eHEeproe()eKTUBHOCTI Ta OLHKY PH3UKY
koHneHcanii TimberCW Ta moBHICTIO YHI()IKOBaHMX aJFOMIHIEBUX CHCTEM 1ACHTHYHOI 3arajibHOl
reomMeTpii Ta KOHCTPYKTHBHHMX XapaKTEpUCTHK. Bynu mpoBeaeHi MOBHOMACIITAOHI J1abopaTopHi
BUMPOOYBaHHS Ta OTpMMaHa cepTu(dikallis, o MATBEPKYE, 10 KoHIen s TimberCW miaxoauTs
JUIsL IPOEKTHOT'O 3aCTOCYBAHHS.

KuarouoBi caoBa: TimberCW, naminoBanuii nepeB’sHUM Kapkac, yHiI(pIKOBaHa CHCTEMA,
HaBiCHA CTiHA 31 CTPYKTYPHHUM CKJIIHHSIM, TETIJIOB1 XapaKTEePUCTHKH.

JNEPEBSTHHASI HABECHASI CTEHA —- THHOBAIIMOHHASI CUCTEMA CO
CTYKTYPHBIM OCTEKJIEHUEM KAK EAUHASI YHU®ULIMPOBAHHAS
OI'PAXKJIAIOIASI KOHCTPYKLMS
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AnHoTtanusi. B nanHoit pabote mpeacTaBieHbl pe3yabTaThl UCCICIOBAHHM, TTPOBEICHHBIX B
pamkax R&D mpoekrta. OCHOBHas LieNb 3aKIIOYaNach B TOM, YTOOBI MPUMEHUTH COBPEMEHHYIO
TEXHOJIOTUIO COYETaHWs aIOMUHHUA M  JEPEBAHHBIX KapKacoB, a TakXke YIy4lIUTb
SHEprodPPeKTUBHOCTh KOHCTPYKIIMM M CO3/aTh AHKOJOTHUYECKH YUCTBIA HPOAYKT, (pu3nuecKue,
KOHCTPYKTUBHBIE U ACTETHUECKHUE XapaKTEPUCTUKU KOTOPOrO PaBHbI WM J1aXKe BBIIIE JIEMEHTOB
AHAJIOTHYHBIX AIOMUHHUEBBIX cucTeM. TimberCW 3TO MHHOBAIMOHHAS CUCTEMa CO CTPYKTYpPHBIM
OCTEKJICHUEM JEpPEeBSIHHON HABECHOW CTEHbI, IOJHOCTBIO COCTOALIAs U3 JIAMUHUPOBAHHBIX
JEpPEBSIHHBIX MpO(QUIeH, BKIIOUYEHHBIX B IMOJHOCTHIO COOPHYIO OOBEAMHEHHYIO KOHCTPYKILHUIO
OTpaKIaloIIe CTEHbI, TJ€ CTEKJISHHbIE TMaHEIH MPUKIEEHbl CTPYKTYpHBIM CHIMKOHOM K
JCPEBIHHBIM paMaM. OTa KOHLENIMS MOJHOCThIO HCKJIIOYACT AIIOMUHUEBBIC 3JEMEHTHI
KOHCTPYKLHUU M 00€CleYrBaeT BHICOKYIO aTMOC(HEpPOHENPOHULIaeMOCTb. J{Is coXpaHEeHUs! TOHKUX
MOTIEPEYHBIX CEUCHHM, OOBIUHBIX MJIi AJTIOMHHUEBBIX KOHCTPYKLUHMH, ObUIM pa3paboTaHbl U
MIPOBEICHBI Ja0OPATOPHBIE UCTIHITAHUS CIEIIMATU3UPOBAHHBIX YTJIOBBIX COSIMHEHHM B I€PEBIHHOM
KapKace Ha KpPOHIUTEHHAaxX W3 Hepxkasewllend cranu. [IpencraBineH CpaBHUTENBHBIA aHAIN3
3Heprod(h(PEeKTUBHOCTHU U OIIeHKA prcka KoHAeHcanuu TimberCW u MOJHOCThIO YHUDHUITUPOBAHHBIX
ATIOMUHUEBBIX CUCTEM HJIEHTHYHOU OOIIEH reOMeTpuu M KOHCTPYKTUBHBIX XapaKTEepUCTHK. bbuin
MPOBEJICHBI MOJIHOMACIITaOHbIE JIaOpaTOpPHbIE HUCHBITAHUS M TMOJY4YeHAa CcepTU(UKAIUSA, YTO
MOJTBEPXKAaeT, 4To KoHuenus TimberCW moaxoauT 11t IPOSKTHOTO IPUMEHEHUSI.

KuroueBbie cioBa: TimberCW, naMUHUPOBAHHBIN JAEPEBSIHHBIN KapKac, YHH(PUIIMPOBaAHHAS
crcTeMa, HaBECHAs CTeHA CO CTPYKTYPHBIM OCTEKJICHHEM, TEIIJIOBbIC XapaKTePUCTHKH.
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Abstract. The main reasons for the wear of the walls of metal cylindrical tanks are corrosion
and fatigue of the metal of their vertical joints. It is possible to replenish for the corrosion losses of
the material, as well as to reduce the level of acting stresses to values allowed by the conditions of
metal fatigue, with external transverse reinforcement with fiber reinforced plastic (FRP).

Sequential consideration of the operation of steel shells of cylindrical tanks reinforced with
external transverse FRP reinforcement allows to obtain the values of the corresponding hoop stresses.
The necessary limitation of the values of the maximum stresses of the metal components makes it
possible to determine the coefficients of the external FRP reinforcement of these structures. Herewith
the analysis of the obtained theoretical results indicates the mandatory need to take into account the
temperature deformations of structural elements that exhibit different temperature-deformation
properties, as well as a significant impact on the results obtained by the longitudinal deformations of
the metal shells of these structures.

The calculation methods proposed in the article make it possible to determine the necessary
parameters for strengthening the bodies of metal cylindrical tanks with an external transversely
directed FRP reinforcement that perceives the actions of ring forces. The main factors determining
the effectiveness of the obtained solutions are the residual strength of the material of the metal shells
of the tanks, as well as the modulus of elasticity of the used FRP.

The theoretical expediency of the effective use of low-modulus FRP is confirmed for structures
with high strength indicators of metal bases, and high-modulus — in cases of significant limitation of
the stress level of metal elements.

Key words: metal cylindrical tanks, methods of strengthening the walls of tanks, external
transverse reinforcement, FRP systems of external reinforcement.

Introduction. Long-term operation of tank structures is one of the main reasons that determine
their physical wear and associated accident rate. The main cause of physical wear of the walls of
tanks of small and medium capacity (1000...5000 m?) is corrosion. The performance of the walls of
metal tanks of large sizes (with a capacity of more than 5000 m?), having a large thickness of elements
(12 mm or more), is largely determined by the fatigue of the metal used, which is most critically
manifested in vertical welded joints [1].

The problem of combating wall corrosion of tanks is usually solved using widely used paint
and varnish protection methods, including the introduction of thick-filmed (2...3 mm) epoxy-
containing coating systems, which may include glass fiber layers. To strengthen the tank shells,
providing for the reinstatement of the bearing capacity of their walls, various methods can be used as
replacing damaged elements, the general banding, the installation of various horizontal stiffeners that
cover defective vertical joints, welding along the entire length of vertical connections of the special
inserts, etc [2]. As alternative solutions, it was also proposed to use continuous winding of high-
strength wires or tapes installed with prestressing on the shells of metal cylindrical tanks [3, 4].

The traditional strengthening methods described above, giving quite acceptable results, are
associated with a number of design and technological shortcomings, often leading to the fact that the
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complete replacement of these structures is considered as a more effective solution. It becomes
possible to avoid many disadvantages of widely used reinforcing structures, significantly simplify the
technology and reduce the time of the mounting within the using of the methods of external transverse
reinforcement of the walls of cylindrical tanks by high-strength FRP materials, the most effective
type of which is carbon fiber reinforced plastic (CFRP) [5].

Thus the complex of problems to be solved when extending the effective operation of metal
tank bodies includes the reinstatement of the lost bearing capacity of their walls, which is a potential
cause of the most dangerous and costly accidents of these structures [1]. It becomes possible to
replenish the working material of the walls of the tanks, as well as to reduce the level of acting stresses
with external reinforcement by transverse FRP [2].

Existing theoretical base. The operability of reinforcements of structures of a closed geometric
shape, carried out by external transverse reinforcement with high-strength FRP materials, has been
evaluated in engineering practice for a relatively long time. In construction, such design solutions are
widely used to increase the bearing capacity of reinforced concrete columns and cylindrical
structures, in particular tanks [6-9]. At the same time, the existing regulatory framework for
strengthening reinforced concrete structures with FRP is quite extensive, there are national and
interstate documents that cover this issue quite fully. With regard to metal structures, the
reinforcement of which by FRP began almost 20 years later, there are no national defining regulatory
documents [5]. The recommendations that exist in the world on the calculation and design of building
structures combining metal and FRP materials are very limited and do not cover all cases of their
possible operation [10-15]. The problem is complicated by the fundamental differences in the nature
of the operation and destruction of reinforcements of metal structures from, for example, reinforced
concrete structures, as well as there is the impossibility of using pure solutions tested in the aircraft
industry and astronautics, which is explained by significant differences in the dimensions of the cross
sections of the elements, the nature of the existing internal forces, the values and the duration of the
applied loads, the impossibility of an empirical approach with multiple series of experimental studies
of full-scale elements of building structures and the peculiarities of using cheaper reinforcing and,
most importantly, matrix-adhesive materials.

Consideration of the existing theoretical basis for strengthening metal structures with FRP
poses a number of problems when considering the walls of cylindrical tanks. Currently, there is an
insistent need for a corresponding systematization and adaptation of the existing world practice of
reinforcing metal structures by FRP (within extremely limited national practice), in relation to the
operation of cylindrical tank shells. It is necessary to develop methods for strengthening the walls of
metal tanks in the absence of working loads, as well as with prestressing of reinforcing elements
installed in the time of continuous operation of structures. It is required to determine the degree of
influence of thermal stresses on the operation of cylindrical shells of tanks made up of layers, the
materials of which have significant differences in the values of the coefficients of linear thermal
deformations.

Thus the lack of an adequate regulatory framework [2, 16] largely hinders the practical
implementation of the method of transverse FRP reinforcement of steel tanks.

The purpose of the work is to determine an applied method acceptable for the calculation of
metal cylindrical tanks that perceive internal pressure and are reinforced by external transversely
directed FRP reinforcement, taking into account differences in the temperature deformation of the
used materials, as well as the definition of general factors affecting the efficiency of the applied
solution.

Results of the research. Sequential consideration of the operation of the steel shell of a
cylindrical tank, having a radius » and thickness #; , being under the action of the initial internal
pressure P’ and than strengthened by transverse prestressed FRP elements with prestress op and
thickness #rcontinuously located along its height, experiencing a subsequent increase in pressure by
an amount AP (Fig. 1), made it possible to obtain the values of the maximum hoop stresses,
respectively, in the elements of FRP reinforcement and the steel wall of the tank [16]:
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Fig. 1. Calculation drawing of a steel cylindrical shell of a tank reinforced with external transverse
FRP: s — the steel shell of the tank, /— the layer of external transverse FRP reinforcement

N m[Nf(X,Z) +1E, (asATsz _O‘fAsz)] o - Pr &0 l% N Ny T1E, (afATfl _asATsl) (1)

O,=0
s t+tm t t+tm

oo =AP-H(1=pf2), N, =AP- r[l + m(t /1t X,u/ 2)] — conditional hoop forces per unit
section of the FRP and steel layers of the tank wall, arising from a change in internal pressure

by the value AP and determined taking into account the combined action of hoop and
longitudinal stresses in the steel part of the structure; E; , Er — respectively, the moduli of

elasticity of steel and elements of FRP reinforcement; m = E, / E_— the ratio of the elastic

where N

modules of the constituent layers of the wall;  — Poisson's ratio of the material of the steel
component of the tank wall; op — prestressing in the elements of fiber-reinforced plastic;
and oy — coefficients of linear thermal deformation of steel and a layer of FRP; AT; and ATy
— the most critical temperature changes of the steel and FRP components of the shell, causing
maximum additional stresses in the steel; AT> and ATy — the most critical changes in the
temperatures of the steel and FRP components of the shell, causing the maximum additional
stresses in the FRP.

The most typical case that determines the temperature regimes of operation of the absolute mass
of metal tanks is a smooth change in temperatures with the same values A7 in all layers of complex
walls.

At present, two fundamental approaches have been formed to the practical consideration of the
nature of the operation of metal cylindrical shells reinforced by external transverse reinforcement,
which perceives the action of only ring forces.

On the one hand, classical works [3, 4], which analyze the strengthening of metal cylindrical
shells by winding high-strength metal wires and tapes, state that taking into account the longitudinal
stresses of these structures leads to a slight increase in the thickness of the steel parts of the walls and
a decrease in the thickness of the reinforcing layers, refining the calculation by no more than by
4...5%. Thus, in this case, under the influence of considerations of a significant simplification of
practical calculations, the assumption of the applicability of the statement Nyy,z)= Nyp,z) (AP)r.

On the other hand, the distinguishing features of the use of external FRP reinforcement of tanks
from reinforcing winding by metal elements are a much larger possible range of ratios of the elastic
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modules of the working parts of the wall structure, which in the general case is m =0,3...3,8 , as well
as the presence of coefficients of linear thermal deformation of FRP are &, = (— 2,0...+ 5,4)>< 107%°C™!

, which cause a significant increase in stresses during joint work with steel, that demonstrates a similar
value equal to a, =+10,4x107°°C™". The foregoing limits the applicability of simplifications of the
classical approach, abstracted from steel deformations directed along the axes of the tank shells.

The solution of the problem of determining the required working thicknesses of the FRP
components of the complex walls of the cylindrical tanks under consideration, without taking into
account the longitudinal deformations of the metal shells and with their presence, is given below.

The case of abstraction from longitudinal deformations of metal shells of tanks. Combined
consideration of expressions defining stresses in the steel wall of the tank and reinforcing FRP
elements (1), abstracted from the longitudinal stresses of the shell (i.e. Njx 2= Nyx ) (AP)r) and taking
into account uniform change in temperatures A7 of materials of all layers of the structure, allows to
get the interdependence between the considered stresses

1 t;
o
O, = GSO(X) +;(O-/ _G_/'O)_G/'O t__Aa AT .Es > (2)
!
. l/' . .
where o, = - stresses in the steel shell before the start of the reinforcement process,

s

Aa = a,—a, —the difference between the coefficients of linear thermal deformation of steel

and the layer of reinforcing FRP.

In the absence of initial pressure at the moment of reinforcement of the reservoirs (i.e. P'=0)
and installation FRP reinforcement without applying prestressing forces (op=0), the last
interdependence is

o,
=—-Ac, , (3)
m

where Ao, =Aa-AT - E — the value that determines the change in stresses under the influence of

o

s

temperature deformations.

Limiting in the last expression the stress value of the steel component oy of the complex wall
of the tank by the yield strength of the material £, or the limiting stress value that is permissible from
the fatigue conditions of the material of the joints of its non-reinforced structure, it becomes possible
to obtain the maximum stresses of the FRP component corresponding to the case of maintaining the
overall performance

o =(f,y+ Aoy m. 4)
Taking into account the condition of equilibrium of the acting forces
Nypw=AP-r=ot +o,,, (5

where N,,, =AP-r —conditional ring force per unit section of the complex wall of the tank, arising

when the internal pressure changes by AP,

and limiting condition (4), it becomes possible to obtain the required thickness of an external
transverse FRP reinforcement

_ NAP(x) - fydts
i, = . (6)
fyd +Aoc, Jm
Entering the coefficient of the required degree of external FRP reinforcement &, =17, / t, 1s

possible to get
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ko= (NAPm/ts)_f)d _ Ao, (7)
7 (fyd +A0'T)m (fyd +A0'T)m ’

where Ao, =—2* _ ¢~ — conditional excess of stresses over its limiting value (yield strength of
A ; )

steel or maximum stresses determined by the fatigue of the material of the joints) in a metal
shell in the absence of external reinforcement.

The case of accounting for longitudinal deformations of the metal shells of tanks. Similar to the
previous case, the combined consideration of the expressions that determine the stresses in the steel
wall of the tank and the reinforcing FRP elements (1), taking into account the effect of longitudinal

stresses in the shell on conditional ring forces N, .,, N, , as well as a uniform change in the

temperatures AT of materials of all layers of the structure, allows to get the interdependence between
these stresses

m , t At +1t,m
O, =—|0, =0y TOp—+AQ-AT-E,———— |+ 0, (8
A t t,+1,m

s

where 07y, =P'-r/t, — stresses in the steel shell before the start of the reinforcement process;
Aa =a, —a, —the difference between the coefficients of linear thermal deformation of steel
and the layer of FRP; A = [1 + m(tf/ts X,u/2)J/(l — 11/2) — auxiliary value.

In the absence of initial pressure at the moment of reinforcement of the tanks (i.e. o’%0=0) and
the installation of FRP reinforcement without prestressing (op=0), expression (8) takes the form

m Atv+tfm
o,=—|0,+Ao,————|, )
| t,+tm

N

In accordance with (9), the allowable stresses in FRP from the condition of ensuring the
operability of the steel part of the structure is

max m
Uf =Z|:f;)d +AGT

At +t,m
— (10)

t,+1t,m
where  f|, — design yield strength of steel or the limiting stress value permissible from the
conditions of fatigue of the material of the shell joints.

Joint consideration of the condition of equilibrium of ring forces N,,,, =AP-r=ot +0,

and the constraint (10) allows obtaining the required thickness of a continuous external transverse
FRP

A Ny =S, 11

b= At +t (an
m f. +Ac Al *iym
YTt m

The value of the coefficient that determines the degree of required external FRP reinforcement
k., in this case is

k, =t‘/=ﬁ- Wario/t)=fs 4. AT (12)
10 t, mf R At +1,m mf A At +t,m
+Ac, +Ac, L
MO tm v Tt +tm
t
1+m*f§ 1+mkm)ﬁ
where 4= s £ " 2 _ auxiliary value.
1-p/2 1-p/2
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Transformation of (12) allows obtaining the following equation

A )+ Ak — A, =0, (13)

where 4, = m[(l —,u/2)fyd —(‘LI/Z)AO'H + AO‘TJ; A4, = (1—y/2)fyd —(l + /,l/2)AO'S+ +Ao,;
A, =Ao,, [m.

The meaningful solution of equation (13) determines the required value of the coefficient of
external FRP reinforcement

Ky = % :g{(/lzz +44.4,) _Az} =A="7 (14)

1

where 4; =1/m.

Numerical studies and related analysis. A significant difference in the values of the coefficients
of linear thermal deformation of FRP and steels determines the significant effect of changes in
operating temperatures on the stress state of cylindrical tanks reinforced with appropriate external
transverse reinforcement.

Thus, the results of numerical calculations that considered the change in the coefficient of FRP
reinforcement k ,,,, for plastics based on various reinforcing fibers (E-glass fiber, aramid fiber, high

strength (normal modulus) carbon fiber, high modulus carbon fiber), obtained with a single excess
of stresses Ao, =1 over the limiting value f,, in different ranges of operating temperatures A7,

indicate their multiple variability.
An analysis of the dependences of the coefficients k ,,,, on operating temperatures AT indicates

a general trend of the supreme influence on this parameter of the values of the elastic modules £y of
the used FRP, as well as the strength characteristics of the material of steel shells /|, (with an increase

in these indicators, a decrease in these coefficients is observed).

The characteristic of influence of the temperature factor is determined by the condition of
limiting the strength of the material of metal shells: when using FRP based on various types of
structural fibers, thermal deformations can repeatedly change the value of the considered coefficient
k;, 1n combination with steel shells that are characterized by low material strength (

Sra =18kN/ cm®), while similar combinations with high-strength steels ( Sra =42kN/ cm®)

practically neutralize the effect of temperatures.

It is also important that in the considered determination of the coefficient k& the classical

RIOE
assumption about the possibility of abstracting from the effect of longitudinal deformations of steel
shells is applicable only in some cases when high-strength steel shells are combined with
predominantly high-modulus FRP of external reinforcement in the ranges of increasing temperatures.
Otherwise, not taking into account the longitudinal deformation of steel shells leads to significant
differences from the calculations performed with it taken into account.

Consideration of the dependences obtained for various types of external FRP, taking into
account the effect of longitudinal deformations of tanks, allows to conclude that it is quite expedient
to use low-modulus and much cheaper FRP to reinforce structures that have high strength

characteristics of steel basics f, ~ 30...42kN/ cm’ . At the same time, as for structures characterized
by low strength limits of steel f , ~15..20kN/ cm’, effective external reinforcement is achieved

only when using high-modulus FRP.

Conclusion. The proposed calculation methods make it possible to determine the necessary
parameters for strengthening the bodies of metal cylindrical tanks with an external transversely
directed FRP reinforcement that perceives the actions of ring forces. In this case, the mandatory
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factors to be taken into account are the temperature deformations of the materials used, as well as the
longitudinal deformations of the metal components of complex structures. The main factors
determining the effectiveness of the solutions obtained are the residual strength of the material of the
metal shells of the tanks, as well as the modulus of elasticity of the used FRP. The theoretical
expediency of the effective use of low-modulus FRP is confirmed for structures with high strength
indicators of metal bases, and high-modulus — for the walls of tanks, which are characterized by
significant restrictions on the level of allowable stresses of their metallic shells.

The needed further research. The indicators of effective external FRP reinforcement of the
walls of the bodies of metal cylindrical tanks require further determination, taking into account the
geometric features of the structures, the thickness of the metal elements, the characterization of the
initial loads, the methods of montage and the calculated characteristics of the fiber used.
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ITAPAMETPHU, BUBHAYAIOYI CTYIIEHb HEOBXIZITHOI'O 30BHIIIIHBOT'O
INOIIEPEYHOI'O ®IGPOIVIACTUKOBOI'O APMYBAHHSA METAJIEBUX
HNUJITHAPUYHUX PE3EPBYAPIB
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Ooecvka depoacasna akademisn 6yoienuymea ma apximexmypu, m. Qdeca

AHoTaniss. OCHOBHUMH NMPUYNHAMH 3HOIIYBAHHS CTIHOK KOPITYCIiB METAJICBUX IIMITIHAPUIHUX
pe3epByapiB € KOpo3isi Ta BTOMa METally iX BEpTUKAIbHUX 3'€lHaHb. BiTHOBUTH KOpPO3iiiHiI BTpaTH
Martepiaily, a TakoXK 3HU3HTH PiBeHb HANPY)KEHb J0 BEIWYHH, IO JOMYCKAIOTHCS YMOBAMHU BTOMHU
METajy, MOXKJIMBO IIPH 30BHIIIHBOMY ITOIIEPEYHOMY apMyBaHHI (iOpOMIacCTUKOBUMH MaTepialaMu.

[TocnigoBHUI pO3TIsAL POOOTH CTAIEBHX OOOJOHOK IUJIIHAPUYHUX Pe3epBYapiB, MOCHICHUX
Oe3rnepepBHUM 30BHIIIHIM TONEepedyHuM (HiOpOIUIACTUKOBUM apMYyBaHHSM, JI03BOJIIE OTPUMATH
BEJIMYMHHU BIJIMOBIIHUX KUIBLIEBUX HampykeHb. HeoOximHe 0OMEKEHHsI BEJIMYUH MAaKCUMAaJTbHUX
Hanpy>KeHb METaJIeBUX CKJIAJOBHX A€ MOJIMBICTh BH3HAUYEHHS KOEQIIIEHTIB 30BHIIIHBOTO
($i0poIIacTUKOBOTO apMyBaHHS JaHUX KOHCTpyKmii. Ilpm mbpoMmy aHami3 oJepKyBaHHX
TEOPETUYHHUX PEe3yJbTaTiB CBITUUTH MPO OOOB'SI3KOBY HEOOXITHICTH ypaxyBaHHS TeMIIEpaTypHHUX
nedopmariii - €IeMeHTIB KOHCTPYKIIM, IO BHUSBISIIOTH Pi3HI  TeMmIeparypHo-aedopmarltiiini
BJIACTUBOCTI, @ TaKOX IPO CYTTEBHH BIUIMB Ha pe3yibTaTh JediHimii Mmo3qoBXKHIX nedopmarii
MeTaJeBUX 000JIOHOK aHaJII30BaHUX CIIOPY/I.

3anpornoHoBaHi y CTaTTi METOOM pO3PaxyHKY JO3BOJISIIOTH IPOBOJUTH BH3HAYCHHS
HEOOX1THUX IMMapaMeTpiB MOCHJICHHS KOPIYCIB METaJeBUX MHIJIIHIPUIHUX PE3epBYyapiB 30BHIIIHIM
MIOTIEPEYHO CHPSIMOBAaHUM (DiOPOIUIACTUKOBUM apMyBaHHSM, IO CIpUIMAE il KUTbLIEBUX 3yCHIIb.
OcHoBHUMH (DakTOpaMH, IO BU3HAYAIOTh €(GEKTHUBHICTH OJICPKYBAaHUX pIllleHb, € 3aJIUIIKOBA
MIIHICTh ~MaTepialy MeTaJeBUX OOOJOHOK pe3epByapiB, a TaKOX MOIYJIb HPYKHOCTI
(hi0porIacTuKiB.

TeopernuHa IOUITBHICTh €(PEKTUBHOIO BUKOPUCTAHHS HU3BKO MOIYIbHHUX (iOpoapMOBaHHX
MJIACTUKIB MATBEPKYETHCS JJIsI KOHCTPYKIIIH, 110 MAIOTh BHCOKI MOKa3HUKH MIITHOCTI METaJIeBUX
OCHOB, a BHCOKO MOAYJBHUX — Yy BHIIaJKaX ICTOTHOTO OOMEXEHHsS piBHS HAIpyr METaJeBHX
€JIEMEHTIB.

Kiro4oBi cjioBa: MetasneBi HUIIHAPUYHI pe3epBYyapy, METOIM IOCUIICHHS CTIHOK pe3epByapiB,
30BHIIIHE MTONIEPEYHE apMyBaHHS, (PiOPOTIIACTHKOBI CHCTEMHU 30BHIIITHHOTO apMYBaHHS.

-32 -



CyuacHi 6ydisenvhi kKoncmpykyii 3 memany ma depesunu, 2022. — Bun. Ne 26 (cTop. 33-43)

UDC 624.014:624.074.7:624.953 d0i:10.31650/2707-3068-2022-26-33-43

EXPERIMENTAL STUDIES OF ELEMENTS OF METAL CYLINDRICAL
STRUCTURES STRENGTHENED BY EXTERNAL TRANSVERSAL CFRP
REINFORCEMENT

Dziuba S.V., Ph.D., Associate Professor

pdo@ogasa.org.ua, ORCID: 0000-0002-2413-9651

Korshak O.M., Ph.D., Associate Professor

bagiraolga@ukr.net, ORCID: 0000-0001-7346-252X

Mikhailov O.0O., applicant for Ph.D.

pdo.ogasa@gmail.com, ORCID: 0000-0003-0299-8137

Odessa State Academy of Civil Engineering and Architecture, Odessa

Abstract. One of the modern ways to increase the bearing capacity of the walls of metal
cylindrical structures that perceive the action of internal pressure is the external transversely directed
reinforcement by fiber reinforced plastics (FRP), the most effective type of which is made from
carbon fibers (CFRP).

Consideration of metal cylindrical shells, which perceive the action of internal pressure and are
reinforced with external transversely directed FRP reinforcement, makes it possible to obtain the
values of the stress state parameters of the corresponding structures. At the same time, analytical
methods for estimating these parameters do not have the necessary experimental justification.

In this connection, experimental studies of the stress state of elements of models of metal
cylindrical structures externally reinforced with transversely directed FRP based on high strength and
high modulus carbon fibers were carried out. The results of tests, including taking into account
variable operating temperatures, are presented in this paper in comparison with the conclusions of the
previously proposed practical methods of the corresponding analytical assessment.

The paper substantiates the applicability of applied analytical methods for determining the
parameters of the stress state in the elastic stage of deformation of the elements of the complex walls
of metal cylindrical shells externally reinforced with transversely directed FRP elements made on the
basis of normal modulus and high modulus carbon fibers.

Key words: metal cylindrical structures, external transverse reinforcement, FRP systems of
external reinforcement, experimental studies.

Introduction. One of the modern ways to increase the bearing capacity of the walls of metal
cylindrical structures that perceive the action of internal pressure is the external transversely directed
reinforcement by fiber reinforced plastics (FRP), the most effective type of which is made from
carbon fibers (CFRP) [1-3].

This method of increasing the bearing capacity of the walls of cylindrical shells can be used
both in the manufacture of new structures with reduced weight characteristics, and for the
rehabilitation and restoration of existing cylindrical structures, the bearing capacity of the shells of
which is reduced due to long service life. The presence of external transverse FRP reinforcement
makes it possible to reduce the level of internal ring stresses acting in the metal bases of the walls of
these structures, which is most important in the case of reduced values of the design resistances of
the base material and the joints of elements, often characterized by fatigue. It is theoretically possible
to carry out the installation of external FRP reinforcement of metal cylindrical structures including
the cases of presence of internal pressure in them. The degree of effectiveness of this reinforcement
can be increased by using the installation methods that provide prestressing [4, 5].

Existing theoretical base. Consideration of metal cylindrical structures that perceive the action
of excessive internal pressure and are reinforced by external transversely directed reinforcement,
based on the classical theory of the operation of thin-walled shells, makes it possible to obtain the
values of internal stresses both in the elements of the shells and in the external transverse
reinforcement [6, 7].
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The presence of significant differences in the characteristics that determine possible multiple
differences in the strength, elasticity and thermal deformation of building steels and various types of
structural FRP forces to make clarifications [3, 4, 8] in the classical engineering methods of definition,
which are mostly abstracted from these differences in favor of simplifying the final applied
dependencies. At the same time, the most significant factors affecting the results of determining the
parameters of the stress state of the walls of these complex structures are differences in the elastic
modules and coefficients of linear thermal deformation of the materials used, as well as the significant
effect of longitudinal deformation of reinforced metal shells in such combinations of materials [8].

Solutions that are consisting in the external transverse reinforcement of metal cylindrical
structures, carried out using high-strength steel wires and tapes, which have close values of elastic
and temperature-strain characteristics, are distinguished by the presence of the necessary
experimental validation of existing engineering practices for determining the stress state parameters
[6, 7]. With respect to the methods that are applicable for similar external reinforcement performed
by using FRP in general, as well as CFRP in particular, there is no such experimental validation,
which hinders the appropriate implementation.

The purpose of the work is an experimental validation of an practical method for determining
the parameters of the stress state in the elastic stage of deformation of thin-walled metal cylindrical
shells reinforced with external transverse FRP [4, 8] in relation to the case of using high strength and
high modulus CFRP.

Research methodology. To solve the problem, experimental studies were carried out for
determining the change in the parameter of the ring strain with an increase in internal pressure in
metal cylindrical elements reinforced with external transverse FRP reinforcement made using
structural unidirectional tapes based on high strength and high modulus carbon fiber materials. The
reinforcement by CFRP was carried out with the placement of structural tapes in one and several
layers without prestressing and in the absence of initial internal pressure in the experimental samples.
The studies were carried out taking into account the effect of constant and variable operating
temperatures.

The tested specimens were characterized by ratios of the radii of cylindrical curvature to the

thickness of the metal walls, not less than 20 units (i.e. 7/, >20), which allows to consider their

stress state related to thin-walled cylindrical shells. The reinforcing tapes were installed in the
operational position by winding on the cylindrical surface with the deviation of the fibers from the
direction transverse to the axes of the samples by no more than 5°, which makes it possible to
conditionally consider the reinforcement as transversely directed [9, 10].

The theoretical values of the researched ring strain in the elastic stage of deformation in the
metal components of the complex walls of the considered cylindrical metal shells, reinforced with
transversely directed FRP reinforcement, that was installed without prestressing in the absence of
initial internal pressure, were determined in accordance with the dependence that was following from
[4, 8]:

1 Ny, —t,-E -AT-Ac

TE t+1,(E,E) D

N

where N

sy = AP r[l +(E L+ |E, Xt o/t Xu/ 2)J — conditional ring force per unit section of the steel
layer of the wall, arising from internal pressure AP and determined taking into account the
combined action of ring and longitudinal strains in the steel part of the structure; #, #r —
respectively, the calculated thicknesses of the steel and FRP components of the complex wall
of the cylindrical shell; Es , Er — respectively, the modules of elasticity of steel and FRP

reinforcement; AT — the temperature change in all layers of complex wall; Ao = a, —a, —the

difference between the coefficients of linear thermal deformation of steel and the layer of
reinforcing FRP; g — Poisson's ratio of the material of the steel component of the wall; » —
radius of cylindrical curvature of the metal shell.
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The determination of the theoretical reduced thickness of the FRP reinforcement, taking into
account the uneven distribution of forces in the composition of multilayer FRP elements made by
high strength and high modulus carbon fiber structural tapes, was carried out taking into account the

coefficients of uneven functioning strains &, described in [11-13] and establishing the degree of
loading of the considered layers of this material , i.e.

[
__f
t _72:1: k., )

where n=1...5 —the number of monolayers in the equal thickness of reinforcing FRP; 7, — physical
thickness of an single monolayer of reinforcing fiber; &, — coefficients of non-uniform loading

of layers, equal for high strength (normally modular) CFRP k =10, k,=0,73,
ky =k, =k, =017, and for high modulus CFRP k, =10, k, =0,78 ,k; =k, =k, =0,56 (Fig.

1).
i o
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— 2 T E, T
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Fig. 1. Distribution of strains in CFRP reinforcement systems of steel elements: a — using high
modulus carbon fibers, b — using high strength (normal modulus) carbon fibers [11]

As experimental samples imitating thin-walled cylindrical shells that have undergone external
transverse FRP reinforcement, the following were used:

— welded steel pipes with an inner diameter of 150.0 = 0.1 mm, a wall thickness of 3.0 + 0.1
mm (r/t, =25>20) and a length of 1200 mm, to the ends of which were welded steel
plates of 12 mm thickness, the mark of used steel was C245 according to
JCTY 8539:2015 (Fig. 2, a);

— welded steel cylinders with an outer diameter of 299.0 + 0.1 mm and a wall thickness of
3.0 £ 0.1 mm (r/t, =49,3>20), with a volume of 50 liters, intended for liquefying

hydrocarbon gases at a pressure of up to 1.6 MPa, corresponding to /CTYV ISO 10462:2019
and made of Cm3cn steel (Fig. 2, b).

External transverse FRP reinforcement of experimental samples was carried out by systems
consisting of:

— normally modular carbon fiber fabric SikaWrap-230C, characterized by a monolayer

thickness of 0.131 mm, an elastic modulus E;= 2.38 x 10* kN/cm? and a tensile strength
of 430 kN/cm?, a 2-component thixotropic epoxy adhesive Sikadur-330 was used as a
matrix;

— high modulus carbon fiber fabric MapeWrap C UNI-AX HM, characterized by a monolayer
thickness of 0.329 mm, an elastic modulus Er= 3.90 x 10* kN/cm? and a tensile strength
limit of 441 kN/cm?, a 2-component epoxy-based adhesive MapeWrap 31 was used as a
matrix resin of medium viscosity.
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(b)

Fig. 2. Experimental samples made of: a — welded pipes with an inner diameter of 150.0 = 0.1 mm,
wall thickness of 3.0 = 0.1 mm (r/¢, =25>20), b — welded steel cylinders with an outer

diameter of 299.0 = 0.1 mm, wall thickness 3.0 £ 0.1 mm, JCTY ISO 10462:2019 (
rft, =49,3>20)

The technology of the FRP reinforcement was corresponded to the recommendations of the
manufacturers of these systems.

The loading of the tested samples was carried out by creating an internal hydraulic pressure,
the stepwise increase of which was provided by the supply of water through hydraulic valves from
the intermediate high-pressure leveling tank, into which the liquid was pre-injected by a high-pressure
pumping unit. The control of the internal pressure values was provided by replaceable manometers
of various working pressures.

The registration of the values of ring strains and the corresponding stresses of the metal parts
of the reinforced walls was carried out by the tensoresistoring method in the middle of the height of
the tested samples. The readings of the strain gauges were calibrated in accordance with ones obtained
during preloading of the samples, which was carried out before the installation of FRP, and compared
with the "reference" values of the annular elastic relative strains of their steel cylindrical shells, equal
to

1 AP-r

5S=E - 3)

N N

Further transition to the desired values of the ring stresses of the metal elements of the
reinforced walls of the tested samples was carried out in accordance with the condition of elastic
deformation

o,=E¢,. 4)

N sTS8

Results of the research.

1.  Experimental specimens made of steel welded pipes with an internal diameter of 150.0 + 0.1
mm, wall thickness of 3.0 = 0.1 mm, reinforced by external transverse FRP reinforcement with
the normally modular Sika Wrap-230C system installed in 1 and 2 layer, were characterized by
the coefficients of external reinforcement of the walls, which were respectively

k, = (tf /ts)><100% =4.37% and k, =8.73%, providing a theoretical increase in the bearing
capacity in comparison with unreinforced samples, which were 4.08% and 6.82%, respectively.
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The results of experimental studies of the ring strains of the metal component of the
complex walls of these samples, obtained during tests carried out without taking into account
changes in operating temperatures, are presented in Figures 3 and 4 in comparison with
theoretical values corresponding to unreinforced (3) and reinforced by CFRP samples (1).

2. Experimental samples made from steel welded cylinders with an outer diameter of 299.0 + 0.1
mm and a wall thickness of 3.0 + 0.1 mm, reinforced by external transverse FRP reinforcement
with a normally modular SikaWrap-230C system installed in 1 and 2 layer, were characterized
by the coefficients of external reinforcement of the walls, which were respectively &, =4.37%

and k, =8.73%, providing a theoretical increase in the bearing capacity in comparison with

unreinforced samples, which were 4.08% and 6.82%, respectively.

The results of experimental studies of the ring strains of the metal component of the
complex walls of these samples, obtained during tests carried out without taking into account
changes in operating temperatures, are presented in Figures 5 and 6 in comparison with
theoretical values corresponding to unreinforced (3) and reinforced by CFRP samples (1).

3. Experimental specimens made of steel welded cylinders with an outer diameter of 299.0 £+ 0.1
mm and a wall thickness of 3.0 + 0.1 mm, reinforced by external transverse FRP reinforcement
with the high modulus MapeWrap C UNI-AX HM system installed in 1 and 2 layers, were
characterized by the coefficients of external reinforcement of the walls, which were respectively

k; =10.97% and k, =21.93%, providing a theoretical increase in the bearing capacity in

comparison with unreinforced samples, which were 14.61% and 22.94%, respectively.

The results of experimental studies of the ring strains of the metal component of the
complex walls of these samples, obtained during tests carried out without taking into account
changes in operating temperatures, are presented in Figures 7 and 8 in comparison with
theoretical values corresponding to unreinforced (3) and reinforced by CFRP samples (1).

Similar experimental results, comparable to the theoretical ones, obtained during testing
of the samples reinforced with 1 layer of reinforcement and experiencing additional thermal
stresses determined by heating the supplied liquid, respectively, by +25°C and +36°C, are
shown in Figures 9 and 10. At the same time, the theoretical values of additional thermal
stresses were —1.05 kN/cm? and —1.51 kN/cm?, respectively.

Experimental results, comparable to theoretical ones, obtained during testing of a sample
reinforced with 2 layers of reinforcement and experiencing additional thermal stresses
determined by heating the supplied liquid by +24°C, are shown in Figure 11. The theoretical
value of additional thermal stresses in this case was —1.58 kN/cm?.

The comparison of the analytical dependencies consequent to (1) and determining the elastic
ring strains of the metal components of the complex walls of the cylindrical shells, with the results of
experimental studies of this parameter (Fig. 3-11), indicates their practical correspondence.

Conclusion. The obtained results of experimental studies substantiate the validity of using the
applied method for determining the parameters of the stress state of the elements of the complex walls
of metal cylindrical shells externally reinforced by transversely directed FRP elements [4, 8], made
on the basis of normally modular and high modulus carbon fibers with reinforcement coefficients of
4.4 ... 22.0%, and variable temperature operating conditions.

The needed further research. Further experimental substantiation requires the application of
the considered method of applied theoretical determination of the parameters of the stress state of
elements of metal cylindrical structures reinforced by transverse FRP in relation to reinforcing
elements of various thicknesses made of materials based on glass and aramid fibers.
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Fig. 3. The dependences of the ring strains & on the internal pressure AP in a steel cylindrical shell
with an inner diameter of 150.0 £ 0.1 mm and a wall thickness of 3.0 = 0.1 mm, reinforced
by external transverse FRP of the SikaWrap-230C system installed in 1 layer
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Fig. 4. The dependences of the ring strains & on the internal pressure AP in a steel cylindrical shell
with an inner diameter of 150.0 £ 0.1 mm and a wall thickness of 3.0 = 0.1 mm, reinforced
by external transverse FRP of the Sika Wrap-230C system installed in 2 layers
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Fig. 5. The dependences of the ring strains & on the internal pressure AP in a steel

cylindrical shell with an inner diameter of 299.0 & 0.1 mm and a wall thickness of 3.0 = 0.1
mm, reinforced by external transverse FRP of the Sika Wrap-230C system installed in 1 layer
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Fig. 6. The dependences of the ring strains & on the internal pressure AP in a steel
cylindrical shell with an inner diameter of 299.0 & 0.1 mm and a wall thickness of 3.0 = 0.1
mm, reinforced by external transverse FRP of the SikaWrap-230C system installed in 2
layers
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Fig. 7. The dependences of the ring strains & on the internal pressure AP in a steel
cylindrical shell with an inner diameter of 299.0 & 0.1 mm and a wall thickness of 3.0 = 0.1
mm, reinforced by external transverse FRP of the MapeWrap C UNI-AX HM system
installed in 1 layer
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Fig. 8. The dependences of the ring strains & on the internal pressure AP in a steel
cylindrical shell with an inner diameter of 299.0 + 0.1 mm and a wall thickness of 3.0 £ 0.1

mm, reinforced by external transverse FRP of the MapeWrap C UNI-AX HM system
installed in 2 layers
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Fig. 9. The dependences of the ring strains & on the internal pressure AP, obtained
with a change in operating temperature by +25°C in a steel cylindrical shell with an inner
diameter of 299.0 + 0.1 mm and a wall thickness of 3.0 £ 0.1 mm, reinforced by external
transverse FRP of the MapeWrap C UNI-AX HM system installed in 1 layer
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Fig. 10. The dependences of the ring strains & on the internal pressure AP, obtained

with a change in operating temperature by +36°C in a steel cylindrical shell with an inner
diameter of 299.0 + 0.1 mm and a wall thickness of 3.0 £ 0.1 mm, reinforced by external
transverse FRP of the MapeWrap C UNI-AX HM system installed in 1 layer
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Fig. 11. The dependences of the ring strains & on the internal pressure AP, obtained
with a change in operating temperature by +24°C in a steel cylindrical shell with an inner
diameter of 299.0 + 0.1 mm and a wall thickness of 3.0 = 0.1 mm, reinforced by external
transverse FRP of the MapeWrap C UNI-AX HM system installed in 2 layers
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AnoTtanisi. OqHUM 13 CydacHHUX CIOCOO0IB MIJBUIIEHHS HECYUYOi 3JJaTHOCTI CTIHOK METaJIeBUX
WTIHAPUYHAX KOHCTPYKIIH, 10 COpUAMAIOTh Jil0 BHYTPIIIHBOI'O THUCKY, € 30BHILIHE MOMEPEYHO
cupsmoBaHe ¢ioporactukoBe (FRP) apmyBanHs, HaiOuUIbIl e(QEeKTUBHUM BHUIOM SKOTO €
apMyBaHHs Ha OCHOBI ByrienieBux Matepiaiis (CFRP).

Po3rasn MeraneBUX NUITHAPUIHUX 00OJIOHOK, IO CIIPUMMAIOTH JIiF0 BHYTPIIIHHOTO TUCKY Ta
MOCHJICHUX 30BHIINIHIM TOMIEPedHO cripssiMoBaHUM FRP apmyBaHHSIM, 03BOJIsSIE OTPUMATH BETUIHHH
rapamMeTpiB HaPY>KEHOTO CTaHy BIAMOBITHUX KOHCTPYKITIK. [Ipu IbOMy aHaJIITHYHI METOAH OIIHKH
JaHUX TapaMeTpiB HE MAIOTh HEOOXiTHOTO eKCIIEPUMEHTAIIBHOTO OOTPYHTYBaHHS.

VY 3B's13Ky 3 BKa3aHUM, OYyJIHM 31MCHEH] eKCIIEPUMEHTAIBHI TOCHIPKEHHS HAITPY)KEHOTO CTaHy
€JIEMEHTIB MOJIeJIed METaJeBUX IIJIIHAPUYHUX KOHCTPYKLIN, 30BHIIIHHO apMOBAaHUX IMOMEPEUYHO
cpsMOBaHUMHU (h1OPOIJIACTUKOBUMH MaTepialaMu Ha OCHOBI 8UCOKOMIYHUX TA BUCOKOMOOYIbHUX
BYIJICLIEBUX BOJIOKOH. Pe3ynbraTu BUNpOOyBaHb, 3I1MCHEHUX, Y TOMY YMCHi, 1 3 ypaxyBaHHAM
3MIHHUX TeMIIepaTyp eKCIUIyaTailii, HaBOAAThCA Yy I poOOTI y TOPIBHSHHI 3 BUCHOBKAMH
3aMpOIOHOBAHMX PaHIIlIe MPUKIATHIX METOIB BiIIIOBITHOT aHAIITUYHOI OIIHKH.

PoGora o0OrpyHTOBY€ 3acTOCyBaHHS NPHKJIAJHUX AaHATTHYHUX METOJIB BH3HAYCHHS
napaMeTpiB HaMpy>KEHOT'O CTaHy B IPYKHiHM cTanii feopMyBaHHS €1eMEHTIB KOMIUIEKCHUX CTIHOK
METaJeBUX  IIWNHAPUYHUX  OOOJOHOK 30BHI  apMOBAaHHMX  TIOMEPEYHO  CIPSIMOBAHUMH
(Gi0pOMIaCTUKOBUMH ~ €I€MEHTaMH{, BHIOTOBICHUMH HA OCHOBI  HOPMANbHOMOOVIbHUX 1
BUCOKOMOOYIbHUX BYTIICIIEBUX BOJIOKOH.

KurouoBi cioBa: meraneBi HMITIHAPUYHI KOHCTPYKIIii, 30BHILIHE MONEPEYHE apMyBaHHS,
($h10pOoIIacCTUKOBI CUCTEMH 30BHIIIHHOTO ApMYBaHHSI, €KCIIEPUMEHTAIBHI TOCITIHKCHHS.
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Annotation. Mitigation of the effects of the explosion is in the spotlight due to the unstable
geopolitical situation. Existing wooden structures are not designed to withstand an explosive load,
and in areas of a possible attack, their sensitive elements require anti-explosive modernization. The
search for rational constructive solutions for connections that can plastically deform and dissipate the
energy of an explosion, while preserving the supporting frame from destruction, is an urgent problem.
The number of studies on the characteristics of connections of wooden structures under explosive
loading is very limited and requires a holistic and systematic approach. Dynamic tests of connections
of wooden structures using the Shock Tube installation, which is capable of creating high strain rates
similar to those observed during explosions in the far zone, are presented. A load transfer device
(LTD) with two third-span load transfer beams was used to convert the reflected shock tube pressure
into two concentrated forces applied directly to the specimens. While the structural member is
subjected to a uniformly distributed load in a real explosion, the use of LTD generates similar strain
rates and general dynamic responses in the timber member and connections. The LTD consists of
rigid steel panels covering the entire opening of the end frame. Thanks to the slotted hinges, the LTD
can move up to 200 mm, which allows the transfer of pressure without changing the rigidity of the
tested specimens. A technique for the development of energy-absorbing connections (EAC) in
assemblies of glued laminated timber and cross-laminated timber (CLT) for protection against the
impact of a blast wave is considered. Explosive overloads were modeled with the introduction of the
Shock Tube installation. Experimental test results have shown that, when properly designed, EACs
allow assemblies to withstand more blast energy than conventional glulam and CLT connections. The
behavior of an EAC wood bar element under explosive loading can be divided into three stages. The
initial loading stage is the region where both the EAC and the wood element behave resiliently by the
time the EAC yields. The second stage is characterized by a yield plateau where EAC exhibits almost
perfect ductility and the load acting on the wood element is constant. The last stage consists of a
compaction stage accompanied by an increase in stiffness and strength, which exceeds the strength
of the wooden element. Awareness of the need to protect wooden structures from significant dynamic
effects (explosion, tornado) is an insufficiently solved problem. The analysis of literary sources made
it possible to identify the advantages and disadvantages of different types of connections of wooden
rod structures under the action of significant dynamic loads. Their advantages and disadvantages are
determined, as well as the ways for their further improvement and application.

Keywords: energy-absorbing connections, explosion mitigation, constructive solution,
explosion resistance, wooden rod elements.

Introduction. The need for innovative knowledge of modern structural connections of wooden
structures, and their behavior under the action of a dynamic load in a complex stress-strain state,
makes the task of studying, systematizing and developing solutions for practical application relevant
[1, 2]. Mitigation of the effects of the explosion is in the spotlight due to the unstable geopolitical
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situation. Existing wooden structures are not designed to withstand an explosive load, and in areas of
a possible attack, their sensitive elements require anti-explosion modernization [3].

Analysis of recent research and publications. Most experimental studies of wood elements
subjected to explosive loads have been carried out to establish material properties and their behavior
at high strain rates with idealized limiting conditions. Testing of glued laminated timber with bolted
connections [ 17] showed that connections with high ductility, designed to experience significant flow,
performed better than connections that were designed with excessive strength according to the
Canadian Explosion Design Standard.

The importance of energy dissipation through boundary junctions has been explored in research
outside of timber structures. In [4], energy-absorbing connections (EAC) were developed for precast
concrete panels, which reduce the transfer of dynamic load to the frame elements. Used deformable
and collapsible steel connectors under explosive load. Limit connections dissipate energy, absorbing
the load on the supporting frame of the building. Cylindrical mild steel dampers are proposed in [5].
The tests were carried out at impact velocities ranging from 3 to 5 m/s using a fixed mass falling on
the specimens under the action of gravity. Their crushing behavior and energy absorption capacity
were analyzed experimentally and modeled numerically using LS-DYNA. Oswald [6] developed and
tested precast concrete panels with steel EACs with and without aluminum honeycomb inserts similar
to those proposed by Whitney [4]. It has been found that EACs limit the peak dynamic reactive load
transferred to the support structure and reduce damage to the supporting element compared to
traditional rigid supports. Lavarnway and Pollino [7, 8] explored the feasibility of using simple,
effective blast-resistant ductile connectors (BRDC) implemented between the building envelope and
the lateral force-resistance system (LFRS). For a wide range of explosion scenarios, the BRDC was
able to completely dissipate the energy of the explosion, leaving the load-bearing structures
unscathed. Reference [9] presents an EAC made of a curved aluminum foam plate to be inserted
between a blast-resistant facade and the supporting structure of a building. The influence of aluminum
foam, the thickness and the radius of the curved plate on the energy absorption characteristics of the
connector was experimentally investigated, which showed that the energy absorption capacity of the
connector can be improved by increasing the thickness of the curved plate. EAC tests of variously
shaped corrugated plates filled with polyurethane foam have proven that polyurethane foam filler can
improve the energy absorption performance of the connector [10].

Targets and goals. The purpose of this study is to search for rational design solutions for
connections that can plastically deform and dissipate the energy of an explosion, preserving the
supporting frame from destruction and further application of the accumulated factual information in
connections of wooden rod elements.

Materials and research methods. Modern connections of rod wooden elements are an integral
part of unique buildings and structures tuned to the perception of explosive loads. The latest
experimental and theoretical studies of their behavior under the action of an explosion are considered.
Due to the small number of similar design solutions for connections, only those that are in the range
of this study were selected for analysis, and are promising for further improvement and development.

Research results. The environmental benefits of using wood as a construction medium are well
known. Architects and developers are increasingly attracted to the concept of wood specification for
construction, thanks to the use of structural wood composites such as laminated veneer timber; glued
veneer; parallel chipboard; laminated timber.

The spans and load-bearing capacity of timber structural elements have increased to an
economically competitive level with other materials traditionally associated with modern long-span
structures. Prefabricated connection systems have several potential advantages over traditional ones,
both in appearance and strength. Hidden factory connectors have the potential for close quality control
in production.

The wood has a high strength-to-weight ratio, which is favorable for dynamic loads.

To meet modern design requirements that take into account the action of significant dynamic
loads, wooden structures must demonstrate plastic and dissipative behavior. A well-designed plastic
wood structure can withstand extreme impacts such as tornadoes or explosions [14]. It is important
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to design fasteners that are weaker than the wooden elements so that they can deform and dissipate a
large amount of energy. The way to ensure both proper ductility and sufficient load-bearing capacity
are to use a large number of weak fasteners. The use of energy dissipation techniques allows you to
protect the structure and people from an explosion, make repairs promptly and reuse the building. In
[10], wall panels were developed that perform explosion-proof functions. They are connected to the
supporting structure using assemblies of energy dissipating elements along the edge of the panel.
When subjected to an explosive load, the panels transmit the pressure of the shock wave through the
assemblies, thereby reducing the forces transmitted to the supporting structure. Subsequently, panels
and blocks of energy-dissipating components can be quickly and easily replaced, allowing the
building to be reused within a short time after an explosion.

Dynamic testing is undoubtedly the best choice for detecting the behavior of timber structures
under explosion, seismic or wind loads. Also, given the fact that failure modes can be very different
in static and dynamic conditions, it is necessary to have an idea about the plasticity of wooden
connections.

A large amount of factual materials, as well as experimental and theoretical studies on the
impact of tornadoes, makes it possible to qualitatively study the consequences of the behavior of
wooden elements and their connections [12].

Tornadoes cause extreme localized wind pressure and uplift forces greater than the action of
straight wind. When a structure is located in the center of a tornado's path, it experiences the most
damage, making economical lightweight timber construction impossible for the most intense
tornadoes. However, as it stretches outwards perpendicular to the tornado's path, the intensity of the
tornado decreases. The standardized method for estimating wind speed during a tornado is the
Enhanced Fujita (EF) scale, based on damage observations since direct measurement of wind speed
during a tornado is generally not possible. The extreme localized wind pressure and wind debris in a
tornado make it difficult to streamline the design process.

The collapse of the timber frame roof of an apartment building is one of the most common and
costly types of damage caused by tornadoes. The work to mitigate damage to wood-framed residential
roofs is important, and this is possible through improved design approaches and innovative solutions.

Connections in modern wooden buildings are metal devices that ensure the transfer of forces
between structural elements. Their design is the most strategic part of the structural design of a
wooden structure since the characteristics of the connections (type, mechanical properties, geometry,
distance, assembly technique) strongly depend on the rigidity, strength, plasticity and dissipation
energy of the entire structure.

A wide range of formations of hidden moment connections of wooden structures can be divided
into five general types (Fig. 1): hidden rods, hidden glued plates, adhesive connections of surface
contact connections, wooden lap connections and dowel connections [13]. Concealed connections
provide not only aesthetic benefits but also resistance to environmental degradation, fire and
significant dynamic impacts.

Recently, high-rise wooden houses have been built using a structural system in which massive
diagonal members are connected by multiple slotted and tongue-and-groove steel plates to ensure
structural strength. However, this application system limits large openings.

Moment Resistant Timber Framing (MRTF) with semi-rigid beam-to-column connections
allows buildings to be erected without stiffeners or shear bracing, allowing openings to be enlarged,
and redistributing internal forces through the connection with sufficient ductility is critical to ensuring
the strength of the structure [15].

The significance of plasticity in a structural system lies in the fact that dissipative zones are
located in connects, while the wooden elements themselves behave elastically. Dissipative structures
can dissipate energy through plastic hysteresis behavior, and in wooden structural members connected
by bolts or rods, energy is dissipated by plastic deformation of both wood and metal connectors under
reciprocating cyclic loading.
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Fig. 1. Hidden moment connections of wooden structures

Plasticity is understood as the ability of a structure to undergo cyclic deformations of large
amplitude in the inelastic range without a significant decrease in strength. Plasticity is measured by
the ratio between boundary strain and yield strain.

The process of quantifying plasticity coefficients depends on the onset of yield strain, defined
as the load at which the assembly begins to plastically deform. Theoretically, this deformation can be
detected during monotonous load tests; however, most timber connections present a non-linear load-
displacement relationship and an unclear transition between elastic and plastic behavior. Therefore,
in practice, there are several different definitions of yield strength, leading to different results.

A proposed classification system for the ductility of timber connections, whereby connections and
members can be classified into four categories (Table 1) associated with a particular failure mode.

Table 1
Classification of the plasticity of a wooden connection according to the failure mode
Wood connection failure mode Average coefficient of plasticity
Fragile nu<2
Low plasticity 2<pu<4
Moderate plasticity 4<p<6
High plasticity u>6

In experiments [16], the characteristics of moment-resistant bolted connections of wood with self-
tapping screws acting as reinforcement perpendicular to the fibers were evaluated. Due to the non-
reinforced beam-to-column connection with slotted steel plates as the baseline, a power increase of
1.7 times was observed when the connections were reinforced with self-tapping screws under
reversed cyclic loading. This increased further by 22.5% when the bolt diameter in the reinforced
connection was increased from 19.0 to 25.4 mm. Reducing the edge distances between the bolts in
the reinforced connection provided an additional increase in the bearing capacity by 35.3% to the
total increase in the bearing capacity and by 2.9 times compared to non-reinforced connection in
maintaining high plasticity. However, experimental results in cyclic testing have shown that a larger
bolt diameter can increase the maximum moment and elastic stiffness, but will reduce the rotational
capacity by almost 50%. This resulted in brittle fracture (Fig. 2) with a low ductility coefficient.
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Fig. 2. Brittle fracture of a bolted connection
Studies of glued bars used in beam-to-column connections with several horizontal bars parallel
to the beam fiber showed brittle failure with diagonal shear cracks in the middle of the connection
(Table 2, type 1a) [15]. The best plastic performance of this type of connection was achieved due to
the geometric configuration (Table 2, type Ib), where one rod was inserted inside the connection. It
has reached several loading cycles and plasticity coefficient p=6.

Table 2
Schemes of wooden connections with glued rods and failure modes
Type I Type 11 Type 111
Glued-in steel rods in timber Glued-in steel rods with steel box Glued-in steel rods with steel link
916mm
HEB 120
o16mm
a a a
Diagonal shear cracks Yielding of steel box Yielding of T-stub
HE 100 AA
.................. - o
b b
Horizontal cracks at bottom of the Yielding of steel box Yielding of T-stub
beam

Based on studies involving glued bars bonded to steel boxes and pipes (type II of Table 2),
plastic behavior was observed in monotonic and cyclic tests, with failure occurring on the steel side
and not on the wood element. The use of three boxes and self-tapping screws (STS) for reinforcement
is beneficial, as it improved the resistance to the moment of connection and reduced the likelihood of
cracks and splits at the supports. On the other hand, when the wall thickness of the steel box is very
thin, the connection bends diagonally between the stiffeners and cannot achieve high plasticity.

Type III compounds (Table 2) showed the highest degree of plasticity due to their high
rotational ability. The preferred failure mode in this steel connection geometry was plastic
deformation of the T-bar. It was possible to find out that with an increase in the thickness of the end
plate, there is greater resistance to the moment of connection and lower rotational ability. In most
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studies, the specimen with a thick end plate demonstrated the failure of a brittle rod. Therefore, as the
thickness of the end plate increases, the connection becomes less plastic, moving from a connection
classified as a high plasticity connection to a low plasticity connection according to the proposed
classification. In general, works in which steel plates were inserted showed a decrease in the
maximum torque limit, indicating a decrease in plasticity.

The use of steel side plates with nails or bolted connections of slotted steel plates without
reinforcement does not provide plasticity. These connections show brittle failure with low rotational
capacity and a low limiting moment even when changing the geometric cross-sectional configuration
or applying modifications to bolt and nail diameters.

The number of studies of the characteristics of connections of wooden structures under
explosive loading is very limited and requires a holistic and systematic approach [17].

In [18], dynamic tests were carried out using a Shock Tube setup, which is capable of creating

high strain rates, similar to those observed in explosions in the far zone. The shock tube uses
compressed air, which can generate reflected pressure and impulses up to 100 kPa and 2200 kPa-ms,
respectively. The reflected pressure is controlled by the driver pressure, while the reflected pulse is
controlled by changing the length of the driver. Evenly distributed shock wave fronts are generated
through the use of a double diaphragm inflammation system. The shock tube end frame measures
2032 mm by 2032 mm (80 in. x 80 in.), allowing both large and full-sized specimens to be tested. A
load transfer device (LTD) with two load-transfer beams located in the third span was used to convert
the reflected shock tube pressure into two concentrated loads applied directly to the specimens. While
the structural member is subjected to a uniformly distributed load in a real explosion, the use of LTD
generates similar strain rates and general dynamic responses in the timber member and connections.
The LTD consists of rigid steel panels covering the entire opening of the end frame. Thanks to the
slotted hinges, the LTD can move up to 200 mm, which allows the transfer of pressure without
changing the rigidity of the tested specimens.
An experimental program has been developed that investigates the behavior of stacks of glued
laminated timber with various bolted connections subjected to simulated explosive loading [18]. 14
full-scale tests of glued elements with a cross-sectional size of 137 x 267 mm were performed with
idealized and realistic limiting conditions using a shock-tube apparatus capable of simulating the
effects of explosions in the far zone. Full-size glulam samples with bolted connections designed for
flexibility in bolt bending performed better than those designed with a margin of safety. It has been
found that proper detailing of the bolt group geometry is sufficient to achieve the desired failure
sequence. Reinforcement with self-tapping screws changed the splitting failure mode to a
combination of bolt deformation and wood failure and provided additional plasticity of the
connection. Reinforcement with screws changed the failure mode from splitting to bolt deformation
and wood crushing and provided additional plasticity in the assembly.

The article [19] presents a technique for the development of energy-absorbing connections
(EAC) in assemblies of glued laminated timber and cross-laminated timber (CLT) for protection
against the effects of a blast wave. Explosive overloads were modeled with the introduction of the
Shock Tube installation. In total, 23 dynamic tests of full-scale wooden assemblies were carried out
with different limiting conditions. The CLT samples consisted of 445 x 175 mm class E1 panels with
five layers of 35 mm thick laminate. The beams of glued beams consisted of spruce-pine-fir layers
with a cross-sectional size of 137 x 267 mm.

Based on observations of damage to connections and wooden elements, the behavior of nodes
was established and failure modes were characterized. The behavior of the nodes has been established
and the failure modes have been characterized based on observations of damage occurring in
connections and timber elements. Experimental test results have shown that, when properly designed,
EACs allow assemblies to withstand more blast energy than conventional glulam and CLT
connections. At failure, average reflected impulses of 534 kPa-ms and 646.8 kPa-ms were observed
for simply-supported glulam beams and CLT panels, respectively.
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Fig. 3. Installation of Shock Tube for dynamic testing of wooden elements
On fig. 4 shows photographs of testing a wooden rod element with energy-absorbing

compounds (EAC) under the action of an explosive load for different periods. The behavior of the
sample can be divided into three stages. The initial loading stage is the region where both the EAC
and the wood element behave resiliently by the time the EAC yields. This is characterized by a
bending of the wood element with a slight misalignment at the ends caused by EAC deformation (Fig.
4a). The second stage is characterized by a yield plateau where EAC exhibits almost perfect ductility
and the load acting on the wood element is constant (Fig. 4b). Finally, the third and final stage consists

of a densification stage accompanied by an increase in stiffness and strength that exceeds the strength

of the wood element. This causes the wooden element to reach its maximum resistance and not be

subjected to bending, as shown in fig. 4c.

The impact of a high strain rate on the yield strength and stiffness of thin bolted connections of
wooden rod elements is given in [20, 21]. Single-bolt connections were tested during static and
simulated explosive loading. The connection was studied both parallel and perpendicular to the fibers.
The results showed that links loaded in parallel with fibers exhibited a different failure mode under

dynamic loading compared to static loading. The reinforcements that have been used to prevent split
failure improve the bearing capacity of the connection.
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Fig. 4. The behavior of a wooden rod element under the action of an explosive load

Conclusions. To achieve the goal, a review was made of modern structural connections of
wooden elements, their behavior under the action of a dynamic load in a complex stress-strain state,
and trends in the development of innovative solutions.

A system for classifying the plasticity of wooden connections under the action of a dynamic
load is given, which is associated with a specific failure mode. Experimental results are considered
and comparisons are made.

Awareness of the need to protect wooden structures from significant dynamic impacts
(explosion, tornado) has not sufficiently solved the problem. The analysis of literary sources made it
possible to identify the advantages and disadvantages of different types of connections of wooden rod
structures under the action of significant dynamic loads. Their advantages and disadvantages are
determined, as well as the ways for their further improvement and application.
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Ooecvka depacasna akademis 6YOiBHUYMBEA MA apXimexmypu

AnoTtauisi. [Tom'sKkiieHHs HaCiIKiB BUOYXY 3HAXOJUTHCS B IICHTP1 yBaru uepe3 HeCTaOUIbHY
reONOJITUYHY cuTyalito. ICHyrodi JepeB’siHI KOHCTPYKILIi HE po3paxoBaHi Ha BUTPUMYBAHHS
BUOYXOBOTO HAaBAaHTAXKEHHS, a B pallOHaX MOXJIMBOTO Hamajgy iX YyTJIMBI €JIEMEHTH BHMAararTh
npoTuBHOyx0BO1 MoaepHizauii. [Tomryk pamioHalbHUX KOHCTPYKTUBHUX PIIIEHb 3 €IHaHb, 3AaTHUX
MJIaCTUYHO JeopMyBaTUCA 1 po3CiBaTH €HEpriro BHOyXy, 30epiraloud HECY4YHil OCTOB Bif
pyHHYBaHHS aKkTyajibHa Mpobsema. KiIbKICTh HOCHIIKEHb XapaKTEpUCTHK 3'€JHAHb JIEPEB'SHUX
KOHCTPYKIIIH MpU BUOYXOMY HaBaHTAXEHHI1 Ty’Ke 0OMexXeHa 1 moTpedye MUTICHOTO 1 CUCTEMAaTUIHOTO
nigxony. HaBeneni auHamiuHi BUpoOyBaHHS 3'€THAHB JEPEB'SHUX KOHCTPYKIIi 3 BUKOPUCTAHHSIM
yctanoBku Shock Tube, sixa 31aTHa CTBOPIOBATH BUCOKI MIBUIKOCTI AedopMallii, moaiOH1 10 THX, 110
CIIOCTEpIraloThes IMij] yac BUOYXiB y nanbHil 30Hi. [Ipuctpiit nepenaui Haantaxenus (LTD) 3 n1Boma
Oankamu Tepefadi HaBaHTAXXCHHS, PO3TAIIOBAHUMHU B TPETSAX MPOJIHOTY, BUKOPUCTOBYBABCS IS
NEPEeTBOPEHHS BIAOUTOrO THUCKY YAApHOi TpyOM Ha JBI 30CEpePKEHI CWIIM, MPUKIAACHI
0e3rocepelHbO 10 3pa3KiB. Y TOW Yac sIK KOHCTPYKTHBHUU €IIEMEHT MiJAa€ThCsl PIBHOMIPHO
PO3MOAIIEHOMY HaBaHTaKEHHIO ITiJ] 4ac pearbHOro BuOyxy, Bukopuctanus LTD renepye ananorivsi
MIBUKOCTI Aedopmariii 1 3arajibHi TMHAMIYHI peakIlii B AepeB'stHoMY eneMeHTi 1 3'eqnanuax. LTD
CKJIQJIA€ThCS 3 JKOPCTKHUX CTAJCBUX IMaHENEH, 1110 3aKPUBAIOTh BECh OTBIP TOPIEBOI paMu. 3aBIsIKU
mapHipam 3 npopizamu LTD Moxe 3mimryBatucs g0 200 Mm, 1Mo A03BOJISIE TIEpEIaBaTH THCK 0e3
3MIHH OPCTKOCTI BHIPOOYBaHUX 3pa3KiB. Po3risHyTa MeToauKka po3poOKH eHepromnorinHalouux
3’eqnanb (EAC) y 30ipkax i3 kiieeHOro Opycy Ta nomnepeyno-kieenoro opycy (CLT) mst 3axucty Big
BIUTMBY BHOYX0BOi XBuIi. BUOyxoBi HaBaHTa)KEHHS MOJENIOBAINCS 3 BUKOPHUCTAHHSAM YCTaHOBKU
Shock Tube. Pesynbratu excrnepuMeHTaIbHUX BUIMPOOYBaHb IMOKa3ajaH, IO MPH MPaBUILHOMY
npoektyBaHHI EAC n03BOJSIOTH By3jdaM BUTPUMYBAaTH Oinblne eHeprii BUOyXy, HDXK 3BHYAlHI
3'enHanHs 3 kieeHoro Opycy 1 CLT. IloBemiHKy JepeB’SIHOTO CTEpP)KHEBOTO €IIEMEHTY 3
eHepronornuHatounmu 3’ eqaanasMu (EAC) mig niero BHOyXOBOTO HaBaHTAXEHHS MOXKHA PO3ITHTH
Ha Tpu ctaxii. [loyaTkoBa cTamisi HaBaHTaXKEHHS SIBJIsIE COO010 0071acTh, e ik EAC, Tak 1 nepeB'sHuit
€JIEMEHT MOBOSTHCS MPYXKHO, 10 MOMeHTY TunHHOCTI EAC. Jpyra crazis XxapakTepu3yeThCs IIaTo
muHHOCTI, e EAC nemoHcTpye Maike iealbHY IUIACTUYHICTh, a HAaBaHTAXCHHS, IO JI€ Ha
JepeB’sTHUH eNneMeHT, € TocTiHHuM. OCTaHHS CTafis CKIQJa€ThCs 31 CTaail yIIUIbHEHHS, sKa
CYNPOBOKYETHCS 301TBIIIEHHSM KOPCTKOCTI Ta MIIHOCTI, 110 TIEPEBUIILYE MIIHICTh JACPEB’ STHOTO
eJIEMEHTY. Y CBITOMJICHHS HEOOX1THOCTI 3aXUCTY AePEeB’ IHUX KOHCTPYKIIIH BiJl 3HAUHUX TUHAMIYHUX
BIUIMBIB (BHOYX, TOpPHAJ0) HE JOCTAaTHHO BHpillleHA MpobiieMa. AHaI3 JITEPaTypHUX HKEepes
JO3BOJIMB BUSIBUTH TIEpPEBAard 1 HEJONIKM pPI3HUX THUIIB 3’€IHAHb CTEPKHEBUX JEpPEB’STHUX
KOHCTPYKITIH TiJ] Ji€I0 3HAYHUX JUHAMIYHUX HAaBaHTAKCHb. BU3HaYeHi iX mepeBaru Ta HEJOJIKH, a
TaKO0X HABEJICHO MULSIXU JJIA iX MOJANIBIIOTO YIOCKOHAICHHS 1 3aCTOCYBaHHSI.

KurouoBi ciaoBa: eHepromorimHardi 3’€qHAHHS, TIOM’ SKIIEHHS HACTIIKIB BHOYXY,
KOHCTPYKTUBHI PIlLICHHS, CTIMKICTh 10 BUOYXY, A€pPEB’HI CTEP)KHEBI €IIEMEHTH.
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Ooecckas eocyoapcmeerHHas akademusi CmpoumeibCmed U aApXumeKmypol

AHHoTanus. CMsardeHue mNOCIEACTBHI B3pblBa HAXOAWTCA B IEHTpPE BHUMaHUS U3-3a
HECTaOUIBLHOM TeonmoNuTHYeCKOl curyanuu. CyIIecTBYIOIIME ACPEBSHHBIE KOHCTPYKIUU HE
paccuuTaHbl Ha BOCHPUATHE B3PHIBHOW HAarpy3ku, a B pailoHax BO3MOXKHOTO HamaJeHus HuX
YyBCTBUTEIBHBIC 3JIEMEHTHI TPEOYIOT MPOTUBOB3PHIBHOW MojepHH3anuu. [IoMcK pammroHaIbHBIX
KOHCTPYKTUBHBIX PELICHUI COeTMHEHU, CIOCOOHBIX TTacTUYEeCKH e(OpMUPOBATHCS U PACCEUBATh
SHEPTHUIO B3PHIBA, COXPAHsS HECYIIMI OCTOB OT pa3pylIeHUs akTyanbHas mpobdiema. KomnyecTBo
HCCIICIOBAHUN XapaKTEPUCTUK COCAUHEHHI IEPEBAHHBIX KOHCTPYKIIMH IMPU B3PBIBHOW Harpyske
OUeHb OTPAaHUYECHO U TpeOyeT IENOCTHOTO U CHUCTEMAaTHYeCKOro moaxonaa. llpuBeneHsl
JUHAMHYECKHE UCTIBITAHUSI COSAMHEHUN JEPEBIHHBIX KOHCTPYKIIUI C UCTOIb30BAaHUEM YCTAHOBKH
Shock Tube, xotopas cmocobHa co371aBaTh BBICOKHE CKOPOCTH JAedopmaiuu, MOoJ00HbIe
Ha0II0JaeMBbIM TIPU B3pbIBaX B JajdbHEW 30HE. YcTporcTBo mepemaaun Harpy3ku (LTD) ¢ nByms
OamkaMu Tiepeadyd Harpy3Kd, pacloJIOKEHHBIMH B TpPETAX MPOJIeTa, HCIOIB30BajIOCh s
peoOpa3oBaHUs OTPAXKEHHOIO JaBJICHUS YAapHOW TpyObl Ha JIBE€ COCPEJOTOYEHHBIE CHUJIBI,
MIPUJIOKCHHBIE HEMOCPEJCTBEHHO K oOpasnaM. B To Bpems Kak KOHCTPYKTHUBHBIM SJIEMEHT
MOJIBEPraeTCsi paBHOMEPHO pACIPEICICHHON HAarpy3Ke MpU peaJbHOM B3phIBE, UCTIOIb30Banue LTD
TeHEpUPYET aHAIOTUYHBIE CKOPOCTH AeopMaIii ¥ OOIIHE THHAMUYECKIE PEaKIIUU B IEPEBIHHOM
anemeHTe U coeauHeHUsAX. LTD cocToMT M3 KECTKUX CTalbHBIX IAHEIEH, 3aKpbIBAIOIINX BCE
OTBEpCTHE TOPLEBOI pambl. biiaronapst mapHupam c¢ npopessimu LTD mosxer cmematses 10 200 MM,
YTO TIO3BOJIIET IepeAaBaTh JaBieHHE O3 H3MEHEHHS J>KECTKOCTH HCIHBITaHHBIX OOpa3IoB.
Paccmorpena meronuka pazpaboTku sHepromoriomatonmx coeauHennii (EAC) B cOopkax u3
KJIeeHoTo Opyca u moniepeuHo kieenoro opyca (CLT) asist 3amuTsl OT BO3ACHCTBUS B3PHIBHOM BOJIHEI.
B3pbeiBHBIE TIEperpy3ku MOJEIHPOBAIHCH C BHenapeHueM yctaHoBku Shock Tube. PesynbraTh
SKCIEPUMEHTAIBHBIX HCIBITAHUN TOKa3ajdd, YTO MpH MNpaBWILHOM mpoekTupoBaHuu EAC
MO3BOJISIFOT Y3JIaM BBIIEPKUBATH OOJIbIIIE SHEPTHH B3PHIBA, YeM OOBIYHBIEC COCTUHEHUS U3 KIIEEHOTO
opyca u CLT. IloBeneHue nepeBsHHOTO cTepskHEBOTO eMenTa ¢ EAC moj nelicTBreM B3pBIBHOM
Harpy3kd MOXXHO Pa3leNuTh Ha Tpu cTaauu. HadanmpHas cragus Harpy3KH MPEACTaBIsSET COOOM
obmnacTts, rae kak EAC, Tak u epeBsSHHBIN JIEMEHT BEyT ce0s ynpyro, K MoMeHTy Tekydectu EAC.
Bropas cranus xapakrepusyercs miato Tekydect, rae EAC neMoHCTpUpyeT MouTH UIcaIbHYIO
IUIACTUYHOCTh, a Harpyska, JeHCTBYIOIIash Ha JAEPEBSHHBIM JJIEMEHT, SBISETCS MOCTOSHHOM.
[TocnenHsist craaust COCTOUT U3 CTaJAMH YIUIOTHEHHSI, COTPOBOKIAIOIIEHCS YBETUUCHUEM KECTKOCTH
U MPOYHOCTH, YTO MPEBBIMIAET MPOYHOCTH JepeBsIHHOro 3ieMeHTa. Oco3HaHWe HEeoOXOIWMOCTH
3alUThl JEPEBSIHHBIX KOHCTPYKIMA OT 3HAYMTEIBHBIX JMHAMUYECKUX BO3JCUCTBUN (B3PHIB,
TOPHAJ0) HENOCTAaTOYHO pelIeHHas mpoOiieMa. AHalu3 JUTEPaTypHBIX HCTOUYHHUKOB MO3BOJIMI
BBISIBUTH TMPEUMYIIECTBA M HEJAOCTATKH PA3HBIX TUIIOB COCIUHEHUH CTEPKHEBBIX JCPEBSHHBIX
KOHCTPYKUMH TOJA JEHCTBHEM 3HAUYMTEIbHBIX JAMHAMUYECKUX Harpy3ok. OmnpeneneHsl uX
MPEUMYIIECTBA U HEJIOCTATKH, a TAaK)KE MPUBEJCHBI MyTH UX JAIBHEUIIET0 COBEPIICHCTBOBAHUS H
MIPUMEHEHHUSL.

KuroueBble c¢ji0Ba: SHEPronoryionalolmue COeIUHEHUs, CMATYEHUE IOCIEACTBUN B3pbIBA,
KOHCTPYKTUBHBIE PEIICHUsI, CTOMKOCTb K B3PBIBY, J€PEBSIHHbBIC CTEP)KHEBBIE DJIEMEHTHI.
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APPLICATION OF HYSTERESIS ENVELOPE MODEL TO STEEL BEAM-TO-COLUMN
BOLTED JOINT
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Abstract. The paper demonstrates the applications of the hysteresis envelope model on the
example of a double extended end plate beam-to-column bolted joint. The hysteresis envelope model
represents a new analytical trilinear model that can describe the cyclic behaviour of joints in a
moment-resisting steel frame and is suitable for nonlinear static pushover analysis. The principle of
determining the parameters of the hysteresis model is based on the monotonic curve of joint, which
can be determined by applying the Component method using commercial software for the joint
design. After trilinear idealisation of nonlinear M — ¢ curve, the parameters of the hysteresis
envelope model are then obtained by multiplying the parameters of the monotonic model with a
nonlinear exponential function. Predicting the cyclic behaviour of the joint using the hysteresis
envelope model is satisfactory for further practical application.

Keywords: hysteresis envelope model, beam-to-column bolted joint, component method,
monotonic M — ¢ curve, IDEA StatiCa.

1. Introduction. The effect of the real behaviour of steel joints on the seismic response
of steel moment-resisting frames has long been recognised as a crucial aspect to ensuring a safe
structural response. Common practise is to increase the hysteretic energy as much as possible through
inelastic behaviour, using the ductile properties of structures [1]. In order to achieve the best seismic
performance, in the case of moment-resisting frames, the steel structure must be designed to allow
the development of plastic deformations in specific parts of the structure, such as the ends of beams
or in the beam-to-column joints, but never in the columns, with the exception of the base of first-
storey columns [2]. Therefore, the ductility of steel frames is deeply influenced by the behaviour of
their joints. To include their effects in frame design, the M — ¢ curve of the joint must be represented
in the appropriate analytical form. For seismic design, the M — ¢ curve is cyclical and must include
degradation effect of strength and stiffens which arise as the number of cycles increases. Two
different approaches can be taken in the design of beam-to-column joints of moment resisting frames.
The first approach is based on the location of the dissipative zone at the beam ends, which means that
the joint must have sufficient strength to ensure this. The second approach relies on energy dissipation
through the plastic bending of the joint. This means that energy is dissipated through the joint
components.

Eurocode 8, Part 1 [3] provides rules for the design and detailing of joints subjected to seismic
loading. In particular, for moment-resisting frames, it is specifically allowed to use dissipative semi-
rigid and/or partial strength joints. The effect of joint deformation on the global response of a structure
can be determined using nonlinear static pushover analysis. Numerous studies [4—7] have analysed
the influence of monotonic behaviour of joints on seismic response of moment-resisting steel frames.
However, monotonic models have limitations because they do not provide sufficient information
about the hysteresis behaviour of the joints. Nonlinear static analysis of structures is mainly carried
out in a way that takes the monotonic properties of the joints, which is considered quite conservative.

Lignos and Krawinkler (2011) [8] proposed the modified Ibarra-Krawinkler (IK) deterioration
model that establishes strength bounds on the basis of a monotonic backbone curve and a set of rules
that define the characteristics of hysteretic behaviour. The backbone curve is defined by three strength
parameters and four deformation parameters. The modified IK model is applied to the beam-to-
column joint in which inelastic deformations are primarily concentrated in the flexural plastic hinge
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regions of the beam sections. The modified IK model is also applied to the specimens that have
reduced beam sections in which plastic hinges develop away from the beam-to-column joint.

In this paper, the hysteresis envelope model is presented, which was developed by Krolo and
Grandi¢ (2021) [9]. The hysteresis envelope model represents a simple way of modelling the joints
of moment-resisting steel frames for nonlinear static pushover analysis. The aim of this paper is to
demonstrate the application of the new hysteresis envelope model to the example of a double-
extended beam-to-column bolted joint. The proposed hysteresis envelope model of joint is applicable
to moment-resisting frames that are designed in such a way that during earthquakes, all plastic
deformations primarily occur in the joint instead of columns and beams. As recommended by
Eurocode 3, Part 1-8 [10], the joint resistance is equal to or less than the resistance of the connected
beam. The ratio of the resistance of the column in relation to the resistance of the beam must be at
least 30% higher to satisfy the criterion “strong column—weak beam”. The proposed hysteresis
envelope model could be further applied in the nonlinear static pushover analysis of moment-resisting
steel frames, and enables a better prediction of the structures behaviour under seismic action.

2. Steel joints under cyclic loading. Predicting the behaviour of steel joint under cyclic
loading can be quite complex and impractical in engineering practice. Numerical approaches based
on finite element methods require lengthy calculations and are very exhausting and time-consuming
in practice. Laboratory tests, on the other hand, can be time-consuming and costly. A hysteresis
envelope model is presented in this paper as a simple way of modelling the joints of moment-resisting
steel frames for nonlinear static pushover analysis. The proposed hysteresis envelope model
establishes bounds on the basis of a monotonic backbone curve by defining a correction factor to
correct the monotonic trilinear moment-rotation response of the joint.

The procedure of determining the parameters of the hysteresis envelope model is shown in
Figure 1 through three steps. In the first step it is necessary to define monotonic curve M — ¢ of joints.
Monotonic behaviour of joints can be achieved by applying the principles of the Component method,
which is accepted in Eurocode 3 for the design of joints in steel structures and is available in numerous
commercial software (Step 1). The nonlinear moment-rotation (M — ¢) curve, obtained by the
Component method, should be idealised with a trilinear curve (Step 2). The parameters of the
hysteresis model are then obtained according to Eq. 1 (Step 3).

. .. . Nonlinear

Design of joint using M — ¢ curve

comercial software -
determination of a
nonlinear M — ¢

curve
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Figure 1. Procedure for determining hysteresis envelope model parameters

2.1 Hysteresis envelope model. The hysteresis envelope model forms the basis for
modelling the joint for nonlinear static pushover analysis (Figure 1, Step 3). The hysteresis envelope
model is defined by three strength parameters (M, g = bending moment in the elastic region, M, gy =
bending moment at full plasticization, and M, z= bending moment at fracture), and three
deformation parameters (¢, g = rotation of the joint in the elastic region, ¢, y= rotation of the joint
at full plasticization, and ¢, y= rotation of the joint at fracture).

The elastic part (0-A) does not change under monotonic and cyclic loading, which means that
the bending moment and rotation in the elastic region can be adopted from the monotonic behaviour
of the joint (M, = M, p, oc = o). The line (A-B) represents the full plasticization of the joint
with bending moment (M,, ; = M,, /), and rotation of the joint ¢, 5. The line (B-C) represents the
hardening area and degradation of strength after which fracture occurs in the joint. The position of
point C has a rotation value corresponding to the fracture of the joint ¢, 4, and the bending
moment Mg, y.

The dependency between monotonic parameters and hysteresis envelope model parameters is
defined by multiple nonlinear exponential regression as a function of the independent variables t, and
p, where p is the thickness of the end-plate, and ¢ is the vertical spacing between the bolt rows, as in
(1). The following terms define the hysteresis envelope model:

My = Moy
=4 {cpe.H = dem ¢ = den
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(A—B) o ben < &< ()
¢y.H - ¢y.M(0.2341t—0.208p0.3293) e.H y.H
B - C) Mpry = My m(0.5024¢°4429p=0-131) bou<d<d
Drr = ¢u.M(0.0059t0.3086p0.8002) y.H frH
2.2 Application of hysteresis envelope model. The hysteresis envelope model was

applied to the case of double extended end-plate bolted beam-to-column joints. The joints consist of
a steel beam made of IPE400 profile that is welded to the end-plate, which is then bolted to a column
flange made of HEA 360 profile with 8 high-quality M20 preload bolts of steel grade 10.9 (see Figure
2). The friction coefficient of the contact surface was considered to be 0.44. The specimen was
fabricated from S355 steel. The yield strength and ultimate strength value of steel plates are 384MPa
and 552MPa, respectively, while the Young’s modulus is equal to 199000MPa. Material parameters
of high-strength bolts are selected by Wang et al. [11], and are givenin  Table 1.
Table 1 — Material properties of high-strength bolt class 10.9

Stress [MPa] 990 1160
Strain [] 0.0048 0.136
\/\ \/\ End-plate
Bolt M22 10.9 620x240x15
H  50mm S 355
|
t H 7 o i
: v, ® | @® T

?
R —= || o
®| @

80 mm | |
Column web stiffener
> t=13,5 mm g

a1 620 mfn
=S N
il ® | @® | T
I ~ L A IPE 400 =1 130 mm
315 mm— S H e ® | ® Y
S50mm | M L Al |

T
EN_HE 360 R/\
5355

Figure 2. Dimension of beam-to-column joint [mm]

Determination of hysteresis envelope model parameters was performed through three steps
according to the procedure shown in Figure 1.

Step 1. To determine the monotonic nonlinear response of the beam-to-column joint, an IDEA
StatiCa software was used [12]. The model of the double extended beam-to-column bolted is shown
in Figure 3. Software uses an elastic-plastic material model of steel with a nominal yielding plateau
slope of tan-1(E/1000), where E is the modulus of elasticity of steel (see Figure 4). By performing
stiffness analysis, the nonlinear M — ¢ curve is obtained.
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Figure 4. Elasto-plastic material model of steel in IDEA StatiCa [12]

Step 2. The nonlinear moment-rotation (M — ¢) curve, obtained by the stiffness analysis, was
idealized with a trilinear curve in a way that defines moments and rotations at the end of each linear
segment of the curve. The first linear segment represents the elastic region of the M — ¢ curve and
it is determined by moment M, ,, and rotation ¢, ;. The second linear segment of the trilinear curve
represent the part between elastic behaviour and full plasticization of joint and it is determined by
moment M,,  and rotation ¢,, . The last segment of the trilinear curve represents the part between
full plasticization and ultimate strength of the joints which corresponds to the strength of the joint,
when the steel material has reached its tensile strength. It is determined by moment M, ,, and
rotation ¢,, . Trilinear curve parameters are given in Table 2. The parameters obtained by the /DEA
StatiCa were compared with the parameters obtained by numerical simulation in ABAQUS. To make
the parameters comparable, the calculations in IDEA SatiCa were made with a partial safety factor
Ym2 = 1 instead of yy;, = 1.25. Details on the FEM model of beam-to-column joint are available in
[9]. The differences between the parameters obtained by commercial software and numerical
simulation are obvious, and the largest difference was obtained for M, ,, and is equal to 15.76%.
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Table 2 — Parameters of trilinear model

Parameters | IDEA StatiCa | FEM A[%]
M, p; [KNm] 234 227.7 2.77
Gem [-] 0.0077 0.009 14.45
M,, y[kNm] 351.2 333.01 5.46
by m [-] 0.0263 0.023 14.35
M,y [KNm] 361 428.55 15.76
bum -] 0.085 0.083 2.4

Step 3. The parameters of the trilinear model from Table 2 were applied for the calculation of
the parameters of the hysteresis envelope model, as in Eq. (1). The obtained values are given in Table
3. For comparison, in Table 3 are given parameters for hysteresis envelope model obtained by
numerical simulation in ABAQUS using finite element method (FEM). As expected, differences
between the parameters obtained by commercial software and FEM are significant. The largest
difference was obtained for M,, ; and is equal to 14.24%.

Table 3 — Parameters of hysteresis envelope model

Parameters IDEA StatiCa | FEM A [%]
M,y [kNm] 234 227.7 2.77
Gon [-] 0.0077 0.009 14.45
M,, ;[kNm] 351.2 333.01 5.46
$yu [-] 0.017 0.016 6.25
Mg, [kKNm] 318.07 370.9 14.24
$rra [-] 0.057 0.055 3.63

The reason for the differences lies in the fact that IDEA StatiCa software uses an idealised
bilinear elastic-plastic material model. On the example of a beam-to-column joint, the influence of
the limit value of plastic strain on the moment resistance was studied and reported in [12]. By varying
the limit plastic strain from 2% to 8%, the change in moment resistance was less than 4%.

3. Conclusions. In this paper, the procedure of applying a new hysteresis envelope model
to the double extended beam-to-column bolted joint, using commercial software is presented. Based
on the conducted studies, the following conclusions can be drawn:

e The hysteresis envelope model represents the simple trilinear model which describes the
cyclical behaviour of the beam-to-column joint

¢ The application of commercial software allows easy and fast determination of the monotonic
behaviour of the joint, which is used as a basis for determining the parameters of the hysteresis
envelope model.

¢ The behaviour of the joint after the onset of plasticization cannot be precisely defined using
commercial software since the program uses a simplified elastoplastic material model.

In future research, the plan is to implement a hysteresis envelope model to describe the
behaviour of joints in moment-resisting frames and to investigate their influence on seismic response
obtained by nonlinear static pushover analysis.

Acknowledgment. The research presented in this work was done within the scientific project,
grant no. uniri-tehnic-18-127, supported by the University of Rijeka, Croatia.
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3ACTOCYBAHHS MOJIEJI IICTEPE3UCHOI OT'MHAIOYOI 1151 BOJATOBOI'O
3'€THAHHS CTAJEBOI BAJIKA 3 KOJIOHOIO
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Dakynemem yusinbHo20 OyoisHuymea Yuieepcumemy Picku,
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AHoTanisi. Y po0OTi mpeacTaBieHO NPAKTUYHE 3aCTOCYBAaHHS MOJENl TiCTEPE3UCHOI
OTHHAI0U0{ Ha MPUKJIai O0NITOBUX 3’ €IHAHB OANKH Ta KOJIOHU. MOJAETb ricTepe3nCHOi OTHHAI0YO] €
HOBOIO aHATITUYHOIO TPHIIIHIHHOIO MOJICIUTIO, sIKa MOKE OTHCATH IUKJIIYHY TOBEAIHKY 3’ €IHAHb Y
CTIMKId 10 MOMEHTY CTalieBii pami Ta MiIXOJUTh JJIsS HEIIHIHHOrO aHami3y CTaTHYHOI THATH.
[IpuHIKT BU3HAYECHHS TapaMeTPiB MOJIEI TiICTepe3UCy 3aCHOBaHUM Ha HEJIIHIMHIN KpHUBIH 3’ €1HAHb,
Ky MOXHAQ BU3HAYUTH KOMIIOHEHTHHUM METOJIOM 3a JOMOMOIOI0 MPOTPaMHOTO 3a0e3MeueHHs st
MPOEKTYBaHHS 3’€MHaHb. KpUBY HENIHIKHOTO KpYTIHHS MOMEHTY, OTPHMaHy MpPOTPaMHUM
3a0e3neueHHsIM, CIIiJl i1eani3yBaTi 3a JOMOMOro0 TpuiliHiiiHOT KpuBoi. [loTiM mapameTpu mozeni
TICTEPE3UCHOI OTMHAIY0l OTPUMYIOTH IUISXOM MHOXKEHHS IMapaMeTpiB HEIiHIMHOI Mojeni Ha
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HENIIHIHHY eKCHOHEeHIianbHy (yHKLi0. IIporHo3yBaHHS NMKIIYHOT TMOBEAIHKH 3 €IHAHHS 3a
JIOTIOMOT'OF0 MOJIEJIi TICTEPE3WCHOI OTMHAIYOi € 3aJOBIILHUM ISl MOAAQIBIIOTO MPAKTHUYHOTO
3aCTOCYBaHHSI.
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AnHTOTauMs. B paboTe mpencTaBiieHO MPaKTHYECKOE MPUMEHEHHE MOJEIN THCTEPE3UCHON
orubaronieid Ha mpuMepe OOJNITOBBIX COEAMHEHHH Oalkd M KOJOHHBL. Mojenb THUCTepe3uCHOU
oru0aromel SBIAETCS HOBOM aHAIMTHYECKOW TPEXJIMHEWHOW MOJIEThI0, KOTOPask MOXET OIHUCATh
LUKJIMYECKOE MOBEAECHUE COCIMHEHNUN B YCTOMYMBOM K MOMEHTY CTaJIbHOW pame U MOAXOIUT JJIA
HEJIMHENHOT 0 aHAJIN3a CTaTUYecKou TAaru. [IpuHun onpeaenenus napameTpoB MOJENIN THCTEpE3Uca
OCHOBAaH HAa HEJIMHEHHOW KPUBOM COEJUHEHUN, KOTOPYI0 MOXHO OIIPENEIUTH KOMIIOHEHTHBIM
METOJIOM C MOMOUIbI0 MPOrpaMMHOr0 oOecreueHus: A MPOeKTUpOBaHUs coenuHeHuil. Kpusyio
HEJTMHEWHOTO KPYUYCHHSI MOMEHTA, MOJIYYCHHYIO C TIOMOIIBIO MPOTPAMMHOT0 00€CTIEYeHHUS, CIeTYET
WJICAJTU3UPOBATh C MOMONIIBIO TPEXJIMHEHMHON KPUBOW. 3aTe€M MapaMeTpbl MOJAEIH THCTEPE3UCHOU
orubaroield  MoJy4yaroT IMyTeM YMHOXEHHS  [apaMeTpoB  HETUMHEWHOM  Mojaenu  Ha
SKCIIOHEHIMANIbHYIO HeNMMHEWHyo (yHkuuoo. IlporHo3upoBaHMe NHMKIMYECKOTO IOBEACHUS
COCIUHEHUS C TIOMOIIBI0 MOJIEIH THCTEPE3UCHON Oorubaromieil yaOBICTBOPUTEILHO IS
JAIbHENIIET0 IPAKTUYECKOTO TPUMEHEHUS.
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Abstract. In the industrial buildings with the support of trussed rafters on the columns at the level
of the bottom chord, the main system of horizontal nodes, which the horizontal load rests and provides
the rigidity of the building, is located on the bottom chords of trussed rafters. These nodes are usually
constructed in the form of trusses (so-called wind trusses). The issue of designing cross trusses with the
rational design solutions is relevant. One of the ways to choose the rational design solution for a cross
truss is to determine a rational scheme of the web for steel consumption. The method for determining
the web rational scheme of typical cross trusses on the truss bottom chords in terms of material
consumption has been developed. This example shows that the cross nodes are 37% more economical
than triangular ones with additional posts.

Keywords: industrial building, frame, covering, trussed rafters, nodes, cross truss

Introduction. One of the important tasks in the field of improving steel structures is to reduce
their material consumption, which can be achieved through further studying of the actual operation
of the structures, the improvement of design schemes, the development of structural form, the use of
high strength steel, the use of the effective types of cross sections. The design standards of steel
structures [1] recommend “to choose the optimal structural schemes of structures according to
technical and economic indicators; to apply progressive constructions...; to provide
manufacturability and the least complexity of structure manufacturing; to use the designs providing
manufacturability and the least complexity of installation”.

The designing issue of nodes to cover the frame of the industrial building with the rational
design solutions is relevant. One of the ways to choose the rational design solution for a cross truss
is to determine the rational scheme of the web for steel consumption.

Analysis of recent research and publications. The nodes of industrial buildings create the
rigidity of the building frame, provide the spatial operation of cross frames with redistribution of local
loads applied to one of the frames, adjacent frames with reduced horizontal deformations at the level
of crane beams. The nodes carry a number of horizontal loads such as wind, seismic, provide the
stability of compressed elements of the covering and the set geometry of the framework during the
installation. Within the covering in the General case, there are the following systems of the nodes:
cross and longitudinal horizontal nodes in the plane of the top and bottom chords of trussed rafters;
vertical nodes between the trussed rafters, nodes on the lanterns (if there are). Cross horizontal nodes
are installed in each span of the building and placed at the ends of the temperature and seismic blocks.
If the length of the temperature block is more than 144 u in the buildings there are the additional
cross horizontal nodes inside the block [1]. In the buildings with the estimated seismicity rate 7, 8
and 9 grades, the number of the additional cross nodes is determined by calculating the effect of
horizontal seismic loads. Longitudinal horizontal nodes are provided in the buildings equipped with
bridge supported cranes, which require the passage galleries along the crane tracks, with the presence
of trussed rafters, with the estimated seismicity rate more than 7 grades and in other technically
validated cases [1, 5]. These nodes in the buildings with a span number up to three should be placed
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only along the last rows of the columns, and in the buildings with a span number more than three also
be placed along the middle rows of the columns, so that they are located after 1-2 spans. Vertical
nodes are installed in the place of cross horizontal nodes. The layout of the node scheme depends on
the type of covering, the design features of the building frame and its operating conditions.

In the buildings with the support of trussed rafters on the columns at the level of the bottom
chord, the main system of horizontal nodes, which carries horizontal loads and ensures the structural
rigidity, is located on the bottom chord of the trussed rafters. These nodes are usually in the form of
trusses (so-called wind trusses). In this case, the nodes on the top chords of the trussed rafters are
installed to ensure the stability of the top chords during operation and installation. Also, if there is a
rigid disk, the horizontal cross nodes are placed only at the level of the bottom truss chords, but there
are demountable temporary nodes at the level of the top chords to verify the structures and ensure
their stability during installation [2, 3]. The estimation of the stress-strain state of trusses of single-
story industrial buildings in the end node blocks taking into account the wind pressure at the end of
the building was considered in the research work [4].

The issue of designing cross trusses with the rational design solutions is relevant. One of the
ways to choose a rational design solution for cross truss is to determine a rational web scheme for
steel consumption.

The aim of the work is to develop the method for determining the rational scheme of the web
of typical cross trusses along the bottom chords as for material consumption.

Research results. The nodes on the bottom chords of trussed rafters in the end node blocks of
industrial buildings carry the wind load to the gable facade (Fig. 1).

Traditionally, to carry the wind pressure to the gable facade, at the level of the bottom chords
of the trusses, the horizontal trusses are arranged with the help of plate hinges on the frame columns.
Then the support reactions of the horizontal trusses from the wind load, through the nodes in the plane
of the columns, are transmitted to the foundation.

loading arca of wind pressure in

frussed rafter the node of the trussed rafter

IT 1
= | |
0% . A |
¥ Y 1% oy
0P il CTOsS truss
o
frame ¢olumns = [
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| | °
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B B B2 ‘ B ‘ B2
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Fig. 1. Scheme of nodal load to the trusses along the bottom chords of trussed rafters
in the end node blocks from wind pressure

The wind load to the gable facade through the enclosing wall structures is transmitted to the
frame columns at the end of the building, as uniform distributed. The two horizontal reactions of the
column arising from the wind load are distributed in such a way that one of them is transmitted to the
foundation and the other one to the level of the truss bottom chords by means of plate hinges to the
nodes of horizontal trusses (Fig. 1, 2).

These node horizontal trusses can be made with a cross web (Fig. 3, a), or with a triangular web
and additional members (Fig. 3, b). In both cases, the bottom chords of the vertical nodes between
the trusses are the web posts, and the bottom chords of the trusses are the chords of the node trusses.
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Fig. 2. The node connection of support column through the plate hinge to the horizontal
node truss on the bottom chords of the lead trussed rafters

In Fig. 5 there are the geometric diagrams of node trusses on the bottom chords of typical
trussed rafters of industrial buildings with the spans 18, 24, 30 and 36 m and the step 6 m. The forces
in the node trusses from the single concentrated forces of wind pressure at the end of the industrial
building, applied in the nodes of the bottom chords of the trussed rafters (at the level of plate hinges
on the frame columns at the ends of the building) will be determined.
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Fig. 3. Schemes of node trusses along the bottom chords of trussed rafters in the end node blocks of
single-storey industrial buildings with the span 24 m
a —with a cross web; b — with a triangular web and additional posts
1 —bottom chord of the trussed rafter; 2 — bottom chord of the vertical node between the trusses;
3 — cross web of node truss; 4 — diagonal web element of node truss with a triangular web and
additional posts
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Fig. 4. Nodes 1, 2, 3
1 — cross web of the node truss; 2 — diagonal web element of node truss with a triangular web and
additional posts
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Fig. 5. Strength and length of node truss elements along the bottom chords
of trussed rafters with a triangular web in node end blocks (length — mm, strength — k)

Note: For node trusses with a cross web, its elements will have a positive value.
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In these schemes (Fig. 5) there are the numbers of all the elements of node trusses, and each
element in the numerator has its length mm, in the denominator — its strength kN from a single nodal
load to the node trusses.

Thus, determining the nodal wind load for a specific area and multiplying it by the unit load
effort, it is possible to determine the rational scheme (by steel consumption) of the nodes along the
bottom chords of trusses in the end node blocks of single-storey industrial buildings.

There is the determination of the rational scheme of the web of cross node truss on steel
consumptionas illustrated by the building with the following initial data: the building span L = 24 m;
calculated limit value of wind pressure W = 0.45 kN/m’ [6]; the shop height Hy = 7.0 m; the
construction material — steel, grade C245; the step of frame columns B = 6 m; ym= 1.035 — the load
reliability factor; y, = 0.95 — the safety factor for the responsibility; Ny — the strength in the node truss
element from the unit nodal forces of wind pressure (Fig. 4).

There are the actual nodal forces of wind pressure (Fig. 1, 6):

F=W-y, 7, B-(H,-05+h,,)=0451035-0.95-6-(7-0.5+3.5)=18.58  (kH),

truss
where: W — estimated maximum wind load, kN/m?; ysm, y» — reliability coefficients; B = 6 m — step
of frame columns; A5 = 3.5 m — truss height, taking into account the size of the parapet (/paraper =
=0.35 m).

Node truss according to the scheme “a” (Fig. 2)

Maximum force Ny in the support strut: N, =N, -F'=2.29-18.58=42.55 (xH),

where: Ny =+ 2.29 — the forces in the element /0-71 (support strut) of the node truss from the single
nodal forces of wind pressure for the step of the trussed rafters B = 6 m and the cross web (Fig. 5);
F = 18.58 kN — the actual nodal force of wind pressure (Fig. 1, 6).

There is required diagonal member cross-sectional area:

N, 425 =1.78  (cm®).

N

As,req, = -
Ry, 2410

Given the ultimate flexibility of the stretched element of the node truss (4, =400), the minimum
required gyration radius is:

)
iv min L = % =2.04 (cm),
v A, 400

where: /s — the effective length of the diagonal member for the web of node trusses coincides with
the geometric one (Fig. 5).

We accept L 70%5, ix=2.16 cm, A = 6.86 cm’, g = 5.38 kg/m (Standard 2251-93).

Strength test:

N, 455
ARy, 6862410

<1,

the strength condition is met.

Theoretical consumption of steel (per 1 mesh): G = g/'n =5.38-8.14:2 = 87.6 kg,
where: g = 5.38 kg/m — weight of one running meter L. 70x5; / — geometric length (Fig. 5); n —
number of elements per 1 mesh.

Node truss according to the scheme “b” (Fig. 3)

The diagonal member of the node truss according to the scheme “6” (Fig. 3, b) work in
compression.

From the condition of ultimate flexibility (4, = 180 — 60-a = 180 — 60-0.5 = 150, [1]) the
minimum required gyration radius is:

[
ioo=-L =&=5.43 (cm),
v A 150

u

where: a = N/(p-A-R,-y.) — the ratio between strength and bearing capacity of the compressed rod;
since we need the greatest flexibility, we take the smallest coefficient a (0.5).
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We accept fl. 0 140x140x4 for which ix=iy=5.52 cm, A =21.6 cm?, mass 1 r.m. g =17.0
kg/m (Standard b.B.2.6-8-95).
To perform the sustainability test, we find the value of the sustainability coefficient [1]:

! _ R
ao=tre 8 e Zoaro148 -2 2505 > p=0299.
i, 5.52 E 20600
NS‘

A B 42.55 B
@-A-R -y, 0299-21.6-0.299-1.0
the condition of sustainability is fulfilled.

Theoretical steel consumption on the nodes according to the scheme “b”: G = g/=17.0-8.14=
=138.4 kg.

Sustainability test: 0.27<1,

o

T

S
M

Fig. 6. Distribution scheme of wind pressure at the end of industrial building along the frame
structures
a — scheme of the end node block; b — share of wind pressure at the end of the industrial building,
which is at the level of the horizontal node truss along the bottom chords of the trussed rafters
1 — trussed rafters; 2 — vertical nodes between the trusses; 3 — diagonal members of the horizontal
node truss along the bottom chords of the trussed rafters
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Conclusion: With the help of the developed and presented method of determining the rational
scheme of the web of typical node trusses along the bottom chords of the trussed rafters, the material
consumption in this example is 37% more economical than triangular ones with additional poles.

References

[1] DBN V.2.6-198:2014. Stal'nyye konstruktsii. Normy proyektirovaniya [chynni vid 2015-01-
01]. K.: Minrehion Ukrainy, 2014.

[2] O.0. Nilov, V.O. Permyakov, O.V. Shymanovs'kyy, S.I. Bilyk, I.D. Byelov, L.I. Lavrynenko,
V.0. Volodymyrs'kyy, Metalevi konstruktsiyi. Kyev: Stal’, 2010.

[3] V.O. Permyakov, I.D. Byelov, Metalevi konstruktsiyi fermy, Kyev: KNUBA, 2006.

[4] P.M. Singayevsky, Y.V. Kupchenko, "Otsinka napruzheno-deformovanoho stanu ferm
pokryttiv odnopoverkhovykh promyslovykh budivel’ v tortsevykh v"yazevykh blokakh z
vrakhuvannyam vitrovoho tysku v torets’ budivli", Zbirnyk naukovykh prats «Suchasni
budivel'ni konstruktsiyi z metalu ta derevyny», Odessa: ODABA, Vol. 24, pp. 128-133, 2020.

[5] DBN V.1.1-12:2014. Budivnytstvo u seysmichnykh rayonakh Ukrayiny [chynni vid 2014-10-
01]. K.: Minrehion Ukrainy, 2014.

[6] DBN V.1.2-2:2006. Navantazhennia i vplyvy. Normy proyektirovaniya [chynni vid 2007-01-
01]. K.: Minbud Ukrainy, 2006.
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AHoTauisi. B's31 TOKpUTTS MpOMHUCTOBUX OYIBEJIb CTBOPIOIOTH 3araJIbHY )KOPCTKICTh KapKaca
OyniBni, 3a0e3MedyroTh MPOCTOPOBY poOOTy momepedyHux pam. B'a3i copuiiMaioTe psin
TOPU3OHTAJILHUX HABAaHTAKEHb TAKUX, SIK BITPOBI, CEWCMIUHI, 3a0€3MEUyIOTh CTIMKICTh CTUCHYTHX
€JIEMEHTIB MOKPHUTTS 1 3aJIlaHy F€OMETPiI0 KapKaca Ipyu MOHTaxi. B Mexax MOKpUTTS B 3arajibHOMY
BHIAJIKy MPU3HAYAIOTHCS HACTYITHI CUCTEMH B'SI31B: MOMEPEUHI 1 MOJOBKHI TOPU30OHTANIbHI B's31 B
TUTOCKOCTI BEPXHIX 1 HUXKHIX MOSICIB KPOKBAHUX (pepM; BEpTUKAIbHI B's131 MK KPOKBIHUMH (hpepMaMH,
B'sI31 10 JTIXTApsX (3a HassBHOCTI JixTapiB). KoMImoOHOBKA cxeMU B'sI31B 3aJI€KHUTh BiJl TUTIA TTIOKPUTTS,
KOHCTPYKTUBHUX OCOOJIMBOCTEH Kapkaca Oy/iBii i yMOB HOro eKcIuTyaTarii.

B OyniBnsax 3 oOnupaHHSIM KpOKBSHUX (hepM Ha KOJIOHHU B PiBHI HIDKHBOTO TIOSICY OCHOBHY
CHCTEMY TOPH3OHTAIBHUX B'S3iB, IO CHpUHMAaEe TOPU3OHTAIbHI HaBaHTaKEHHS 1 3abe3meuye
KOPCTKICTh OymiBIi, PO3TAIOBYIOTH IO HWKHIX TMosicax KpokBsHUX (epm. Ili B'sa31 3a3Buyait
BUPIIIYIOTh Y BUTTISAL hepM (Tak 3BaHUX BITpOBHX (hepMm). B iboMy Bunaky B's31 O BEpXHIX MOsicax
KPOKBSTHUX (pe€pM BCTAHOBIIIOIOTH TS 3a0€3MEUEHHS CTIHKOCTI BEPXHIX IMOSCIB MPU SKCILTyaTarrii 1
MOHTaXi. TakoXX HpU HASBHOCTI KOPCTKOTO JAMCKAa IMOKPUTTS TOPU3OHTAIbHI IOMEpeuHi B’s3i
PO3MIIIYIOTh TIIBKH B PiBHI HWDKHIX TOSCIB ¢depM, aje Mpu IbOMY IepeadadaroTh 1HBEHTapHI
TUMYAcOBI B’ 31 B piBHI BEpXHIX MOSCIB ISl BUBIPAHHS KOHCTPYKLIH 1 3a0e31edeHHs iIXHbOT CTINKOCT1
ITiJT 9ac MOHTaxy [2].

AKTyallbHUM € TUTaHHSA NPOCKTYBAaHHS MONEPEYHHUX B’SI3¢BUX (epM 3 pallioHATbHUMHU
KOHCTPYKTUBHUMH pimeHHsMHA. OgHUM 13 NIIAXiB BHOOpPY paIlioHATLHOTO KOHCTPYKTHBHOTO
pilIeHHs TonepeyHoi B’s3eBOi (pepMH € BU3HAYEHHS PAIliOHATBHOI CXEMH PEIIiTKU 3a BUTPATOIO
cTaii.
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B’s131 mo HIWKHIM mosicaM KPOKBSHUX (DepM y TOPLEBHUX B’SA3€BUX OJIOKaX MPOMMCIOBUX
OyIiBeJb CIPUIMAIOTh BITPOBE HABAHTAKECHHSI HA TOPEIh Oy 1iBIi. J{J1s1 CHpUMHSTTS BITPOBOTO TUCKY
B TOpelb OY/iBIi, B PiBHI HM)KHIX IMOSCIB (pepM MOKPHUTTS, 32 JTOTIOMOTOIO JIMCTOBHX IIAPHIPIB Ha
(haxBEepKOBHX KOJOHAX BJIAIITOBYIOTHCS TOPU3OHTAIBHI B’s13€Bi hepMHu, Jie TTOsicaM ITUX B’ SI3€BUX
bepM € HIDKHI TosicH caMUX (pepM MOKPHUTTS, a PelIiTKa MPOEKTYeThCs A0AaTkoBo. Jlaii, onopHi
peakiii TOPU3OHTAIBHUX B’SI3€BUX (PEpM BiJ BITPOBOTO HABAaHTAKEHHS, 4Yepe3 B's31 B IUIOCKOCTI
KOJIOH, NIepeaaloThcs Ha (DyHTaMEHT.

BiTpoBe HaBaHTa)X€HHsT Ha TOpelb OYIiBII 4Yepe3 Oropo/KyBajdbHI CTIHOBI KOHCTPYKIIii
nepenaeTscsi Ha (DaxBEepKOBI KOJOHM y TOpIi OyxdiBimi, sK pIBHOMIPHO po3noxineHe. J[Bi
TOPU3OHTAJIbHI PEeaKIlii KOJIOHHU, SKi BHHUKAIOTH BiJI BITPOBOTO HABAHTAKCHHSI, PO3MOIISIOTHCS
TaKMM YMHOM, II0 OJIHA 3 HHX IepeaeThecsl Ha (pyHIaMeHT, a Ipyra Ha piBHI HIDKHIX MOSCIB Gepm
MTOKPHUTTS 32 JIOMTOMOT OO JINCTOBHX IIAPHIPIB — Y BY3JIM TOPU3OHTAIBHUX B’ s13€BUX (hepM 10 HIKHIM
1osicaM TOpLEBUX (pepM MOKPUTTSL.

Ili B’s13eBI TOpU30OHTAIBHI (ePMU MOXKYTh BHUKOHYBATHCS 3 XPECTOBOIO DEIIITKOI0, abo 3
TPUKYTHOIO PEIIITKOIO 1 JOAATKOBUMHU CTiiikamu. B 000X nux Bumaakax (yHKIIIO CTIHOK peliTKu
OyIyTh BUKOHYBATH HUXKHI TIOSICH BEPTUKAIBHUX B’s3€H MK pepMamMu, a 1mosicaMu B’ s3eBUX GepM €
HWDKHI I0IcU (pepM TOKPHTTS.

Busznaueno 3ycuiis y B’ si3eBuX (hepMax Jj1st TUHIOBHX (hepM MOKPUTTS TPOMHUCIOBUX OyIiBEIh
BiJl OIMHUYHUX 30CEPEIKEHUX CHJI BITPOBOTO TUCKY B TOpEIb POMOY/iBIIl, IPUKIAJCHUX Y By3JIaxX
HIKHBOTO MOSCY KPOKBSHUX (pepM (y piBHI JIMCTOBHX MIAPHIPIB HA ()axBEPKOBUX KOJIOHAX TIO TOPIIIX
OymiBmi).

TakuM YMHOM, BU3HAYMBIIM BY3JIOBE BITPOBE HABAHTAXKCHHS I KOHKPETHOTO PalOHY 1
MTOMHO>KUBIIH HOT0 Ha 3yCHIIJIS OIMHUYHOTO HAaBaHTAXXECHHS MOKHA BU3HAUUTH PalliOHAJIbHY CXEMY
(3a BUTpaTOl CTaji) B’sA31B MO HWXKHIM TosicaM (epM TOKPHUTTS B TOPILEBUX B’A3€BUX OJOKaxX
OJTHOIIOBEPXOBUX MPOMHCIIOBUX Oy/IiBEIIb.

3a 1ormoMOror po3poOJICHOI 1 TPEeICTaBICHOT B POOOTI METOUKHY BU3HAYEHHS PaIliOHAIBHOI
CXEMHU PELIITKU TUIIOBUX B’SI3¢BUX ()epM I10 HIDKHIX Mosicax pepM MOKPUTTS 32 BUTPATOIO MaTepiary
BH3HAYCHO PaIliOHAIBHY CXEMH PEIITKU 32 BUTPATOIO CTaJll HA MPUKIIAl TPOMHCIOBOI Oyxaiii. B
PO3TIISTHYTOMY MPUKIIAAlI XpecToBl B’s131 Ha 37% OUIbII €KOHOMIYHI HiK TPUKYTHI 3 JOJATKOBHMH
CTiliKaMHu.

KarouoBi ciioBa: npomucioBa OymiBis, Kapkac, IOKPUTTS, KPOKBsIHA (epMa, B’s31, MOIepeuHa
B’s13eBa (hepma

OIIPEJEJIEHUE PAIIMOHAJIBHON CXEMbI PEHIETKH ITONTEPEYHOM CBSI3EBOI
®EPMBI 11O HUKHUM ITOSICAM ®EPM ITOKPBITUSI TPOMBIIIIJIEHHBIX
3JIAHUM
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Ooecckas 2ocyoapcmeerHas akademusi CmpoumeibCmed U apXumeKmypol

AHHoTanus. CBs3U HOKPBITHS MPOMBIIIEHHBIX 3[JaHUI CO3aI0T OOIIYIO XKECTKOCTh KapKaca
3/1aHus, 00eCHeurnBalOT MPOCTPAHCTBEHHYIO paboTy momnepedyHsix paM. CBsI3U BOCIPUHUMAIOT Pt
TOPU30HTANLHBIX HArpy30K TaKHWX, KaK BETPOBEIC, CeiCMHUYECKHE, 00eCMeYHBAIOT YCTOHYHBOCTH
CKAaThIX JJIEMEHTOB IMOKPBITUS M 3aJaHHYI0O T€OMETpHUIO Kapkaca Ipu MoHTaxe. B mpenemax
MOKPBITHS B OOINEM CiIydae HUMEIOTCS TOINEPEeYHbIE M MPOAOJIbHBIE TOPU30HTAIbHbBIC CBS3U B
IUIOCKOCTH BEPXHUX W HUXKHHUX TOSICOB CTPOMUIBHBIX (epM; BEPTHUKAIbHBIC CBS3H MEKIY
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CTPONIUJIBHBIMH (hepMaMu, CBsA3U 10 GpoHapsM (pu Hanuuuu ¢poHapeii). KommoHoBka cxeMbl cBsizel
3aBHCHUT OT THIIa MOKPBITHS, KOHCTPYKTHBHBIX OCOOEHHOCTEW Kapkaca 3/1aHusi U YCJIOBHH €ro
OKCILTyaTaluu.

B 31an1s1X ¢ onupaHueM CTpONMIBHBIX (pepM Ha KOJIOHHBI B YPOBHE HUYKHETO [105Ica OCHOBHYIO
CUCTEMY TOpPU3OHTAJbHBIX  CBSI3€H, BOCIHPUHMMAIOIIMX TOPU3OHTAIbHBIE HAarpy3ku U
o0ecTeYnBaOIIUX )KECTKOCTh 3/1aHUs, PAacojIaraloT 0 HUKHUM I0sicaM CTPONMIIBHBIX (hepM. OTn
CBSI3M OOBIYHO PENIAIOT B BUJE (pepM (Tak Ha3bIBa€MBIX BETPOBBIX (hepM). B aToM cimyuae cBsizu 1o
BEPXHUM T0CAaM CTPONUJIBHBIX (PepM yCTAaHABIUBAIOT Ul 00ECIEUYEHUSI YCTOMYMBOCTH BEPXHUX
MOsICOB IIPU OKCITyaTallUd W MOHTAXKC. Taxxe Ipyu HaJIW4YUM KCECTKOro AUCKaA TMOKPBITUA
TOPU30HTAJIbHBIE TIOTIEPEYHbIE CBSA3HM Pa3MeEIIaloT TOJIBKO B YPOBHE HIKHUX MOSICOB (hepM, HO TIpH
9TOM NPCAYCMATPUBAOT HHBCHTAPHBIC BPCMCHHLIC CBA3U B YPOBHC BCPXHUX IMOSCOB IJId BBIBCPKU
KOHCTPYKITUNA U 00€CTICUCHHS X YCTOMYMBOCTH BO BpeMsi MOHTaxa [2].

AKTyallbHBIM  SBIIIETCS BONPOC TMPOEKTUPOBAHUS TIONEPEUHBIX CBS3EBBIX (depM ¢
palMoOHATBbHBIMU KOHCTPYKTUBHBIMU pemieHussMu. OIHUM U3 IMyTeld BBHIOOpa palMOHAIBHOTO
KOHCTPYKTUBHOT'O PELICHUS MOMEPEUHOil CBA3eBOM (hepMbl SBISETCS OINpeAeTeHIe paluOHAIbHOM
CXEMBbI PEIIETKHU MO PacXo]ly CTaJIH.

CBs3M 1O HIWKHMM TI0sicaM CTPONUJIBHBIX (epM B TOPLEBBIX CBA3EBBIX OJOKax
MIPOMBIIIJICHHBIX 3[JaHUI BOCIIPUHUMAIOT BETPOBYIO HArpy3Ky Ha Topel 3aaHus. ljis BOCHIpUSTHS
BCTPOBOI'O HAaBJICHHUA B TOPCH 3AaHHWA, B YPOBHC HMIKXHHUX I1OSICOB (bepM IOKPLITHA, C TOMOIIBIO
JIUCTOBBIX IIAPHUPOB HA (aXBEPKOBUX KOJIOHHAX YCTPAUBAIOTCSI TOPU3OHTANIbHBIE CBSA3EBBIE (PEPMBI,
r7ie MosicaMH 3THX CBSI3€BBIX (pepM SBISAIOTCA HIKHUE MMosica caMuX (pepM MOKPHITHS, a peleTKa
MIPOEKTUPYETCS OTOJIHUTENbHO. Jlanee, OMOpHbIe peaklUu FOPU30HTANBHBIX CBS3EBBIX (hepM OT
BETPOBOM HAarpy3Ku, 4epe3 CBSI3U B IIJIOCKOCTH KOJIOHH, IepeatoTcs Ha GyH/IaMeHT.

BerpoBas Harpy3ka Ha TOpel 3/aHHUS Yepe3 OrpakJalollHe CTEHOBbIE KOHCTPYKIUU
nepenaeTcs Ha (axBEpKOBBIE KOJIOHHBI B TOPIIC 3[aHUS, KaK PaBHOMEPHO pacmpeseneHHas. [[Be
TOPU30HTANIBHBIX PEAKIIMH KOJIOHHBI, KOTOPbIE BOSHUKAIOT OT BETPOBOIl Harpy3KH, pacrpeaenstorcs
TakuM 00pa3oM, 4TO OFHA U3 HHUX NepeaaeTcs Ha QyHIAaMEeHT, a BTOpasi Ha YPOBHE HUKHUX TOSICOB
(bepM MOKPBITHS € MOMOIIBIO JUCTOBBIX IMIAPHUPOB — B Y3JIbI TOPU3OHTANBHBIX CBA3EBBIX (hepM IO
HUDKHHUM T105ICaM TOPILIEBBIX (epM MOKPHITHSI.

OTH CBSI3€BbIE TOPU3OHTAIBHBIE (PEPMBI MOT'YT BBIIIOJHATHCS ¢ KPECTOBOW PELISTKON, HIH C
TPEYTrOJIbHOM PEIISTKON M JIOMOJHUTEIBHBIMU CTOMKaMu. B 000X 3THX ciaydasx (yHKIHIO CTOCK
pemeTky OyayT BBIMOJHATH HWKHHUE TOsICA BEPTHKAIBHBIX CBA3CH MEXIy (epMamu, a MosicaMu
CBSI3EBBIX (pepM SIBISIOTCS HUKHHE Mosica pepM MOKPBITHS.

OmnpeneneHbl yCuiaus B CBS3€BBIX (epMax JAJsl TUHOBBIX ()epM MOKPHITHS MPOMBIIIJICHHBIX
3M1aHUN OT EIWHUYHBIX COCPEJOTOYECHHBIX CHJI BETPOBOTO JABJIEHUS B TOpEl MPOM3AAHMUS,
MPUIIOKEHHBIX B y3JlaX HIDKHETO IMOosica CTPONMIIBHBIX (pepM (B ypOBHE JIMCTOBBIX IAPHHUPOB HA
(haxBEepKOBHX KOJIOHHAX IO TOPIIAM 3/IaHHS).

Takum 00pazoMm, OMpeneNuB Yy3JIOBYIO BETPOBYIO HArpy3Ky JUisi KOHKPETHOrO pailoHa U
YMHOKUB €€ Ha yCUJIMe OT €AMHHYHOM HArpy3KH MOXHO ONPEENUTh paloHaJIbHYIO0 cxemy (1o
pacxony cTaid) CBsi3el IO HWKHHUM IosicaM ()epM TOKPBITHS B TOPLEBBIX CBSA3EBBIX OJIOKaxX
OJTHOATAXXHBIX MPOMBIIUIEHHBIX 3JaHH.

C mnomomiplo pa3pabOTaHHOW H TMPEACTABICHHOW B pPadOTe METOAMKH ONpeAeTIeHUSI
paIOHaIbHONW CXEMBbl PEHIETKH THUIIOBBIX CBA3EBBIX (hepM MO HIKHUM MosicaM (epM MOKPHITHS 10
pacxomy MmaTepuana HalileHa palMOHANbHAsS CXEMa PEIIeTKH IO 3aTparaM CTalld Ha TIpUMepe
MIPOMBIIIJIEHHOT 0 31aHusl. B paccMoTpeHHOM puMepe KpecToBbIe CBA3H Ha 37% 0oliee SKOHOMUYHBI
YCM TPCYT'OJIbHBIC C JOMIOJIHUTCIbHBIMHA CTOMKAMH.

KuroueBble ci10Ba: MpoMBIIUIEHHOE 3[]aHKE, KapKac, MOKPHITUE, CTPONIIIbHAS epMma, CBSI3H,
nornepeyHas cBsizeBas pepma
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Abstract. The aim of the article is an experimental research of the influence of low-cycle sign-
constant loading, as well as the most significant design factors on the deformability of steel
reinforcement of reinforced concrete beams. In this regard, for experimental research, the authors
developed a four-factor three-level Boxing plan B4. The experimental factors of the plan were varied
according to the literature review, which showed that the most significant factors are the following:
the value of the relative shear span a/ho, the concrete class C, the value (amount) of transverse
reinforcement on the beams support sections psw, the level of sign-constant loading 1. The samples
were tested according to the scheme of a single-span beam, alternately loaded with two centre-point
forces. The number of cycles of sign-constant loading was accepted as 10.

According to the results of the experiment, using the COMPEX program, adequate
mathematical models of the deformations of steel reinforcement of reinforced concrete specimens-
beams under the action of low-cycle sign-constant loading were derived, that reflect the influence of
these factors both individually and in interaction with each other. Analyzing these models, the
features of the development of tensile reinforcement in the specified conditions, were established. In
particular, the factors that have the greatest influence on deformations are the relative shear span and
the level of low-cycle loading. Thus, with their increase, the relative deformations of tensile
reinforcement increase by 51% and 52%, accordingly, by series.

Keywords: steel reinforcement, beam, bend, deformations, cyclic loadings, mathematical
model.

Introduction. The main difference between cyclic loads and static short-term loads is the
occurrence of residual deformations and their further accumulation from cycle to cycle. Concrete and
reinforcement deformations in bending elements are stabilized and gain a slight increase before the
destruction stage at certain load cycles within the exploitation levels. However, for example, when
reinforced concrete beams works outside the exploitation levels, the development of the main
deformability characteristics of these elements may not be so predictable. Furthermore, the influence
of cyclic loads of different levels increases the values of deformations of reinforced concrete
structures in comparison with the action of short-term load, that must be taken into account in the
design. Therefore, the accumulation of experimental data and their analysis is an advisable and useful
scientific task.

Analysis of recent researchs and publications. A large number of scientists who have devoted
their works to this team confirmed that low-cycle loads increase the value of reinforcement and concrete
deformations — by 10-15% [1-5]. This is mainly due to the accumulation of residual deformations.
Besides, most authors tend to idea that the strength and deformation characteristics of concrete and
reinforced concrete structures under cyclic loads are significantly influenced by the load mode [6, 7].
However, scientists have not established a clear limit of the cyclic load levels, which changes the
stress-strain state of the experimental elements that thus requires additional study.

On this bases, the aim of the work is an experimental study of the influence of low-cycle loads
level on deformability of steel reinforcement of reinforced concrete beam elements, as well as the
most significant design factors both in particular and in interaction with each other.

Materials and methods of research. According to the adopted methodology, the full-scale
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experiment is performed according to a four-factor three-level plan of Box B4. Variation of factors
was carried out according to the literature review of sources, which showed that the most influential
factor X is the value of relative shear span a’ho, which varied in three levels: a = ho, 2ho i 3ho. The
second influential factor is a class of heavy concrete: Xo — C16/20, C30/35, C40/50, and the third —
the value (amount) of transverse reinforcement on the near support areas: X3z — psw = 0,0016; 0,0029;
0,0044. As the fourth factor of external action X4 is accepted level of sign constant loading:
n=0...0,50; 0...0,65; 0...0,85 of the actual bearing capacity, i.e. the value of the transverse load,
when the width of the opening of inclined cracks wi exceeded 0.4 mm, and the deflections are f
> [/150 [8].

The test specimens were tested according to the scheme of a single-span beam, alternately
loaded by two concentrated forces.

Before the main experiment, 25 experimental beams (twin specimens) of the first series were
tested under the action of a short-term load, practically to a destructive state, when the width of the
inclined cracks and the deflections exceeded the allowable values. In the future, similar experimental
beams of the third series were tested under the action of a sign-constant repeated transverse load
within three experimental levels.

The number of cycles of sign-constant loading is dictated by the criterion of stabilization of
deformations, first of all, in concrete of E.M. Babich and his students [9] and is at least 10, if the test
specimens-beams did not destruct with a smaller number of cycles.

During the experimental studies, direct measurements of deformations of the extreme, most
compressed concrete fibers in this cycle and, accordingly, tension working reinforcement in the
middle of spans (in the zone of pure bending) were performed. The indirect assessment of transverse
reinforcement deformations of near support areas of specimens-beams was made. For all tested
reinforced concrete elements, graphs of experimental and calculated relative deformations after the
action of each cycle of repeated loading of corresponding levels were constructed, including the stage
before failure.

Research results. It is experimentally established that the values of relative deformations of
materials after the action of each cycle of repeated loading at a certain level increase significantly,
residual deformations are accumulated until their stabilization, which usually occurs after 4...8 load
cycles and is 60...80% of general residual deformations of compressed concrete zone. The second
and third load cycles usually account for another 15-25%, and for 4...8 cycles — only 5...10% of
these deformations. In this case, the action of low-cycle loads significantly affects the stress-strain
state of the experimental beams. In particular, the stress diagram of the compressed zone gradually
changes due to the compaction of concrete, there is a redistribution of internal efforts between the
compressed concrete and tensioned reinforcement, in which the corresponding deformations change.
The presented data are in good agreement with the results of research by P.S. Homon [2], O.IL.
Korniychuk [10] and others.

In some specimens with a large shear spans at high levels of repeated loading (n = 0.8)
stabilization of residual deformations of concrete or reinforcement and sometimes both concrete and
reinforcement did not occur and their destruction as non-reinforced elements occurred in normal
sections due to the yielding of longitudinal working reinforcement or due to the both yielding of the
reinforcement, and the crushing of the concrete compressed zone.

Similarly to compressed concrete at repeated loading there was a deformation of longitudinal
tensioned working reinforcement. Tests have shown that the residual deformations in it at unloading
the beams to zero in the first cycles reach values (20...50)-107 and stabilize up to 4...8 cycles.

Residual deformations in transverse reinforcement and concrete of inclined sections were
25...60% of the total. Their largest increase was observed in the first cycle (=20...50%) and during
reloading in the last cycle. Due to the reduction of plastic deformations, the process of accumulation
of residual deformations in the materials of the support sections at a constant level of low-cycle
transverse load gradually attenuates. Up to 4...8 cycles of such loading both in cross reinforcement,
and in concrete of near support areas, as a rule, there is a stabilization of deformations.

Processing of experimental data on the relative deformations of working reinforcement in the
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beams zone of pure bending after their stabilization at the appropriate level of low-cycle load, as well
as before their destruction at n=0,95F, by this method allowed to obtain the following mathematical
models:

Y(gnFu ) _[195+48X,+10X,+9X;+32X, — 25X} —9X3 - 5X3 ~ 15X +15XX; + 10°5
> +10X,X, (1)
v=35,3%,
?(s;’fSFu ) = (239+77X, 24X, +33X; 420X, ~ 13X} —4X3 ~3X]+10X,X; 107, .
v="7,1%,
{g(gnFu ) [210+52X,+16X, +10X; 434X, — 26X} —10X3 —5X3 ~16X5+16X, X5 + 10°5
>3 +10X,X, " (3)
v=15,1%,
?(sg’gﬂu ) = (258+ 84X, +34X, 135X 121X, ~13X] —3X3 - 3X}+10X,X; )10, @
v=35,3%.
The geometric representation of these models is presented in Fig. 1.
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Figure 1. The influence of constructive factors (a), (b), (c), and transverse load level (d) on
reinforcement deformations at short-term load (— —o— —) and low-cycle loading (——=——) of set
level (), and also before failure (0,95F,) under gradually increasing load (— —o— —) and after
stabilized low-cycle (— e ) loading

Analysis of mathematical models (1)...(4) shows that the average values of the relative
deformations of tensioned reinforcement in the middle of the beams after their stabilization at low-
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cycle sign-constant loads increase. In this case, the influence of experimental factors on this parameter
in experimental series is significant and the same. Thus, the relative deformations of tensioned
reinforcement of 1% series specimens-beams at the specified load levels and before failure increase
relative to the average values with increasing:

— relative shear span a/ho from 1 to 3 on 49% and 64%;

— concrete class from C16/20 to C40/50 on 10% and 20%;

— amount of transverse reinforcement psw from 0,0016 to 0,0044 on 9 and 28%;

— transverse load level n_from 0,5 to 0,8 on 33 and 17%,
and 3¢ series, accordingly, with increasing:

— relative shear span a/ho from 1 to 3 on 50% and 65%;

— concrete class from C16/20 to C40/50 on 15% and 26%;

— amount of transverse reinforcement psw from 0,0016 to 0,0044 on 10 and 27%;

— transverse load level n_from 0,5 to 0,8 on 32 and 16%.

— at simultaneously increasing of relative shear span and amount of transverse reinforcement
on 4...5%.

Characteristic is also the presence of negative signs in the quadratic effects of these factors,
which indicates that with their increase beyond these limits, the further increase in tensile deformation
will be damped.

Conclusions:

1. Analysis mathematical models of the tensioned reinforcement relative deformations in the
test elements span middle, it is found that increasing the relative shear span increases the effect of
bending moment and they increase by 51% and 52% respectively. The increase of the values of other
experimental factors leads to an increase of the tensioned reinforcement deformations to 24% in both
series.

2. In general, the influence of low-cycle sign-constant loading on the deformability of
reinforced concrete specimens-beams differs significantly from the influence of a short-term static
load. Namely, the specified type of load increases the value of relative deformations of the tensioned
reinforcement by 8%.

Among the prospects for further research is the study of the serviceability of steel reinforcement
of reinforced concrete span elements under the the action of a high-cycle repeated loading.
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AHoTamisgs. MeTor CTaTTi € eKCIepUMEHTAIbHE JOCIHIIKCHHS BIUTUBY MAJOIUKIOBOTO
3HAKOIMOCTIITHOIO HAaBaHTa)KEHHSA, a TAaK0X HAWOUIbII 3HAYMMHMX KOHCTPYKTHMBHMX YMHHUKIB Ha
neOpMaTUBHICTH 32113006 TOHHUX OAJIKOBHUX €JIIEMEHTIB SIK 30KpeMa TakK i B3a€EMOJIii OJIUH 3 OJHHM.
VY 3B'SI3KY 3 LIUM, JUIsl POBEACHHS €KCIEPUMEHTANIbHUX JOCTIIKEHb aBTOpaMu OyB po3poOsIeHHi
4OTHPhOX(aKTOpHUI TpupiBHeBUH maH bokcy B4. BapitoBanHs nocnmigHux (akTopiB IUiaHy
3MIMCHIOBAJIOCS. 332 JaHUMHU JIITEPaTypHOTO OIJIANLYy, SIKHW IOKa3aB, HI0 HAWOLIbII 3HAYMMHMHU
(akTOpamMM € HACTYIHI: BEJIMYMHA BIJIHOCHOTO MpOJNbOTy 3pi3y a’hg, kmac 6erony C, BennumHa
(KITBKICTB) TIOTIEPEYHOTO apMyBaHHS Ha TMPUOMOPHHX [IISHKAX OaloK pPsw, @ TAKOX pPIBEHb
3HAKOIOCTITHOTO MAJIOIUKIOBOTO HABaHTAXEHHsS 1. 3pa3ku Oyau BUIPOOYBaHI 3a CXEMOIO
OJTHOTIPOTIHHOI 0anKkW, 3aBaHTAXKEHOI JIBOMa 30CEPEHKCHUMH cuiamMu. KinbKicTh ITUKIIIB
3HAKONOCTITHOTO HaBaHTa)keHHs Oyna npuitasara 10.

3a pe3ylnbTaTamMu MPOBEICHOT0 EKCIIEPUMEHTY 3a jornomororo nporpamu COMPEX BuBeneni
aJleKBaTHI MaTeMaTH4HI Mojeni 1e(OpMATHBHOCTI CTalIE€BOI apMaTypH 3ali300€TOHHHX 3pa3KiB-
OaJiok 3a il MaJOIMKJIOBOTO 3HAKOIOCTIMHOTO HAaBaHTAKEHHS, SKi BigoOpakarOTh BIUIMB
3a3HaYeHUX (PaKTOPIB K OKPEMO, TaK 1 y B3a€MOJIii OMH 3 OAHUM. B X071 aHami3zy naHux Monenen
BCTaHOBJIEHI OCOOJMBOCTI PO3BUTKY AeopMalliii po3TSIrHyToi apMaTypd B 3a3HAUY€HHUX yMOBAax.
3okpema, (pakTopamu, sSKi MalOTh HAUOLIBIINIA BIUTMB Ha IedopMarii € BiJHOCHHUNA MPOIBOT 3pi3y 1
pPIBEHb MAJIOLMKIOBOTO 3HAKOIOCTIMHOTO HaBaHTaXCHHSA. TakuM YMHOM, TIpU iX 30LIBIICHHI
BiTHOCHI Jedopmanii po3TArHYyTOi apmarypu 3pocTaroTb Ha 51% 1 52% BiAmoBigHO 3a cepisiMH.
Takoxx BCTaHOBJEHO, IO MAaJOLMKIOBE HAaBaHTAXEHHS B TMOPIBHAHHI 3 OJHOPa30BUM
KOPOTKOYaCHUM HaBaHTA)KEHHSM 301IbIIIye BiTHOCHI edopMariii po3TarHyToi apmaTypu Ha 8%.

KurouoBi ciioBa: crameBa apmarypa, Oanka, 3TWH, Aedopmariii, MUKIIYHI HaBaHTaXEHHS,
MaTeMaTHYHa MOJIEb.
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AHHOTanuA. llenplo cTaTbu SBISETCS AIKCIEPUMEHTAIBHOE MCCIEAOBAHUE BIIHUSAHUS
MaJIOLIMKJIOBOI'O 3HAKOIIOCTOSSHHOTO HarpyXeHwus, a Takke HauboJiee 3HAUMMbIX KOHCTPYKTHBHBIX
(dakTopoB Ha 1eOPMATHBHOCTH CTAJIBHON apMaTyphl kKele300€TOHHBIX OalOYHBIX 3JIEMEHTOB. B
CBSI3U C 3THUM, Ul IPOBEIEHUS KCIIEPUMEHTAIbHBIX MCCIEJOBaHUI aBTOpaMH OblI pa3zpaboTaH
yeThIpex(hakTopHbI TpexypoBHEBbI 1uiaH bokca B4. BapbupoBanue OmbITHBIX (akTOPOB IJIaHA
OCYILECTBIISIOCH 10 JaHHBIM JIUTEPATypHOro 0030pa, KOTOPBIN MOKa3ajl, YTO Hauboiee 3HauuMbIMU
(bakTopamMH SBIAIOTCS CIEAYIOIIME: BEIMUYNHA OTHOCUTEIBHOTO IiposieTa cpesa a’ho, knacc 6erona C,
BEJIMYMHA (KOJIMYECTBO) MONEPEYHOI0 apMUPOBAHMSI HAa IPUOMOPHBIX Y4acTKax OanoK Psw, YPOBEHb
3HAKONOCTOSIHHOTO HarpykeHus 1. OOpasupbl ObIM MCHBITaHbl 110 CXEME OJHOIPOJIETHON Oankw,
[IOOYEPEHO  3arpy’KEHHOM JBYMS  COCPEJOTOYEHHBIMHM  CcwilaMH. KoJaudecTBO  IIUMKIIOB
3HAKOIMOCTOSIHHOTO HarpyxeHus Obuio npuHaro 10.

[To pe3ynbpTaTram npoBeaEHHOTO AKCIEpUMEHTa ¢ moMouipio nporpaMmmbel COMPEX BbiBeieHbBI
aJIeKBaTHBIE MaTeMaTHYECKUEe MOJAETH J1e(OPMATUBHOCTU CTAJBHOW apMaTyphl »KeJ1e300€TOHHBIX
00pa3ioB-0anok Mpu JEHCTBUM MAaJOLUKIOBOIO 3HAKONOCTOSIHHOTO HAarpyKeHHs, KOTOpble
0TOOpaXKaroT BIUSHHUE YKa3aHHBIX (PaKTOPOB KaK MO OTAEIBHOCTH, TAK U BO B3aUMOJICHICTBUHU APYT C
IpYTOM.

B xonme aHanm3a JaHHBIX MOJENEH YCTaHOBJIEHbI OCOOCHHOCTH pa3BUTHS Aedopmariuii
pacTsaHyTOM apMaTypbl 0aJIOK B YKa3aHHBIX yclI0BHs. B uacTHOCTH, (hakTOpamMu, KOTOpPbIE OKa3bIBAIOT
HauOospllee BAMSHUE Ha JedopMalMy SBISIOTCS OTHOCHTEIBHBIM IPOJET Cpe3a U ypOBEHb
MaJIOLIMKJIOBOI'O HArpykeHus. Takum oOpa3oM, NpU UX YBEIMUYEHUHM OTHOCUTENbHBIE JedopMaluu
pacTsHyTOM apMaTypsl Bo3pacTaroT Ha 51% u 52% cooTBETCTBEHHO 110 cepusiM. Takke yCTaHOBIIEHO,
YTO MAJOLUKIOBOE HArpyK€HHE II0 CPAaBHEHHUIO C OJHOKPAaTHOM KPAaTKOBPEMEHHOH Harpy3Kou
YBEIIMYMBAET OTHOCUTENbHBIE 1eOpMaIK PACTIHYTONH apMaTypsl Ha 8%.

KiroueBble ciioBa: crtanbHas apmarypa, 6ajka, u3ruod, neopmManny, HUKIMYECKUe Harpy3KH,
MaTeMaTH4eCcKasi MOJEIb.
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Abstract. In accordance with the guidelines contained in the FEuropean standard
prEN 1993-1-1 (draft September 2020), the stability of multi-storey frames should be checked taking
into account the influence of geometric imperfections and deformation of the structure under the
applied load. The article presents the calculation methods recommended by the European standard,
which allow for the verification of frame bar stability. The calculation method was made dependent
on taking into account the influence of global sway imperfection and equivalent local bow
imperfections, as well as on the type of static analysis used to determine the internal forces and
moments.

Keywords: metal structures, calculation methods, European standard, global imperfections,
local imperfections, static analysis.

Introduction. When verifying the stability of multi-storey frames, European code prEN 1993-
1-1 recommends:

a) considering the effect of structural imperfections on the behaviour of the frames, and

b) determining the internal forces while taking into account the deformation of the structure
caused by the load acting on it.

Therefore, chapters 7.2 and 7.3 of the prEN 1993-1-1 European standard, give the
recommendations on methods for checking the stability of the frame members. Depending on the
consideration of global sway imperfections, equivalent bow imperfections and the type of design
analysis applied (I1st or 2nd order), it was recommended to verify the frame members stability
according to various calculation methods (M0, M1, M2, M3, M4, M5, and EM) described in the
paper.

(All the information in this paper, the text of the recommendations and guidelines, has been
strictly and directly taken from the draft European standard prEN 1993-1-1.)

1.1. Considering the effect of structural imperfections. Frame imperfections should be
considered as geometric imperfections and modeled as:

a) an imperfect geometry of the frame structure in the following forms: sway imperfections
for global analysis of frames and equivalent bow imperfections for global and member analysis —
which includes both flexural buckling and lateral torsional buckling;

b) systems of forces: equivalent horizontal forces, introduced for each column for sway
imperfections and system of equivalent horizontal forces, introduced for each member, for bow
imperfection;

c) imperfection based on elastic critical buckling modes — where the shape of the elastic critical
buckling mode of the frame’s structure may be used as an unique global and local initial imperfection.

According to the recommendations of the European standard prEN 1993-1-1, frame
imperfections may be neglected in the static calculations if the listed conditions are met:

a) considering sway imperfections for global analysis of frames, when

Hpg = 0,15Fg, (1)
where: Hgq is the total horizontal load designed, Feq is the total vertical load designed.
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b) considering equivalent bow imperfection for global and member analysis, when at least one
moment resistant joint at one member and
Ngq = 0,25N,, (2)
where: Ngq is the design value of the compression force and N is the critical axial force
determined for in-plane flexural buckling of the member considered as hinged at it’s ends.
If the above conditions are not met, the values of global sway imperfections and equivalent bow
imperfections should be determined according to the following formulas:
a) the initial sway imperfection ¢:
0 = 0yt 3)
where ¢, —is the basic value,
¢, =1/400 — for verification of elastic resistance of cross-sections and members,
¢, =1/200 — for verification of plastic resistance of cross-sections and members,
ay — is the reduction factor for height H applicable to columns,

iH < 1,0, H — is the height of the structure in meters,

Q. — 18 the reduction factor for the number of columns in a row,

am = 10,5 (1 + l) , m — is the number of columns in a row including only those columns
m

which carry a vertical load Ngq not less than 50 % of the average value of all the columns in the
vertical plane considered,

b) equivalent bow imperfection — flexural buckling

a
eo =2pL 4)

where a — is the imperfection factor, depending on the relevant buckling curve according to
Table 1,

€ — is the material parameter,

£= ’Zfis, fy - is the yield strength in N/mm?2,
y

[ — is the reference relative bow imperfection according to Table 2,
L — is the member length.

ay =

Table 1 — Imperfection factors o for buckling curves
Buckling curve a0 a b c d
Imperfection facto a | 0,13 | 0,21 | 0,34 | 0,49 | 0,76

(The buckling curves shall be determined according to Table 8.3 of prEN 1993-1-1)

Table 2 — Reference relative bow imperfection 3
Buckling about axis | Elastic cross-section verification | Plastic cross-section verification
y-y 1/110 1/75
7-7 1/200 1/68

c) equivalent bow imperfection — lateral torsional buckling

L
€oLr = ,BLT; (5)

Pir — is the reference relative bow imperfection for lateral torsional buckling according to
Table 3.
Table 3 — Reference relative bow imperfection BLT for lateral torsional buckling

Cross-section | Condition | Elastic cross-section | Plastic cross-section
verification verification
Rolled h/b <2,0 1/250 1/200
h/b>2,0 1/200 1/150
Welded h/b<2,0 1/200 1/150
h/b>2,0 1/150 1/100
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In case of modelling the imperfections as equivalent horizontal forces (regarding the sway
imperfection) and systems of equivalent horizontal forces (regarding the bow imperfections), this
should be done as described in section 7.3.2 (5) and 7.3.3.1(3) prEN 1993-1-1.

As an alternative to the methods briefly described above, the global sway imperfection and the
equivalent bow imperfections can be modelled based on elastic critical buckling modes, according to
section 7.3.6 prEN 1993-1-1.

1.2. Type of design analysis of the structure. According to prEN 1993-1-1 the internal forces
and moments may be determined using either:

a) first-order analysis, using the initial geometry of the structure, or

b) second-order analysis, taking into account the influence of the deformation of the structure.

Second order analysis is not required if the following conditions are satisfied:

Aoy ns = FCFT—;:S > ko = 25 (unless the N.A. gives a different value) (6)

F
Uersw = C;zw =10 (7)

where:

Ferns 1s the minimum elastic critical flexural buckling load for either the in-plane or out-of-
plane member (non-sway) buckling mode,

Fersw 1s the elastic critical in-plane flexural buckling load for a global (sway) buckling mode,

Fq 1s the designed load value acting on the structure.

Oerns 18 the factor by which the design load would have to be increased to cause elastic
instability in the in-plane or out-of-plane member (non-sway) buckling mode,

dersw 18 the factor by which the designed load would have to be increased to cause an elastic
instability in a global, in-plane (sway) mode.

If the condition (6) is satisfied, second order effects due to in-plane or out-of-plane member (non-
sway) buckling may be neglected for the global analysis.

When the condition (7) is satisfied, second order effects due to in-plane (sway) buckling may
be neglected for the global analysis and first order analysis may be used for the determination of the
in-plane (sway) bending moments.

Second order effects due to lateral torsional buckling may be neglected for the global analysis
in the following cases (main recommendations):

a) for certain types of sections, e.g. structural hollow sections and welded box sections or in
case of sufficient restraints to the compression flange,

b) when the slenderness limit for susceptibility to lateral torsional buckling is not exceeded

At < Aro (8)
where: 1,7 — relative slenderness for lateral torsional buckling, 4,7 - plateau length of the
lateral torsional buckling curves for rolled and welded sections

1.3. Methods of analysis for ultimate limit state design checks. The method of analysis (first
or second order analysis combined with the consideration of imperfections) should be compatible
with the cross-section and member verification requirements.

According to the type of structure and the extent of the global analysis, imperfections and
second order effects should be considered using one of the following approaches:

a) entirely in the global analysis,

b) partially in the global analysis and partially by verification of the buckling resistance of
individual members,

c) by verification of the buckling resistance of ‘Equivalent Members’, using appropriate
buckling lengths in accordance with the global buckling modes of the considered structure.

Ultimate limit state design checks may be carried out using methods of analysis named hereafter
MO, M1, M2, M3, M4, M5 or EM. The individual methods are recommended to be used when the
following conditions are met:
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- Method MO — if second order effects may be neglected in the global analysis by satisfying the
conditions in (6) and (7), and lateral torsional buckling may be neglected in accordance with
conditions described above or eq. (8).

- Method M1 — if second order effects may be neglected in the global analysis by satisfying the
conditions in (6) and (7), lateral torsional buckling may not be neglected in accordance with
conditions described above or eq. (8).

- Method M2 — if second order effects due to member buckling may not be neglected (the
condition in (6) is not satisfied) but second order effects due to in-plane. In this method global (sway)
buckling may be neglected - the condition in (7) is satisfied).

- Method M3 — if second order effects due to member buckling may not be neglected — the
condition in (6) is not satisfied and second order effects due to in plane, global (sway) buckling may
not be neglected - the condition in (7) is not satisfied. In this method global (sway) imperfections are
included in the global analysis and local bow imperfections may be neglected in the global analysis,

- Method M4 — if second order effects due to member buckling may not be neglected — the
condition in (6) is not satisfied and second order effects due to in plane, global (sway) buckling may
not be neglected — the condition in (7) is not satisfied. All in-plane second order effects and both
global (sway) imperfections and local bow imperfections are included in the global analysis,

- Method M5 —if all in-plane and out-of-plane second order effects, including torsional effects,
and global (sway) imperfections and in-plane and out-of-plane local bow imperfections are accounted
for in the global analysis,

- Method EM - if second order effects may not be neglected in the global analysis (6) or/and
in-plane, global (sway) buckling modes cannot be neglected (7), the “Equivalent Member method”
may be used for verification of the buckling resistance of individual members.

Detailed information were presented in Table 4.

Table 4 — Methods of structural analysis in case of values of Ocr,ns and dersw factors

Requirements Method name Rules of verification of the cross-section resistance and
stability of members
Olcr,ns > 25 Method MO The verification of the cross-sectional resistance may be
Ocrsw > 10 based on the first order’s internal forces and moments.
LTB — imperfections do | Verification of the buckling resistance of individual
can be neglected | not need to be members may be omitted.
included in the Imperfections do not need to be included in the global
global analysis analysis.
Olcr,ns > 25 Method M1 The verification of the cross-sectional resistance may be
Ocr,sw > 10 based on first order’s internal forces and moments.
LTB — imperfections do | The out-of-plane verification of the buckling resistance
can’t be neglected | not need to be of individual members is required and may be based
included in the first order’s internal forces and moments.
global analysis Imperfections do not need to be included in the global
analysis.
Oersw > 10 Method M2 The verification of the cross-sectional resistance may be
based on first order’s internal forces and moments.
global (sway) The in-plane and out-of-plane verification of the
imperfections buckling resistance of individual members is required
should be and may be based on first order’s internal forces and
included in the moments considering appropriate buckling lengths for
global analysis the non-sway mode and corresponding bending moment
diagrams.
The global analysis may neglect equivalent bow
imperfections, but should consider global (sway)
imperfections.
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Ocrsw < 10 Method M3 The verification of the cross-sectional resistance should
NEed <Ner / 4 use the partial factor yYM1 and be based on the second
global (sway) order’s internal forces and moments.
imperfections The in-plane and out-of-plane verification of the
should be buckling resistance of individual members is required
included in the and should be based on second order internal forces and
global analysis moments.
The in-plane buckling length for the non-sway mode
may be used.
Oersw < 10 Method M4 The verification of the cross-sectional resistance should
NEd > Ner / 4 use the partial factor yYM1 and be based on second
global (sway) order’s internal forces and moments.
imperfections and | The in-plane verification of the buckling resistance of
member bow individual members in bending and axial compression

imperfections(in- | may be omitted.
plane) should be | The out-of-plane verification of the buckling resistance

included in the of individual members in bending and axial
global analysis compression is required and should be based on the
second order’s internal forces and moments.
Ocrsw < 10 Method M5 The verification of the cross-sectional resistance should
NEd > Ner / 4 use the partial factor yYM1 and be based on the second
global (sway) order’s internal forces and moments.
imperfections and | The verification of the buckling resistance of individual
member bow members may be omitted.
imperfections The out-of-plane local bow imperfection can either be
considering assumed from Table 1 or Table 2, whichever is larger.
lateral torsional
buckling (in-plane
and out-of-plane)
should be
included
EM method The verification of the cross-sectional resistance may be
based on first order internal forces and moments.
Equivalent Imperfections do not need to be included in the global

Method (optional) | analysis.

The verification of the buckling resistance of individual
members may be carried out using the first order’s
internal forces and moments, considering the system
effects(possible sway buckling modes) to determine the
appropriate buckling length of each individual member.

LTB — lateral torsional buckling

2. Calculation example. In order to show the practical application of the calculation procedure
described in the European standard prEN 1993-1-1, a calculation example was made.

A non-bracing, three-span, six-storey sway frame was taken into account. The geometrical
dimensions, the static schema and the way of loading the frame were shown in the Fig. 1. All columns
were made from HEB 300 profiles, all beams from IPE 400 (floor beams) and IPE 300 (roof beams)
profiles. The structure of the frame was made from steel grade S235.

The stability of the most stressed frame column was checked. The selection of the column for
the stability verification was made on the basis of the buckling analysis (LBA), as shown in Fig. 2.
The method of verification of the member stability was adopted in accordance with the diagram —
Fig. 3. The view of modelled imperfection was shown on Fig. 5.
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Figure 1. View of analysed frame, frame dimensions, frame elements numbers and load of the
frame

The procedure (when checking the stability of the frame column) is presented in 2.1.

2.1. The calculation procedure:

a) performance of buckling analysis (Linear Buckling Analysis) and determination of critical
load factors olcr,ns and oer,ns. Based on results of this analysis, for future calculation the column number
7 was taken into account. The value of elastic critical axial force for flexural buckling about y-y axis
and z-z axis, are Nery = 23009,9 kN, Ner,, = 16078 kN.

factor acr,ns = 5,45 out-of-plane member (non- factor acr,ns = 9,46
sway) buckling mode in-plane (sway) buckling mode

Figure 2. Out-of-plane and on-plane frame buckling mode

b) Based on above information, calculation method number 3 (Method M3, Figure 1) was
taken into consideration. Taking account the fact that more complex methods may be used in place
of less complex methods, for comparison purposes, the column stability was also checked according
to the M4, M5 and EM methods.
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Flow chart & Imperf.
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LTB — Lateral torsional buckling, EM — Equivalent member method, SI — Sway imperfection, MBI
— Member bow imperfection (in-plane), MBIT — Member bow imperfection considering lateral
torsional (in-plane and out-of-plane) buckling. All section numbers are given in accordance with the

European standard prEN 1993-1-1

Figure 3. Methods of structural analysis applicable to ultimate limit state design checks

c) Verification of stability of column according to:

Alternative Method EM

type of analysis:

global sway imperfection:

local bow imperfection in-plane (buckling):

Ist order analysis
neglected
neglected

local bow imperfection out-of-plane (lateral torsional buckling): neglected
The verification of the buckling resistance of column no. 7 was made according to section 8.3
prEN 1993-1-1, considering the system effects to determine the appropriate buckling length of the

column. Results were shown in Table 5.
Method M3
type of analysis:
global sway imperfection:
local bow imperfection in plane (buckling):

2nd order analysis
included
neglected

local bow imperfection out-of-plane (lateral torsional buckling): neglected
The in-plane and out-of-plane verification of the buckling resistance of column no. 7 were made
according to prEN 1993-1-1. The in-plane buckling length for the non-sway mode was used. The
critical length of the Lcr column was assumed to be equal to its height LO measured in the axes of the

frame structure. Results were shown in Table 5.
The global sway imperfection calculations:
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b= doayan

1 . . . . .
b0 = 700" for imperfection of plastic resistance of cross-sections and members,

ay = = 0,408 — is the reduction factor for height H applicable to columns,

Ny
= \/0,5 (1 +—) = \/0,5 (1 + l) = 0,790 — is the reduction factor for the number of
m 4

columns in a row, m — number of columns in a row
o = Ppoaya, = 510 -0,408-0,790 = 1,61-1073

Method M4

type of analysis: 2nd order analysis
global sway imperfection: included

local bow imperfection in-plane (buckling): included

local bow imperfection out-of-plane (lateral torsional buckling): neglected

The in-plane verification of the buckling resistance of column no. 7 was omitted. The resistance
of cross-sections were made. The out-of-plane verification of the buckling resistance of column no.
7 was made using buckling length as a the non-sway frames. The critical length of the Lcr column
was assumed to be equal to its height LO measured in the axes of the frame structure. Results were
shown in Table 5.

The global sway imperfection — as above
The local bow imperfections (buckling):
ey = % “B-L
a = 0,34 — is the imperfection factor, depending on the relevant buckling curve
€ = 1,00 — is the material parameter defined in 5.2.5(2)

p = 71—5 — is the reference relative bow imperfection, see Table 2
L = 4,00 m — is the member length

eo=2-p-L=22.1.4000=18 mm
B 1,00 75
Method M5
type of analysis: 2nd order analysis
global sway imperfection: included
local bow imperfection in-plane (buckling): included

local bow imperfection out-of-plane (lateral torsional buckling): included

In this case the verification of the buckling resistance of individual members according to 8.3
may be omitted. The verification of the cross-sectional resistance according to section 8.2 prEN 1993-
1-1was made using the partial factor yM1.

The global sway imperfection — as aboveto

The local bow imperfections (buckling) — as aboveto

The local bow imperfections (lateral torsional buckling). The out-of-plane local bow

imperfection can either be from Table 2 and Table 3, whichever is larger.
L

eoLr = Pt -

11 1
Bir = max (ﬁ %) =500~ is the reference relative bow imperfection for lateral torsional

buckling
L = 4,00 m — is the member length

€ = 1,00 — is the material parameter defined in section 5.2.5(2) prEN 1993-1-1

L_ 1 4000
CoLr = ﬂLT'E = 200 1,00 = 20mm
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Figure 4. View of global sway imperfection and equivalent local bow imperfection

Table 5 — Results of analysis

Calculation method
EM M3 M4 M5
Internal forces | Ngg 2432,3 kN 24323 kN 24323 kN 24323 kN
and NRrd 3503,3 kN 3503,3 kN 3503,3 kN 3503,3 kN
moments Mykd 60,7 kNm 72,6 kNm 118,8 kNm 46,8 kNm
Myrd 439,1 kNm 439,1 kKNm 439,1 kKNm 439,1 kKNm
Mg - - - 41,0 kNm
Mzrd 203,7 kNm 203,7 kNm 203,7 kNm 203,7 kNm
buckling Ly 1,189 1,000 - -
about y-y axis | yy 0,930 0,954 - -
buckling Wz 1,00 0,829 0,830 -
about z-z axis | ¥ 0,807 0,807 0,807 -
bending YLT 1,000 1,000 - -
about y-y axis
interaction kyy 1,028 0,984 - -
factors ky, - - - -
kzy 0,677 0,677 0,465 -
Kz, - - - -
resistance of cross-sections - - 0,965 1,006
Ny, ok Mocs+OM oy M, +AM, 0,889 0,891 _ _
I NG Mo a M,
N . M, +AM ., o M, +AM, 0,954 0,972 0,978 _
Tl 7 My T Mg
Yia %ia

3. Conclusions. Based on the analysis of the content of the European standard prEN 1993-1-1,
and on the basis of the sample calculations carried out, the following conclusions can be drawn:

- the European standard prEN 1993-1-1 presents 7 design procedures allowing to check the
stability of bars in multi-storey frames;

- the choice of the calculation method depends on the sensitivity of the frame structure to

buckling both in the frame plane and in the plane perpendicular to the frame plane;

- depending on the consideration in the static calculations of global sway imperfections,
equivalent local arc imperfections, as well as the 1st or 2nd order analysis, the stability of the members
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in the center-centered compression of multi-storey frames is checked by assuming their critical length
appropriate for the given buckling mode (Lcr ), equal to the length measured in the axes of the
supports (LO), or by checking only the resistance of their cross-section.

Overall conclusion: The more complicated and advanced is the static analysis used to determine
the internal forces and moments in the bars of the frame structure, the simpler the method of verifying
their load capacity.
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AHoTanisi. BiamoBimHO 10 BKa3iBOK, IO MICTATBCA B €BPONEUCHKOMY CTaHIAPTI
prEN 1993-1-1 (mpoext Bepecus 2020 poky), cTiliKicTh 0araToroBEepXOBUX paM Mae€ MepeBipsATUCS 3
ypaxyBaHHSIM BIUIUBY TE€OMETPHYHHMX BIIXWJIEHb Ta jAcedopMaiiii KOHCTPYKINi mia Ji€ro
MPUKJIAICHOTO HABAaHTAXCHHS. Y CTATTi HAaBEJICHO METOIM PO3PaXyHKY, pPEKOMEHIOBaHi
€BPOIEHCHKUM CTaHIAPTOM, SIKi I03BOJISIIOTH MEPEBIPUTH CTIAKICTh OalloK Kapkacy. Bubip meromxy
PO3paxyHKy 3aJIe)KaB BiJl ypaXyBaHHS BIUIMBY TJI00QJIbHOTO BIAXWJICHHS y BUTJISAI PO3TOiIyBaHHS
Ta CKBIBAJICHTHUX BIIXWICHb y TPOTHHY, a TaKOX BIJl THITy CTaTHYHOTO aHami3y, III0
BUKOPUCTOBYETHCS /ISl BA3HAUCHHS BHYTPIIIHIX CHUJI Ta MOMEHTIB.

KiouoBi cioBa: MeTaTOKOHCTPYKINI, METOIM pO3pPaxyHKY, €BPOMEHCHKHA CTaHAAPT,
r100aIbHI BIAXWIEHHS, JJOKAJIbHI BIAXUICHHA, CTATUYHHUI aHAai3.
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DKewysckuii mexnonoauueckuii yuugepcumem

12, Aleja Powstancow Warszawy, Xemys, 35-959, [Tonbira

AHHOTamusA: B COOTBETCTBUUM C yKa3aHUSIMH, COACPKAIIMMUCI B €BPONEHUCKOM CTaHIApPTE
prEN 1993-1-1 (mpoekt centsiOpst 2020 roma), yCTOMYMBOCTP MHOTO3TAXXKHBIX paM JI0OJDKHA
MIPOBEPSATHCS C YUETOM BIMSHHUS T€OMETPUUYECKUX OTKIOHEHUH U JeopMaluii KOHCTPYKLUU TOA
NeNCTBUEM MPUIIOKEHHOW HArpy3ku. B crarbe mpencTaBiieHbl METObI pacueTa, PEKOMEHJ0BaHHbIE
€BPOTECHCKUM CTaHIAPTOM, KOTOPHIE MO3BOJISIOT MPOBEPUTH YCTOMYMBOCTh Oaok Kapkaca. Beibop
METOJIa pacueTa 3aBHCEN OT y4eTa BIUSHUS TI00ATLHOTO OTKIOHEHHS B BUIE PACKAUMBAHUS U
SKBHUBAJIEHTHBIX JIOKAJIBHBIX OTKJIOHEHUI B BUJE Mporuda, a Takke OT TUIA CTATUYECKOTO aHaJIN3a,
HCIOJIb3YEMOTO JUIsl ONIPEIEICHNS BHYTPEHHUX CHJI 1 MOMEHTOB.

KiawueBble c¢jioBa: METAUIOKOHCTPYKLIMHM, METOJbI pacyeTa, €BpOINEHCKUN CTaHAapT,
rI100ambHbIC OTKIOHEHUS, IOKATHHBIC OTKIIOHCHHSI, CTATHYECKHUI aHAIH3.
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IMPOI'MHU INIACUJIEHUX TA HEHNIACUWJIEHUX BAJIOK IPAAMOKYTHOI'O
MEPEPI3Y 3 KJIEE€HOI JEPEBUHU

I'omon I1.C., x.T.H., 1011.,

p.s.homon@nuwm.edu.ua: ORCID: 0000-0003-2080-5650

Moaimyk M.B., marictp,

m.v.polishchuk@nuwm.edu.ua: ORCID: 0000-0003-1981-8008

Hayionanvnuil ynisepcumem 6001020 2ocnodapcmea ma npupoooxkopucmysantsi, Piene

AHoTanis: HaBeeHO METOIMKY €KCIIEPUMEHTAIBHUX JOCIIIKEHD MiICHIICHHUX (CTaJIeBOIO Ta
CTPIYKOBOIO apMaTypoI0) Ta HEMiJICHIEHUX OaloK MPSMOKYTHOTO Iepepi3y 3 KIee€HOi JepeBUHHU 32
MOTIEPEYHOr0 3THHY. 3a pe3yiabTaTaMH €KCIEPHMEHTY BCTAHOBJICHO NPOTMHU TAaKHX CIIEMEHTIB.
Takox nmoOynoBaHo rpadiky 3aJIeXKHOCTI IPOTUHIB BiJl TPAHUYHOTO MOMEHTY. BcTaHOBIIEHO, 1110
HaUOLIBII )KOPCTKUMHU OYIIH 3pa3Ku TPETHOI cepii 3 apMaTyporo AiaMmeTpoM 12 MM B CTUCHYTIH 30Hi,
a B PO3TATHYTI — KOMITIO3UTHOIO CTPiYKOBOIO.

KaiouoBi cioBa: xieeHa nepeBuHa, MPOTrvH, Oajka, HECyda 3AaTHICT, CTajeBa apMarypa,
KOMIIO3UTHA apMarypa.

ITocTanoBKa nmpodsaemMu. 3aBAsKH CBOil MIIIHOCTI, Kpaci, IPOCTOTI B 0OpoOIli Ta MOHTaXi
JIepeBUHA JJaBHO KOPHUCTYETHCS MOMUTOM SIK BaXKIHMBHUI OyniBeNbHUN MaTepiai. 3acTOCYBaHHS B
OyIiBHULTBI KJIEE€HOI IEPEBHHM, SKa BUTOTOBISIETHCS IUISIXOM 3 €IHAHHS OKPEMHUX JOUIOK,
CIIPECOBAHMX TOIIAPOBO I THCKOM, JO3BOJISIE 3BECTH JI0 MIHIMYMY BIUIMB TPHUCYTHIX B HiM
MPUPOJHMX BaJl Ta HEAOMIKIB (CYyYKH, KOCOIIAPYBATiCTh, 3aTHUBAHHS Ta iH.).

AJie Taki eIeMEeHTH MaloTh HEJOCTATHIO JKOPCTKICTh 1 TOMY MOTPEOYIOTh MOCUJICHHS.

AHAaJI3 0CTaHHIX JKepes T0CiIxKeHb Ta myOJikamiii. /lepeBuHa Mae TOCTaTHIO MIIHICTD,
SIK Ha PO3TAT, TaK 1 HA CTUCK, HaBITh y MOPIBHSIHHI 3 MIIHICTIO 3BUYaitHOro 6eTony. [IpoTe BHCcOKa
MIIHICTb, SIK MPAaBHUJIO, CYNPOBOKYETHCS HU3BKOIO JKOPCTKICTIO, TOMY IMPOEKTYBaHHS, 3a3BHYai,
KOHTPOJIIOETHCSI OOMEXKEHHSIMU TPOTHHIB KOHCTpYKMiK [1-3].  IligBumeHHs >XOpPCTKOCTI 0e3
301TBIIICHHS BUCOTH JIEPEB’ SIHUX €JIEMEHTIB MPU3BOAUTH 10 3HAYHOI EKOHOMII IPOCTOpy 1 3amodirae
YTBOPEHHIO CKJIAJIOK B CTUCHYTIH 30HI [4-6] Ta 3aomamxye matepian. Came apMyBaHHsI Oajikd 3
KJICEHOT IEPEBUHU CIIPUSIE IIbOMY. BBe1eHHS 5K OLIBIII )KOPCTKOTO MaTepiaty (CTaqeBoi apMaTypH) B
CTUCHYTY 30HY IOMEPEYHOT0 NEePepi3y BIUTMBAE HA 30UIBIICHHS 3araibHOI )KOPCTKOCTI 0ajIoK, 110 B
CBOIO YepTry IPUBOIUTH /IO 3MEHIIIEHHS MPOTHHIB.

binbmr BigoMuM Ta AOCTIHKEHUM € apMyBaHHS KJICEHHUX JIEPEB’ THUX OaJIOK 13 3aCTOCYBaHHSIM
craneBoi apmatypu [7-10]. HaiiedexTuBHIIIMM BBaKaloTh MOJBiiiHE apMyBaHHS, NPU SKOMY
apMmarypa po3TallOBYETHCS B CTUCHYTIN Ta PO3TATHYTIN 30HaX OaJlOK.

[TpoTsirom KiJIbKOX OCTaHHIX AECATHIIITH CIIOCTEPIra€ThCsl 3HAYHUM MPOrpec 3 BUKOPUCTAHHS
KOMITO3UTHUX MaTepiajiiB y OyIIBHHUIITBI. 3aBISKH CBOIM BHCOKIM MIITHOCTi, BUCOKIH CTIHKOCTI JI0
KOpo3ii, MaJiiii Ba3i, KOMIIO3UTHA apMaTypa 3 JIETKICTIO KOHKYPYE, a B ISSIKUX BUIIAJIKaX Ma€ IiepeBaru
nepe TPAAUIIHOO CTajeBOI0 apMaTyporo. [locTadaeTbest BoHA y BUTIISII CTEPIKHIB, IPYTIB, TPOCIB,
CTPIYOK, a TaKOoX MOJOTHA. [IpM3HaueHa KOMIO3UTHA apMaTypa JJsl 3aCTOCYBaHHS IEPEBaKHO B
OCTOHHMX KOHCTPYKIIIAX, 30KpeMa, JOCUTh 4YacTO MpU iX TWIACWICHHI, MpOTe TNependadae
BUKOPUCTAHHA 1 7S IepeB’ THUX Ta METaJICBUX KOHCTPYKIIiH.

VY OaraTh0X 1HO3EMHHUX KpaiHaX BHUKOPHUCTAHHS KOMITO3UTHHX MaTepiaiiB JJis apMyBaHHS
JIepeB’ IHUX €JIEMEHTIB He € HOBUM. B YKpaiHi TUIbKH MOYMHAEMO OUIBII IPYHTOBHO JOCIIIKYBAaTH
CyMiCHY pOOOTY TakuWx MarepiaiaiB 3 JepeB’SHUMH KOHCTPYKIIIAIMH 1 BXE MAaEMO JAesKi
HaIpalloBaHHA y [bOMY HanpsMky [11-16].

JloOpe BiOMOIO € KJIeeHa apMOBaHa JepeB’sHa Oaika, M0 MICTHTh CTaJIEBY CTEPKHEBY
apMarypy y nla3ax CTUCHYTOI Ta po3TArHyToi 30HH [17].
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V naniii poOOTi 3aIPOINIOHOBAHO BapiaHT apMyBaHHs, 110 HE MOTPeOye BIAIITYBaHHS apMaTypu
BCEpEINHI PO3TATHYTOI 30HU U TUM CaMUM HE MOCTA0IIOI0THCS HaHO1IbIII HABAHTAXKEH1 PO3TATHYTI
BOJIOKHA JICPEBUHH BHACIIZIOK HaJpi3aHHA JOIIOK 3 METOIO BIAIITYBaHHA Na3iB. HaToMicTh 330BHI
pPO3TATHYTOI 30HHM OajaKH, JOCHUTH MPOCTO, MPHUKICIOETHCS BHUCOKOMIIIHA KOMIIO3UTHA CTpidKa 3
BYIJIEBOJIOKHA i THM CaMHUM Hajla€ KOHCTPYKIIi1 JOAAaTKOBY MIilIHICTh, a CTajJeBa apMarypa CTUCHYTO1
30HH — JI0JIaTKOBY >KOPCTKICTH [11, 15, 16].

IlocTanoBka wmineil i 3aBaaHb AociigKeHb. Mera poOOTH — JOCTIKEHHS IPOTHHIB
MiJICUIEHUX (CTAJIEBOI0 Ta CTPIYKOBOIO apMaTyporo) Ta HEMiJICHUICHUX OaloK MPSMOKYTHOTO
nepepizy 3 KIEEHOT IepPEeBUHU 32 MONEPEYHOT0 3TUHY.

MeToauka eKCHepUMEHTAJbHUX IOCJiIKeHb. banku 13 KieeHoi JAepeBHMHH apMOBaHI,
HEapMOBaHI Ta IONEPEAHbO HAINPYKEHI BUTOTOBIsUMCA AoBkHHOIO 3000 MM Ta 3 po3Mmipamu
nonepeunoro nepepizy 100 x 150 mm. [lepe’siHi 3ruHANIBbHI €1eMeHTH OyJii BUTIPOOyBaHi 32 CXEMOIO
nochiaHoi ycraHoBKH (puc.l) B kinbka cepiit (Tadu. 1).

Hydraulic jack

Deflectometer Deflectometer

Traverse Dynamometer

| Metal plate
! | Wooden plate
N ’/ ‘#’;ﬁ ;%/—L >
{

— Wooden plate AON
A Deflectometer C Metal plate B

50 900 900 900 50

Beam under study

3000

Puc. 1. Cxema nociiHoi ycTaHOBKH ITPH BUITPOOYBaHHI OaJIOK 13 KJI€€HOT JIepeBUHH

Tabmums 1
XapaKTepUCTUKU JOCTITHUX 3pa3KiB OAIOK
Ne K-ctp
ITo3nauenns ApMyBaHHS .
cepii 3pa3KiB

I GB-A HEeapMOBaHa 1
GB-B HEapMOBaHa 1
I GRB-12C 2012 A500C (Ctuchyra 30Ha) 1
GRB-12D 2012 A500C (Po3tsrayra 30Ha) 1
10 GRB-12A 2012 A500C + Sika CarboDur S-512 1
GRB-12B 2012 A500C + Sika CarboDur S-512 1
v GRB-16A 2016 A500C + Sika CarboDur S-512 1
1

GRB-16B 2016 A500C + Sika CarboDur S-512

v GRB-12 (Prst) 2012 A500C + Sika CarboDur S-512 1
(Prst) (ITomepenabo HamIpy)eHa)

BuroroBnennss Ta BuUnpoOyBaHHS YyCiX 3pas3KiB MPOBOIWINCH Yy JabopaTopii kadenpu
MIPOMHUCIIOBOTO, IHBIILHOTO OyaiBHHMIITBA Ta imkeHepHux crnopyn HYBITI m. PiBre. bamku
BUTOTOBJITHCH 3 COCHOBHUX JOMIOK TOBIIMHOIO 25 MM. KokHy HeapmoBaHy Oanky ¢opMyBaiu i
CKJICIOBAJIM 32 OJIMH a3, TO1, IK apMOBaHi OaJIKK BUTOTOBIISUIUCH Y KiJIbKa €TaIliB.

CrouaTky BKJIEIOBaJIach CTajeBa apMaTypa y MOIEpelHbO 3po0JeHi Ma3u NepeqoCTaHHbOT
JIOIITKHA BEPXHBOT CTUCHYTOI 30HH 32 JIOMTOMOT'OI0 €MOKCHIHOTO KJiIeto. Jlaii, Ha crerialbHOMy CTeH/ i
1] TUCKOM CKJICIOBABCS MAaKeT JOILIOK 3 BUKOPHUCTAaHHSM pPE30pHUHOBOro kiero. Ilicisa moBHOro
TBEpIIHHS KJICI0, MPHUKICIOBAaJach KOMIIO3UTHA CTPIYKOBA apMarypa 3a JIOTOMOTO0 CIIEHiaIbHO
npusHaueHoro st Hei kiero Sika Dur-30 330BHI MaiiOyTHBOT PO3TATHYTOT 30HU OAJIKH.
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HocTtaBnseTbes koMmno3uTHa crpiuka Sika Carbo Dur S-512 ToBumnoio 1,2 MM Ta mMIMpUHOIO
50 mM. OiHAK y pe3ynbTaTi CBOE€T BUCOKOI MIITHOCTI OyJI0 BUPIMICHO PO3JUIATH ii HAITOJIOBHHY IO
BCiHi IOBXXHHI, OTPUMABIIY TAKUM YHHOM IIUPUHY 25 MM.

[Ticns mpuKIerOBaHHS CTPIUKH JJIA 1l aHKEpyBaHHS JOJATKOBO y ABOX Oanmkax GRB-12B Ta
GRB-16B kneinock nonotao Sika Wrap-230C 3 BUKOPUCTAaHHSIM TaKOX BiATOBITHOTO LBOMY KJICIO
Sika Dur-330. OckijbKH 3arMHATH TMOJIOTHO IMiJ TOCTPUM KyTOM 3a00pPOHEHO, TO Y MICIIX HOTO
HaKJICIOBaHHA, Y KyTax Oaslok, poounuch ¢acku pagiycom He menme 20 mMm. Cxemy apMyBaHHS
0aJIOK CTaJIeBOIO Ta KOMITIO3UTHOIO apMaTypoIo MOKa3aHo Ha pHcC. 3.

a) 1_‘|

e — Sika CarboDur e
1 | 150

150 2700
3000

b)

2_,| SikaWrap

[ A
Mk it
|||x|||v |||||||||
UTLTLTAA [UTLTLL]
2_.| Sika CarboDur 2
160 150 2380 150 160
3000
1-1
100 2-2
29 AS500-C 20 AS00-C
Sl
o
-
Sika CarboDur Sika CarboDur

Puc. 3. Cxema apmyBaHHs OaJIOK 13 KJI€€HOI IEPEBUHH CTAJIEBOIO Ta KOMIIO3UTHOIO apMaTypoIo:
a) 0e3 10JaTKOBOTO aHKEPYBaHHsI KOMIIO3UTHOT CTPIUKH; 0) 3 TIOAATKOBUM aHKEPYBAHHSIIM CTPIUKH

[TigroroBneHi 10 BUTPOOYBaHHS OAJIKH BCTAHOBITIOBAIKCH HA IIAPHIPHO PyXOMY Ta HEPYXOMY
ormopu. HaBaHTa)keHHs 10 3pa3KiB MPUKIANATIOCh 32 JOMOMOTOI0 T1IPaBIIYHOTO IOMKpaTa, a Horo
PIBEHb KOHTPOJIIOBAJIM 32 JIOTTOMOTOI0 KUTBLIEBOTO JMHAMOMETPA. 3YCHILISA BiJ JOMKpaTa y BUTJISII
JIBOX 30CEPEDKEHUX CHII MEPEeAaBajoch Ha KOHCTPYKINIO Yepe3 METalleBy TPaBepCy y TPEeTHHaX
poJboTy. BunpoOyBaHHs 371iICHIOBAIOCh OJHOPA30BUM HaBaHTaKEHHSAM cTyneHsaMmu 5-10 % Bix
OUYIKyBaHOTO PYHHIBHOTO HAaBaHTAKEHHs 3TiHO BUMOT [18-20]. BuTprMmka Ha KOKHOMY CTYIIEHI
cTaHOBWJA 5-7 XB, NPOTATOM SKUX 3HIMAJIUCS BUIIIKK 3 YyCIX NpWIAAiB PO3MIIICHUX Ha
JOCITIDKYBaH1/A Oaii.

VY Micisx mepenavi HaBaHTaKEHHS 3 TpaBEepCH Ha OalKy Ta MICISIX OOmupaHHS OalKd Ha
OTopax BCTAHOBIIIOBAJIUCh METAJIEBl W JEpeB’siHI MIAKIAAKUA, SKI 3MEHIIYBAJM KOHIIEHTpPAIliO
MICIIEBUX HAMPYKCHb 1 3amo0irajau 3MHHAHHIO JEPEBUHU TOTIEPEK BOJIOKOH.
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[epma cepist 6anok i3 kneenoi gepeBunu GB HaniuyBana aBi 6anku (GB-A ta GB-B), siki Oynu
CTAIOHHUMH.

banku npyroi cepii Oynu 3 oguHouHuUM apmyBaHHsAM. banka GRB-12C apmoBana nBoma
crepxkHsMu  niamerpoM 12 mMm kitacy ASOOC B cTHCHYTIM 30H1 6€3 apMyBaHHS PO3TATHYTOI 30HH, a
6anka GRB-12D nBoma crepxkusimu  aiametpoMm 12 mm kiacy A500C B po3TsarHyTiii 30HI 0e3
apMYBaHHS CTUCHYTOI 30HH.

banku Tpetnoi cepii GRB-12A ta GRB-12B Oynu apMoBaHi y CTHCHYTIH 30HI CTal€BOIO
apMaTyporo y BUTJIS/I IBOX cTepkHIB miameTpoM 12 MM kimacy AS00C Ta KOMIO3UTHOIO CTPIYKOIO
Sika CarboDur S-512, ska Oyna NpHUKIEEHOIO 30BHI PO3TATHYTOI 30HM BiAmoBigHO 10 [17].
Biapizusnucs omHa Bijx 0HOT OaJIKK TPETHOI cepii THM, 110 KOMIIO3UTHA CTpiuka B 3pa3ky GRB-12B
J0JaTKOBO Oyja aHKEpOBaHa y MNPHOMOPHHUX JAUISHKAX Oajku, [UIs 3amoOiraHHs BiAPUBY YU
MIPOKOB3YBaHHIO. JIJ11 aHKepyBaHHs 0yJI0 BUKOPUCTAHO TOJIOTHO 3 BYTJIEIEBUX BOJIOKOH SikaWrap-
230 C, sike KpinuiIocs 1o IepuMeTpy OajKu.

ApmoBani 6anku yetBepToi cepii GRB-16A ta GRB-16B Oynu BUTOTOBIIEHI aHAIOTIYHO /10
TPeThOi cepii 3 €JMHOI0 BIIMIHHICTIO, IO Y CTHCHYTIA 30HI BUKOPUCTAHO 2 CTEPXKHI apMaTypH
AS500C miameTtpom 16 Mm.

Takox Oyno mocnimkeHo poOoTy mie onHiel aepeB’sHoi O6anku m’stoi cepii GRB-12 (Prst).
banka m’saroi cepii GRB-12 (Prst) 6yna apmoBaHa y CTUCHYTIH 30HI CTaJICBOIO apMaTyPOIO Y BUTIISI I
IBOX CTepkHIB giamerpoMm 12 MM kiacy A500C Ta momepeaHbO HANpYKEHOI KOMIIO3UTHOIO
ctpiukoro Sika CarboDur S-512, sxa Oyna npukiieeHOIO 30BHI po3TsATHYTOi 30HU. [lomepemne
HanpykeHHs: KoMno3uTHoi cTpiuku Sika CarboDur S-512 npoBoauiocs 3rigHo pekomeHarii [18].

Jlnsi BW3Ha4YeHHsS TIPOTHHIB OalOK BHKOPHUCTOBYBaJIMCH TmporuHoMipu 6-ITAO. Bonu
BCTaHOBJIIOBAJIMCH MOCEPEAMHI MPOIBOTY Ta HAJ ONMOpaMH U BU3SHAYCHHS MPOCIAaHHS OaJKu Ha
caMHX Oropax.

Bukiag ocHoBHOro marepiaiay. B pesynbTari mpoBeneHUX BUNPOOYBaHb OTPUMAHO
eKCIIEpUMEHTANIbHI JlaHl Ta Oyyio moOyaoBaHO Tpadik 3aJIeKHOCTI MPOTHHIB OaJOK IMOCEpEaHHI
MPOJIbOTY BiJl STUHAILHOTO MOMEHTY (pHcC.4).

3HavYeHHS IPOTHHIB Ha KOKHOMY CTYII€HI 3aBaHTaXEHHS BH3HAYAIOCh 3a opmyioro (1)

w= wc — (w4 + wp)/2, (1)
1€ W4 — IPOCiTaHHs OAJIKK Ha MEpIIii omopi A, Mum;
wp — TIpociaHHs 6anku Ha omopi B, mvm;
Wc— IPOTHUH MOCEPEANHI TPOTIBOTY, MM.

. . 1
I'pannyHO gonmycTuMuii IporuH Juist npoasoty 270 cM 3rigHo [19] craHoBUTH oo /,

ne [ — mpoit Ganku.

TaxkuM YMHOM JUTSL HAIIKX 3pa3KiB IPAHUYHUIN MPOTHH CKIIalaTUMe
! 2700

Wfin:E_E:18MM (2)

I'paHMYHMI MOMEHT 3a JIPYTrol0 TPYIOI0 TPAHUYHUX CTAHIB JJIsl €TAIOHHUX IOIIATOKICEHUX
6aok GB-A ta GB-B 6yB B Mexax 7,5-8.0 kHeM. ApMyBaHHsI JIHIII€ CTUCHYTOI 30HH JJOIIATOKICEHOT
6anku GRB-12C miaBuirye i >KOpCTKICTh TUIBKM BHIIE JOCATHEHHS il TPAHMYHOI'O MPOTHHY.
ApmyBanHs po3TsArHyTOi 30HU 2012 AS00C Ganku i3 kieeHoi aepeBuHu GRB-12D HeedekTuBHe,
00 1OoCUTH 3HAYHI 3aTpaTd Ha BUTOTOBJICHHS MiABMINMIM jume Ha 20% TpaHUYHHA MOMEHT 3a
JPYTOIO TPYIOI0 TPAHUYHUX CTaHIB.

Kneeni nepeB’siHi 6anKku TpeThoi cepii, 1110 apMoBaHi KOMOIHOBaHUM apMyBaHHSAM: Y CTUCHYTIN
30HI CTQJICBOIO apMaTypor0 y BHUIIAI ABOX CTEepkHIB miamerpoM 12 mm kiacy AS5S00C Ta
Komno3uTHow crpiukoio Sika CarboDur S-512, sk Oanku yeTBepToi cepii Jalu MOKIHMBICTH
30UIBIIMTH HECY4Y 3/IaTHICTh 1O MPUAATHOCTI 0 YMOB HOPMAJIbHOI eKcIuTyaTartii B 1,5 pasu.

B 6anmi 3 kiieeHo1 1epeBUHU I1'TOI cepii 3 KOMOIHOBaHUM apMyBaHHIM, SIK 1 B Oalikax TPeThoi
cepii, ajie 3a paxyHOK MornepeaHboro HanpykeHHs crpiuku Sika CarboDur S-512, Gyno ctBopeHO
BUTHH = 4,72MM, 1 Hecyua 34aTHICTh 301IbIIMIACS B 1Ba pa3u Ta cTaHoBmiIa 16 kHem.
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Moment, KNm
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Puc. 4. I'padik nporuHiB gOCHIKyBaHUX 0aI0K

[lonanbiie 3MEHIIEHHS TPaHUYHUX 3HAYEHb MPOTHHY 3a OUIBIIMX 3HAYEHb 3TUHAIBHOIO
MOMEHTY MOXXE€ JIOCATaTHCS 32 PAaXyHOK 3aCTOCYBAHHS IONEPEIHBOTO HANpyXeHHS KapOOHOBOI
ctpiuku Sika Carbo DurS-512 B po3TsarHyTiii 30HI KiieeHOT 6anku [21], M0 3yMOBIIIOE MOYaTKOBUMA
BUTHH €JIEMEHTA Mepe] MOYaTKOM EKCIUTyaTarii.

BucnoBku. B pe3ynbrari mpoBeneHHMX MOCTIIKEHb OyIW OTpUMaHi JaHl 00 3MIHHU
KOPCTKOCT1 OaJIOK 13 KJIEE€HOI JepEeBUHH 3a PaxXyHOK BHKOPUCTAHHS KOMOIHOBAHOTO apMyBaHHS.
[TopiBHSIHO TporMHU OaJlOK HEAPMOBAHMX Ta APMOBAHHMX CTaJEBOIO CTEPKHEBOIO apMarypolo,
BKJICEHOIO y TIa3U CTUCHYTOI 30HH, 1 KOMIO3UTHOIO CTPIUKOIO 13 BYIJIEBOJIOKHA, TPUKJICEHOIO 330BHI
pO3TATHYTOI 30HU. Byno BCTaHOBIEHO, SIK 3MIHIOETHCA >KOPCTKICTH 13 3OLIBIICHHSM JiaMETpy
CTaJIeBOi apMaTypH y CTUCHYTIH 30H1 Ta y 3pa3Ky, 110 MICTUTh apMaTypy JIMIIE B il 30Hi.

BceranoBneHo, 1o apMyBaHHS JIMIIE€ CTHUCHYTOI 30HM Oallok HE CYTTEBO BIUIMBAE Ha
MiABUILEHHS >KOPCTKOCTI, AK€ T'PAHMYHOIO MPOTHHY OYJIO JOCATHYTO NPH THX K€ 3HAUYCHHSX
HaBaHTKEHHS, 1[0 ¥ 11 HEApMOBAHMX 3pa3KiB 3 KJIEEHOI JEPEBUHU. Y TOW e 4ac apMyBaHHS
CTHCHYTOI Ta PO3TATHYTOI 30HH JIa€ MMOMITHI pe3ynbTaT. Binrak ans 3pa3kiB. GRB-16A, GRB-16B 3
JiaMeTpoM apMatypu 16 MM y CTHCHYTIH 30H1 3HaY€HHS TPAaHUYHOTO MTPOTUHY OYJI0 TOCATHYTO TIPH
HaBaHTAXEHHI, y cepenHboMy, Ha 39 % Oiunpiomy HiX a7 HeapMmoBaHux Oanok. Ilpote, ciin
BIIMITHTH, III0 3arajbHa HecydYa 3JaTHICTb caMme IMX 3paskiB Oyma HaitOinbiioro. Haitbinpmry
KOPCTKICTh MPOSBUIM 3pa3KU 3 apMaTyporo 12 MM y cTUCHYTIH 30Hi. {7 HUX TpaHUYHUN TPOTHH
OyB OCSTHYTHI MpU HaBaHTa)XeHHI, 110 € Ha 61 % OinplIe HIXK cepeHe 3HAUECHHS NI 3pa3KiB
HEapMOBAHUX.

OTtpuMaHi pe3yabTaTH al0Th 3MOTY CTBEPIKYBATH, 110 3alIPOIIOHOBAHE apPMYBaHHS JJ03BOJISE
CYTT€EBO IiJIBUIIIMTU TTOKa3HUKH KOPCTKOCTI Ta HECYUOi 3JaTHOCTI OaJIOK 3 KJICEHOI JEPEBHHH.
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HCCJIEJOBAHHUE ITPOI'MBOB YCUJIEHHBIX U HEYCHUJIEHHBIX BAJIOK
IPSIMOYTI'OJIBHOI'O CEYEHU S W3 KJIEEHOM JIPEBECHUHbBI
I'omon Iletp, k.T.H., A01I.,
p.s.homon@nuwm.edu.ua; ORCID: 0000-0002-5312-0351
Hommmyk H.B., maructp,
m.v.polishchuk@nuwm.edu.ua: ORCID: 0000-0003-1981-8008
Hayuonanvnolii ynusepcumem 6001020 X033UCmMea u nPUpPoOoUcnonb3osanus, Poeno

AnHOTanus. /[MHaMUYHOE Pa3BUTHE U PACIPOCTpPaHEHUE KOHCTPYKIIUN U3 KJIEEHOTO Opyca B
CTPOMTENBCTBE MPEONPENEIAIOT UX BCECTOPOHHEE U3yUueHHE. TakkKe akTyalleH BOIPOC YBEIHUEHUS
Hecylel cnocoOHOCTH TaKUX KOHCTPYKIIMM ¢ IOMOIIbIO apMUPOBaHUs. APMUPOBAHHE JEPEBIHHBIX
3JIEMEHTOB C MCIIOJB30BAaHUEM CTAJIILHOM apMaTypbl 0ojee M3y4eHO, HO HEJaBHHE HCCIEeIOBAHUS
MTOKA3aJIM XOpOIIEe MCIOIb30BAHUE KOMIIO3UTOB HA OCHOBE CUHTETHYECKHMX BOJIOKOH B KaueCTBE
apMUPOBAHMS JIEPEBSIHHBIX KOHCTpYyKIWi. Hamieir 1enpio ObUIO OOBEIWHUTH 3TH JBa BHJIA
apMUPOBAHMS U UCCIIE0OBATh M3MEHEHNUE )KECTKOCTH 00pa3lioB B BUIE KJIEEHBIX JIEPEBIHHBIX OaIOK.
s uccnenoBaHuii OBLIO MOATOTOBIEHO HECKOIBKO cepuii 0ajiok C pa3sMepaMu MOMEPEYHOTO
ceuenus 100x150 MM wu mmunoir 3000 mm. IlepBasg cepusti cocTosiia W3 JABYX KIJIEEHBIX
HeapMHUPOBaHHBIX Oanok. OHM OBUTM WCHBITAHBl JJI OMPEICNICHUs pa3pylIalolield Harpy3KH,
YCTAaHOBJICHUS! KOHTPOJBHBIX TMPOTUOOB W CpPaBHEHUS HMX C COOTBETCTBYIOUIMMH IMPOTrHOaMu
apMUpOBaHHBIX Oajok. BTopas cepusi cocrosuyia M3 JBYX KIECHBIX JCPEBSHHBIX OaloK,
ApMUPOBAHHBIX JBYMS CTAIBHBIMU CTEPKHSAMH IHUAMETPOM 12 MM B CKATOM 30HE U apMUPYIOIIEH
JeHTOo u3 yriepoanoro BosiokHa Sika Carbo Dur S-512 B pactsHyTol# 30He. TpeTbst cepust BKIItouaia
nBe Oalku, KOTOpbIEe ObUIM apMHPOBAHBI CTAJILHON apMaTypol TuaMeTpoM 16 MM B C)KaToil 30HE U
apMupyromei JeHToil u3 yriaepogHoro BojokHa Sika Carbo Dur S-512 B pactsnyToil 30HE.
UeTBepTas cepus BKIOUYAJa OHY OalKy, KOTOpas B C)KaTOM 30HE apMHUPOBAIach TOIBKO CTAIbHON
apMaTypoil B BUJE NBYX cTepxHel nuamerpoMm 12 mm. McmbiTyemble 00pasiibl HAarpy>Kaluch C
MOMOMUIBIO IOMKpaTa JABYMs COCPeIOTOYCHHBIMU Harpy3kamu. [IporuObl Bcex Gaiok U3MEpPSUTUCH C
MOMOIIBI0 MHIMKATOPOB Iporuda. B pesynbraTe 3KCIEpUMEHTAIBHBIX UCCIEIOBAaHUNA MTOCTPOCHBI
CpaBHUTEJbHBIE TpapUKd H3MEHEHHUS MPOrHOOB B 3aBUCUMOCTH OT H3THOAIONIET0 MOMEHTA.
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Hawubonee xeCTKUMH OKa3aJiCh 00pa3Lbl BTOPOM cepru ¢ apMaTypoi JuaMeTpoM 12 MM B CikaTon
3oHe. [Ipenenbublit mporud st HUX ObUT JOCTUTHYT MPH Harpyske, 4to Ha 61 % Oounbliie cpenHero
3HAUEHUS I HEapMUPOBAaHHBIX 00pasnoB. Benuunna mpenensHOro mporuda s TpeThel cepuu
0aNoK JocTuranach Mpu Harpyske B cpeqHeM Ha 39 % Bblile, 4eM AJii HEapMHUPOBAaHHBIX OaloK.
OpHako cieayeT OTMETUTh, YTO TPY30MOIBEMHOCTh 3THUX O0O0pasloB Oblla caMOil BBICOKOM.
ApmupoBaHue OaKi YETBEPTOM CepUU HE MIPUBEIIO K YBEIMYCHHIO KECTKOCTH, TaK KaK MpeAebHBIH
MpOrud JOCTUTAJICS MPHU TEX K€ 3HAUCHUSX HArPy3KH, YTO U I HEAPMUPOBAHHBIX 0OpPAa3IOB
KJIEEHOTO Opyca.

KitoueBbie ciioBa: kieeHas JpeBeCHHa, Mporud, Oanka, Hecymlas CIOCOOHOCTh, CTallbHAs
apmarypa, KOMIIO3UTHAsI apMaTypa.

DEFLECTIONS OF REINFORCED AND NON-REINFORCED BEAMS OF
RECTANGULAR SECTION OF GLUED WOOD
Gomon Petro, Ph.D, Assistant Professor,
p.s.homon@nuwm.edu.ua; ORCID: 0000-0002-5312-0351
Polishchuk Mykola, master,
m.v.polishchuk@nuwm.edu.ua: ORCID: 0000-0003-1981-8008
National University of Water and Environmental Engineering, Rivne

Annotation: The dynamic development and distribution of glued timber structures in
construction predetermine their comprehensive study. The issue of increasing the load capacity of
such structures using reinforcement is also relevant. The reinforcing of timber elements using steel
reinforcement is more researched, but recent studies have shown good use of synthetic fiber-based
composites as reinforcement for timber structures. Our purpose was to combine these two types of
reinforcement and to investigate the stiffness change of the specimens in the form of glued timber
beams. Several series of beams with cross-sectional dimensions of 100x150 mm and 3000 mm length
were prepared for the research. The first series consisted of two glued unreinforced beams. They were
tested to determine the fracture load, to establish control deflections and to compare them with the
corresponding deflections of reinforced beams. The second series consisted of two glued timber
beams, which were reinforced with two 12 mm diameter steel rods in the compressed zone and with
Sika Carbo Dur S-512 carbon fiber tape reinforcement in the stretched zone. The third series included
two beams, which were reinforced with 16 mm diameter steel reinforcement in the compressed zone
and the Sika Carbo Dur S-512 carbon fiber tape reinforcement in the stretched zone. The fourth series
included one beam, which was reinforced with only steel reinforcement in the shape of two 12 mm
diameter rods in the compressed zone. The test specimens were loaded using a jack by two
concentrated loads. The deflections of all beams were measured using the deflection indicators. As a
result of experimental studies, comparative graphs of the variation of deflections versus bending
moment were constructed. The specimens of the second series with reinforcement of 12 mm diameter
in the compressed zone were the most rigid. The ultimate deflection for them was achieved at load,
which is 61% more than the average value for unreinforced samples. The ultimate deflection value
for the third series of beams was achieved at loading, on average, 39% higher than for unreinforced
beams. However, it should be noted that the carrying capacity of these samples was the highest. The
reinforcing of the beam of the fourth series did not increase the rigidity, since the ultimate deflection
was achieved at the same load values, as for the unreinforced glued timber samples.

Key words: glued wood, deflection, beam, bearing capacity, steel reinforcement, composite
reinforcement.
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OCOBJIMBOCTI JE®OPMYBAHHS, PYHHYBAHHS TA PO3PAXYHKY
INOIKO/JKEHUX BASAJIBTOBETOHHHUX BAJIOK, HNIJCHUJIEHHUX
BYIVIEIINIACTUKOBUM INIOJIOTHOM

'Kapmiok L.A., K.T.H., IOLeHT,

irina.carpyuk@gmail.com, ORCID: 0000—0003—3437—5882
T00ecvka oepocasna axademis 6ydienuymea ma apximexmypu
Byn. [Hinpixcona, 4, M. Oneca, 65029, Ykpaina

AHoTauiss. B crarri mpencraBieHi pe3yabTaTd BUNPOOYBaHHS JOBEICHHX Y TIOMEPEIHIX
nociipkeHHsax a0 rpannyHoro (ULS) crany OeToHHuX Oaok 3 0a3albTOIIACTHKOBOIO apMaTypoOIO
(BFRP), mincuwnenux ByrnermiactukoBuMu TmojotHamMu  (CFRP).  BceranoBnenuit  xapakrtep iX
nedopMyBaHHs, PO3BUTKY TPIIIMH Ta pyWHYBaHHS, ke y Oankax 3 BenukuM (a/d=3) i cepennim (a/d=2)
MPOJTbOTAMU 3CYBY BIITIOBIAIO HAMPY)XKEHO — J1e)OPMOBAHOMY CTaHy Maibke 30aJaHCOBAaHOTO
HOPMAJILHOTO TIOMEPEYHOro repepizy. BoHO xapakTepu3yBajiocsi IOCSATHEHHSM Y 30BHILIHBOMY
BYTJICTIACTUKOBOMY IIIapi MiACUICHHS TpPaHUYHUX JedopMaltiii i Hampy>KeHb PO3PUBY, a Y CTUCHYTIHN
30H1 OETOHY — 3aKPUTUYHUX (Ha HU3MAHIN JUISHII JiarpaMi «Gc—¢c») HapyXeHb Ta AeopMarlii.

PyiinyBanus Oanok 3 manmumu (a/d=1) mponsoTamMu 3CyBY CYNPOBOKYBAJIOCH TMOMATBITUM
PO3KPUTTSIM paHillie YTBOPEHUX IMOXHIUX TPIIIUH 1 PO3PUBOM 3aMKHYTHX BYTJICTLIACTHKOBUX
COpPOYOK Ha OIYHUX TPaHSX.

[TincuieHHs HOpMaTbHUX IEPepi3iB PEKOMEHIYEThCS MPOEKTYBATH HA BHUITAJIKH JTOCSTHEHHS
XapaKTEePUCTHYHUX HAMpPYKEHb Y PO3TATHYTIH CTEp)KHEBI apMmarypi 3 HACTYITHHUM PO3PHBOM
30BHIHBOI apMatypu DAIT—FRP 6e3 1 3 pyiiHyBaHHSAM CTUCHYTOI 30HU OETOHY.

Meroanka BU3HaUYE€HHS HECYUO1 3IaTHOCTI MOXWJIMX MepePi3iB HEMiICUIICHUX OETOHHUX 0aJIOK,
apmoBanux HKA—FRP, onncana B panime ony0iKOBaHUX IpaIsiX aBTOPIB.

Hecyuy 3matnicTs goBeneHux no rpanuvHoro crany (ULS) mpuomopHuX IijisHOK 0aaKOBHUX
KOHCTpYKLIH, miacunenux marepiamamu DAII—FRP, cnig BuzHavatu, y mepury 4epry, Ha Jiko
3TUHATBHOT'O MOMEHTY 32 KPUTUYHOIO MIOXUJIOK0 TPILIHHOIO.

KirouoBi cjioBa: po3paxyHOK MOIIKO/KEHUX OCTOHHMX KOHCTPYKIIH 3 HEMeTaJeBOIo
KOMITO3UTHOIO apMaTyporo, MiJCHICHUX 30BHIMIHIMU (Hi0pOapMOBaHUMH TUTACTUKAMU, 32 TEPIIOI0
IPYIO0 TPAHUYHUX CTaHIB, 3a /il MaJOIMKIOBOTO CTYIICHEBO3POCTAIOYOTO HABAHTAKEHHSI.

Beryn Y nporeci excrutyaTaiiii BAHMKa€ HEOOX1HICTh BIJTHOBJICHHS a00 MiICHJICHHS HECY4Ooi
3matHoCcTi OeToHHUX Oanok 3 FRP sk BHacmigok kopo3ii apMarypu 1 OETOHY YW IMEpea4acHOrO
pYHHYBaHHS, TaK i13—3a NOTPeOM MIJBUIICHHS eKCIUTyaTallifHUX HaBaHTaXEHb HA HUX,
CENCMOCTINKOCTI Oy TiBIII TOIIIO.

Bigomi cnocoOu miACHMICHHS 3a PaxyHOK 30UIBLICHHS MEpepi3iB KOHCTPYKUIN IIISIXOM
MPUEAHAHHS IO HUX JOJATKOBHX €JIEMEHTIB MAalOTh CYTTEBI HEJOJIKHU: BEIIUKY Bary KOHCTPYKIIi
MiJICWJICHHS, TPYIOMICTKICTh BUTOTOBJICHHSI Ta iH.

Jocuth €pEeKTHBHUM BHSBUIIOCS TMiJACWICHHS OYIiBETbHUX KOHCTPYKINIH KOMIIO3UTHUMU
MaTepialiaMy, apMOBaHUMH BYTJICIIEBUMHU, apaMiJHUMHU, NOJieQipHUMH 1 CKISHUMH BOJIOKHAMH.
besnepeunrmu iXHIMU TIepeBaraMu SBJISIIOTHCS: BUCOKA MIITHICTb, CTIHKICTh 10 arpECUBHUX BILTHUBIB
OTOUYYIOUOTO CEpEeNOBHINA, JIETKICTh IIOBTOPEHHS JIIOOMX (OpM KOHCTPYKINi, HEBEINKa
TPYIOMICTKICTh 3IIMCHEHHS MIACWICHHS Ha OyIiBEIbHOMY Mai/IaHIUKY.

Orasn ocranHix mxepen i myouaikauiii IlpoBemene nocmimpkenns [1]  cnpsimMoBane Ha
EKCIIEPUMEHTAIbHY OIIHKY €(eKTUBHOCTI MiJACUIICHHS BYIJICIUIACTUKOM y KaHaBKax 3a1i300€TOHHUX
Oanok. Bim3HavaeThes, 10 BUKOHAHE IMiICHJICHHS 3HAYHO IMOKPAIIIIIO HeCYdy 3/IaTHICTh OallOK 3a 3THH.
[Ipore, y ki poOOTi HEe BKa3zaHa €(EKTUBHICTh BKA3aHOTO MiJACUJICHHS TOIIKOKEHNX HACKPIZHUMHU
HOPMAJILHIUMH Ta TIOXIJIMMH TPIIIIMHAME 3aJ11300€TOHHOTO €IeMEHTA, IOBEJICHOTO JI0 PYHHYBAHHS.

VY mpari [2] po3risiHyTa MOBEAIHKA 3a1i300€TOHHUX OAJIOK, MJICHJICHUX BYTJICTIACTUKOBUMU
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BOJIOKHaMH. MIIHICTh Ha 3THH 1 )KOPCTKICTh JOCIITHUX 3pa3KiB, miacuieHnx merogamu EBR a6o
EBROG 36inpmmivcs B OPiBHSAHHI 3 KOHTPOJIBHOIO HEITIICHIICHOI0 0ajKoI0, BIAMOBIIHO, HA 25—
48% 1 32—77%. Ilpu 1upoMy, pexuM pyHHYBaHHS OalloK y IUX METOAax 3MIiHIOBAaBCI 3
BimmapyBaHHs Byriemiactuka y metonai EBR no ioro po3pusy y meroai EBROG.

VY po6ori [3] mocimKyBany BIUIMB IiABUILEHOI TEMIIEPATypH Ta aHKEPHUX KaHABOK Ha 3CYBHI
XapaKTEPUCTUKHA  3alI300€TOHHUX OaloK, TMIJCHICHUX KOMIIO3UTAaMHU 13  BYTJICIUIACTHKY.
Bim3HauaeThes, MO CYTTEBE BiJHOBIEHHS CTPYKTYPHUX XapaKTEPUCTUK 3HAYHO TMOIIKOKEHUX
TEIJIOM KOHCTPYKIIHHUX OCTOHHHUX €JIEMEHTIB CTa€ MOXKJIMBUM 3 BUKOPHUCTAHHIM KOMIIO3HUIIHHUX
MarepialiB, apMOBaHUX ByrieneBuM BojJokHOM (CFRP).

VY mpami [4] onmumcaHa ToOBeAiHKA 3aii300€TOHHUX OanoK, IMOIIKOPKCHUX HarpiBaHHSAM 1
nigcwiennx cmyramu CFRP, po3ramoBanumMu y kaHaBkax. BCTaHOBIEHO, IO TIiABUIICHHS
temrepatypu Oibie S00°C BUpaKeHO 3HIKYE TXHIO HECYUY 371aTHICTh Ha 3THH.

B nocnimkenHi [5] po3risnaeThCs MiJCHICHHS HA BUTHH TOIIKOKEHUX BOTHEM OETOHHHX
OaJIOK BYTJICTIJIACTUKOBUMH JIUCTaMU. Pe3ynbTrat BUNIpoOyBaHs MOKa3aJId, 110 IMiICHJICHHS OaJIOK Ha
BUTHH 3 BUKOPHUCTaHHSAM JIMCTIB BYIJICIUIACTHKA MOKPAIIMIO HECYUY 3/IaTHICTh JOCHITHUX 3pa3KiB —
OaJIoK 3a 3THH 1 1€ TTOKPAIICHHS BKa3aHUX XapPaKTEPUCTUK CTAJIO OLIBII MOMITHUM 31 301IbIICHHSIM
TEMIIEPATYPHOTO BILIHBY.

Y poGoTi [6] po3riIsimaeTbes MOBEMIHKA JETKUX 3aTi300€TOHHMX OajoK, MiJACHJICHHX 30BHI
JMCTaMU BYTJICIJIACTUKY 1 BUTOTOBIICHUX 3 KOHCTpYKUiKHOTO Jlerkoro 6etony (LWC). Pezynbratu
€KCIIEPUMEHTIB TIOKa3aJlv, 1110 JIUCT BYIJICTUIACTUKA 3HAYHO 30UIBIIYE TPAaHUYHY HECYYy 3/1aTHICTh
MOTNEpPEeTHHO HABAHTAXKECHUX TAa HEHABAHTAXKCHMX ITiJICHIIEHUX 3pa3KiB — 6anok Bix 28 1o 102%.

VY mparti [7] onrcane eKcriepuMeEHTaIbHE JOCIIHKEHHS HeCy40i 31aTHOCTI OETOHHUX OalloK 31
CKJIOTIJIACTHKOBOIO apMaTyporo, MiJACHIECHUX 30BHI BYIJICIUIACTHKOBUMH JHCTaMU. Pesymnpratu
nociikenb nokasanu, mo GFRP e cnipomoxaum apmyBanssm s 6anok tury OPC, GPC i FRC.
A Bukopuctanasa EB—CFRP € migxoasiimm MeTo10M MiICUICHHS TAKMX KOMIIO3UTHUX CUCTEM.

VY po6Gorti [8] HaBeaeH] pe3yabTaTh AOCTIIKEHb HECYUOi 3MaTHOCTI (hiOpoOETOHHUX OanoK 31
craneBoto apmarypoto (SFRC), mincunenux ByraermnactukoM (CFRP) 3 BukopucranHsMm
PI3HOMAaHITHUX TEXHOJOTIN, Ha 3CyB. [limcuieHHss OaJlok 30BHI 3/IIHCHIOETHCS BYTJICTNIACTUKOBUM
nonotHoM (EBP), a Takox 30BHImHBOIO apmaryporo B KkaHaBkax (EBROG). Pesynbratn
BUMPOOYBaHb IOKA3aM, IO MIIHICTh Ha 3CYB 1 IUIACTUYHICTh PYHHYBaHHS 301IBIIYIOTHCS 31
301BIICHHSIM 00’ €MHOT YaCTKH BOJIOKOH.

VY mpami [9] ekcnepuMEHTaIbHO BCTAHOBJICHO, IO 30BHINIHE apMYBaHHS IOJIMEPHUM
BosiokHOM (FRP) € edhekTrBHIM MeTOIOM TifACHICHHS 32113006 TOHHUX OaOK

VY po6ori [10] po3risHyTI MUTaHHS PEMOHTY Ta MIJACUJICHHS MaTepialliB OETOHHHX OajloK 3
BUKOPDUCTaHHAM  PpI3HUX  KOH(]irypamiii  ByrJelulacTUKOBUX  JlamiHartiB.  IIpexacraBieHi
eKCIIepUMEHTaJIbH1 Pe3yJIbTaTH JOBOSATH, II0 PEMOHT paHillIe MOMKOHKEHUX 0aloK 10IoMOora iM He
TITPKA BITHOBUTHCS, a W 3HAYHO 30UIBIIUTH IXHIO 3IaTHICTh YUHUTH OMIp MNEpeIIacHOMY
pyWHYBaHHIO MPH 3CYBI.

Astopu [11 ] mochimKyBany HeCcy4y 3aTHICTh 3a11300€TOHHUX OalOK Pi3HOI BUCOTH Ha 3CYB,
MIJICUJICHUX TIOpUIHUMU CMyraMd BYTJICIJIACTUKY Ta CTAJICBUMH XOMyTamH. ByB 3niliCHEHMT
HEJIIHIHHUM CKIHUEHO—CEJIEMEHTHUN aHalli3 MOBEIIHKM NpU 3CYBI BKazaHuX Oayok. [lopiBHAHHS
pe3yIbTaTIB MOKA3aJlo, 0 BHYTPIITHRO IHTETPOBAHI CMYTH BYTJICIIACTHKA MPU3BOAATH 10 OUIBIIIOTO
MiIBUIICHHS MIIHOCTI Ha 3CyB 3ali300€TOHHHMX 0aloK, HDK 30BHIIIHE  IiJICUICHHS
BYTJICIUIACTUKOBUMHU KOMITO3UTaMHU.

Y poboti [12] posrasHyTi 3B’s3yBanbHI  BnactuBocTi moBepxHi CFRP — Oeron mnpu
KOMOIHOBAaHOMY TPHUBAJIOMY HaBaHTa)KEHHI Ta Cyb(aTHii epo3ii 3a JOIMOMOTOI0 1HAYKTUBHOTO aHAJTi3y
OTPUMAaHHUX JaHUX JUTA BKa3aHUX YMOB POOOTH Oylia 3alpOIIOHOBAHA MOJIENb «3UETIIICHHS — KOB3aHHS
MEXI1 PO3/ILTY, [0 ypaxoBye KOMOIHOBaHU e(heKT 3a3Ha4eHNX YMHHHUKIB Ta aJICKBATHO 1 BITOOpaXKaE.

B mpami [13] onucana moBeiHKa 3a1i300€TOHHUX OAJIOK, MiJCHIICHUX HA 3TUH aTlOMiHI€BUMHU
MJaCTUHAMHU, TIPUKJICEHUMH 30BHI. B HIA BKa3zaHo, 10 KOMIIO3WTHI MaTepiaid, sKi
BUKOPUCTOBYIOTHCSL JUIS MIJCHJICHHS OAaJKOBHUX KOHCTPYKIIM, MalOTh TaKOX JEeAKi HEHONIKH.
OcHoBHUM HenomikoM kommo3uTtiB FRP, Ha mymKy aBTOpiB, € Te, 0 BOHU SIBISIOTHCS KPUXKUMH
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MarepiallaMid A IUIACTHHM 3 AIIOMIiHI€BOrO CIulaBy (AA) € MIacTHYHMMHU Martepiajamu, 1o €
OaxaHUM JUIA HiACWICHHS 3a11300€TOHHUX OaJIoK.

VY poboti [14] posrisgaroTbes OUHAMIYHI Ta CTATHYHI MDK(a3HI CIONYy4YHI BIACTUBOCTI
BYIJICIUIACTUKY Ta OETOHY TMPH MHUKIIYHOMY 3aMOPOXKYyBaHHI — BiaraBaHHI. [lomameimmii anami3z
MokaszaB, 10 JuHaMmiuHi BiacTuBocTi iHTepdeiicy CFRP — 6eToH 3HMXKYyIOTbCA 31 301IbLICHHAM
KUTBKOCTI ITUKJIIB 3aMOPOKYBaHHS — BiATaBaHHS.

Aptopu [15] 3xificHuiIM HemiHIHE CKIHYEHO—EJIEMEHTHE MOJICITIOBAHHS 3alli300€TOHHUX
TJTUT, TACHICHUX CMYTaMH BYTJICTIIACTUKY, 3a JIi1 yIapHOTO HAaBAaHTAKEHHSI (IM11aHNX BUOYXOBHM
HaBaHTAXXCHHA) Ul OLIHKK e(eKTHBHOCTI BHUKOopHcTaHHS cMmyr Byriemnactuka (CFRP) y sikocri
30BHIIHKOI apMatypu (EBR) niis 3axucTy BKkazaHuX ITUT BiJl BUOYXY.

V crarri [16] onucyeThCst 3anIpoONOHOBaHa aBTOpaMH iIHHOBAIlIifHA crcTeMa aHKepyBaHHS NSM
JUTSL TIACYIICHHSI 3a11300€TOHHUX OaJioK, sika BKitoyae L—roaiOHuit ankep 31 ckioractuky (L—
ankep), U—moniOHi cmyru 3 Byriaemnactuky (U—cmyra) ta noasiiiHy ruactuny (DP—ankep).
Po3po6iiena aBTopamu meToika 3mirtHeHHs HazuBaeThess NLUD. Ipore, y naniii mpaili He HaBEJEHO
KOHKPETHHUX MPOMO3HUIIH 1010 MPOEKTyBaHHs 3a3HaueHoi cuctemu NLUD.

ABtopu [17] po3rmsHynm Hecydy 3MIaTHICTh Ta JAe(OPMATUBHICTH BHCOKOMIITHHX
3aJ11300€TOHHUX OaJOK MPSIMOKYTHOT'O TOMEPEYHOTo Iepepildy, MOLIKOKEHUX BOTHEM y 30HaX
PO3TATY 1 CTUCKY Ta BIAPEMOHTOBAHUX BYTJICTIIIACTUKOBUMHU JIUCTAMH.

V crarti [18] aBTOpM BBaXar0Th, U0 HAHOUIBII BaXJIMBUM MapaMETPOM TPAHUYHOTO CTaHY
(SLS) mpaneznarnocTi 3ami3o6etronanx (RC) 6anok sBIs€ThbCs iXHS TPITMHOCTINKICTD. B ykazanii
CTATTi OMHMCaHI HOBI JaHi MPO TPIHUHOCTIHKICTh 6anok (RC) mpsMokyTHOTO TIEpepizy.

Y poboti [19] aBTOpM MPOMOHYIOTH BHKOPHCTOBYBATH apMOBaHI BYTJICIIEBUM BOJOKHOM
nonimepu (FRP) mst 3MiniHeHHs 32113006 TOHHUX KOHCTPYKIINA. AHami3 pe3ynbTariB MOKa3as, M0
HaWOIIBITy HECY4Yy 3[IaTHICTh MM 3pa3KH, MiJCHJICHI 0€3 MOYaTKOBOTO HABAaHTA)KEHHS, sKa, B
CepeIHbOMY, NTEPEBUIIyBajIa HECYUy 3[JaTHICTh KOHTPOJIBHUX 3pa3kiB B 1,5 pasis. Hecyua 3naTHicTh
3MIITHEHUX TIPU HABAaHTAKECHHI KOJIOH 30inbImmwiacs B 1,3 pa3u 3a paxyHOK TPHCTOPOHHBOTO
OOTUCHEHHS.

Astopu [20] mpeacTaBuIM pe3ynbTaTH €KCIIEPUMEHTATBLHOTO JIOCTIPKEHHSI HECY4O0i 31aTHOCTI
3ai300eTOHHUX Oanok Oe3 MomepeyHoi CTajeBOi apMarTypu, HiACUICHHUX KOMIIO3UIIHHIMHU
Marepianamu. OCoONMHMBICTIO BUMPOOYBaHb € Te, M0 MiACHUJICHHS OalOK 3I1HCHIOBAIOCS i JTIE€I0
HaBaHTAXCHHsI. byll0 BCTaHOBJICHO, IO i/l Yac 3MIITHEHHS KOHCTPYKIlIi MOXUIIOTO Mepepizy Oanok
CII/I ypaxOBYBaTH ICHYIOUMHA PiBEHb HABAHTAXEHHS: MOCHIIIOBAIBLHUN €PEKT CHUCTEMHU 3MIITHCHHS
Ruredil X Mesh Cold 3menmyBaBcs B 2,8—2,9 pa3iB mnpu MiJBHIIEHHI ICHYIOYOTO piBHS
HaBaHTaxeHHS BiJ 0 10 50% Bi BeTWYMHU BKa3aHO1 BUIIE TTOTIEPEYHOT CHIIH.

BusHaueHHs1 paHille He PO3B’A3aHUX YACTHH 3arajibHOI mpodaeMu OCHOBHI HOpMaTHBHI
JIOKYMEHTH 1 peKoMeHalii 3 po3paxyHky koHcTpyKiiid 3 HKA—FRP po3po6neni y CIIA, Kanani,
Snownii, Benukobpuranii, Itamii. B Ykpaini Ta Pocii migrorosneni, Bianosinno, Hacrtanosa [21 Ta
nonatok JI go CII [22] siki po3TY/sIOTHCS SIK TPOSKTH MalOyTHIX HOPMATHBHUX JTOKYMEHTIB.

OCHOBHI IPUHIMIHN PO3paxyHKy 0eToHHUX KOHCTpYyKIiii 3 HKA—FRP 30epexeni Takumu x,
SIK 1 U1 3a11300€TOHHUX €JIEMEHTIB 3 ypaxyBaHHIM JiHIHHOT podotu apmaTtypu. Crienudika podoTn
KOHCTpyKLiK 3 FRP ypaxoByeTbcs BBEIEHHSM CIELIAIbHUX TMOHIKYIOUUX KOE(QIIEHTIB YMOB
poOOTH 1 HOPMYBAHHSIM XapaKTEPUCTHK MaTepiaiB. 3acTOCyBaHHS 0a3abTOMIACTHKOBOI apMaTypu
(BFRP) HegocTaTHO YHOPMOBAHO.

AHani3 ocTaHHIX MyOJiKaIiil mokasas, 110 HI HalllOHAJbHI HOPMHU MPOCKTYBaHHS, Hi BIOMI
aBTOPCHKI METOJAMKH HE MICTATh B €00l YITKMX BKa3iBOK IO PO3paxyHKy CYMiCHOI poOoTH
MTOIIKO/KEHNX O€TOHHUX 0ankoBUX KOHCTPYKIii 3 FRP abo 3a1i300€TOHHUX €IeMEeHTIB, I0BEICHUX
i yac monepeaHboi eKcruryaranii 1o rpanuunoro crany (ULS) abo pyiiHyBaHHS, 3 KOMIIO3UTHUMHU
Marepiajzamu mijacuiaeHHs [23].

Meta po6oTH MoIIrae B €KCIEPUMEHTAILHO—TEOPETUYHOMY BHBUYCHHI HECydoi 3JaTHOCTI
MIOIIKO/KEHHUX Y MOMEpPeaHIX MTOCTDKeHHIX [24] 1 J0BeIeHUX 10 pPyWHYBaHHS OCTOHHHUX OaJIOK 3
BFRP, migcuneHux  BYIJICIUIACTUKOBMM — TOJOTHOM Y  HIDKHIH — pO3TATHYTIH  30HI 1
BYTJICIUINCTUKOBUMU COPOYKAMHU — Ha NPHUOMOPHUX JUISIHKAX, 3a Jii MaJOIUKIOBOTO
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3HAaKOIOBTOPHOTO MONIEPEYHOT0 HABAHTAKEHHS BUCOKUX PIBHIB 3 PO3POOKOIO 1HKEHEPHUX METOIUK
pO3paxyHKy MIIIHOCTI iXHIX HOPMAJIbHUX 1 TOXUJINX TEepepi3iB.

3aBIaHHA TOCTIIKEHb:

— MIATOTYBATH MOBEPXHI MOMTKOHKEHUX HACKPI3HUMHU CHIIOBUMH TPIIIMHAMH 1 JOBEICHHUX 0
pYHHYBaHHS 32 MOXWIMMH TpiliuHaMu OeToHHUX Oanok 3 BFRP [24] Ta 3aificHuTy X migcuiIeHHS
ByrJieriacTukoBUM 1osIoTHOM Sika®Wrap®—230C (CFRP) 3 BukopucTaHHsIM JBOKOMITOHEHTHOT
cmomu Sikadur —300 y HMKHIX pO3TATHYTUX 30HaX Ta Ha 3pYHHOBHUX MPHONOPHMUX IIISHKAX 3a
BCTAHOBJICHOIO TEXHOJIOTIEIO;

— BUKOHAaTH  CKCIIEPUMEHTAIbHI  JOCTIDKEHHS  HECydoi 3JaTHOCTI  MiJCHIICHUX
ByrieriacTukoBuM mojioTHOM (CFRP) panimie momkopkeHUX HACKPI3HUMH HOPMaIbHUMHU 1
MOXUJIMMH TpiltuHaMu 0eToHHUX 0anok 3 BFRP 3a i1 MaionukiIoBOro 3HakOMmOBTOPHOTO CTYTICHEBO
3pOCTaI0UOTro MOMEPEYHOr0 HABAHTAXKEHHS &K 70 iX pyHHYBaHHS;

— eKCIIEPUMEHTAIbHO BCTAHOBUTH XapakKTep TPIIIMHOYTBOPEHHS Ta PyWHYBaHHS JOCIiTHUX
€JIEMEHTIB 1 3alpPOMOHYBATH METOJUKH PO3PAXyHKY HECYYOi 3MaTHOCTI IMiJICHJICHUX BYTJICTUIACTHKOM
(CFRP) HOpManbHUX 1 MOXHUIIMX MEpepi3iB TOBEICHUX 10 pyHHYBaHHA OeToHHUX Oanok 3 BFRP;

— TMEPEeBIPUTH aJIEKBATHICTh 3alpONOHOBAHUX METOIUK PO3pPaxyHKy HECydoi 3JaTHOCTI
MOIIKO/DKEHUX  0a3abTOOCTOHHMX  OalloK, MiJICHICHUX  BYIJICIUIACTUKOM, 34 HAsSBHUMH
eKCIIePUMEHTaIbHUMH JTAHUMHU.

MeToauka NpPOBeIEHUMX EKCIHEePUMEHTIB Ta o0JagHaHHss Mertonuka BHUIPOOYyBaHHS
HeToMKOoHKeHNX 0eToHHNX 0anok 3 BFRP ta ix koHcTpyKItis npeacTasieHa B [24]. Y nepriit cepii
JOCITIJIIB HEMOIIKO/KEeH1 Oanku Oyiu BUIIPOOYBaHi Ha IO CTYNEHEBO 3pOCTAI0YOTr0 OJHOPA30BOTO
cratuudoro (I. Karpiuk, A. Tselikova), a y apyriit — manorukiioBoro nmosropaoro (I. Karpiuk, A.
Khudobych) naBanraxenss (puc.1, Tadsn.1).

[Tomkomkeni micist BunpoOyBanp 6etonHi 6anku 3 BFRP O0ynmu migcuneni (puc. 1) 3Hu3y y
PO3TATHYTIN 30HI Ha BCIO iXHIO MOBXHHY (1575MMm) i mmpuny (b=100MM) Ta Ha TPHOMOPHUX
TUISTHKaX y BUIISAL 3aMKHYTHX COPOYOK JOBXHHOW, BiamoBimHo, 150, 300 1 450mm i3
ByIJIemjacTukoBoro mosotHa Sika®Wrap®—230C, npHuKIEeHOro JIBOKOMIOHETHOIO CMOJIOIO
Sikadur — 300 3a BCTaHOBIICHOIO TEXHOJIOTIEIO 3 MOMEPEIHHOIO MIATOTOBKOIO MOBEPXHI JOCIITHUX
3pa3KiB — 0AJIOK 1 BUKOPUCTAHHIM JIpiOHO3EpHUCTUX PEMOHTHHX CyMIIIeH 1Jisi 3apo0ieHHs BUOOTH,
KaBEepH 1 HAJAMIPHO PO3KPUTHUX TPIIIHH.

[Ticns moBHOT mosiMepu3alii ABOKOMIIOHEHTHOI CMOJH paHillleé TOMIKO/KEHI, a TOTIM
TIJICUJICH] BYTJICTUTACTHKOM O€TOHHI Oanku 3 0a3ajbTOIUIACTMKOBOIO apMaTypoO MOBTOPHO Oy
BUIIPOOYBaH1 Ha /1110 CTYNEHEBO 3pOCTAI0UYOr0 MaJOIUKIOBOTO HAaBAHTAKCHHS

PylinyBaHHS HOCHIAHUX MIiACHWICHHX 0a3aJbTOOCTOHHMX Oaiok 3 Benmukumu (a/d=3) 1
cepenHiMu (a/d=2) mponboTaMH 3CYBY BIANOBIAATIO HampykeHO—Ae(hOpPMOBAHOMY CTaHy Maibke
30a77aHCOBaHOTO HOPMAJILHOTO MOIMEPEYHOro Mpepildy, SIKUH XapaKTepU3yBaBCs JOCATHEHHSIM Y
30BHIIIHBOMY ByriemigactukoBoMmy Imapi miacuineHHs DAII—CFRP rpannunux aedopmartiii i
HaIpy>XeHb PO3PHUBY, & Y CTUCHYTIH 30HI 0€TOHY — 3aKPUTUYHUX (HA HU3MAIHIN JUISHIN JiarpamMu
«Oc—¢€c») AedopMariiii 1 HampyKeHb. 3a3HaueHEe PyHWHYBaHHSA JOCHITHUX OajJOK 3 BEIHKUMH 1
CEpPEeHIMH TPOJIbOTAMU 3CYBY MOYMHAJIOCSA 3 po3puBY 30BHIIHLOI apmatypu DAIT—CFRP i
CYNPOBOJUKYBAJIOCS PI3KMM TIJBUIICHHSM HAalpY)XeHb Yy pO3TATHYTIH 0a3aibTOMIACTUKOBIN
apmatypi BFRP, posTpickyBaHHSIM Ta po3IIapyBaHHSIM 3aXHCHOTO IIapy OCTOHY 1 HaIMIpHUM
HEKOHTPOJIbOBAHUM 301IbILICHHSIM MTPOTHHIB.

PyitnyBanHs Oanok 3a mMaymmu (a/d=1) mposboTamMu 3CyBY CYIPOBOKYBAJIOCS TOMATBIIAM
PO3KPUTTSIM PaHIIIE YTBOPEHUX MOXHUIMX TPIIIKH 1 PO3PUBOM 3aMKHYTUX BYIJICTIACTUKOBUX COPOUOK
Ha OIYHMX TpaHsIX iXHIX MPHOMOPHUX IUISTHOK Ta PI3KUM 30UIBIICHHSM IPOTHHIB, 3YMOBJICHHX,
Hacamrepe/, AeopMallisiMi B3aEMHOTO 3CyBY OKPEMHUX YaCTHUH JIOCHIIHUX 3pa3KiB (puc. 1).

PesyabTraTn gociaigkenHs Po3paxyHok 3a rpaHUYHUMM CTaHAMM MEPIIoi rpynu. Po3paxyHok
MIITHOCTI HOPMaJIbHUX (pUC. 2) Mepepi3iB €IEMEHTI, 10 3TMHAIOTHCSL.

Po3paxyHOK KOHCTPYKIIMi MPSIMOKYTHOTO, TaBPOBOTO 1 JBOTABPOBOTO TEPEPi3iB JOIIIBHO
BUKOHYBaTH Ha OCHOBI YMOB PiBHOBaru 3yCHjb B TPAaHUYHOMY CTaHi.
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RN

Cepin 1
Aocain Ne 106

Cepin 11

locain Me 12

Cepin 11

locain Ne9A

Puc. 1 XapakTep TpiliMHOYTBOpPEHHS Ta pyliHyBaHHA 0eToHHUX Oanok 3 BFRP 1o i micis
X MiJICUIICHHS BYTJICTNIACTUKOBUM TIOJIOTHOM Y HMKHIN PO3TATHYTIN 30H1 Ta HA
MPUOTIOPHUX JTUISHKAX 3 MAJIMM, CEPEIHIM Ta BEIMKHUM MPOJIbOTAMHU 3CYBY
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Tabmuus 1 — Ilnan ekcriepuMeHTy, Hecy4a 3aTHICTh Ta XapaKTep pyHHYBaHHS €TaJOHHUX
6a3anpTo0eTOHHUX 1 miacHieHux ByrieriactukoM (CFRP) momkomkenux 6anok 3 BFRP

Ne nocnimy

[Inan ekcriepuMeHTy

Hecy4a 31aTHICTE HOpMAIBHHX 1 TOXWJIUX TIEPEPI3iB
IMICUIEHUX 1 €TAJIOHHUX OaJIoK

KOJIOBAaHUX
3MIHHUX

B

3HAYEHHAX
YUHHUKIB

B natypanbHux
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Puc. 2. Po3zpaxyHkoBa cxema BHYTPIIIHIX 3yCHIIb Y TiJICUICHOMY
BYTJICTNIACTUKOBHUM TIOJIOTHOM ITOTIEPEYHOMY TIEpepi3i OanKu
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Po3paxyHok nependayae HaCTYIHI BUIU TPAHUYHUX CTaHIB:

a) pylHYBaHHS CTHUCHYTOI 30HHM OCTOHY IO NOCATHEHHS XapaKTEPUCTHUYHUX HAINPYKEHb B
CTEp>KHEBIH pO3TATHYTIH apMmarypi (TekydocTi y ctanesiit). [lpu upomy, Hanpyxenust B DAII—FRP
€ 3HaYHO MCHIIIMMH BiJ] pO3paXxyHKOBUX (TI€peapMOBaHa PO3TATHYTA 30HA);

0) MOCSATHEHHS XapaKTePUCTUYHUX HANpPYKEHb Yy PO3TATHYTIM CTep)KHEBiil apmarypi
(TeKydoCT1 y CTajeBiid) 3 HACTYITHUM po3puBOM 30BHIIIHBOI apMatypu DAITI—FRP 6e3 pyitnyBanus
CTUCHYTOI 30HU OETOHY;

B) JIOCSATHEHHS XapaKTCPUCTUYHUX HANPYKEHb Yy PO3TATHYTINH CTEpPKHEBIM apmarypi
(TeKkydocTi y cTajeBiil) 3 HACTYITHUM po3pHUBOM 30BHIIIHBOI apMaTypu @AII—FRP i pylinyBanusam
CTUCHYTOI 30HH OETOHY;

r) pyiiHyBaHHs Bix BigmapyBaHHs eneMeHTiB DAIT—FRP.

BuznauenHs miomnii mepepildy 30BHINIHBOI KOMIO3WUTHOI apMaTypH 3AIHMCHIOETHCS METOJIOM
iTepaniii (MOCTiOBHUX HAOIIMKEHB ).

3ycuns y DAII—FRP BuzHauar0THCs MO BEMMYMHI HATIPYKEHD Cfix, SIKI MOKYTh JIOPIBHIOBATH
a00 OyTH MEHIIMMH BiJ 11 pO3paxyHKOBOI MIITHOCTI Ha PO3TT.

[TincuneHHs 3rHHATBHUAX EIEMEHTIB PEKOMEHAYEThCS TPOEKTYBATH HA BUTIAJIKH PYHHYBaHHS
«O» 1 «by».

st monepemxenns BiamapyBanus ®AIT—FRP wveoOxigHo oOMexuTu piBeHs ii nedopmartii.
Emmipuuni Bupasu ans ouinku koediuieHTiB ymoB pobotn DAIT—FRP, ski 3amexars Bin
YKOPCTKOCTI €JIEMEHTIB ITiICHJICHHSI, MAIOTh BUTJISI:

1 n- Eﬁx t° tﬂx
k= (-0t 009 oy n-E, -t,, <180000, (1)
60-cy, 360000 ’
oL 220090 6.9 mpunE,, -t,, >180000,
60"8ftx,t n- Eﬂx,t ' tftx ’

ne tix — po3paxyHkoBa ToBimHa MoHomapy ®AII—FRP;

n — KiIbKicTh MoHOMIapiB DAIT—FRP.

KoedimieaTtom knm 0OMEXy€EThCS TPAaHUYHO IOMYCTUME 3YCHILISA, SIKE BUHUKAE B apMmarypi
OAIT—FRP.

Jomyctumi rpannvHi po3paxyHkoBi aedopmairii @®AIT—FRP Buznauarotbes:

8ftx,u S km ' Sftx,t' (2)
Benununna MmakcumanpHuX nedopmartiii y 30BHimHboMY apMyBaHHi @ ATT—FRP:
h—x
E_;ftx,u = 8cu( X )_ E_;ci S km : 'Sftx,t’ (3)

1€ €cy — TPaHUYHA AeopMallisi CTHCHYTOI'O BOJIOKHA OETOHY 110 MiJICUJICHHS;
€ci — TMOYaTKOBa JehopMallis pO3TATHYTOTO BOJIOKHA OETOHY JI0 TTiICHIICHHS.
Jomyctumuii piBerb HanpyxeHb B DAII—FRP Bu3HauaeTbces 3a 3akoHoM ['yka:

Gftx,u S Eftx,t ' 8ﬁx,u s (4)

Po3paxynkoBa MinHicTh 30BHIIIHBOrO apmyBaHHSI DPAII—FRP frxu npuitmaeTscs piBHOIO
3HAYEHHIO Gftx,u 32 BUPA30M:

fftx,u = Gftx,u = Eﬁx,t ’ Sftx,u H (5)
a po3paxyHkoBa aedopmaris 30BHimHBOr0 apmyBanHs @AII—FRP npu poscrssi:
fftx u
Sftx,u - E —. (6)

fix,u

IIpu migbopi mepepidy 30BHimHBOro apmyBaHHsS DOAII—FRP cning Bu3HAYMTH piBEHB
nedopmMariii y KOHCTPYKIIi BiJl JIF0YOT0 HABAHTAKCHHS.

['pannyHi 3ycniuisi B HOPMAJIBHOMY Iepepi3i KOHCTPYKINT BU3HAYAIOTHCS 32 YMOBH IXHBOI
pIBHOBAaru, BUXOJISTYH 13 TIEPEAYMOB:

— ormip OETOHY PO3TATY MPUHMAETHCS TAKUM, IO JOPIBHIOE HYJIIO;

— orip OETOHY CTUCKY B TPAaHUYHOMY CTaHI1 MPEJICTABISAETHCS PIBHOMIPHO PO3MOAITICHUMH 110
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BUCOTI CTUCHYTOI 30HU HAIPY)XEHHSAMH, PIBHUMH fcd;

— BB@XAETHCS CMPABEUIMBOIO TIMOTE3a MJIOCKUX MepepiziB;

— PO3TATyI0Ui HANPYKEHHS y BHYTPILIHIH CTep>KHEBIl KOMIIO3UTHIN apMaTypi MpUIMalOTh HE
OULTBIIMMH PO3PaXyHKOBOT'O OMopy Ha po3Tar fr (y cranmeBiit — fiq), a cruckaroui — frae =0,2f (y
cranesiit — fsac = fsa);

— PO3TATYIOY1 HANpY>XKeHHs y 30BHIimHINA apmaTypi DAIT—FRP cnin npuiiMati He OUTBIIUMH
BiJl pO3PaxyHKOBOTO i Onopy Ha po3TAr ffix,u;

— 3OBHINIHS apMaTrypa MiJCUIEHHS 1 0ETOH MPaIOITh CyMICHO J0 HACTaHHS T'PAHHUYHOTO
CTaHy;

— nedopMarlisi 3cyBy B KJIIGEBOMY IIapi HE yPaXOBY€ETHCA.

Po3paxyHOK MIIIHOCTI HOPMAJBHUX MEpepi3iB JOLIIbHO BUKOHYBAaTH Y 3aJIEKHOCTI Bij
CHIBBIIHOIICHHS MK 3HA4YCHHSM BIJIHOCHOI BHCOTH CTHUCHYTOi 30HH OeroHy &=x/ho, ske
BU3HAYA€ETHCS 13 YMOBU PIBHOBArW, Ta 3HAYCHHSIM TI'PAaHMYHOI BiJHOCHOI BHUCOTH CTHUCHYTOI 30HHU
6eTony &g, MU SIKOMY I'PaHUYHHI CTaH €JeMEeHTa HaCTa€ OJJHOYACHO 3 JOCATHEHHSIM Y BHYTPILIHIN
CTEpIKHEBi apMaTypi Hapy>KEHHsI, pIBHOMY po3paxyHKoBoMY omopy fra(fsa).

['pannyHa BUCOTa CTUCHYTOT 30HU 0€TOHY ER BU3HAYAETHCS 32 BIJOMOIO (DOPMYIIOIO:

b =n =20 ™
h €
1+——
Eule

1€ &f — BIJIHOCHA TpYykHa JaedopMallisi BHYTPIITHBOT PO3TATHYTOI KOMITO3UTHOI (CTajaeBoi —
€sel) apMaTypHu npu HanpyxeHHIX fri(fsd);

€ult — BITHOCHA Jedopmallisi CTUCHYTOrO OETOHY TMpU HANpPYXKEHHSAX, PIBHUX fu.
[Tpuitmaerbes piBHOro 0,0035 32 BIICYTHOCTI 1HILNX JJaHUX.

3HaueHHs TPAaHUYHOI BiIHOCHOI BUCOTU CTUCHYTOI 30HH OETOHY ERrfix 3 YpaxyBaHHIM poOOTH
OAII—FRP Buznauaetscs:

g =28 = . ®)
: h fina o,
I+———(1-—)
€.°E L1

N€ €l — FpaHMYHA BIAHOCHA nAedopmaiiss OETOHY NPUIMAETbCS PIBHOKW &k (Y BEpLIMHI
Jiarpamu «Gc —€c¢») 38 HETPUBAJIOT /111 HABAHTAXEHHS 1 €ck — 3@ TPUBAJIOL [ii HABAaHTAXKEHHS;

ffix,u — oOumcroeTses 3a popmynoro (1.5);

(® — XapaKTepUCTHKA CTUCHYTOI 30HH OETOHY, sika 00UYUCIIOEThCs 32 Gopmyor ©=0,85—
0,008fcq.

Bignomenns frx,u/Efx peacrabisie co6oro rpannyny BigHOCHY nedopmaiiro PAIT—FRP npu
po3Ts31. Y OUIBIIOCTI BUNAIKIB BOHA 3HaX0AUThCs B Alana3oHi 0,3—1,0% 1 nepesuirye nepopmartiro
TeKy4docTi ctaimi. Tomy Erfix MOKE OYTH MEHIIIMM Bif ER.

Po3paxyHOK MILIHOCTI HOPMaJIbHUX I€pepi3iB 3rMHAIBHUX €IEMEHTIB, niacuieHux PAIl—
FRP, 31iiicHIOIOTh 32 YMOBH:

[ ]
cul ftx

M<M,,, 9)

ne M — cymMa MOMEHTIB BCiX 30BHIIIHIX CHJI BITHOCHO OC1, IEPIEHIUKYIISIPHOL 10 MJIOMMUHM i1
MOMEHTIB;
Mut — cyMa MOMEHTIB ycCIX BHYTPIIIHIX CHUJ Yy TpPaHU4YHOMY CTaHl BIJHOCHO OCl,
HEePIEHANKYIISIPHOI 10 MJIOLUIMHHU A1l MOMEHTIB.
Jliig nepepizy, CUMETPUYHOIO BITHOCHO OCI, IEPIEHANKYIISPHOI 0 IJIOLUIMHU JIIi MOMEHTIB.
M<o, oS, + 1S, +1,S;., (10)

i€ Cfix — HaIpy>KeHHsI B 30BHimHIi apmatypi DAII—FRP;

Stix — cratnuHuil MoMeHT ol nepepizy ®AII—FRP;

ffa — pO3paxyHKOBHI Omip BHYTPILIHBOI CTEPKHEBOI KOMIO3UTHOI apMaTypud Ha pPO3TAT
(craneBoi apmatypu — fyq);

S¢— cTaTUYHMI MOMEHT IUIOIII IepePi3y PO3TATHYTOI BHYTPIIIHHOI CTEPIKHEBOT KOMITO3UTHOT
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apmarypu (craneBoi apmatypu — Ss);

ffed — pO3paxyHKOBUH OIip BHYTPIINIHBOI CTEP>KHEBOI KOMIIO3MTHOI apMaTypu Ha CTHCK
(craneBoi apmatypu — fycd);

Sfc — cTaTMYHMI MOMEHT TUIONI TTepePi3y CTUCHYTOI BHYTPINIHBOI CTEPKHEBOT KOMITO3UTHOT
apMarypu (cTaneBoi apMaTypu — Ssc).

Bucota ctucHyToi 30HM «X)» BU3HAYA€ETHCS 13 YMOBH PiBHOBArU:

oA +Trgo A —fyeAp — 04, oAy, =0, (11)

ne A¢ — IJI01a nepepizy CTUCHYTOro OETOHY;

Afc — mIo1a nepepizy CTUCHYTOI CTEPKHEBOT KOMIIO3UTHO1T apMaTypu;

Af— myioma nepepizy po3TArHyTOi CTEP’KHEBOT KOMIIO3UTHOI apMaTypu;

Afix — mutonia nepepiszy 30BHiHLOI apmarypu @ AII—FRP.

Bucota ctucHyToi 30HU «X» IpU pyHHYBaHHI M1JICUIEHOT0 NepePi3y IO CTEPHKHEBIN apMaTypi
1a DAII—FRP Bu3Hauaerbcs:

fo oAq H A —1 cAp

x = fou fod , npu §< &Rﬁx < QR. (12)
f b

ne b — mupuHa IomnepeyHoro nepepizy Oanku.
Toni cyma MOMEHTIB BCIX BHYTPIIIHIX CHJI Yy TPAHUYHOMY CTaH1 BIJHOCHO OCI, sIKa IPOXOJUTh
yepes LIEHTP Bark CTUCHYTOI 30HHU 1 € NEPIEHAUKYIISIPHOIO 0 IUIOLIMHHU il MOMEHTIB JOPIBHIOE:

M, =A,, *f ,(h=0,5x)+ A of, (h, —0,5x) + A f, (0,5 —a}), (13)

nie af — 3axucHuil map 6eTOHy y CTHCHYTI 30Hi.

Bucota ctuchyToi 300U «X» Npu pyiiHYBaHHI CTUCHYTOI 30HM nijgcuieHoro ®AII—FRP
HOPMAJIBHOTO Tepepi3y 1 JOCATHEHHI Y PO3TATHYTIN Ta CTUCHYTIN CTEP)KHEBIH KOMITO3UTHIH
apMaTypl XapaKTepUCTUUYHUX HaIIpyXeHb (y CTaJeBId apMaTypl — FpaHMIll TEKYIOCT1)
BU3HAYA€THCS:

fix,u

G Ay, 1A -1, AL
x= Ot T e R £ <y, <8, (14)
cd.b
a TPAaHUYHUI 3TUHAIBHUA MOMEHT 3HAXOUThCS:
M, =A,, 0, (h=0,5x)+ A, f, (h, —0,5x)+ A, f, (0,5x - af) (15)

VY BUNaAKy, KOJIU HANIPYKEHHs Y pO3TATHYTIN BHYTPILIHII CTep)KHEBIH apMaTypi, a TaKOX y
3oBHIMHINT OAI—FRP He nocsrnu rpaHnyHUX 3HaY€Hb, @ MIIIHICTh OETOHY CTUCHYTOI 30HU
BHUEpIaHa 1 HAIPY)KEHHS Y CTUCHYTIH CTEpXKHEBIM apMaTypi TOCATIIM rpaHUYHUX (Y CTaJeBii —
I'paHuLll TEKY4OCT1) 3Ha4Y€Hb, BUCOTA CTUCHYTOI 30HU BU3HAYAETHCA:

G *A. +0.¢A. —1f., A
— ftx ftx f f fck fc , HpI/I athx < aR < a, (16)
f, b
a TPAaHMYHUHN 3rUHAILHUNA MOMEHT JIOPIBHIOE:
M, =A,, 0, (h—0,5x)+A;+c;(h, —0,5x)+ A f, ; (0,5x — a/f) , (17)

HanpyxeHHst y BHYTpILIHIA KOMIIO3UTHIN crepkHeBid apmatypi of DAII—FRP onx 3
ypaxyBaHHSIM BHKJIQJIEHOTO BHUIE BU3HAYAIOTHCS:

cul
= ( -1, (18)
o e
1.1
o, =faba (@ o g (19)
1_7 éftx
1,1
AC €, = _82 h—x _19 5 (20)
X

— nedopmairii BOJIOKOH OETOHY;
& — mouartkoBa aedopMallis KpaitHLOrO CTHCHYTOTO BOJIOKHA GETOHY.
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B mporeci po3paxyHKy BHUCOTY CTHCHYTOI 30HH OCTOHY 3HaXOAATh METOAOM irepauiii. Ha
MepIIOMYy eTari NPUIUMAEThCS BUCOTA CTUCHYTOI 30HHM, oTpuMmaHa i3 Bupasy (1.12). Ilortim
O0YHCITIOIOTHCS HANIPYKEHHS y BHYTpIIIHIN cTepkHeBild apmatypi Ta @AII—FRP 3a nomomororo
dbopmyn (1.18) v1 (1.19) Ta 3ailiCHIOETHCS TIEPEBIPKa YMOBH PiIBHOBArv BHYTPIMIHIX CHII. SIKIII0 BOHA
HE BUKOHYETBHCS, TO BUCOTY CTHCHYTOT 30HH CIIiJ] BiIKOPETYBATH 1 pO3PaXyHOK IIOBTOPIOETHCS 3aHOBO
710 THUX TIip, TOKK yMOBa piBHOBaru (1.9) He Oyne BUKOHaHA.

Takuit mOpsIIOK peKOMEHIYETHCS 3aCTOCOBYBATH 1 Y TUX BHITQJIKaX, KOJH HA MEPIIOMY eTarri
pO3paxyHKIiB BUSBUTHLCS, 110 TOTIEpeUHU Tiepepi3 € nepeapmMoBaHuM (Exix< Efix). BUKOpUCTaHHS Y
PIBHSHHI PIBHOBar" Ha JPYroMmy eTari Hampy>KeHHS Yy 30BHIIIHINA KOMIO3UTHINA apmaTypi OAIl—
FRP, orpumanoro 3a Bupazom (1.19), npusBene 10 3Ha4HOTO 3MEHIIIEHHS BUCOTH CTHUCHYTOI 30HHU.
Ha nactynHOMy etami 3Ha4eHHss X PEKOMEHAYETbCSA NMPHUIMATH K cepeaHe apudMeTHUHE BiJX
MepIInuX IBOX 3HAUEHb 1 MTOBTOPUTH PO3PAXYHOK.

[Ticna migbopy muromti mepepilzy 30BHIMIHBOI apmarypu miacuieHHs OAII—FRP neoOxinHO
MEepPEBIPUTH HAMPYKEHHS 1 AeopMallii B Hill, SKi HE IOBUHHI MEPEBUIIYBAaTH TPAHUYHO JTOTYyCTUMI
BeJINUNHY ffixy a00 Efixu, BU3HAUEHHI 3a 1. 1.1.6.

1.2 Po3paxyHok Hecy4ol 3JaTHOCTI NMOXWJIMX MNepepi3iB 3rMHAJbHUX eJIEMEHTIB,
NiACWIEHUX KOMIIO3UTHUMH MaTepiajaMu

[Tincunenns 3abe3meuyeThess HakieoBaHHIM DAII—FRP B momepeyHomy HampsMkKy 10
MO3/I0BXKHBOI OCi eleMeHTa a00 MEePNeHAMKYISIPHO OO MOTEHIIMHMX MOXHIUX TPIIMH Ha iXHIX
NPUOMOPHUX JUISHKaX. J[7as cTep)KHEeBUX KOHCTPYKIIM, B OCHOBHOMY, BHUKOPHCTOBYETHCS
nakineoBanHs OAIT—FRP 3 nBox, Tppox ab0 4oTHpHOX OOKIB (puC. 3).

3arajbHe HaxuaeroBanus HaxaeroBanus

odropranHsi (3 4 00kiB) 3 3 ookiB (U — moxione) 3 2 OoKiB

| | |
m | : - | | | | |

|

]
| | |
| | |

digpoapaosantfl mracmus (CFRP)

Puc. 3. Cxemu nincunenns ®AIT—FRP npu niacuneHHi noxunux nepepiziB
KOHCTPYKIIIH

HomiHanbpHa MIiLHICTh MOXWIJIOTO Hepepidy eneMeHTa, miacuienoro cucremoro ®@AII—FRP,
MOBMHHA IEPEBHUIYBAaTH BEIMYHMHY IONEPEYHOI CHUJIM, SKa BUHHMKAE B HHOMY, BiJl 30BHIIIHBOTO
HaBaHTaXCeHHsA. Pe3ynbTyroua momepeyHoi cumin Vyi, IO CHPUIMAETHbCA IMOXWINM IEpepi3oM
noBXHHO npoekuii C, BU3HAYAETHCS:

\Y

e = Ve + Vi W Vi, 2D
ne V— TorepedHa cuia, o CIpuiMaeThCsi 06TOHOM Y IOXUIIOMY Tepepi3i HETOMIKOKEHOTO
O0eToHHOTO eneMeHTa. [IpornoHyeThCcsi BU3HAYATH 3T1IHO peKoMeHaallii [26, 27];

Viw — TomepevHa cuia, o CIpPUMAa€EThCS TOTMIEPEIHOI0 KOMITO3UTHOO (Vsyw — MOTIEPEYHOI0
CTAJICBOI0) apMaTypor0 y MOXHIIOMY Tepepisi 3 HeOe3MeUHOr (KPUTUYHOK) TOXUIIOK TPIIHHO.
Busnauaetncs 3a [26];

Vix — TMornepevyHa cuiia, Mo CIpUAMaEThCI OKPEMUMH XOMyTaMu a0o0 mojoTHoM i3 DATT—
FRP y noxunomy nepepisi;

Yr — xoedimieHT 3amacy, 1o 3aiekuTh Bix cxemu Hakielkn ®AII—FRP 1 npuitmaeTses
piBHUM 32 nporio3utiero [25] 0,95 11t MOBHICTIO OTOPHYTHX eneMeHTiB; 0,85 — s TpuctoponHix U
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— noaiOHuX XoMyTiB Ta 0,5 1Jst HaKJIeEHUX 3 000X OOKIB JIAMENEH.

[Ticns mimbopy mepepidy eneMeHTa MiACWIICHHS 3TifHO pekomeHaarid m.1.1 HeoOXimHO
3IIHCHUTH TIEPEeBipKY HECYUOi 3/1aTHOCTI IepepiziB:

— Haxunenux 10 mo310BXHBOT 0C1 KOHCTPYKIIIT Ha 10 TOTIEPEYHOT CHIIM TT0 TTOXUJIIH CTHCITIH
CMy31 MK MOXWJIMMH TPIlIMHAMH B €JeMEHTaxX (HampuKIaa, TaBPOBOTO Iepepidy) 3 TOHKOIO i
BHCOKOIO CTIHKOIO 200 3 Manumu (a<d) mposboTaMu 3CyBY;

— Ha JII0 TIONePEeYHOT CHITH 32 TIOXUJIO0 TPIIIUHOKO;

— Ha /110 3rUHAIbHOTO MOMEHTY 3a MOXUJIOI0 TPIIIMHOIO.

Po3paxyHOK Hecydoi 37aTHOCTI HEMOLIKOJKEHOT 0aIKOBOI KOHCTPYKIIi 3 BUCOKOIO TOHKOIO
CTIHKOIO 32 TIOXMJIOI0 CTHCJIOK CMYIOK MiX TOXWJIUMHU TpPIIIMHAMH 3iHCHIOIOTh 3TiTHO
BrockonaneHnx pexkomennanii CHull 2.03.01—84* [27] 3 ypaxyBaHHSIM pekoMeHaaiii [25].

3ycuns Vix, sike cipuiimaetbest xomytamu @AIT—FRP, sxa Bu3zHavaeTbest 3a GopMyIoro:

_ Ap O, (SINOL+cCOsQ)od

V. = , 22

ftx Sftx ( )

ne Afixsh — Toioma mepepizy momnepeunoi apmarypu DPAIT—FRP, ska BuzHauaeTbes 3a
dbopmyIoro:

Ape g =200ty oWy, > (23)

Ofix,u — PO3PaxXyHKOBE HaINpyKeHHs y 30BHilIHII apmatypi ®AII—FRP;
tiix — pO3paxyHKoBa ToBIIMHA MOHoIIapy @AII—FRP;
dfix — BUCOTa HakJIetOBaHHS monepedyHux XoMyTiB ODAIT—FRP;
Sfix — KpoK nonepeunux xomytiB ®AII—FRP;
Wiix — LIMpHHa nonepedynoro xomyra ®AII—FRP.
Postaryroue wnampykeHHs y 30BHiHIN apmaTypi @DAII—FRP y rpanndHoMy cTaHi € IpsMo
MPONOPLIHHUM JTOCITHYTOMY piBHIO AedopMmariii.
Cixu = Ence*Enes (24)

Ne Efixe — PO3paxyHKoBa Aedopmairiss po3tiary mnomnepedyHux xomyTiB @AIT—FRP npu
MiCUJICHHI TOXWIIUX TepepisiB;

Efix — Moaynbs nipyskHOCTi 30BHIIHK0I DATI—FRP.

VY 3aneXHOCTI BiJl CXEMH HAKJCIOBAaHHS IONEPEYHHX XOMYTIB BBOISATHCS OOMEXKEHHS Ha
Benuuuny nedopmarnii ®AIT—FRP. Jlna OGetoHHMX apmoBaHUX OanoK 1 KOJOH, OOTOPHYTHX
cucremoro ®AII—FRP HaBkosio mepepisy, 3 METOIO 3aCTEpPEKEHHS BTPATH 3YCIUICHHS 3 OETOHOM
npu nedopmanii B DAII—FRP, wmenmiit rpaHu4HOi, AOUUILHO OOMEXKHTH MaKCUMAJIbHY
nedopmartito B Hiri BennanHowo 0,4%:

€ = 0,00400<0,75¢,, ., (25)

st cucremu ®AIT—FRP, sxa He oOroprae Bech monepevyHuii mepepis (I1BO— i TpU CTOPOHHI
XOMYTH), pO3paxyHKoBa Jedopmaris OOUHCIIOETHCS 3 BHKOPHCTAHHAM KoedillieHTa 3amacy 1o
3ueruieHHI0 DAII—FRP 3 6etonom.
Po3paxyHok Hecyuoi 31aTHOCTI ToBeAeHHX 10 TpanudHoro crany (ULS) 1 migcunennx GAIT—
FRP 6eronnnx konctpykiii 3 HKA—FRP 3a moxunumu mepepizaMu MOBHHEH 31HCHIOBATUCS Ha
J10 3TUHAIBHUX MOMEHTIB BUKOHYETBHCS SIK 1 TSI 32J11300€TOHHUX €JIEMEHTIB 13 YMOB:
M<M; +M,, +M,,, (26)

ne Mr — 3rUHaTbHUKA MOMEHT, SIKMHM CIIPUHAMAEThCS POOOUOI0 MO30BKHBOIO CTEPIKHEBOIO
HKA—FRP, 1o mepeTMHaeThCs NOXHIUM TIEpepi3oM, BIAHOCHO OCI Ha MPOTHIJICKHOMY KiHII

MOXMJIOTO Tepepisy, SKa MPOXOAUTH Yepe3 LEHTP Baru (BEpXHBOi) MOHTAXXKHOI apMaTypH:
M; <Nz, 27

ne Nf — 3ycwuis y no3noBxkHid poOouii HKA—FRP Ha mowaTky Oe3medHoOi MOXHIoi
TPIIIUHH, SIKE TOPiBHIOE G Ar a00 ffa- Af mpu MiHIMaNbHIN i KITBKOCTI;

Zf — TIe4e BHYTPILIHBOI apu CUJI, K€ JoIycKaeThes npuitmaru: zr =0,9d;

Méw — 3rMHaJIBHUN MOMEHT, IKMH cripuiiMaeThes nonepeyHoro crepkHeBoro HKA—FRP, sky
nepeTuHae HeOe3MeuHUil MOXWIui mepepi3, BIJHOCHO OCi, IO MPOXOAMTh uepe3 IEHTP Baru
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CTHCHYTOI 30HU OeToHy. BiH BU3HA4Ya€THCS AK TOOYTOK:
- 2 .
My, £0,5¢Vy, ol =g lan /2 (28)
Mfix — 3rUHaIBbHUII MOMEHT, 110 clipuiiMaeThes monepeyHoro apmaryporo OAII—FRP, sxa
NepeTHHAE TIOXUITUH Mepepi3, BITHOCHO MPOTHIICKHOTO HOTO KiHII 3 00KY CTUCHYTOI 30HU OETOHY:

My, £0,5¢Vy ol =gy ol / 2. (29)

Bucnosxu

1.BukoHaHMMH  €KCHEPUMEHTATbHO—TEOPETUYHUMH  JOCHI[DKEHHSIMH  BCTaHOBJIEHA
MOJKJIUBICTh Ta JOIUIBHICTD MiJCHIICHHS MOIIKOKEHHX 1 JoBeneHuX 1o rpanundHoro crany (ULS)
o0etonHnx KoHCTpYKI(iK 3 BFRP 3oBHimHIMEU didpoapmoBannmu mnactukamu (OAIT—CFRP) npu
JIOTpUMaHHI BcTaHOBJIeHOI TexHoiorii. Ilpu npomy, epexT miaCHIeHHs BKa3aHUX OaKOBUX
KOHCTpYKUiK gocsaras 150%.

2. YpaxoByrouu Te, 1o koediuieHT podoyoro apmyBanus pir=0,0176 nmepeBuIyBaB rpaHUYHE
3Ha4yeHHs pip =0,0041—0,0085 a5 BUKOpHUCTaHUX KJIaciB OETOHY, TO JOCATHEHHS IPAaHUYHOTO CTaHy
Yy HEMOIIKO/DKEHUX (ETaJOHHMX) 3pa3kax — Oankax BigOyBajgocs HE IO PO3TIATHYTIH
0a3aJIbTOIUIACTUKOBIN apMaTypi, a M0 CTUCHYTIH 30HI OETOHY HaJ| BEPIIMHOIO HEOE3MEUHOT MOXUIO1
TPIIIUHYU B eJeMeHTax 3 BenukumH (a/d=3) i cepennimu (a/d=2) nposboTaMu 3CyBy a0 3a TOXUIIOKO
CTHCIIOI0 CMYTOI0 y Oankax 3 manumu (a/d<1) mpomsoTamu 3CyBY.

3. PyiiHyBaHHS JOCHIIHHUX MiJACHJICHUX 0a3ambTOOCTOHHHUX Oanok 3 Beaukumu (a/d=3) i
cepenHiMu (a/d=2) mponbOTaMH 3CYBY BIANOBIAAIO HampyXkeHO—Ae(hOPMOBAHOMY CTaHy Maibke
30a7aHCOBAHOTO HOPMAIBHOIO MOMNEPEYHOro Mepepily, SIKUH XapaKTepu3yBaBCs JTOCSITHEHHSAM Y
30BHIIIHBOMY (iOpoapmoBanomy tuactuky (CFRP) rpanmunmx npedopmariii ta HampyxXeHb
pPO3pHUBY, & y CTUCHYTIH 30HI OETOHY — 3aKPUTUYHUX (HA HU3MATHIA AULHII JlarpaMu «Gc — €c»)
nedopmariii Ta HaIPy>KeHb 1 CYMPOBOKYBATIOCS PI3KUM IT1IBULIICHHSM Halpy>KeHb y PO3TATHYTIN
pobouiii apmarypi BFRP, postpickyBanHsSM Ta po3miapyBaHHSM 3aXHUCHOTO IIapy OETOHY i
Ha/IMIpHUM 301TbIICHHSM MPOTHHIB.

PyitnyBanus Oanok 3 mamumu (a/d<l) mposboTamMu 3CyBY CYIPOBOJKYBAJIOCS TMOIATBITNM
PO3KPUTTSIM paHillle YTBOPEHUX IMOXHIUX TPIIUH 1 PO3PUBOM 3aMKHYTHX BYTJICTLIACTHKOBUX
COpPOYOK Ha OIYHMX TpaHsIX iXHIX NPUOMOPHHUX JUISHOK 3 PI3KUM 30UIBIICHHSIM TMPOTHHIB,
3YMOBJICHUX, Hacamrepes, Ae(opmMariisiMi B3a€EMHOTO 3CyBY OKPEMHUX YaCTHUH JOCHITHUX 3pa3KiB—
0aJIoK, 3’€THAaHUX M1 COOOIO MO3IOBKHIMH 1 TONEpeUHUMH cTepkHsiMu BFRP.

4. 3amponoHoBaHa METOJIUKA pO3paxyHKy Iiependadae aJeKBaTHE BU3HAUEHHS HeECydol
3natHOCTi (KoediuieHT Bapiauii vV=5,6%) MpOriHHUX OETOHHUX KOHCTPYKIH 3 HEMEeTaleBOIO
koMmo3uTHow apmarypor (FRP) sk 6e3 ix mincuieHHs Ta 0€3 MOMIKOMKEHb, TaK 1 MiJCHIICHUX
OAIT—CFRP enementis, ski gocarinu rpannyHoro crany (ULS) y Burisai pyliHyBaHHS OKPEMHX
MPUOTIOPHUX JTUISHOK, HAAMIPHUX CHJIOBHX TpIIMH, MPOTHHIB, BUOOTH, CKOJIIB TOII0. Po3paxyHok
BHYTPIIIHIX 3yCHJIb B CHCTEMI <«IIOIIKO/)KEHA KOHCTPYKIIS — 30BHIIIHSA apMarypa MiACHICHHS
®AII—FRP» B cepenniii yacTuHI MPONBOTY (30HI «UUCTOTO 3THHY») JONYCKAETHCSI BAKOHYBATH HA
OCHOBI TIIMOTE3H TUIOCKHUX MEePEPi3iB.

5. IlincuneHHs HOPMaNbHUX TEPEPi3iB 3THHATIBHUX CIIEMEHTIB PEKOMEHYETHCS IIPOEKTYBATH
y BUIAJIKaX JOCSATHEHHS XapaKTePUCTUYHUX HANPYKEHb y PO3TIATrHYTiH cTepkHeBid FRP (TexyuocTi
y crajeBiil) apmarypi 3 HAcCTyIHUM pO3pUBOM 30BHImHBOI apmarypu DPAII—FRP 6e3 i 3
pYHHYBaHHSIM CTHCHYTOI 30HU OETOHY.

6. Ilicns pospaxyHky miacuienHs wMatepianamu DOAIT—FRP nHopmanbHux mnepepisiB
3MIMCHIOETHCSA TTePEBIpKa HECYUOi 3AaTHOCTI MOXMIIMX MePePi3iB KOHCTPYKIIIH:

— 32 MOXWJIOKO CTHCJIOK0 CMYTOI0 MiXK MOXMJIMMH TPIIIMHAMU Y TOHKUX BUCOKHX CTiHKax abo
B €JIEMEHTAax 3 MaJIUMU MPOJILOTaMU 3CyBY (a/d<1);

— Ha JII0 TIOMePEeYHOT CHITH 32 TIOXUJIO0 TPIIIUHOKO;

— Ha /10 3rUHAJIbHOTO MOMEHTY 3a MOXUJIOK0 TPIIIMHOIO.

Hecyuy 3naTHicTh 3pyliHOBaHUX a00 noBeneHux a0 rpanudHoro crany (ULS) mpuomoprHmx
TISTHOK OalTKOBMX KOHCTPYKIiH, migcunenux marepianamu ®AII—FRP, cnin BuzHavatu Ha Jito
3TUHAIBHOT'O MOMEHTY 32 KPUTUYHOIO TIOXUJIOO TPILIHHOIO.
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FEATURES OF DEFORMATION, DESTRUCTION AND CALCULATION OF DAMAGED
BASALT CONCRETE BEAMS REINFORCED WITH CARBON FIBER CLOTH

'Karpiuk I., Ph.D., Associate Professor,
irina.carpyuk@gmail.com, ORCID: 0000—0003—3437—5882
'Odessa State Academy of Civil Engineering and Architecture
str. Didrichson, 4, Odessa, 65029, Ukraine

Abstract. The article presents the results of tests of concrete beams with basalt—plastic
reinforcement (BFRP). These beams in previous studies were brought to the limit (ULS) state, and
then reinforced with carbon fiber webs (CFRP).

The established character of deformation, crack development and fracture used in beams with
large (a/d=3) and medium (a/d=2) shear spans corresponded to the stress — strain state of almost
balanced normal cross section. It was characterized by the achievement in the outer carbon—plastic
layer of the strengthening of ultimate deformations and tensile stresses, and in the compressed zone
of concrete — closed (in the descending section of the diagram " c.—=¢. ") stresses and strains.

The destruction of beams with small (a/d=1) landslides was accompanied by further opening of
previously formed inclined cracks and rupture of closed carbon fiber shirts on the side faces.

Reinforcement of normal sections is recommended to be designed for cases of achievement of
characteristic stresses in the stretched rod reinforcement with the subsequent rupture of external
FAP—FRP reinforcement without destruction of the compressed zone of concrete.

The resulting transverse force in the inclined section of the beam consists of the transverse
forces perceived by the concrete of the compressed zone above the top of the dangerous inclined
crack, composite reinforcement crossed by the crack, clamps or canvas with FAP—FRP.

The method of determining the load—bearing capacity of inclined sections of unreinforced
concrete beams reinforced with NCA—FRP is described in previously published works of the
authors.

The bearing capacity of the ULS—supported support sections of beam structures reinforced
with FAP—FRP materials should be determined, first of all, by the action of the bending moment on
the critical inclined crack.

Keywords: calculation of damaged concrete structures with non—metallic composite
reinforcement reinforced with external fiber—reinforced plastics, according to the first group of limit
states, under the action of low—-cycle step—increasing load.

OCOBEHHOCTHU JE®OPMUPOBAHUAA, PASPYIIEHUA U PACYETA
IHOBPEXJIAEHHBIX BA3ZAJIbTOBETOHHbBIX BAJIOK, YCUJIEHHBIX
YIUVIEVIACTUKOBBIM ITIOJIOTHOM

'Kapmiok U.A., X.T.H., JOIEHT,

irina.carpyuk@gmail.com, ORCID: 0000—0003—3437—5882

" Ooeccras 2ocydapcmeennas akademus cmpoumenscmea u apXumexnypo
yn. Juapuxcona, 4, r. Oxnecca, 65029, Ykpanna

AHHoOTanus. B cratbe npencraBiieHbl Pe3yibTaThl UCIBITAHUS TOBEJECHHBIX B MPEABIAYIINX
uccnenoBanusx a0 mnpeaenbHoro (ULS) cocrosiHus OeTOHHBIX 0anok ¢ 0a3nbTOIUIACTHKOBOM
apmarypoii (BFRP), ycunennsix yriemnactukosiMu nosioTHaMu (CFRP). Ycranosnen xapakrep ux
nepOpMUPOBAHUS, Pa3BUTHI TPEIIUH U Pa3pYIICHHS, UCTIONB3YEMbIX B Oasikax ¢ 6onbimMm (a/d=3) u
cpennuM (a/d=2) mponeramMu COBUTa COOTBETCTBOBAJIO HAIpPSHKEHHO — AeQOPMUPOBAHHOMY
COCTOSIHMIO  TMOYTH  cOaJaHCHPOBAaHHOTO  HOPMAJBHOrO  MorepeyHoro  cedeHus. OHO
XapaKTEepPU30BajIOCh JOCTH)KEHHUEM BO BHELIHEM YIVICILUIACTUKOBOM CJIO€ YCHJIEHHUS MPEAEIIbHBIX
neopmanuii ¥ HampsUKeHUH paspbiBa, a B CXKAaTOM 30HE OETOHAa —HAa HUCXOIAIIEM YyYacTKe
JTUArpaMMBbl «Gec—Ec».
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Paspymenue 6anok ¢ mameimu (a/d=1) mposieraMu caBUTa COMPOBOXKAATIOCH JaTbHEHIINM
pacKkpbITUEM paHee OOpa30BaBIIMXCS  HAKIOHHBIX TPELIMH M  Pa3pblBOM  3aMKHYTBIX
YIJIEIUIaCTUKOBBIX pyOalliek Ha OOKOBBIX IPAHSX.

VYcunenne HOpMaJbHBIX CEUYEHHMM PEKOMEHIYETCsl MPOEKTUPOBATh HA CIIy4Yau JTOCTHUKEHUS
XapaKTEPUCTUYECKUX HAMNPSDKEHUM B PACTAHYTOM CTEPKHEBOM apMmaType ¢ IOCIEAYIOIIHUM
paspbeiBoM HapyxHO# apMatypsl DAII—FRP 6e3 u ¢ pa3pymieHuem cxaToit 30HbI OETOHA.

PesynpTupyromias nonepeyHasi Cujia B HAKJIOHHOM CEYEHUU OajlKh COCTOUT U3 MOMEPEUHBIX
CHJI, BOCIIPHHHMAEMbIX OETOHOM CKaTOM 30HBI HaJ BEPUIMHOW ONAaCHOW HAKJIOHHOM TpPELIUHBI,
KOMIIO3UTHOM apMaTypoH, MEpeceKaeMOl YKa3aHHOW TPEIMMHOM, XOMYyTaMU WM IIOJIOTHOM C
OAII—FRP.

Metoauka omnpeneneHuss HECYHIe CIOoCOOHOCTH HAKJIOHHBIX CEYEHMH HEYCHJIEHHBIX
O0eToHHBIX 0anok, apmupoBaHHbIx HKA—FRP, onncana B panee omyOJIMKOBaHHBIX TPYJaX aBTOPOB.

Hecymyto crnocoOHOCT n0OBelneHHBIX 10 TpaHuuHoro cocrosiHus (ULS) mpuonopHbix
Y4acTKOB OaJKOBBIX KOHCTPYKIUH, ycrieHHbIX Matepuaiamu OAII—FRP, caexyer onpenensars, B
MEPBYIO OYEpe/Ib, Ha ICUCTBUE U3TMOAIOIIEr0 MOMEHTA MO KPUTHYECKON HAKJIOHHOW TPEIINHE.

KiroueBble cjioBa: pacyeT MOBPEKICHHBIX OCTOHHBIX KOHCTPYKIUN C HEMETATTMYECKON
KOMITO3UTHOW apMaTypoi, yCUIICHHBIX BHEITHUMHU (PUOPOApPMHUPOBAHHBIMY TUTACTUKAMH, IO TIEPBOMA
IpylnIe MpeAesbHbBIX COCTOSHMM, MO JEHCTBUIO MAJOLMKIOBOW CTYNE€HYaTOBO3PACTAOLICH
Harpy3KHu.
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AHoTanis. Ha miacraBi mpoBeAeHUX HATYpHHX [OCTIKCHb Ta BHU3HAYCHHS IMapaMeTpiB
HaIpy>XKeHO-1e(hOPMOBAHOTO CTaHy, a TAKOXK XapaKTepy poOOTH 3aTi300€TOHHUX JIBOTABPOBUX KOJIOH,
MOUIKO/DKEHNX Y TIpoleci eKCIUTyaTarii Ta B XOoAi OOHOBHX [iif, CTBOPEHO 3araJbHy METOIUKY
BU3HAUCHHS 3aJIMIIKOBOI HECYYOl 3/IaTHOCTI €IEMEHTIB. Y CTaTTi HABOAUTHCS METOAWKA BH3HAYCHHS
3aJIMIIIKOBOI HECYYOi 3[JaTHOCTI MOIIKOPKEHUX CTUCHYTHX 3aJ11300€TOHHUX KOJIOH 3 TOIIKOKEHHIM
M7 KyTOM, KOJH (DPOHT MOIIKO/KEHHsS HE TapajeIbHUN OHIM 3 TOJIOBHHX OCEH mepepidy Ta
MIOCHJICHHSIM CTaJIEBOIO 000HMOIO.

3anporoHOBaHO TIEPEAYMOBH PO3PAaXyHKY MOIIKOKEHUX 3aJIi300€TOHHUX JBOTABPOBUX
KOJIOH: IPUHMAETHCS TiMoTe3a MIOCKUX Mepepi3iB; HANPYKEHHS y CTUCHYTIN 30H1 PO3MOIUISIOTHCS
PIBHOMIPHO 3 1HTEHCHBHICTIO 7]fc¢; HalpY>XEHHS B apMaTypi MPUHMAIOTHCS 3aJICKHO BiJl BUCOTH
CTHCHYTOI 30HU OETOHY, 3yCHJIJIS B PO3TATHYTIH 30H1 CIPUHMAIOTHCS apMaTypOIO 1 MPUIMalOTHCS HE
OUTbIIIE 3a PO3PAXYHOK PO3TATYBAaHHs f;; poOOTa pO3TATHYTOr0 OETOHY HE BPaXxOBYETHCS,
NPUUMAETHCS YMOBA MapaleIbHOCTI CHIIOBUX TUIOMIMH (TUTOLIMHA i1 30BHILIHIX Ta BHYTPILIHIX CHII
30iraroThCs a00 mapaiesibHi 3aJIeXKHO BiJl pO3paXyHKOBOT'O BUITAJIKY); BpPaXOBYETHCS 3HUKEHA HECyda
3IaTHICTh OTOJICHUX apMaTypHUX CTPUXKHIB; ()POHT YLIKOJDKEHHS — mpsMa JdiHis. ['iaku oboiimu
TIOCUJICHHST BPaXOBYIOThCS SIK JJOJJATKOBA apMaTypa.

CknazneHo piBHAHHS piBHOBaru. [Iporno3uiii, BUKIAeHi y CTaTTi, IPYHTYIOTbCS Ha OCHOBHUX
MIOJIOKEHHSIX YNHHUX HOPM Ta PO3IIUPIOIOTH chepy iX BUKOPUCTAHHSI.

3ampornoHoBaHa METOAMKA BH3HAYEHHS 3aIMIIKOBOI HECY4ol 3/JaTHOCTI 3ai300€TOHHHMX
CTHUCHYTHX €JIEMEHTIB TaBPOBOTO MPOQLII0, TOMIKOHKEHNX Y TPOIEC eKCIUTyaTarlil Ta IMiICHICHUX
CTaJIEBOI0 OOOMMOIO € CTaTUCTUYHO OOIPYHTOBAHOIO Ta JOCTOBIpHOIO. Lle 103BOMIsIE pO3paxyHKOBUM
METOJIOM BH3HAUNUTH MOJIMBICTB TIOJATBINOT Oe3aBapiifHOT eKCIUTyaTallii KOHCTPYKIIIH.

CTBOpEeHO cHUCTeMy piBHSHb, L0 BPaxOBYIOTH YCIO PI3HOMAHITHICTH (GOpM Ta po3MipiB
MIOTIEPEYHOTO TIepepi3y eIeMEHTa B IIJIOMY, (POpM Ta po3MipiB CTHCHYTOI 30HH OeToHY. JI0CTOBIpHICTh
IIUX TPOIO3ULIH MiATBEpPKEHA MIISIXOM 3ICTAaBJICHHS 3 JTAHUMH, OTPUMAHUMH €KCIEPHMEHTATbHIM
IUIIXOM, Ta CTaTUCTHYHOK OOpOOKO0 Takoro 3ictaBieHHs. KoedimieHT Bapiamii BiIXWICHHS
cranoButh 0,125.

KurouoBi cioBa: 3ami300€TOHHI KOJOHH, JIBOTaBPOBUU Iepepi3, MOIIKOHKEHHS, CTajeBa
00oiiMa, METOIMKA PO3PAXYHKY, 3aJIHIIKOBA HECyYa 3/1aTHICTb.

Beryn. 3amizo0eToH, Sk Martepiall, IIMPOKO BHKOPUCTOBYETHCS B OyaAiBEeNbHIN ramysi,
0COOJIMBO Ui BUTOTOBJICHHSI CTHCHYTHX €JIEMEHTIB, J€ HAHKpalIMM YHHOM PEalli3yIOThCS HOTO
nepeBard. B mporieci ekcrutyarariiii, yepe3 MexaHiuHi MOMKOKEHHs (0COOIMBO — B X011 OOHOBUX
Jiii) 3a11300€TOHHI KOHCTPYKITIT 3a3HAIOTH MONIKOKECHB, 10 3HUKYE TTOKA3HUKN €KCIUTyaTamiiiHo1
NPUIATHOCTI KOHCTPYKIIIN Ta MOXKE CIPUATH MEPEXOY B TipIINil TeXHIYHMA cTaH [1].

Haii0imp11 mommpeHnMH MONIKOKEHHIMH 32113006 TOHHUX KOHCTPYKIIIH €: KOpo3ist po0oyoi
apMaTypu (3MEHIIEHHS IUIONII ii MOMEPEeYHOro Inepepizy oOpHUB YaCTUHHU CTEPXKHIB MO3IO0BKHBOT
Ta/ab0 ToTepeyHOoi apMaTypu B CTUCHYTUX €JIEMEHTA, 110 3MEHIIYE CTIHKICTh CTUCHYTUX CTEPKHIB,
pyiHYBaHHS (MexaHiyHe a0 XiIMiYHE, B TOMY YHMCII 1 AUHAMI4YHE — B X0/ 00HOBUX Jiil) YacTUHH
MTONIEPEYHOT0 Mepepizy OeToHy.
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JlocnipkeHHsIM poOOTH TMOLIKOKEHUX Y TPOLECci eKCIUTyaTalii CTHCHYTUX OCTOHHHX Ta
3aJ11300€TOHHUX KOHCTPYKI[H IPUCBSYCHO YUMaJIo poOiT, Hampukian [2].

OnHak, 1BOTaBpoBUiA PO ik (K HAMOLIBII CKIIaHUH Ta 3aralbHUI) CTUCHYTUX €JIEMEHTIB B
pakypci BUZHAYCHHS 3aJIUIIIKOBOT HECYUOl 3JJaTHOCTI 3a11300€TOHHUX €JIEMEHTIB, MOIIKO/PKCHUX B
Mpoleci eKcIuTyarailii, Ha nanuil yac mManogociipkeHuit [3]. [TomkopKeHHs Y BUTIISIT 3MEHIIICHHS
TJI0MI TIepepi3y poOovoi apMaTypu MOXKHA MPSMO OIIIHUTH B PO3pPaxyHKY, TO PEKOMEHAIT 11010
BpaxyBaHHS BTPAaTH YaCTHHH JIBOTABPOBOTO Iepepidy BIACYTHI B HAyKOBiii Ta HOpMaTHBHIN
JiTepaTypi.

Haii6inbm ehekTMBHEM 1 IMIBUAKUM METOJOM IIJICUICHHS MOIIKOKEHUX 3aTi300€TOHHHX
KOJIOH € BCTAHOBJICHHS CTaJIeBUX 000iM 0e3 OeTOHYBaHHS MOIIKOIKEHOTO Tepepi3zy 0eTony. OmHak
B [IbOMY BHWIIAJIKy TOCTAa€ MUTAHHS BU3HAYCHHS 3aJMIIKOBOI HECYYOi 3aTHOCTI MOIIKOIKEHOTO
MONIEPEYHOT0 MepePi3y 3 BpaxyBaHHSIM POOOTH JTOJATKOBOI apMaTypu 000HMHU.

Uunni OyniBenbHi HOpMHU [4, 5| HE MalOTh JKOMHUX PEKOMEHIAIIM MI0JI0 OIiHIOBAHHS
3QJIMIIKOBOI HECy4oi 3AaTHOCTI 3ali300€TOHHUX KOHCTPYKIIH, IOIIKO/KEHHX B IPOIIeCi
eKCIuTyararii. SIKIo MOIIKOKEHHS y BHUIVIAAI 3MEHILICHHS IUIOUI Tepepidy pobodoi apmarypu
MOKHa IpPSIMO OLIIHUTU B PO3paxyHKy [6], To pekomeHpauii I010 BpaxyBaHHS BTpaTH YacTHHU
JIBOTaBPOBOTO TEPEpi3y Ta MiACHIEHI CTaJeBOK OOOWMOIO BiJICYTHI B HayKOBiM Ta HOPMATHBHIM
JiTepaTypi.

AHnani3 nociaimkeHb i myOaikamiii. B xomi miTeparypHOro aHaiizy BCTaHOBJICHO, IO
0COOJIMBOCTI BIUIMBY CKJIQJIHOTO HAaBaHTAXCHHS (KOCHH TIO3allEHTPOBUM CTHUCK) Ha poOOTYy
3a11300€TOHHMX KOHCTPYKIH Ta BIUIMB HA HUX OTOYYIOUOTO CEpeOBHUINA PO3IIIIATHCA B poOOTax
OaraThox mociimHukiB. OCHOBOIO € nociimpkeHHs nmpodecopa Topsauka M.C. Ta ioro yuHiB [7]. Ane
po0oTa KOCOCTHCHYTHX €JIEMEHTIB, €KCIIEHTPHUCHUTET B JIBOX IUIONIMHAX Y SIKHX BUHHUK HE BiJ
HassBHOCT1 €KCIIEHTPUCHUTETIB B IBOX HANPSIMKAaX, a B pe3yJIbTaTi MONIKOHKEHHS KOJIOH 110 BUCOTI Ta
3MiHH MTOJIOKESHHSI TOJIOBHUX OCEH B MOIIKOKEHOMY Tepepisi.

JlocuTh ACTAIbHO BHBYEHA POOOTa apMaTypHOi CTaimi B 3a1i300€TOHHUX €JEMEHTaX, IO
eKCIUTYaTyIOThCS, Ta MPOLIeCH 11 Jerpajaaliii BIpoJoBXK eKcruryaTaiii [8, 9]. BusnaueHi 3aexHocTi
JerpayBaHHs CTall 3aJI€KHO BiJl KJacy CTaji, YMOB €KCIUTyaTallli Ta BHUJY HaIPy>KEHOTO CTaHy
CTEPIKHIB.

Meroau OIIHIOBaHHS TEXHIYHOTO CTaHy KOHCTPYKIIM 3ai300€TOHHUX KOHCTPYKIIH depe3
BU3HAYCHHS 3aJMILIKOBOI 3[aTHOCTI po3po0iieHi a0 Ha OCHOBI ICHYIOUHX MPOTrPAMHUX KOMIUIEKCIB,
YU aHATITHIHUMH 3aJISKHOCTSMH, ajie BOHU HE MIATBEPKEHI ekcriepuMeHTanbpHo [10-12].

[IpakTH4yHO BiACYTHI JaHi WIOAO BIUIMBY IMapaMeTpiB TaBPOBOTO IOMEPEYHOTO Mepepizy
3113006 TOHHUX KOCOCTHCHYTHX KOJIOH (ITOIIKO/KEHUX B IPOIEC] eKCILTyaTallii) Ta MiJICUIICHUX
CTaJleBUMHU 00OWMaMM Ha X 3aJMINKOBY Hecydy 3AaTHicTh. Jlocminu [3] AO3BOMWIM BUBYUTH Ta
omucaTH PoOOTY CTUCHYTHX 3alli300€TOHHUX KOJIOH JBOTAaBPOBOTO IIOMEPEYHOr0 TMepepi3y 3
MOIIKO/PKCHHSIMH, aJie B pOOOTi HEe HaBEJICHAa METOIMKA BU3HAUYCHHS 3aJIUIIIKOBOI HECYYOi 31aTHOCTI
MIJCWICHUX TOMIKOJDKEHUX KOJIOH, fKy MOKHa Oyno © BHUKOPHUCTOBYBAaTH B TMPAKTHUYHUX
pO3paxyHKax.

[Tincunenns craseBumMu oo6oriMamu (puc. 1) CTUCHYTHX 3a11300€TOHHHX €JIEMEHTIB € JIOCUTh
epexTuBHUM [13], ane norpelye yacy Ha TBEpAIHHSI PEMOHTHOTO OETOHY B MiCIli OLIKOKEHHS. Sk
EKCIIPeC METO/I IMICKJICHHSI MOKe OyTH PEKOMEHIOBAaHO YCTAHOBKY 000WMH 0€3 3aMOHOIIIyBaHHS
30HU TOMIKOKEHOTo OeToHy. OHAaK, BU3HAYCHHS 3aJUIIKOBOI HECY4YOi 3JaTHOCTI MOIIKOKEHUX
3a711300€TOHHHUX €JIEMEHTIB, ITiICUICHUX CTaJCBUMH 000OMMAaMH B TaHUH Yac HEMOKIIMBE.

MeTta UbOro J0CHiIKeHHSI — PO3POOJCHHS METOJMKH BH3HAUCHHS 3aJMIIKOBOI HECY4Oi
3IaTHOCTI 3alli300€TOHHUX CTHCHYTHUX €JIEMEHTIB JIBOTABPOBOrO IIOMEPEYHOrO Iepepizy MIpH
MOIIKO/KEHHI MMiJI KyTOM Ta MiJCHJICHHUX CTaJeBUMM OOoiMamH, ska 06 0azyBajiach Ha OCHOBHHX
MOJIOKEHHAX YMHHHUX HOPM Ta pO3BHUBajia iX Jil0 Ha poOOTYy KOCOCTUCHYTHX IiJCHJIEHUX
3a1i300€TOHHUX €JIEMEHTIB.

Marepiasun Ta Meroauka AocjigxeHHsi. Po3poOka Ta ampoOariii TOCTOBIPHOCTI METOIUKH
BU3HAYEHHS 3aJIMIIKOBOI HECY4YOi 3AAaTHOCTI 3ai300€TOHHUX CTHCHYTUX EJIEMEHTIB JIBOTaBPOBOTO
MOTIEPEYHOTO TIPOGITIO, MOMIKOKEHUX B MIPOIIEC] eKCIUTyaTallii, BAKOHYBaJIaCh Ha TiICTaBl HATYPHHUX
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Puc. 1. IligcuneHHs KOJIOHN METaJIEBOIO 00OWMOIO: a) — B TIEP10 MOHTaXKY; 0) — TPOEKTHE
MOJIOXKEHHS; 1 — KOJIOHA; 2 — PO3MIPKH 13 KYTHKIB Ta IJIAHOK; 3 — HATSOKHI MOHTaXH1 OOJITH;
4 — 3’eIHYBabHI MIIAHKK; 5 — YIIOPHI €JIEMEHTH

BUNIPOOYBaHb 15 MOCHIAHMX KOJIOH, BHUKOHAaHMX 3 OeroHy kiacy C25/30 Tta 3a apMoBaHHMX
NPOCTOPOBUMHU B'I3aHMMH  Kapkacamu 3 poOodoio apmaryporo 4 @12 mm kmacy A400C Ta
MOTIEPEYHUMH CTEPXKHAMHU (XOMYyTaMH) 3 apMaTypu kiacy A 240 O 6 mm. Kononu 3aBaHTaKyBasncs,
SK TIO3AIICHTPOBO CTHCHYTI €JIEMEHTH 3 IIApHIPHUM OOMMpPaHHSIM KiHIIB B TiIpaBIiyHOMY Ipeci B
nabopaTopHux ymoBax. [leTanbHO METOAMKAa NMPOBENEHHS HATYpHUX Ta YUCEIBbHUX JOCIHIJKEHb
BUKJIaJieHa B poboTax [3].

AHaITHYHI PO3pPaxXyHKOBI 3aJ€KHOCTI IJii BU3HAYEHHS 3aJMIIKOBOI HECY4YOl 3/aTHOCTI
CKJIaJieHI Ha OCHOBI 3arajJbHONPHUHATUX a00 OOIPYHTOBAaHMX MEPEIYMOB Ta JOMYILICHb.
JIOCTOBIpHICTh METOJIMKH OOIPYHTOBYETHCS TUIAHYBAHHIM €KCIIEPUMEHTY Ta XOPOIIO 301KHICTIO
OTPUMAHUX TEOPETUYHUX PE3YNIbTATIB 3 HATYPHUMHU BUIIPOOYBAHHSIMH.

Pe3yabTaTu gocaigxenHsi. Ha migcrasi npoeaenux [3] HaTypHHUX BUIIPOOYBaHb i 0OPOOKH
OTPUMaHUX PE3yJbTATIB yJaJloCcs MPOAHANI3yBaTH MapaMeTpu HANpPYKEeHO-Ae()OPMOBAHOTO CTaHy
JIBOTABPOBHUX 3a1300€TOHHMX KOJIOH B TEpepi3i 3 IMOIIKOHKCHHSIMHU Ta C(HOPMYITIOBATH OCHOBHI
MepelyMOBH PO3PAXyHKY 3aJTUIIKOBOI HECYYOi 31aTHOCTI.

[Ipu posrmsani po3paxyHKoBoro mepepizy (puc. 2)

y, CTEpKHEBA apMaTypa po3risiianacs B KOMIUIEKCI 3 JKOPCTKOIO

(3 BIAMOBIIHUMH XapaKTEPUCTUKAMH MIIIHOCTi), TOOTO

As, As As, As, KOpPCTKa apMarypa IPpUBOJAUIIACH 10 THY4YKOi. Takum 4uHOM

e S 3TiIIHO PHUC. 2 B KOXKHOMY KYTi Tepepidy po3TalloByBajdach
752 d apMarypa:

! 1~ As = Ag, + A, fde/fyd.. (1)

Po3paxynok 3aI1i300€ TOHHUX OyaiBeTbHUX
KOHCTPYKITIM 3a HECyd4ol 3/IaTHICTIO YWHHI HOpMH [5]
periIaMeHTYIOTh ~ BHUKOHYBAaTH  BpaxoBYIOUH  (i3UYHY

L) ® X ceu .
g HEJHIWHICTh POOOTH OETOHY 3a peajbHOI0 Jllarpamoro

As, As, As, As, nepopmyBaHHS  €-G6. MeroaMka — poO3paxyHKy, IO
MpeAcCTaBiIeHa B JaHId  poOOTi, TPOMOHYETHCS IS
3aCTOCYBaHHA B SKOCTI  TEPEBIPHOTO  PO3PaxXyHKY
MOLIKO/KEHUX JIBOTABPOBUX €JIEMEHTIB, TOOTO, MOXKIIMBE
3aCTOCYBaHHS CIIPOIICHOI IPSIMOKYTHOI €MIOPH PO3MOIITICHHS
HaIpy>KeHb 10 TUIOIII CTUCHYTOI 30HH. Taka mepeaymMoBa JOMYCKAaeThesl (hOPMOIO TIepepi3y Ta He
cynepeunts 1. 3.1.7.2 [5].

ITonoxkeHHs HEUTpaIbHOI JiHIT TP KOCOMY MO3alleHTPOBOMY CTHCKY BU3HAYA€THCSI BUCOTOIO

Puc. 2. Po3zpaxynkoBuii nepepis
MMICHJIEHO] KOJIOHU
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CTHCHYTOI 30HH X Ta KyTOM HaXWiIy HelTpanbHoi miHii y. [Imockuii mo3aneHTpoBU CTUCK € OKPEMHUM
BHUIAIKOM TIpU sikoMy Y=0, BHUpIIIEHHS 3a/1adl CIPOIUIYEThCS, OCKUIBKK Biamazgae HEOOX1JIHICTh B
MOIIYKY OJHI€T 3 HEBIIOMUX BEJIMYMH, a HEHTpalbHA JIiHISA MapajelibHa OJHIA 3 TOJIOBHUX OCEH
nepepizy. AHaM3ylO4Yd Pe3yJbTaTH, OTPHUMaHI MpH BUIPOOYBAaHHI IMONIKOHKEHUX JIBOTABPOBUX
3pa3KiB, poOMMO BUCHOBOK, II0 HEHTpasibHa JIiHIs MOXeE Jemo po3BepTratucs. Po3Bopor meit Moxe
OyTH y CTOpOHY 301JIBIIICHHSI YM 3MEHIICHHS KyTa Y, 10 3aJICKUThH Bij CHiBBIAHOIIEHHS PO3MipiB
nepepizy, Kyra HaXujly CUJIOBOI IJIOLIMHU 1 PO3MIIIEHHS apMaTypH 1o nepepizy. Lle moscHioeTbes
THM, 1110 BHYTPIIIHS CHJIOBA IUIOIIMHA, SIKa MIPOXOJUTh Yepe3 TOUKU MPUKIIAJAaHHS PIBHOMAIIOUHX B
pPO3TATHYTIl apMaTypi, piBHOJII0OYA CTHCHYTOrO OETOHY Ta apMaTypH Ta TOYKa MPUKIIaJaHHSI
30BHINIHKOI CHJIM MPU KOCOMY ITO3AaIlEHTPOBOMY CTHCKY JIeXaTh Ha OnHIM mpsmii. [lepemymoBa
3a0e3neuyeThCsl  BIAMOBIIHUM TOJIOKEHHSAM HeWTpanbHOi JiHil. B Xxomi maboparopHoro
BHUMPOOYBaHHS MONIKOKEHUX JIBOTABPOBUX 3pPa3KiB Ta 3 Bi3yai3allii, OTpUMaHUX MPH PO3PAXYHKY
B 1K «Jlipa CAIIP» BusiBI€HO, 10 HEUTpaJbHa BiCh Ma€ BUTJIS MPSIMOI.

Po3paxyHOK eneMeHTiB, IO MPaIlol0Th Ha KOCHH IMO3aIleHTPOBHM CTHUCK Y 3araJibHOMY
BUIIA/IKY PEKOMEHY€EThCS [5] BUKOHYBATH 32 YMOBHU HapalieIbHOCTI CHIIOBUX IUTOIKH. L{e o3Hayvae,
10 TOYKA MPHUKJIAAaHHS 30BHINIHBOI CHJIM, PIBHOII0YA CTUCHYTHX 3yCHJIb y OETOHI Ta apMatypi 1
PIBHOJII0YA 3yCUIIb Y PO3TATHYTIN apMaTypi MOBUHHI JIEKaTH HA OIHIN IpsAMIH.

[Ipu BUKOHAHHI pO3paxyHKY HEOOX1THO TAKOXK BpaxyBaTH OroJieHICTh apMarypH [2, 3]. OnHak,
npu 3a0e3MneyeHH] HaliiHOTO 3’€JHAHHSA OTrOJEHOI apMaTypH 3 KOPCTKOIO apMaryporo (KyTHKOM
o0oliMH) 3 KpOKOM He MeHme Hixk 20 miamMeTpiB THYYKOi apMaTypu, 1€ 3HKEHHS MOXXHA HE
BpPaxoOBYBaTH

B meromuili BpaxoBYyIOThCS peKkoMeHmaIli [5] BIIHOCHO OOMEXEHHS IIMPHHHU TTOJHYKH:
3HA4YeHHS b e, sIKE BBOAUTHCS Y PO3PAXYHOK, IPHUIMAETHCS 32 YMOBH, 110 IIMPHHA 3BiCIB MOJUYKH B
KOJKeH OiK BiJ] peOpa moBUHEH OyTH HE O1IbIIe HIXK 1/6 MPOIHOTY IIBOTO €JIEMEHTA 1 TPH KOHCOIBHUX
3BiCax MOJIMYKHU HE OiIbIIe HikK:

1. h'r > 0,1h — npuitmaemo 6h's;

2.0,05h < h'r < 0,1h — npuitmaemo 3h'%;

3. h'r < 0,05h — 3BicH HE BPaxOBYIOThCH.

B naniii ctaTTi po3risgaeTbes poOoTa KOHCTPYKIIHM 3 TOMIKOMKEHHSIMH TepPEPi3y MM KyToM
(puc. 3).

[TpuiiMaeMoO OCHOBHI MIEPETyMOBHU PO3PAXYHKY Ta JIOMYIICHHS:

1. [IpuiiMaemo rinoTe3y MIOCKUX Mepepi3iB: mepepizH, IO PO3TISIAIOTHCS, MIIOCKI 1 HOpMasbHi
710 0C1 KOJIOHH, tehopmartii 3aMuIIaroThCs INTOCKUMHU 1 HOpPMAJTbBHUMH JI0 11 0¢i 10 1 micis aedopmartii,
a 3a BUCOTOIO Tepepizy nedopMarlii 3MiHIOIOTHCS 32 JTIHIHHOIO 3aJIeKHICTIO.

2. Hanpy>keHHsI B CTUCHYTIH 30H1 pO3MOAUIAIOTHCS PIBHOMIPHO 3 IHTEHCUBHICTIO 7 f 4.

3. HanpyxeHHs B apMmarypi NPHIMAaIOTHCS 3aJ€KHO BiJl BHCOTH CTUCHYTOI 30HH OETOHY.
3ycuiuIsl y pO3TATHYTIN 30HI CIPUMMAIOTHCS apMaTyporo 1 He OLIbII 32 pO3paXyHKOBHI CIPOTHB
PO3TATHEHHIO f.

4. PobGoTa po3TSIrHyTOro 6€TOHY HE BPaXOBYETHCS.

5. IlpuitMaemMo yMOBY TTapasieIbHOCTI CUJIOBHX IIJIOLIUH: MJIONMHA i1 30BHIIIHIX 1 BHYTPIITHIX
CHJI CITIBIIQJAI0Th a00 MapasenbHi 3aJIeXKHO Bij] pO3PaXyHKOBOTO BUIIAJIKY.

6. BpaxoByemo OrosieHHs: apMaTypHUX CTPHIKHIB Oy, (38 HEOOXIHOCTI).

7. BBOIATHCS MOHATTS NOUIKOJHKEHHS i KyToM. OPOHT MOIIKOKEHHS — MPSIMa JIiHiA.

Po3paxyHOK IBOTaBpOBUX €JIEMEHTIB HEOOXITHO MOYMHATH 3 MOCTAHOBKH METH PO3PAXYHKY,
300py BUXIIHUX JaHUX, aHAJII3y FreoMeTpii nepepisy Ta TOUYKU MPUKIIaIaHHs 30BHIITHBOT CUIIH.

Sk BimoMo, pyiHYBaHHSI KOCOCTUCHYTHX €JIEMEHTIB 32 HOPMAJIBHUM Iepepi3oM BiI0OyBa€eThCA
3a BIOMa CXEMaMH: 332 PO3TATHYTOIO apMaTypolo, KO MOTeYyTh yci a0 OLIBIIICTh PO3TATHYTHX
CTPYIKHIB 1 32 CTHCHYTOIO 30HOI0, KOJIM PYWHYBAaHHS TTOYMHAETHCS 31 CTUCHYTOrO Oetony. [lepury
CXeMy pYHHYBaHHS MH MOXKEMO MOOAYUTH y BHUIAJKY BEIUKHX E€KCLEHTPUCHTETIB, IPYry — IpHu
MaJIMX €KCLEHTPUCUTETAX.

VY BUMAJKy MOIIKOKCHHS MiJ] KyTOM € JIEeKUIbKa BapiaHTIB MOJOXKEHHS HEHTpaIbHOI JiHii.
HetitpansHa ninist Oyze mijg KyToM, BIIMIHHAM BiJl KyTa MOMIKOKEHHS, TOOTO, CTUCHYTA 30Ha MOXKE
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BKJIIOYATH B c001 YacTUHY 1 pedpa, 1 mosnku. MoxxiauBo 0arato BapiaHTiB (pOpMU CTUCHYTOI 30HU, IPU
po3paxyHKy OyaemMo 3amaBaTHCS HAWOUIbII WMOBIPHMMH, a Yy BHIAAKYy, SKIIO pe3yJabTaTh
po3paxyHKy He OyayTh 3aq0BOJIBHATH HammMm obmexeHHsM (N>0, x>0, x<h,+ths;—B pedpi,
x> h,+h;—B 1onIi)HEOOX1THO TEeperIaHyTH (GOPMY CTHCHYTOI 30HHM 1 MOBTOPHTH PO3PAaXyHOK 3
HOBOIO Miomiero. KyT Haxuiay HEWTpanbHOI JIiHII, Ha BiAMIHY BIJl PYWHYIOUOi CHJIM 1 BUCOTH
CTHCHYTO1 30HH, MOX€e OYTH BiJl’ EMHHM, 1[I0 O3HAYAE 110 KYT Y BIIPAaXOBYEMO B POTHUIICKHY CTOPOHY
BiJl IPUIHATOTO HATIPSIMKY.

a) 0)
Y Y

bl bls
b )

1
S NN
Y

o’ \4.| LRARD) oy
L] Lo

Puc. 3. MoxJ1Bi BapiaHTH MOJIOKEHHS HEUTPAIBHOI JTiHIT B €IeMEHTaX 3 MOIIKOKSHHSIM ITi]T
KyTOM: a — y pe0pi, 6 — y ot

hy

B
lh.

3

Jlami po3rasaaeThes 1Ba 3 MOXKIIMBUX BapiaHTIB MOJIOKEHHS HEUTPAIBHOI JIiHIT MiJT KyTOM Y: Y
pebpi 1 y momi (puc. 3).

AHani3yeMO TMapaMeTpHu MOUIKOKEHHS JIBOTaBpa, TOUKY NPUKIANAHHS CHJIM, HasSBHICTbH
OTOJICHUX CTPHIKHIB, SIKi HEOOX1THO BPaxXyBaTH Y pO3paxyHKY, 3aJJa€EMOCS IOJI0KEHHIM HEUTPaTbHOT
minii. 71 KOJOH 3 IEHTPaJbHUM CTHCHEHHSIM IMOBIPHIIIMI 32 BCE BapiaHT MOJIOKEHHS Y HUXKHIH
TIOJIIII, 3 €KCIEHTPUCUTETOM — Yy peopi. [lumu nmepeaymoBamu 1 Oy1eMO KOPHCTYBATHUCS Y TIEPIIOMY
HaOJIMKEHI.

Bunanok 1: HeiiTpanbHa JiHist npoxoauTs y peopi. KpiM HEBiToMOT0 pyHHYIOYOTO 3yCHIIISA
Ta CTUCHYTOI 30HU Y 3aJlauax 3 MOIIKOKEHHM i1 KyToM (irypye e oHa BeJIHYnHa — KyT HaXUITy
HeuTpanbpHOi JiHIT Y. ToMmy, UIsi 3HAXOHKEHHS HEBIIOMUX 3HAJOOMTBHCS CKJIACTH TPU PIBHSIHHS.
PiBHSAHHS piBHOBAru 30BHIIIHIX 1 BHYTPIIIHIX CHJI Ha BiCh X (2):

N —fea Ac — Xi=10s1-s4 " As1-s4 = 0; 2)

ne: A, — moma CTUCHYTOl 30HH O0eToHy (puc. 3, a).

[Tnomy A 3HaiiemMo sk CKJIaJeHy 13 IPOCTUX CKIaJ0BUX (QIryp, Ha SKi po30MBAEMO CTUCHYTY
30HY (puc. 4, a):

A = A1+ A, — A3 — Ay, (3)
ae:
Ay = bf - hg; “4)
Ay = b~ (x—hp); (5)
Ay == by-hy; (6)
Ay == b2-tgy. (7)

[TincraBumo (4-7) B (3):
1 I ] 1 1
AC=bf-hf+b-(x—hf)—gbl-hl—zbz-tgy. (8)
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Hanpy>xeHHs y apMaTypHUX CTPUKHAX 3Hai1eMO 3a popmyoro (9):

Oscu w
o = ogin (5 1) ®
) 6)
) ;
A3 A3
2 o ] .

7 " % .
=255 B 9 3
SIS 5 3 4

| = R B

‘ X
Puc. 4. /o Bu3HaueHHs A, Tay, :
a — nmpocTi GIrypH, 3 AKUX CKJIAAAE€THCS TUIOIIA CTUCHYTOT 30HH, SKIIO HEUTpaJIbHA JIiHIS
POXOAUTH Y pedpi, 0 — mpocTi (irypu, 3 IKUX CKIAIAEThCS TUIOIA CTUCHYTOI 30HH, SKILO
HEWUTpaibHA JIHIS TPOXOIUTh Y TOJIITI

Benuuunu h,; (puc. 4, 6) BU3HA4aeMo 13 reoMeTpii nepepizy. Y BUNAAKY, KOJTH HAIIPYKEHHS Y
CTPWKHI JIOPIBHIOKOTb Oy, a00 fy4 (BUNIAIOK OrOJNICHHX CTEPXKHIB ab0 CUIa MPHUKIANEHA 3
EKCIEHTPUCUTETOM) HEOOX1IHICTh y iX BU3HAYCHHI BiAMaae.

OCKUIBKH Ma€ MicIie BUIaJ0K KOCOTO CTHCKY, TO BiJICTaH1 /1,; BiJ] OCEHl IIEHTpa Mac apMaTypHHUX
CTep)KHIB 10 HAaWOUIBII CTHUCHYTOI TOYKM mepepidy OyAyTh HMPOXOAUTH MiJ KyTOM Y. 3HalaeMo
3HA4YeHHS /197-04 3 TEOMETPIi TPUKYTHHUKIB, SIK1 YTBOPHIIHCS.

Benwuuna ho; Bignosinae Binpisky A, F; (puc. 5, a). 3 A A1 B1Cy:

Blcl=a'+§; (10)
a'— 3axucHwMiA map 6eToHy, d — AiaMeTp apMaTypHOTO CTEPKHS.

A1By = ByC; - tgy. (11)

3ALD;K;:
DiK;=b's — by; (12)
ID; = D1 K, - tgy. (13)

Y AAFi L
Aily = @'+5 = ABy + 11Dy; (14)
A F, = Al - cosy. (15)

[TincTaBUBIIM OTPUMYEMO :

hy1 = ((a' + g) — (a' + g) “tgy + (b’f — bl) . tgy) * COSY. (16)

Bucoty hp2 BU3HauaeMo JuIIe y BHIMAJKy HEBEIUKHX 32 PO3MIPOM IOIIKO/DKEHB, SKI He

OTOJIIOKOTh CTPHIKEHD 2, B IHIIOMY BHUIIJIKY IPUAMAEMO HOTO PIBHUM BENMYMHI Oy, . Bemuuuni A2
BiJIMIOBiAa€ Bizpi3ok A, B, (puc. 5, 0).

DG =a’'+5. (17)
3 AA,D,F,:
DyFy = a’ +5—by; (18)
A, D, = DyF, - tgy; (19)
A,Cy = A,Dy + Dy G,y 20)
3 AA,B,Cy:
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Asz = AzCz - COS)/. (21)
[TincTaBUBIIH OTPUMYEMO :

hy, = <(a' + % — bl) “tgy + (a' + g)) * COosYy. (22)
0)

Arp,

Puc. 5. Jlo BU3HaYCHHS BEIUYUH /g;: a — BelIMUnHA /g5 O — BeJIUYUHA /g2, B — BEJIUYUHA /03;
T — BEeJIMYUHA No4

Benuuuna /o3 Bignosigae Binpisky C3F5 (puc. 5, B).

3 AA3B3Cs:
A3By = d'+5; (23)
B3C; = A3Bs-tgy. (24)

3 AI;K;D5:
3Kz = b,f — by; (25)
K3D; = I3K3 - tgy. (26)

3 AC3F5D5:
C3F3 == D3F3 - COS]/; (27)
D3C3 = ho —_ B3Cg + K3D3; (28)
hg=h—a —2. (29)

2
[TincTaBUBIIM OTPUMYEMO:
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, d ,od ,
hoz = ((h —-a - 5) — (a + 5) - tgy + (bf — bl) . tgy) " COSY. (30)
Benuuuna ho4 Bimnosinae Bigpiszky C,D, (puc. 5, r).
3 AA4B,Cy:
ABy =Dy —a —%; 31)
B4C4 == A4B4 - tgy. (32)
3 AR 1LK,:
I4_K4 = b,f - bl' (33)
Fyly = LKy - tgy. (34)
3 AF,D4Cy:
C4D4 = F4C4 * COoSY; (35)
F4C4_ = hO - B4C4_ + F4_I4. (36)

[TizcTaBUBIIM OTPUMYEMO :

, d , d
hos = ((h —a' — 5) - (b’f —a' — 5) - tgy+(b's—by)- tg)/) * COSY. (37)
3anuiieMo piBHSHHS CyMH MOMEHTIB CHJI BIIHOCHO BiCi X, III0 IPOXOUTH 10 30BHIMIHIN IpaHi
nepepisy:
’ d , 0 d
N-e—fea Ac Ve = Xis1051-52 " As1—s2(h — @’ — 5) + Xis1 05354 " Asz—sa(@ + 5) = 0. (38)
KoopannaTy 1eHTpy Mac CTHCHYTOI 30HH Y, BU3HAuuMoO 3a ¢Gopmynoio (39) sk CyKymHy

KOOpAMHATY ckJaaHoi ¢irypu. Po3i0’emMo cTHCHYTY 30HY O€TOHY Ha MPOCTi CKIanoBi (irypu sk
MOKa3aHo Ha pUCYHKY 4, a. [Tmomti A; — A, Bxe Bu3HaueHi y (4)...(7).

_ Ay y1+AyY;—A3Y3—AsYs

Ye = Ay+Ay—Az—A, ’ (39)

hl
y1=h- 7f; (40)

x—h’

ye = h—hy - C2), @1)

h
Y3 =n-— ?1; (42)
Yo =h—x+=2, (43)

[TincraBumo (4)...(7) Ta (40)...(43) B Bupas (39):

! !
h}-b}-(h—¥)+b-(x—h})-(h—h}—(x_z—hf)>—5-b1-h1-(h—7)—%-b2-tgy-(h—x+b't3ﬂ)
Ye = hbl+b-(x—h})—>-bihy—b2tgy :
Ockinbku Ui BUpIIIEHHS 3ajadi HEOOXiTHO 3HAWUTH TPU HEBIAOMI, TO 3alUIIEMO TPETE
DiBHSIHHS — PIBHSHHS CyMH CTATHYHHX MOMEHTIB CTUCHYTOI 30HH 6eTOHY BizHOCHO oci y (51). Moro
MOXKHAa PpO3IJIAAATH 3aBISKA TPHUHATOI TEpeIyMOBH DPIBHOMIPHOTO XapakTepy pO3MOALTY
HaTpyKEeHb.
dopmynoro (39) onucaHo MOJTOKEHHS CTUCHYTOI 30HU OETOHY BIJTHOCHO OCi ), 3a aHAJIOTIEI0
3aMUIIeMO KOOPAWHATY BiIHOCHO OCI X:

(44)

_ A1-x1+A2-xz—A3-x3 —A4-x4 .

Xe = Aj+Ay—Az—A, ’ (45)

by
% =% (46)

bl
Xy = ?f; (47)

, b
X3 = by — ?1; (48)
bk-b p

Xg4 = fT E (49)

[TincraBumo (4)...(7) Ta (46)...(49) y Bupa3s (45):
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1 bq

b
1,1 f 4
hf.bf.7+b.(x_hf).___.bl.hl.(bf_?)_;

2 2

Xe =

hfbf+b-(x—hf)—3b1hy —5-b2-tgy

(ctop. 115-127)

(50)

Takum ynnOM, popmynamu (43) Ta (50) Mu onMcany MOJIOKEHHS IIEHTPY Bard CTUCHYTOT 30HU

Oerony. Uepes 10 KOOPAMHATY MPOBEAEMO TOJIOBHI OC1 XV /CTHCHYTOI 30HU OETOHY

a) 0)
Vi
A
)
;35
N

Vi

b
:36
S

L As

Puc. 6. JIo Bu3HaUeHHs CTATHYHOTO MOMEHTY S, BITHOCHO T'OJIOBHMX OCEH Y1 X;: a —
HeHTpasibHa JIiHIsA TPOXOJUTH y pelpi; O — HelTpabHa JIiHis MPOXOJUTh y MO

ﬁ{“ o o
< b: ’-‘%/AT = b: ﬁ\z g
e T —
xX. | b'rx. Xe | brx. |

[IpaBa i miBa YacTUHU BiTHOCHO OCi y; IOBUHHI OYTH y piBHOBa31
Syl =A1 'x1+A2 * Xy _A3 " X3 _A4'x4_+A5 " Xg _A6'x6 +A7'x7 = O, (51)

Buznaunmo mtonti ckiagoBux ¢Giryp ta ix KOOpAMHATH:

Al == hj,-‘ 'xc;

Ay = (x = hp = (b = (xc = by)) " tgy) - (xc — by);
As =2 (6 — by)? - tgy;

Ay = (bf = xc) - hy;

1
A5=5'b1'h1J

Ag = (bf —xc = by) - (x — hf);
2
A; = % (b — (% — bz)) “tgy;

— xc .
x1 -_ ;,
Xc—by
Xy = _2 5
— 2 .
X3 =37 (xc — by);
br—x
_ “f ",
X4 = —2 ;
RN by
x5 = bf - xc - ?,
b—(x.—b3)
Xe =——
b—(x.—by)
X; = —c 27

3
[TincraBumo (52)...(65) y (51):
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Xc—bz 1

Sy, = hf x5+ (x = hp = (b= (xe = b)) - tgy) - (e = b) - =52 = 5+ (e = b)?

b,_C I / I
tgy -2 (ec—b2) = (bf —xc) - hy -4 3 by - hy - (b = x. = 2) = (bf — xe—by) - (x = hf)

b—(xemby) . 1 2 b—(x.—b
Cebe) |1 ()~ (x, — b))’ - gy - S~ g, (66)

3Bakaroud Ha OO’€MHICTH 3amucy piBHSHHS (66) michs migcTaHoBku Bupasy x. (50),
PEKOMEHIYEThCSI BUKOHYBATH OOUYMCIICHHS CHCTEMH PiBHSIHB (2), (66) 32 JOTOMOT 00 MaTeMaTHYHUX
KOMIUIGKCIB. Y MeXaxX JIaHOi JUCEPTAIiifHOI0 POOOTH Jis CIPOIICHHS TEepeTBOPEHb OyB
Bukopuctauuii K11 Matlab, cuctema piBHAHB pO3B’s3yBajlaCh METOJOM ITOCIIIJOBHUX MPUOIHNKEHD
3a IOMOMOTOI0 aJTOPUTMY, CTBOpeHoro B Microsoft Excel.

VY pesynbTaTi poO3B’SA3KYy CHUCTEMH pIBHSIHb, OTPHUMYEMO IapH KOpEHi, $Ki He0OXiIHO
npoaHaiizyBatd, iXx Moxe Oyru gekinmpka: N >0,x > 0,x < h, + h.  Skmo kopeHi He
3aJJOBOJIbHAIOTH LIUM BUMOTaM, TO HEOOXiTHO 3pOOUTH MepepaxyHOK 3a1adi, 3MIHUBIIHU [IPH [IbOMY
(dhopmy CTUCHYTOT 30HH OETOHY. AHAIOTIYHO OOYUCTIOEMO 3aJTUIITKOBY HECYUY 3/IaTHICTH IS 1HIITHX
MOJIOKEHb HEUTPAIBbHOI OCi.

Cratuctrnuna oOpoOKa BIAXUIICHb €KCIIEPUMEHTAILHUX 3HAUEHB 3aIMIIIKOBOT HECYYO1 3/TaTHOCTI
MOUIKO/DKEHUX eJIEMEHTIB JI0 HeCy4ol 3/1aTHOCTI, BU3HAYEHOI 32 METOJHMKOIO, 1110 IPOIIOHYETHCS, A€
JIOCTaTHHO TOYHHH pE3yJabTaT pO3paxyHKy, TOOTO, MpH BUKOHAHHI MPOCTOTO aJTOPUTMY il
MO>KJIMBO OTPUMATH PYHHYIOUI 3yCHUIUIS UIS IPUHHATTS MOJAIBIIMX PIICHb 11010 MOIMIKOIKEHOTO
€JIEMEHTA.

CepenHbOKBaIpaTUUHE BIAXUICHHS 32 pe3yIbTaTaMHU PO3PaXyHKY CKIIAJo:

0= |- XL, (GER 2z = 0115, (67)

NEKCH NEKCH

(o2
= ’T = 0,125 = 12,5%. 68
v Npoap/NeKcn /0 ( )

BucnoBku. Hecyya 31aTHICTh — OZIMH 3 OCHOBHHUX MOKa3HUKIB €KCILTyaTaIiiHOT TPUIATHOCTI
KOHCTPYKIIi, TOOTO, 3HAIOYM 3HAYEHHS HECY4yoi 3JaTHOCTi, MOXXEMO pPO3paxXyHKOBUM (a He
€KCIIEPTHUM) METOJIOM BU3HAYUTH TEXHIYHUI CTaH OKPEMHX KOHCTPYKIIH, a 3HAYUTh, 1 Oy/IIBIII 4n
criopyau B 1ijioMy. Po3pobnenuii Ta moBeneHuit 10 PiBHS MOKIMBOCTI MPAKTUYHOTO BUKOPUCTAHHS
AHATITHYHUN METOJl BU3HAYCHHS 3aJMIIKOBOI HECY4Ol 3MAaTHOCTI MOIIKOJKCHHUX CTUCHYTHX
3aJ1i300€TOHHUX KOJIOH JIBOTaBPOBOTO TOMEPEYHOTO Tepepily, MiJACUICHUH CTaleBOr 000iMOor0,
SIKUWA 0a3yeThCsS Ha OCHOBHHX ITOJIOKEHHSX HOPM Ta PO3MIMPIOE iX Jil0 Ha pO3paxyHOK HAHOUIbII
CKJIaJHOTO Tepepizy Ta mMerony miacuieHHs. [IpuiiHATI nepeaymMoBH, siKi € OOTpyHTOBAaHUMH a00
3araabHO NpuiHATUMHA. CTBOpPEHA CHCTEMHU PIBHSHB, SIKI BPAXOBYIOTH yC€ PI3HOMaHITTS GopM Ta
PO3MipiB MONEPEYHOro Mepepizy eIeMeHTa B LiIoMy, (OopM Ta po3MipiB CTUCHYTOI 30HU OETOHY.
CmiBcTaBieHHS pe3y/ibTaTiB aHAJTITUYHOTO BHU3HAYCHHS 3aJUIIKOBOI HECydoi 3/IaTHOCTI 3
OTPUMAaHUMH B XOJl CTaTUCTHYHO JIOCTOBIPHOTO EKCIIEPUMEHTY IOKa3aB J1o0py 301KHICTh
BIIXWJICHHS IMX BEJIMYWH (B1ICOTOK Bapiaiii ckiaB 12,5%, 1110 1a€ OCHOBY J1J1si pEKOMEH1allii METOTy
PO3PaxXyHKY JJI IPAKTUIHOTO BUKOPHUCTAHHS.

Ha miacTaBi BU3BHAUE€HOTO TEXHIYHOT'O CTaHY MOKHA TPUIMATH apryMEHTOBaHI (PO3paxyHKOM )
pIIICHHS MO0 MOMAAJBINOI eKCIUTyaTarii OyIiBellb: PEeMOHT, IMiJCUJICHHS, JEMOHTaXX abo, HaBITh
HEBKHUTTS J)KOJHUX 3aXO/IiB.

B nonmanpmmx mociiKeHHSIX HEOOXiIHO BpaXxyBaTH BIUIMB Ha 3aIMIIKOBY HECYydy 3/1aTHICTh
THYYKOCTI CTUCHYTHX JIBOTaBPOBUX €JIEMCHTIB.
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AHHOTanus. Ha OCHOBaHMM TPOBENECHHBIX HATYPHBIX MCCIEAOBAHUN W  OIpPENEICHUS
MapaMeTpoB  HAMPSHKEHHO-IEPOPMUPOBAHHOTO  COCTOSIHUS, a Takke Xapakrepa paboThl
XKeNe300€TOHHBIX JBYTaBPOBBIX KOJIOHH, MOBPEXKICHHBIX B MPOIIECCE IKCILTyaTalluu U B X0/1e O0EBBIX
JEeUCTBUH, co3/1aHa 00IIasi METOAMKA OIPEAEIICHHS OCTaTOUYHOM HecyIel crnocoOHOCTH 3lIeMEHTOB. B
CTaTh€ MPUBOJIUTCA METOJUKA OIpPEIEeNICHUs OCTaTOYHOM Hecylled CHOCOOHOCTH MOBPEXIECHHBIX
CXKaThIX JKENIE300€TOHHBIX KOJOHH C TOBPEXKICHUEM MO YIJIOM, KOTAa (POHT IMOBPEKICHHUS HE
napajuieJieH OHOM U3 TJIaBHBIX OCEH CEYCHHUS U YCHIICHUIO CTATLHOW 000MMBI.

[TpemioskeHsl MPEANOCHUIKM JJISl pacdeTa TOBPEXKICHHBIX JKEIe300€TOHHBIX JIBYTaBPOBBIX
KOJIOHH: IIPUHMMAETCSl TUIIOTE3a IJIOCKMX CEYEHUM; HANpsKEHUs B CHKATOM 30HE paclpeaesstoTcs
PaBHOMEPHO C MHTEHCHUBHOCTBIO 7]fc4; HANPSDKEHHS B apMaType MPUHUMAIOTCS B 3aBUCHMOCTH OT
BBICOTHI C)KaTOM 30HBI O€TOHA, YCWJIMS B PACTIHYTOM 30HE BOCIHPHHHUMAIOTCS apMaTypod u
NPUHUMAIOTCS B TpE/eNax pacueTa pacTsDKEHHUs f; paboTa pacTsHyTOro OETOHAa HE YYMTHIBAETCS;
MIPUHUMAETCSl YCIIOBHE MapajIeIbHOCTH CHJIOBBIX IJIOCKOCTEH (IUIOCKOCTh JEMCTBUSI BHEUIHUX U
BHYTPEHHUX CUJI COBIAJAIOT WM MAPAJIIENIbHBI B 3aBUCUMOCTH OT PaCYETHOTO CIIydasi); YYUTHIBAETCS
MOHMKEHHAs! HeCyIlas CIOoCOOHOCTh OOHAKEHHBIX apMaTYPHBIX CTEp)KHEH; (PpOHT MoBpexIeHUS —
npsiMast JIWHKsL. BETKN 000MMBI YCUIICHUST YIUTHIBAIOTCS KaK JIOTIOJIHUTETIbHAS apMaTypa.

CocraBnieHbl ypaBHeHMsI paBHOBecus. [Ipennoxkenns, H3J10)KEHHbIE B CTaThe, OCHOBBIBAIOTCS Ha
OCHOBHBIX TTOJIOXKEHUSIX JICHCTBYIOIIUX HOPM U PACIIUPSIOT CHEepy UX UCTIOIH30BAHHUS.

[IpennokeHHass METOMKA ONPEIEIICHUST OCTATOYHOW HECYIIEH CIIOCOOHOCTH KeNIe300€TOHHBIX
CKaTBIX AJIEMEHTOB TaBPOBOTO MPOMWUIISI, TOBPEXKIECHHBIX B MPOIECCE IKCILTyaTallid U YCHIICHHBIX
CTAJILHOM O00ONMOM, SBISIETCS CTAaTUCTUYECKHM OOOCHOBAHHOM M JOCTOBEPHOW. ITO TMO3BOJISET
pacyeTHHIM METOZOM OINpPENEIUTh BO3MOXKHOCTh JajibHEHIIel Oe3aBapuiHON SKCIUTyaTaluu
KOHCTPYKIIUH.

Co3nana cucremMa ypaBHEHHIA, yIUTHIBAIOIINX BCE pazHOo0Opaszue GopM U pa3MepoB IMOMEPEIHOTO
CEUCHMsI DJIeMEHTa B LEJOM, (OpM M pa3MepoB CKaTol 30HBI OeToHa. J{OCTOBEPHOCTH 3THX
MpeII0KEHUM TOITBEPKACHA ITyTEM COTIOCTABJICHHUS C JAHHBIMU, TIOJTYYEHHBIMU SKCIIEPUMEHTATIbHBIM
MyTeM, U CTAaTUCTUIECKON 00pabOTKO Takoro cormocTarieHus. KoauipeHT Bapuanuy OTKIOHESHUS
cocrasiser 0,125.

KiroueBble cioBa: >xene300€TOHHBIE KOJOHHBI, JIBYTaBPOBOE CEUEHHE, IOBPEKIACHUS,
cTajgbHas 000iiMa, METOIMKA pacyeTa, OCTaTOYHas HeCyliasi CIoCOOHOCTb.
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STEEL CLAMP AS EXPRESS METHOD OF REINFORCEMENT OF REINFORCED
CONCRETE DAMAGED COLUMNS
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Abstract. Based on the field studies and determination of the parameters of the stress-strain
state, as well as the nature of the operation of reinforced concrete I-beam columns damaged during
operation and during hostilities, a general method for determining the residual bearing capacity of
elements was created. The article presents a method for determining the residual bearing capacity of
damaged compressed reinforced concrete columns with damage at an angle, when the damage front
is not parallel to one of the main axes of the section and the reinforcement of the steel cage.

Prerequisites for the calculation of damaged reinforced concrete I-columns are proposed: the
hypothesis of flat sections is accepted; stresses in the compressed zone are distributed uniformly with
intensity 7f.q; the stresses in the reinforcement are taken depending on the height of the compressed
zone of concrete, the forces in the tension zone are perceived by the reinforcement and are accepted
within the calculation of tension f;; the work of tensioned concrete is not taken into account; the
condition of parallelism of force planes is accepted (the plane of action of external and internal forces
coincide or are parallel, depending on the design case); the reduced bearing capacity of exposed
reinforcing bars is taken into account; damage front is a straight line. Reinforcement clip branches
are taken into account as additional reinforcement.

Equilibrium equations are composed. The proposals set forth in the article are based on the
main provisions of the current norms and expand the scope of their use.

The proposed method for determining the residual bearing capacity of reinforced concrete
compressed elements of the tee profile, damaged during operation and reinforced with a steel cage,
is statistically justified and reliable. This allows the calculation method to determine the possibility
of further trouble-free operation of structures.

A system of equations has been created that takes into account all the variety of shapes and
sizes of the cross section of the element as a whole, the shapes and sizes of the compressed concrete
zone. The reliability of these proposals is confirmed by comparison with data obtained
experimentally, and statistical processing of such a comparison. The deviation variation coefficient
is 0,125.

Keywords: reinforced concrete columns, I-section, damage, steel cage, calculation method,
residual bearing capacity.
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AHoTauis.. PoOoTta BKiII0OUa€ pe3yabTaTu TOCTIIKEHb CTAaHy BTOPUHHOTO 3aXUCTY BiJl KOPO3ii
JUIsi 3a0€3TEeUeHHs] JIOBTOBIYHOCTI OYIiBETbHUX METAJOKOHCTPYKIN. Bupimyerbcs 3aBmaHHS
30epeXeHHsl SKICHUX Ta KIUJIbKICHMX ITOKa3HUKIB 3a YMOB BIUIMBY arpecuBHOi aTmocdepu
MMPOMUCIIOBUX MIAMPUEMCTB. BHUKIIaIeHO METOAWKY BIOCKOHAJIEHHS €(EKTUBHOCTI TEXHOJIOTIT
3ac00iB Ta METOAIB BHKOHAaHHS BTOPHUHHOIO 3aXMCTy METAJOKOHCTPYKIIH BiJ KOpo3ii mpu
MOHITOPHHTY TEXHIYHOTrO cTaHy. Po3po0ieHo mporeaypy OOCIyroByBaHHS KOHCTPYKIIH 3a
(axTHUHUM cTaHOM. BH3HaueHO MOPSIOK CKiIaAaHHs crenudikamiid 3aX0/iB 3aXUCTy BiJ KOpo3ii 3a
KpUTEpieM KOPO3iitHOT HeOe3neku. BeraHoBaeHO (DyHKITIOHAIBHI 3aJIEKHOCTI MK TTpaIe3/1aTHICTIO
OCHOBHHX Ta JIOTIOMDKHUX KOHCTPYKIiH. BU3HAUeHO B3a€MO3B'SI30K MK 3HAYCHHSIMHU MOKA3HUKIB
KOPO31MHOI CTIMKOCTI Ta JOBTOBIYHOCTI METAaJTOKOHCTPYKIIii.

Kiro4oBi c1oBa: MeTanoKOHCTPYKLii, MOHITOPUHI, KOpO3iiiHa HeOe3MeKa, MOIIKOKEHHS,
(haKTUYHHI CTaH.

BeTyn. 3anpoekToBaHi Ha OCHOBI IPUHHATUX HOPM OyiBEIbHI METAIEB] KOHCTPYKIIIT MOXYTh
BIJIPI3HATHCS OJIHA Bijl OIHOT MMOBIPHICTIO MOSIBU Ta PO3BUTKY aBapiiiHUX CUTYalill y pa3i BiIMOBU
Oy/Ib-sIKOTO KOHCTPYKTHBHOTO eeMeHTa [1].

Taxi BUMIAJKK MOKIIMBI Yepe3 MOMIIIKH, I[0 BHHUKAIOTH TIiJ1 4aC CTBOPEHHS a00 eKcIuryaTarii
KOHCTPYKITIH, 110 TPU3BOJUTH 10 BUHUKHEHHS aBapiiHUX cuTyariil [2—3]. Baxx1MBUM MOKa3HUKOM
MEXaHIYHOT MIIHOCTi, CTIMKOCTI Ta EKOJOTi4HOi Oe3MeKu € piBeHb KOPO3iiHOI HeOe3neku
OyniBenmbHOro 00'ekty. Ile BHM3Hayae KpPUTHYHI IHTEpBaIM  KOe(]illiEHTa TOTOBHOCTI
MPOTHKOPO31MHOTO 3aXUCTYy METAJIOKOHCTPYKIIH MPOEKTHOTO PEeXUMY Kopo3siiiHoro BmiuBy [4]. B
JAaHUHW Yac OIIHKAa KOPO31MHOTO CTaHY CTaJeBUX KOHCTPYKIIA BHKOHYETHCS BiJMOBITHO 0 BUMOT
HOpM [5—6]. OnHak 0OMeXeHHI CKIIa]] BU3HAYAIbHUX MTapaMeTpiB He JO3BOJISE IPOBOAUTH TEXHIYHE
JIarHOCTYBaHHsI O3HAK KOPO31iHOI HeOE3MeKH MpH OLIHIN €KCILTyaTaliifHOTO CTaHy KOHCTPYKIIIH.
[Tpobnema 3a0e3redeHHs O€3MEKHM METAIOKOHCTPYKIIN Yy KOpPO3IMHUX CEepeloBUINAX Mae
KOMIUIEKCHUHN OararoriaHoBuii Ta OaratodaktopHuit xapaktep [7]. OcoOIMBUM acIeKTOM
npobJIeMH KOpO3iHHO-MeXaHIuHOl pyHHYBaHHS € YIPaBIiHHS €KCIUTyaTaliiHUM TEPMIHOM CITyXOu
KOHCTPYKITIA Ta 1X 3aXHMCHUX MOKPUTTIB HA OCHOBI METOMIB TEXHIYHOTO J1arHOCTYBAaHHS PECypCy
OyniBeJb Ta CIOPY.

AHaJi3 ocTaHHiX JochailkeHb i myOaikamii. /{ocmipkeHHs cripsMoBaHI Ha 3a0e3MeyeHHs
SAKOCTI Ta HAAIMHOCTI 3aXOJiB BTOPMHHOTO 3aXUCTY METAJIOKOHCTPYKLIH Hpu OOIPYHTYBaHHI
TEXHIYHUX Ta TEXHOJOTIYHUX PU3UKIB KOPO3IHHOI 3aXUIEHOCTI KOHCTPYKIIHA TMPOMHUCIOBHX
00'eKTiB, IO MiIAaI0ThCs KOpo3ii [8]. BusHaueHO HEOOX1IHICTh PO3POOKH KOHCTPYKTUBHHX PIIICHB,
0 TIEPEIIKOKAIOTh PO3BUTKY MICIIEBOI, IIUIMHHOI, KOHTAKTHOI KOpO3ii Ta KOpPO3iiHOTO
po3TpickyBaHHs. Pa3om 3 1uM 30UIbIICHHS TOBIIMHM METAJIONPOKATy Iependadyae OIIHKY
JIOBTOBIYHOCTI Mip TEPBHHHOTO 3aXHUCTy TPHU PO3PaXyHKOBOMY IIATBEPIKCHHI BIIMOBITHOCTI
BUMOTaM HOpM. Tako)X BHU3HAYEHO MPOEKTHY BHMOTY HE BPaxOBYBAaTH 3MiHHM HECY4Oi 3aTHOCTI
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BHACHIIOK 301IbIIEHHS TOBIIMHU KOHCTPYKTHBHUX €IIEMEHTIB I/ YaCc BHKOPUCTAHHS 3aXOJliB
MEPBUHHOTO 3aXUCTy. TaKUM YHMHOM, BIJICYTHICTh KPHUTEPIiB KOPO3iHHOI 3aXHUIIEHOCTI CTBOPIOE
TPYAHOILI JUISI MOHITOPHHTY Ta JIarHOCTUKU Mpale3JaTHOCTI KOHCTPYKIiH, IO MiAJaroThCs
Kopo3iiHoMy 3Hocy. Ilig imeHTHdiKaIielo piBHS KOPO3iHHOT HEOE3NMEKH PO3YyMIETHCS MPOIIEC
BUSIBIICHHSI Ta BCTAHOBJICHHS KUIbKICHUX, KOHCTPYKI[IHHUX XapaKTEPUCTHK Ta XapaKTEPUCTHK 4Yacy
excrutyatarii. JlaHli XapakTepUCTHKH HEOOXIiMHI Ta JOCTAaTHI JJisi MOHITOPHHTY I1HTEPBAIbHUX
3Ha4eHb JE(EKTIB Ta TMOMIKO/PKEHb, SKI € IOMYCTUMHMHU IPH HOPMaJIbHOMY ()YHKIIOHYBaHHI
OyniBenbHUX O00'€KTiB. Y mporeci ieHTHdiKamii TEXHIYHOTO CTaHy CHCTEM MPOTUKOPO31MHOTO
3aXHMCTy KOHCTPYKII BUSABISIOTHCS MEpEiK HeOe3NeK, HMOBIPHICTh IXHBOTO MPOSIBY, IPOCTOPOBA
JOKaji3amisi, MOXJMBAa INKOJAA Ta IHIN mapaMeTpu, HeoOximHi mua dopmamiszamii 3aBaaHb
J1arHOCTUKU KOHCTPYKIIH. JIoOTpUMaHHs yMOB HaliiHOCTI Ta KOHCTPYKTHUBHOI O€3MEKH J0CITaEThCS
paxyHOK 3a0€31eUeHHsI TEXHOJIOT1YHOT O€3MEeKH 3 ypaxXyBaHHSIM METOI0JIOT11 3arajlbHOTO YIIPaBIiHHS
akicTio [9]. 3HauHMii piBEeHb 3HOCY Ta 30UIBIIEH] TEPMiHU 3HAXOKEHHS Y HECTIPUATIUBUX YMOBAX €
3arpo3aMu 3HWKEHHS SKOCTI KOHCTPYKIIIH, 110 TATHE 3a COOO0I0 MiABUIIICHHS BUMOT JI0 TTOTIMIICHHS
eKCIUTyaTaI[iiHUX BIACTUBOCTEH KOHCTPYKILIH, 1110 BTpayaroTh AKicTh [10].

Bunisienns He po3B'si3aHUX paHillle YACTHH 3arajbHOI NpodjaeMu. MeTOIUIHUM ITiIX010M
€ OOIpyHTYBaHHsS CKJaxy 1 CTPYKTypH MapaMmeTpiB KOPO3iHHOI CTIMKOCTI KOHCTPYKIIH st
YOPaBIIHHSA TEXHOJOTIUHOIO OE3MEKOI0 NUIAXOM 3HWKEHHS pHU3UKiB. lle 3MeHIye WMOBIPHICTH
KOPO3iMHOTO pyHHYBaHHS Ta OOMEXYye MOXIIHMBI 30MTKM TpH BUHUKHEHHI. BIUIMB 30BHIIIHIX
(dakTopiB (arpecMBHE CEpEJOBUINE) Ta BHYTPIMIHIX NapaMmeTpiB (KOHCTPYKTHBHa (opma) Ha
MOKa3HUKHU HAMIMHOCTI OyAiBEITbHUX METATOKOHCTPYKLIN PO3IISAAETHCS A 30H PO3TAIlyBaHHS
TPYI OJHOPITHUX KOHCTPYKTUBHUX €JIEMEHTIB (MapTii MOCTaBOK).

BukonyeThcs 00K BUAY Ta IHTEHCHUBHOCTI KOPO31WHHMX BIUIMBIB y TMPOLECI €KCIEPTHOTO
JIarHOCTYBaHHsI KOPO3iHOTO CTaHy KOHCTPYKIIii. Bu3HayaroThCs 3HAYH1 YMHHUKH, 10 BIUTMBAIOTH
PO3BHUTOK JETpafaliiHUX MPOIECIB y MaTepiani KOHCTPYKIIIM.

[Iponienypa m03BOJISIE OIIHUTH XapaKTep IXHHOTO BIUIMBY Ha SIKICTh €KCIUTyaTallii 00'€kTa,
BU3Ha4Ya€ HEOOXIAHICTh CTBOPEHHS €IMHOI METOAMKH ayJJUTY Ta MEHEUKMEHTY SIKOCT1 eKCIUTyaTawii
MeTaJOKOHCTpYKIIii [11].

[Ipu po3pobui mpouenypH ayauTy TEXHIYHOTO CTaHy HNPUHHATO METOAWYHY OCHOBY
MikHapoaaux cranaaptiB ISO 9001 ta MEK 300-1, mo perinamMeHTYIOTh MPONEAYPY YINPaBIiHHSI
SKICTIO Ha BCIX CTaisIX KUTTEBOTO UKy criopyau [12].

IlocTranoBka 3aBaanHsi. [[y1si BU3HAYCHHS 3HAYYIIOCTI (PAKTOPIB KOPO3IMHOTO PYyHHYBaHHS,
[0 BIUTMBAIOTh 3HIKEHHS EKCIUTyaTalliifHOI HECY4oi 3aTHOCTI KOHCTPYKII, BUKOPUCTOBYETHCS
OIlIHKA BTPATH SKOCTI Ha OCHOBI MeToxay [lapeTo.

BinnoBinHo 10 mpolexypu KOHTPOJIb KOPO3IHHOIO CTaHy IPOBOJAUTHCS 32 HABEICHOIO
XapaKTEPUCTHKOIO BTPATH SKOCTI Fe B arpecMBHMX CepeNOBHINAX, BCTAHOBJIEHOK 3a MeTomoM I
Taryri [13]. Tlokasuuk skocti Fe € BiIHOCHOI XapakTEpUCTUKOK e(EKTHMBHOCTI 3aXOJiB
MIEPBUHHOTO Ta BTOPUHHOTO 3aXUCTy. BU3Ha4YaroThCs piBHI pU3UKY TexHOJOT14HOI Oe3meku (Ri) 3
ypaxyBaHHIM (paKTHUYHOTO BIUIUBY (aKTOPIB KOPO31HHOI arpecUBHOCTI peXuMy ekcrutyarauii [14].
I[Moxasnuk sikocTi Fe € GpyHKIi€ro 3Ha4eHb KOHTPOIBOBAHOTO TIOKA3HUKA J2k(¥en):

i 2
VZL(L& ) Yz f 2 )

max
Yzk ()~

ol

ne: I’ — BiTHOMICHHS pe3epBy HAMINHOCTI; )%zx - KOe(DIMIEHT HaIIHHOCTI MPOTHKOPO3IHHOTO
3aXHCTY, 110 BCTAHOBJIOETHCS TMPU OOTPYHTYBAaHHI METOJIIB MIEPBUHHOIO 3aXHUCTY; J4r — KOSQIIIEHT
HaJIHHOCTI TPOTUKOPO3IHHOTO 3aXMCTy, 3a JaHUMH KOHTPOJIO KOpPO3IHHOrO CTaHy B Hepion
eKCIuTyaTarfii.
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OcHoBHUIT MaTepian i pe3yabTaTH.

Kopo3siiiHe pyiiHYBaHHS CTaJ€BUX KOHCTPYKIIH BHU3HAYAETHCS 30BHINIHIMH BIUTMBAMU
PeXUMY eKCIUTyaTalii Ta 3aJeXUTh HacaMIepesa BiJl CTYIEHs arpecHBHOCTI cepenoBuia. OOk
€JIEKTPOXIMIYHOI IPUPOIU KOPO3IMHOTO PYHHYBAHHS 3MiHI MIITHOCT1 BUPOOJISETHCS 3 ypaxyBaHHSIM
¢biznyHux Mmojenedl. BoHn XapakTepu3yroTh 3MiHM T'€OMETPHUYHHUX IapaMeTpiB Ta BIACTUBOCTEH
Marepiany y 4aci pu arpeCUBHUX BIUTMBaX cepeaoBud [15].

[Iponenypa BKiIIOUa€E BUKOHAHHS KOMIUIEKCY 3aXO0JIiB II[0J10 BUSBJICHHS IPUYUH BUHUKHEHHS
KPUTUYHUX KOPO3IWHUX TOIIKO/KEHb KOHCTPYKTUBHHX €JIEMEHTIB, 11O MepeOyBarOTh y MpoIeci
eKcrutyaramii OymiBenbHUX 00'€kTiB. BHBUAIOTBCS XapaKTEpUCTHKM YMOB  eKCILTyaTarii
METaJOKOHCTPYKIIIH Ta MOCITIKYEThCS TEXHIYHUM CTaH OCHOBHHUX €JIEMEHTIB, BY3IB, YMOB iX
KpIIUIEHHS BIJMOBIIHO O HOpMAaTUBHUX BUMOT [16, 17]. 3aBnaHHs KpUTepiiB rpaHUYHUX CTaHIB 3a
pe3yiabTaTaMu OIlIHKH (DaKTHYHOTO CTaHYy BHUKOHYETHCS 3a JOIOMOTOI0 KOedillieHTa 3BOPOTHOTO
3B'SI3KY PEKUMY EKCIUTyaTalii KOHCTPYKIiH () Ha MiICTaBi 3aJIe)KHOCTEH:

N=o/ -y), (2)
Ve =T-y, (3)

ne N — HaiO1IbIIe PO3paxyHKOBE 3yCHIIISL Y KOHCTPYKTUBHOMY efleMeHTi, KH; @ — rpannune
3ycuiuis, KH, sike MOXke CIIpUIHSTH €JIEeMEHT 3 XapaKTePUCTUKOIO YIIKOKEHHS & ; I - BiIHOLICHHS
pe3epBY HAIIIHOCTI; )4 — KO(DILIEHT TEXHOJIOTIYHOT O€3MEeKH.

Bukopucranus koedirieHTa 3BOPOTHHH 3B'I30K peXuUMYy ekcruryaramii () 3ade3meuye
peaiizalito aHaJIiTHYHOTO IMiIXOAY 10 YIIPaBIIiHHS TEXHOJIOTTYHO0 Oe3nekoro. DopMyeThcs mporpam
3a0e3meYeHHs] HaIIMHOCTI Ha OCHOBI aHAJI3y MOJKJIMBHX NMPHUYMH Ta HACTIJAKIB BiJIMOB Ta OIlIHKH
kputnyHocTi BigMoB (FMECA). Ilpu npoMy KpHUTepil TEXHOIOTIYHOiI O€3NmeKH KOHCTPYKLIN Yy
MOKHA PO3TJISIAATH K MPOITYCKHY 3/IaTHICTh PETYJIIOBaHHS pecypcey (77):

n=1/%. (4)

[Tpu Hakonm4eHH1 e(eKTiB Ta MOMKOHKEHb () Koe(illieHT 3BOPOTHOTO 3B'SI3KY (i) XapaKTepu3ye
3HWKEHHS EKCIUTyaTalliiHUX MOKa3HUKIB CTAJIEBMX KOHCTPYKLINA 3a BCTAHOBIIEHOT'O MPOEKTHOTO
3HAYCHHsS BUIHOIIEHHS pe3epBy HamidHocTi (I'). BrimmBu HeraTMBHUX HaBaHTa)XKCHb Ta BIUIMBIB
BUKJIMKAIOTh TMOSIBY O3HAK TPAHUYHUX CTaHIB KOHCTPYKILiil. [IpomyckHa 37aTHICTh peryiioBaHHS
pecypey xapakTepu3ye MPUITYCTUMI 3MIHM MTPOSKTHOTO 3HAYCHHS BiJHOIIEHHS PE3epPBY HAIIHHOCTI
(I') nnsa 3abe3neueHHs Mpane3naTHOro craHy. Jlana omnepariss BU3HAua€e KOHCTPYKTHBHI Ta
TEXHOJIOTTYHI OOMEXEHHS JUIsl BITHOBJICHHS HECYUOT 3/JaTHOCTI MICJIsI PEMOHTY.

[Tpobnemoro 3a6e3neyeHHsT TEXHOIOTIUHOT Oe3MeKH € «WIIOJICHKUIM (PaKTOpy», 110 MOB'I3aHO 13
MPUAHATTAM PIillICHb 3a pe3yJbTaTaMi MOHITOPHHTY Ta JIarHOCTHKH KOPO31WHOTO CTaHy CTaJIeBUX
KOHCTpYKLIN. [cHyroui pexoMeHanii mo/10 KOHTPOJIIO Ta BITHOBJICHHS MMPOTHUKOPO31HHOTO 3aXUCTY
HE PErIaMEeHTYIOTh YMOBH KOPO31iHOT HEOE3MeKH Ta KOPO31HHO1 3aXUIIEHOCT] Oy 1iBEIbHUX 00'€KTIB.
VYrpaBiniHHA 0€3MeKOl0 Ma€ 3/AIMCHIOBATHCS Ha OCHOBI OIIIHIOBAaHHA PHU3HMKY SK KOMIUIEKCHOTO
MMOKa3HUKA 3aXHIIEHOCTI KOPO3IHHUX KOHCTPYKITIH.

Jlnst yCyHeHHsS HEBU3HAYEHOCTI MPUHHATTA pillleHb MPU BiJHOBJIEHHI Mpae3aTHOTO CTaHy
00'eKTIB pO3pO0JECHO METOAMKY OIIHKA CTYIEHS KPUTUYHOCTI JAe(EeKTiB Ta TMOIIKOIKEHb
KOHCTpYKLIiA. MeToauka 3a0e3neueHHs] HAAIMHOCTI 3ac00iB 1 METOMIB 3aXHCTy 3 ypaxXyBaHHSIM
pe3epBYBaHHS HECyd4Oi 37aTHOCTI BKJIOYAE€ YOTHPU TIIOCTIOBHI €Tamu: 3aBIaHHS IMOKA3HUKIB
HaAIHHOCTI; BHOIp yMOB pe3epBYBaHHsS MNEPBUHHOIO Ta BTOPUHHOTO 3aXUCTY; OOIPYHTYBAaHHS
KPUTEPII0 OJMHUYHOI BIAMOBM 3a KAaTETOPI€I0 BIAMOBINAIBLHOCTI; po3poOKy crerudikallii 3axo/1iB
JUTSL BIMHOBJIEHHS SIKOCTI.

Kareropii BiimOBiIanbHOCTI KOHCTPYKIIHM 32 KOPO31MHOIO 3aXHILEHICTIO BCTAHOBIIOIOTHCS 3
ypaxyBaHHSIM YacCTKOBOTO 3HIDKCHHsS PIBHs TpaIe3aTHOCTI MEPBHUHHOTO 3axXHUCTy (KoedirieHT
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HAIHHOCTI J2k) Ta BTOPUHHOTO 3aXMCTy (KOe(illi€HT HaAIHHOCTI Jzk), y3araJlbHEHOrO TMOKa3HUKA
3aXHUCHHX BJIACTUBOCTEN A, 3aJIeXKHO BiJ KJIacy PU3HKY.

Busnauenns texnonoriunoi Oesmeku (Ri, Oan) NpOMOHYETbCS MPOBOAUTH 32 JaHUMHU
MOHITOPHHTY 3aJIe)KHO BiJl KJacy PU3HMKY, PIBHS 3arpo3 Ta BPa3JIMBOCTI KOPO3IMHUX KOHCTPYKIIIH
(tabn. 4). IIpu uboMy OAHHMM i3 BU3HAYAJIBHUX (AaKTOpiB 3a0e3redeHHs e(EeKTUBHOCTI 3aXO[iB
MEPBUHHOTO Ta BTOPMHHOTO 3aXHUCTYy BII KOpO3ii € BpaxyBaHHsS arpeCHBHOCTI BILJIMBIB
eKCIUTyaTaliifHoro cepeaoBuina. BeranoBmrotoThes piBHi 3arpo3: H — Huspkuii, O — oomexenuit, C
— cepenHiii, B — Bucokuit, ['p — rpannanmii

Taoauus 1. — PiBH1 pu3uKiB 3 TeXHOJIOTTYHOT Oe3nexu (Ri)

I'pyna PiBens 3arpo3u (kaTeropist CTany):
BiI[HOBi‘I[aJIBHOCTi. H(I) | o1 | C(I1I) ‘ B(IV) ‘ I'p (V)
®yHK1ii 00'eKTY [MomkomKyBaHICTh (KaTETOPisl BIAMOBITATHHOCTI)

B/ b |AIB| b | A|B|b|A|B|B|/A|B|b|A

OO6cyroByBaHHS.
HeBupobunuuit (RS) | 1 | 2 [ 3|2 | 3 4 3 14| 5 (456|566

OO6cyroByBaHHS.
BupoOuuui (R4) 213 |3]3]| 4 514 |56 |5]6|7|6|7]|7

Homomixsi (R3)

OcHOBHI.
[Tpumnyctumi
3YIMHKW IpA-— 41 4 |55 57|16 7] 8 |7|8]98]9]9
00CITyroByBaHHI
(R2)

OcHosHi. He
JIOTMTYCKAIOTh

3ynuHKyY (R1)

—
—

[TpakTryHa peanizallis 3alPONOHOBAHOTO METOAWYHOIO MiAXOIY J03BOJIMIIA 3POOUTH HHU3KY
BHCHOBKIB:

- Tpane3aTHUI CTaH CIOPYAM 3arajioM XapaKTePHU3YeThCS y3arajlbHIOYUMHU IMOKa3HHUKAMU
JIHACHOTO KOPO31MHOTO CTaHy KOHCTPYKIIIH;

- BCTaHOBIIOETHCA (PYHKIIOHATbHA 3aJCKHICTh MK MpaIe3JaTHICTI0O OCHOBHHUX Ta
JOTIOMDKHMX KOHCTPYKIIIM, 3HAaUYEHHSMH Y3arajlbHIOIOUMX ITOKa3HUKIB KOPO31HHOI CTIMKOCTI Ta
JIOBT'OBIYHOCTI;

- KOHTPOJIb JIMCHOTO TEXHIYHOTO CTaHy BHKOHYETHCS TIEPEBIPKOIO 3HAXOHKCHHS B
JOMYCTHMHX MEXaX 3HaYCHb IIUX MTOKA3HUKIB.
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BucHoBku. OOrpyHTOBaHO CTPYKTYPY MOKa3HUKIB TEXHOJIOTIYHOI O€3MEKH I aHaJi3y JaHuX
€KCIIEPTHO1 JIarHOCTUKHM CTaHy KOHCTpPYKIiH. Lle mo3Bonuio chopmyBaTH MpOIECHUN MIAX1iA 10
NPUKAHATTS PIIIEHb ONepaTUBHO-TaKTU4YHOTO (3arpo3u 0 — IV) ta crpareriudHoro (3arpoza X)
3HAYEHHs, CIIPSIMOBAHNX Ha 3HW)KEHHS PU3HKIB €KCIUTyaTallii CIIopy/I.

TakTuuHi pimeHHs, 3a pe3yiabTaTaMH JIarHOCTUKM TEXHIYHOTO CTaHy KOHCTPYKLIN
(xoedilieHT TeXHOJOTIYHOI Oe3neku y%r >(), cupsMoBaHI Ha peajizalliio 3amo0KHUX 3aXOAIB AJIs
3a0e3neueHHs] Mpaue3JaTHOCTI  KOHCTpyKUid. Crpareriuydi pilleHHS OpUAMAIOThCS — pU
pO3CIilyBaHHI MPUYMH aBapiiHUX cUTyalid Ta Karactpod (koedimieHT % < 0),), BUKIMKaHUX
CTBOPEHHSM a00 HE CTBOPEHHSM YMOB peajtizallii 3armo0KHUX 3aX0/IiB.

Haii0inpi iMOBIpHOIO MPHYMHOIO BHUSBJICHUX BIJIMOB METAJIOKOHCTPYKII BiIMOBH €
HasBHICTh 0aratbox JAe(eKTIB KOPO3IMHOrO0 XapakTepy. 3a BiACYTHOCTI TapaHTI MeXaHIYHUX
BJIACTUBOCTEH Ta XIMIYHOTO cKjany. TexHIYHM cTaH KOHCTPYKLINA MiITBEp/PKYE HEOOXITHICTh
BXKMBaHHS JOJATKOBUX KOHCTPYKTHBHUX Ta TEXHOJOTIYHUX 3aXO/iB JJIS 3HWKCHHS PH3HKIB ITiJ] 4ac
eKCIUTyaTarlii.
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AnHoTanusi. PaboTa BKIIOYaeT pe3yabTaThl HCCIAEOBAHUN COCTOSIHUSI BTOPUYHOM 3aIIUTHI OT
KOppO3HM JUIsI OOECIeYeHUsl JOJTOBEYHOCTH CTPOUTENBHBIX METAJUIOKOHCTPYKIUi. Pemaercs
3a/laya COXPAaHEHMsI KAYECTBEHHBIX M KOJWYECTBEHHBIX IOKa3aTejJed B YCIOBHUSAX BO3JIEHCTBHS
arpeccMBHOM aTrMoc(epsl MPOMBINUICHHBIX mNpeanpusaThii. Meroguka. M3noxeHa wMeronuka
COBEpIICHCTBOBAaHUSA J(PQPEKTUBHOCTH TEXHOJOTUU CPEACTB M METOJOB BTOPUYHOMN 3allUTHI
METAIJIOKOHCTPYKIIMM OT KOPPO3MM NPU MOHUTOPUHIE TEXHUYECKOI'O COCTOSIHMS. Pe3yjabTaTthbl.
Pa3paboranHbie mpouenypbl AMArHOCTUKH BKJIIOYAIOT CTAaTHUCTUYECKUH YUYET M KOHTPOJb
KOPPO3MOHHOI'O COCTOSIHUSL METAJIJIOKOHCTPYKIIMM, BBISIBJIEHHE IPUYMH BOSHUKHOBEHUS U PA3BUTHS
nedekToB U MoBpexkaeHU. OCHOBOW MPOTHO3UPOBAHUS PACUETHOTO CPOKA CIIYKOBI, TOCTHIKCHHS
IIPEEIbHBIX COCTOSIHUM SIBISIETCSl ONPEACIICHUE YPOBHS YSI3BUMOCTH M YIpo3 C Y4YETOM
¢dakTuyeckoro cocrosHusa. Hayunasi HoBu3HA. PaspabGortana mporemypa 0OCITyKHBaHUS
KOHCTPYKIHUH MO (PaKTHUECKOMY COCTOSHUIO. OTNpeieNieH MOPSIIOK COCTaBIEHUs crenu(ukanuii mep
3alUThl OT KOPPO3UHU MO KPUTEPUI0 KOPPO3MOHHOM OIMACHOCTU. DTO MO3BOJISIET 00ecredyuBaTh
TpeOOBaHUS HaIE&KHOCTH CTPOUTENBHBIX METAJIOKOHCTPYKIMK, Ha3HA4YaTb MEpPONPHUSATHS
YIpaBIEHUS TEXHOJOTUYECKOW O€30MacHOCTbI0 B TEUEHUE YCTAaHOBJIEHHOTO CpPOKa CIIYKOBI
cTpouTeNnbHbIX 00bekToB. IIpakTHyeckasi 3HauMmMocTh. IlpemiokeHHble oOoOMIaAIOIINE
MIOKA3aTeNM  JIEWCTBUTEIBHOIO  KOPPO3MOHHOIO  COCTOSIHUSA ~ KOHCTPYKUHHA  ONPENEISIOT
paboTOCIOCOOHOCTh COOPYKEHUS B LIEJIOM. Y CTAaHOBJIECHBI (DYHKIIMOHAIBHBIE 3aBUCUMOCTH MEX]Y
paboTOCIIOCOOHOCThIO OCHOBHBIX M BCIHOMOTATEIbHBIX KOHCTpYKUMM. OmpenerneHa B3anMOCBS3b
MEXIy  3HAYCHUSAMU  IIOKAa3aTele  KOPPO3MOHHOM  CTOMKOCTM M JIOJITOBEYHOCTH
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METAJUIOKOHCTPYKIUNA. KOHTpOJb NEeHCTBUTENBHOIO TEXHUYECKOTO COCTOSHHS 3aKIIOYaeTcsl B
MIPOBEPKE HAXOXKJECHUs 3HAYEHUM STUX MOKa3zaTeled B JONMYCTHUMBIX IpeAesiax. Y4YeT CTEINEeHHU
arpecCUBHOCTH BO3ACHCTBHIA CPEllbl IKCILTyaTAIlUH SIBISIETCS OJTHUM M3 OINpPEAesSonuX (HakTopoB
obecneueHus 3HPeKTUBHOCTH MEPOIPUATHI BTOPUUHOM 3alIUTHI OT Koppo3uu. [laHHas nporenypa
SIBIIICTCS. OCHOBOM HAa3HAYEHUS PAIMOHATBHBIX CHEHU(PUKAIUN CHUCTEM MPOTUBOKOPPO3IHUOHHOM
3aIUTHI C TOCIEAYIOIINM OTOOpaKEHHNEM B KOHCTPYKTOPCKO-TEXHOJIOTUYECKON JOKYMEHTAIUH.

KiaroueBble ci10Ba: METaUNIOKOHCTPYKIIMM, MOHUTOPUHT, KOPpPO3HUOHHAs OIACHOCTb,
MOBPEXICHUS, (PAKTUUIECKOE COCTOSIHUE.
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Abstract. This work includes the results of studies about the state of the secondary protection
against corrosion to ensure the building metal structures’ durability. The task of preserving the
qualitative and quantitative indicators under the influence of the aggressive atmosphere in industrial
enterprises is being solved. Methodology. The technique of improving the efficiency of the means
technology and methods of metal structures secondary protection from corrosion during the technical
condition monitoring is stated. Results. The developed diagnostic procedures include statistical
accounting and the corrosion state monitoring of metal structures, identifying the causes of the
occurred defects and damage. The basis of prediction for service life and reaching the limit states are
determined by the level of vulnerability and threats, taking into account the actual state. Scientific
novelty. A procedure for servicing structures based on the actual state has been developed. The
procedure for drawing up specifications of corrosion protection measures according to the criterion
of corrosion hazard has been determined. It makes possible to meet the requirements for the reliability
of building metal structures, to prescribe technological safety management measures during the
established service life of construction objects. Practical significance. The proposed generalized
indicators of the actual structures’ corrosion state determine the structure’s operability as a whole.
The functional dependencies between the operability of the main and auxiliary structures are
established. The relationship between the values of corrosion resistance indicators and metal
structures durability are determined. Actual technical condition control consists of checking that the
values of these indicators are within acceptable limits. Taking into account the degree of operating
environment aggressiveness is one of the determining factors in order to ensure the secondary
protection effectiveness against corrosion. This procedure is the basis for the rational specifications
appointment for anti-corrosion protection systems with subsequent display in the design and
technological documentation.

Keywords: steel structures, monitoring, corrosion hazard, damage, actual condition.
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Hayionanvuuii ynieepcumem «llonmascvra nonimexuixa imeni FOpia Konopamiwoxay

AHoTauis. Po3misHYyTO KOHCTPYKLIIO CTajeBHX CIipajbHO-(anbleBux cuiociB. HaBexeHo
XapaKTEPUCTUKU CHIIOCY, 3 SKOTO Oynu B3SITi 3pa3KW JUIS MPOBEAEHHs ekcrepuMeHTy. IlpuBeneni
MeXaHI4HI XapaKTepUCTUKHU 3acTocoBaHoi ctani DXS51D+Z140, ski Oyau onepxasi 3a JOMOMOTOIO
BUMPOOYBaHHSA IUUIOCKUX 3pa3KiB Ha po3TAr. Po3missHyTo 3pa3ku Ta OONaJHAHHS IS
eKCIIEPUMEHTAIBHOTO JI0CIIKEeHHS (haspiieBoro 3amka. HaBeneHo eranu pyiiHyBaHHS (asiblIEBOTO
3aMKa B 3aJCKHOCTI BiJ PO3TATYIOUOTO HABAHTAKCHHA. PO3MIAHYTO XapakTep pPO3KPHUTTS
¢anbueBoro 3’ennanHs. Onucano craaii podoTH (anbieBoro 3aMka. 3pobJIeHO aHaji3 OTPUMAaHUX
Pe3YIbTaTIB €KCIIEPUMEHTAIBHOTO JIOCITIIPKEHHS.

KurouoBi ciioBa: MetaieBuii Cuiioc, cripaibHO-(GanbIleBUNA CUITOC, (GaTbIIEBUNA 3aMOK

Beryn. MeraneBi eMHOCTI it 30€piraHHs CUITydHWX MarepiaixiB HaOyBarOTh TMOIIMPEHHS 3
KOXXHUM pokoM. lle 3yMOBIIeHO iXHIMU TepeBaraMM B TOpPIBHSHHI 3 IHIIMMH BUJAMU CKJIAJIB,
TaKUMHU SIK TIJIOTOBI CKJIaAM Ta 3ai300€TOHHI cwiocd. [lepeBarn meTaneBUX CHUIIOCIB: MEHIIA
Maca, IpOCTOTAa TPAHCHOPTYBAHHS, MOXKIIUBICTh 3aBOACHKOTO BHUIOTOBJECHHS KOHCTPYKIIiH,
IIBUJIKICTh TIPOBEJEHHS MOHTAXHUX POOIT, MOXKIIMBICTh CTBOPEHHS TEPMETUYHOTO cepeoBuiia. B
3B’SI3KY 3 PO3MOBCIOPKEHICTIO METAJIEBIUX EMHOCTEH, 3p0OCiia i KUTBKICTh THITIB METAJIIEBUX CHIIOCIB,
B 3aJIKHOCTI BiJl KOHCTPYKIIi kopmycy [1]. Lle mosicHIOEThCS BETUKOI PI3HOMAHITHICTIO BHUJIIB
CUIy4HX MaTepiayliB Ta BUMOramu A0 iX 30epiranus. IIporpecuBHa MerajneBa €MHICTh B SKIH
MOJKJIUBE 30epiraHHs Oy/Ib-IKOTO BUIy MaTepiany — 1€ CHJIOCH CITipajibHO-(PaIbIIEBOTO THITY.

AHaJIi3 0OCTaHHIX /Kepes A0caiIxkeHb i myomikaniii. JlociikeHHAMU pOOOTH Ta aHATI30M
METaJIeBUX CHJIOCIB 3aliMa€ThCsl BEJIMKA KIIbKICTh HaykoBIiB. JDk.P. MakxKanmoHT omuHum 3
nepuux KiacuQikyBaB CHIOCH Ta PO3IVISIHYB ix ocobnuBocti [2]. Benukuii Bknaa 3poounu Porep
M. ta Teitnopn E., y cBoix kuurax [3 — 4] BOHM HaJalOTh JETajdbHy 1H(GOPMAIII0 CTOCOBHO
KOHCTPYKIIl CHJIOCIB, HaBaHTa&XEHb Ta BIUIMBIB Ha €MHOCTi, OIHUCYIOTh pPO3paXyHKHU
KOHCTPYKIIIHHUX €JIIEMEHTIB Ta XapaKTEPUCTHKH CHUITYYMX MarepiajiiB, sKi Ha HHUX BIUIUBAIOTh.
bnaiit I'., Ke6em X., Monernna M., Xanbxya 0., Yanrs 3. [5 — 9] npucBsatuinu cBoi podoTH
€KCIIEPUMEHTAJIbHUM JIOCTIDKCHHSAM BIUIMBY THCKY CHIyYHWX MaTepialliB, B 3aJIEKHOCTI Bia iX
PI3HUX XapaKTEPUCTHK, HAa OOOJIOHKU IMAJKHX Ta ro)poBaHUX METAIEBUX CHIOCIB. JloranryH A. y
CBOIH POOOTI JOCHIIWB BUMAAKKA PYWHYBAaHHS CHJIOCHUX €MHOCTEH, 3pOOMB OIS Ha TMOIIMPEHI
MIOMUJIKH TP PO3paxyHKax, sIKi MOXKYTh IPU3BECTH 0 aBapii KoHCTpyKii [10].

Bunisiennsi He po3’si3aHMX paHille 4acTHH 3arajibHoi mpooJjemMu. Po3BUTOK cripanabHO-
(anpLeBUX CHUIIOCIB CTPUMYETHCS Yepe3 BIACYTHICTh €KCIIEPUMEHTAIBHUX JOCIIIKEHb €JIeMEHTIB
[UX CTAJIEBUX JIUCTOBUX KOHCTPYKIIIH.

IlocTanoBka 3aBAaHHsA. 3aBJaHHAM Ii€]l CTAaTTi € ONUC ¥ aHami3 pe3ynbTariB
EKCIIEPUMEHTAIIbHUX JIOCTI/DKCHh €JIEMEHTIB KOHCTPYKIli MeETaJeBHUX CHipanabHO-(abIeBUX
CHJIOCIB.
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OcHoBHuii Martepian i pesyabrarun. KoHcTpykuis cmipanbHO-(hambiieBoro cuiocy Oyna
po3pobieHa y 1968 pori Himenbkum BueHUM KcaBepom Jlinmom, siknii BAKOPUCTOBYBAB CIIEIliajbHE
obnagHaHHs A7 OOpOOKHM JIMCTOBOTO MeETally 1 3acTOCyBaB HOTO Ui 3BEACHHS CIipaJIbHO-
HaBuBHUX cuiociB [11]. Kopnyc cumocy siBiasie co00r0 CHCTEMY CHIpaJIbHOTO 3'€THAHHS CTaJIeBOT
CTPIUYKHM NUISXOM IIOBIHHOTO BAJIBLIIOBAHHS 3 OMHOYACHUM (opMyBaHHSM (anbleBOro pedpa
3aMKHyTOTO TUIY. DanbleBuii 3aMOK PO3TAIIOBaHUI 330BHI CTIHKHM CHJIOCY ITiJ{ HE3HAYHUM KyTOM
710 TOPU30HTAJIBHOI IIOLIMHY i YTBOPIOE KUIBLIEB] pedpa.

KoHCTpykTHBHI pimieHHS OOOJOYKH CHJIOCIB  CHIpadbHO-(PaNBbIIEBOTO THUITY CYTTEBO
BIJPI3HSIOTHCSA BiJ 30ipHUX METAJNEBUX CHJIOCIB 13 TOPPOBAHUX MaHeNneil Ha OONTOBUX 3’€IHAHHIX
Ta 3BapHUX JIMCTOBHX EMHOCTEH.

OnHuM 13 BU3HAYaJbHUX YMHHUKIB IiJl 4ac BUOOPY KOHCTPYKIII CTIHKH CHJIOCY Ta HOro
MPOCKTYBaHHSIM € 3a0e3MeueHHs CTIHKOCTI. Y TpamullidHii To(poBaHIA €MHOCTI CTIHKICTh
3abe3neyye cUcTeMa >KOPCTKICHHUX €JIEMEHTIB, TaKMX SK: TOPH30HTAJbHI Ta BEpPTUKaJIbHI pedpa,
BiTpoBi Kumbl. [li ememMeHTH mpu3HAdeHi JUIsl CIPUHMMAaHHS BEPTUKAIBHUX HABAaHTAXEHB, aJKE
JIMCTOBI TMaHelNi CIPUMMAIOTh TIABKH PO3TATYIOUI 3aCHIUIA Bifl TOPU30HTAIBHOTO THUCKY CHITY4OTO
Matepiany. be3pebepHi €eMHOCTI 3aCTOCOBYIOTHCS JIMIIE MPU MajuX 00’€Max 3epHa s 30epiraHHs
Ta BiJICYTHOCTI 0araropa3oBUX IUKIIB 3aBAaHTAXKCHHS-PO3BAHTAKEHHS BIPOIOBK POKY.

Oco06nuBa KOHCTPYKIIiSI KOPITYCY CIipadbHO-(GaIbleBUX CHIIOCIB JI03BOJISIE 3a0€3MEUUTH
CTIMKICTh EMHOCTI 0€3 BUKOPUCTAHHS BEPTUKATBLHUX pedep KOPCTKOCTI.

PeGpo danbreBoro tumy, sk cnerudiyHUNA CTUKOBUHN €JIEMEHT, TOTpelye eKCIIEPUMEHTATbHUX
JOCHIKEHb Ta BUBYCHHS (DAKTUYHUX XapaKTEPUCTUK IMiJAATINBOCTI Ta MIIIHOCTI, MOAI0HO TOMY, SIK
B CBiil 4ac €KCTIIEPUMEHTAIBHO JTOCIIKYBAJIUCh 3BapHi, OOJITOBI Ta 3aKJICTIKOBI 3’ € THAHHSI.

JJis eKCTIepUMEHTAIBHOTO JTOCIIIKSHHs OYB B3STHUH €IEMEHT CTIHKH CIipaTbHO-(aIbI[eBOTO
CUJIOCY I 30epiraHHs TPICKU JepeBUHU. ['abapuT cuiocy — miamMerp 8M, BUCOTa Koprycy 17w,
3araapHUi 06°eM 36epiranns matepiany 650 M°. ¥V criHni cuocy 6y10 3po6ieHO TeXHONOriYHHiA
OTBIp I MOHTaXy ONIAOBOTO JIIOKY. BupizaHuii eneMeHT CTiHKH OyB pO3AUICHUA Ha
eKCIIepUMEeHTaNbHI 3pa3ku (puc.l).

Pansuebud
" 3aMoK

350
\

700
®
<

! | 40
4|13 1
=R 3
m 3
80
a) 1

Puc. 1. ExciepumeHTaabHUN 3pa30K: a) po3TallyBaHHs Ta HyMepallisi TeH30/JaTYHiKiB Ta
1HAMKATOPIB Ha 3pa3kax; | - 4 — TeH3onaryuky; I-1 — iIHAUKATOPU TOAMHHUKOBOTO THILY; 0)
3arajiIbHUNA BUTTIS
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XapakTepuCTUKHU 3pa3ka - Mapka craii — DX51D+Z1400, mupuna — 80 mMm, nosxuna 700
MM, ToBmmHa — 4 wmMm. [llupumHa 3paska npuiiHATA 3 YMOBH HAAIHHOTO 3aKpIIJICHHS Y
BUINIPOOYBaJIbHIM MalInHi, JOBKHUHA — 3 YMOBU HAJIITHOTO 3aKpIIUICHHS Ta MOKJIMBOCTI BU3HAYUTH
MOBEIHKY CTIHKH CHJIOCY ITiJT Yac pyHHYBaHHS (hajblIeBOTO 3’ € THAHHS.

Jis Bu3HaueHHa xapakrepuctuk craiai DX51D+Z140 Oyno mpoBereHe BUNpOOyBaHHS Ha
pPO3TATYBaHHS Ha TUIOCKUX 3pa3kax (puc.2). JocmimpkeHHs TpOBOAMIOCh HAa pO3pHuBHIiNA MaruHi MP-
500xH. 3a pesynbraramMu BUNpoOyBaHHsS OyJ0 BH3HAYEHO, IO CTalb € IUIACTUYHOIO, HA 3pa3Kax
MicIss pyWHYBaHHS YITKO BUAHO 30HY 3BYXKeHHs (puc. 2,0). MexaHi4HI XapaKTepUCTUKH CTai:
rpaHuns Tekydocti cram o, =25IMIla; rpanuns wMinHocTi O, =320MIla, 3anumikoBe

BUJIOBKEHHS TicIis pyiHHYBaHHS 0 = 16%.

Puc. 2. BunipoOyBaHHS Ha pO3TAT: a)3arajJbHUM BUITIAN; 0) 3pa3Ku Micis BUIPOOYBaHHS

Jiss BU3HAUCHHS BEJIMYMHH PO3KPHUTTS (PaJIbIIEBOTO 3aMKa BUKOPHCTOBYBAIUCS 1HIUKATOPH
TOAMHHUKOBOTO TUMY 3 HiHO0 AiuteHHs 0,01 mwm. s oTpuMyBaHHS €KCIEPUMEHTATbHUX 3HAYCHD
BIIHOCHHX nedopmariiii CTIHKA CHJIOCY, Ha €KCIIEPUMEHTAJIbHI 3pa3Ku Oyl HaKJIEEH! eIeKTPUUHI
TeH3ope3ucTopu 3 0azor0 20mMMm. Cxema HaKJICIOBaHHS TEH30/aTYMKIB HaBeleHa Ha puc 1.
[TokazaHHS 3 TEH30aTYMKIB 3HIMAJIMCH 3a JOIMIOMOTOI) aBTOMAaTHYHOTO BHMiproBada aedopmalrii
AB/I-4.

3aralbHUH BUTJISIT €KCIIEPUMEHTAIIFHOTO 3pa3ka 3 PO3MIIICHHSM Ha HhOMY TEH30aT4YHKIB Ta
1HAMKATOpY TOAMHHUKOBOTO TUITY 300paXeHO Ha puc. 3.
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Puc. 3. 3aranbHuil BUIISAA €KCIEPUMEHTATIBHOTO 3pa3ka y BUIIPOOyBaIbHIN MalnHi

Etanu excniepuMeHTy: 3akKpillsIeHHs 3pa3ka y BHUIIPOOyBalbHiM MammHi (puc.3), CTyleHeBe
HaBaHTXKCHHsI 3pa3ka PO3TATYIOUMM HaBAaHTAXEHHSM, 301p JaHWX 3 1HIUKATOPIB TOIMHHUKOBOTO
tuny Ta (¢ikcamis ngedopmainiii  TEH30pPE3UCTOPIB HA KOXKHOMY CTYNEHI HaBaHTa)KEHHS,
HABaHTAXEHHS 3pa3Ka JI0 TIOBHOTO PO3PUBY (PasibLIEBOTO 3aMKa.

HaBanTakeHHs 3pa3KiB BHKOHYBAJOCh IIEHTPAIBHUM PO3TATYIOYMM HABAHTAXKCHHSM, SKE
MIPUKIIAIAI0Cs B CTaTUYHOMY pexkumi B Mexkax Big 0 kH mo 21 kH.

Pesynpratu ekcriepiMeHTy BUSBHIIH, IO MPU HABAaHTAKEHHI PO3TATYIOUMM HABAHTAXKCHHSIM B
Mexax 4 — 4,5 kH BinOyBaeThcsi 3aBUCAaHHS HaBaHTAXXEHHS, YTBOPIOETHCS MOBEPXHEBA TPIIIMHA B
nepuioMy BUTHHI 3aMKa. [IoBHEe pO3KpHUTTS NEepIIoro 3runy (aabIeBoro 3amka — B Mexax 7 - 8 kH.
Po3kputTs apyroro 3ruHy MOYMHAETHCS TIPU HaBaHTaKEHHI B Mexax 8§ — 9 kH, B mpomixkky 9 — 15
kH croctepiraeTbest TOBOPOT 3’€THAHHS 3 TOPU3OHTANILHOI IIONIMHU Y BEpTUKAIbHY. PyliHyBaHHS
(danpiieBOoro 3aMka BIIOyBaeTcs mpu HaBaHTaxeHHI B Mexax 19-21 kH. Ilicma mocsarHeHHs
MaKCUMAJIbHOTO HAaBaHTAXXCHHS, BiNOyBaeTbcs HOro mocTynoBe mamiHHA. Etanmum pyiHyBaHHS
(hanpIIeBOTO 3aMKa B 3aJIEKHOCTI BiJl PO3TATYIOUOTO HABaHTAKCHHS HaBeAeH] B Ta0.1.

Tabnuns 1 — Etanu pyiinyBanHs (hasbIieBOro 3aMKa B 3aJIEKHOCTI Bl pO3TATYIOUOTO

HaBAHTAXKEHHS
Hag-u1, 0 2,5 4,5 8
kH
¥
Xapakrep
PO3KPUTTS
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Hap-us,
kH
Xapakrep
PO3KPUTTSA

15 20 14 10

[ToBHHUI XapakTep pO3KPHUTTS (abLIEBOrO 3aMKa J0 HOro pyHHYBaHHS HAIJIAIHO MTOKAa3aHO Ha
rpadiky (puc. 4).

25

o]
=]

—
n

Hapanrtaxenus, P kH
—
N )

=]

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76
Po3KkpHTTS, MM

@+ 3pa3ok Nel --¢--3pa3zok Ne2 3pa3ok Ne3
— & —3pa3ok Ned —X— 3pazok Ne5 —o6— 3paszok Neb

Puc. 4. Xapakrep po3kputTs panbieBoro 3aMmka

AHani3 pe3ynabprariB eKCIepUMEHTATBHUX JTOCHIKEHb M0Ka3aB, [0 MPU HABAaHTAKCHHSX Ha
3pazok B Mexkax P = 0....3 xH koHCTpyKIIis mpaltoBaia mpyKHO, OCKUTBKH MPH PO3BaHTAXXKECHHI 10
piBug P = 1,5 kH Hiskux 3anumikoBux aedopmaiiiii He (ikCcyBanoch.

[Ipu 301bIICHH]I HABaHTKEHHS Ha (DasbIieBe 3’ €THAHHS, BUMIPIOBAIbHI TIpHIaand (IKCyBaIH
301IbIICHHS 3aMIIKOBUX Jedopmartiii B mexax | mwm. [lpu piBHi HaBaHTaxkeHHs P = 3,5 kH
3IMIIKOBI Jiehopmaliii mepeBakaroTh MPY)KHI Ta NpUHHSIM 3HadeHHs 3,16 MM, a Ha Tpadiky
3aJISKHOCTI MK MPYKHUMH Ta 3aJIMIIKOBUMH J1e(hopMaLlisiMU MOXKHA CIIOCTepiratu cnaj (puc.S).
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1.6

1.4

1.2
1.42 (3,5xH)

1.12 (3xH)
0.8

0.98 (4,5xH)

0.6

0.4

0.68 (2,5xH)

0.2

[Tpy:xHa nedopMamiapo3KPHTT, MM

0 2 4 6 8 10 12
3amumkoBa gedopMalis poO3KpHUTTS, MM

Puc. 5. I'padik 3aneXHOCTI MiX NMPYKHOIO T 3aJI‘I/II_HKOBOIO nedopMariisiMi po3KpUTTS (PabIIEBOTO
3aMKa 32 IHKJI

Amnani3 BigHOCHUX aAedopmaiii, siki Oyau BuMipsHi 3a gomomoroo ABJI-4, mokasas, 110
(danpieBe pedpo Ta mpusernia 00oJ0YKa MPaTh B CKIAHOMY HampyxkeHoMy ctaHi. [Tokasu i3
I3epKabHUX TEH30PE3UCTOPIB MajH MPOTUIICKHI 3HAKH, a OTKE, i yac pPO3KPHUTTS (aibLeBOro
3aMKa, CTIHKa CHJIOCY 3 OTHOTO OOKY CTHCKA€THCS, a 3 IHIIOTO PO3TATYEThCS (puc. 6). SIk BUAHO 3
puc. 6, nedopmarlisi BUMipsiHa TeH3ope3uctopamu 1, 3 Ta 2, 4, ki po3MILIEH] I3€pKaIbHO IO-
BITHOIIEHHIO /10 (haJIblIeBOTO 3’ €IHAHHS, aJie 3 PI3HUX CTOPIH CTIHKU cUjocy (AuB. puc. 1), mokaszye
ix cymicHy poGoty no HaBanTaxkeHHS B 4,5 kH. Ilicna mexi B 4,5 kH rpadiku nedopmariii
PO3XOIATHCS, B IEH Yac 3’SBISETHCS TPINIMHA METAIy MEPHIOro 3THHY (aibls Ta MOYMHAETHCS
foro po3kpuTTa. BapTo Bif3HAYMTH, 110 MEpe] MOYaTKOM PO3KPHUTTAM IMEPIIOro 3TUHY, BEINYUHU
nedopmariii TeH30pe3ucTopiB 1 Ta 2 mocAraroTh CBOIX MaKCHMaJIbHUX 3Ha4eHb. B 1iel ke dvac
nokasu jaedopmarii 3 TeH30pe3ucTOpiB 3 Ta 4 MPONOBKYIOTH 3pOCTAaTH IO MOBHOTO PO3KPUTTS
MEepIIOro 3TUHY (aabIeBOTO 3’€AHAHHS, IO Bi3HAYAETHCS MPU BEIWYHMHI HABAHTAKCHHS B MEXax
P = 7 — 8 xH. Ha nacrynmHux eramax HaBaHTaXEHHS 3pa3ka, Aedopmarii mpornopuiiHO
3MEHIIYIOTHCS /10 TOBHOTO PyHHYBaHHS (ajbIIeBOTO 3aMKa.
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Puc. 6. I'padix 3anexxnocti nedopmailii 3pa3ka BiJ HaBaHTAKCHHS

[Ticnsa pyliHyBaHHS 3’€THAHHA Ha METaJli CIIOCTEPIraiucs 30HU CTOHIICHHS METaly B MICIIX
3TUHY (aliblis, Ta TPILMHY BiJ pyiHYBaHHS 3TUHIB (puC. 7).

Puc. 7. 3pa3ok micns pyiiHyBaHHS

AHaT3 Hanpy)XeHb B CTIHII CHIPATFHO-PATBIIEBOrO0 CHIOCY MPU PO3KPUTTI (PaTbIIEBOrO 3amMKa
TI0Ka3aB, 110 MPH MPYXHIA poOoTi (ableBOro 3’€HAHHS, HAPYXXEHHS B CTIHLI 3HAXOJATHCA B MEXax
o,=0-25xH/ cv’, a nUpu  pyilHyBaHHI  3aMKa, HANUPYKCHHS  BIINOBIIA€  3HAYCHHAM
o, =6-8kH/ cy”. TIOpIBHSBIIM OTpHMAHI pE3y/IbTATH 3 MEXAHIYHMMH XApaKTCPHCTHKAMH CTAi,
OTPUMYEMO, TII0 TIPU pyHHYBaHHI (HaJbIIEBOTO 3’ €AHAHHS, HANPYKEHHS, SIKI BUHUKAIOTh B CTIHIII CHJIOCY,
JUTSl METAJICBOTO IIITPITICA BiTOBIAAIOTH MPYKHIM CTaTii.

Pesynbrati nocmipkeHb OyiM MOPIBHSHHI 3 QHATTUYHUMH PO3PAaXyHKaMH, OTPHUMAHUMH TIPU
MIPOEKTYBaHHI KOHCTPYKIIT CHJIOCY, 3 SKOTO OyJM B3STI 3pa3Ku Uil eKCriepuMeHTy. [Iisi BU3Ha4YeHHs
HAaIpy>KeHO-1e()OPMOBAHOTO CTaHy, 1[0 BUHUKAE B CTAJICBIN KOHCTPYKITi CTIHKUA CHIIOCY (3 ypaxyBaHHIM
HAsBHOCTI KUJIBIIEBUX pedep JKOPCTKOCTI) Ta CTPHIKHEBUX €JIEMEHTaX KYIMOJbHOIO KapKacy
NOKpUTTS Oyna 3MOJIeNTbOBaHA PO3paxyHKOBAa KOMII'IOTEpHA MOJENb Kapkacy cuiocy. llepeBipHi
CTaTHU4YHI PO3paxyHKH CTAJE€BUX KOHCTPYKILIH cuiocy BukoHaHi mo mporpami JIIPA-CAIIP 3
MEPEBIPKOI0 HECYYOi CIIPOMOKHOCTI IUIACTHH CTIHKU Ta CTPUIKHEBHUX E€JIIEMEHTIB KapKacy CHUJIOCY
Ha MOXXJIMBI IIPU €KCIUTyaTalii po3paxyHKOBI KOMOIHAIlIl HABAHTaXKEHb Ta PO3PAXYHKOBI CIIOIYYCHHSI.
IepeBipka CTIHKOCTI CHMJIOCHOI KOHCTPYKIIi MPOBOMMIIACH ISl 3alIOBHEHOTO CHUJIOCY, & TAKOX I HE
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3aIIOBHEHOTO CHUITyYMM MarepiajioM CHJIOCY HPH [ii BITPOBOTO HaBaHTKEHHS. Pe3ynbTaTu po3paxyHKIB
TMOKa3aJId, 1110 Y MYCTIl €MHICTB MM Aii BITPOBOrO HABAaHTHKEHHS BUHUKAIOTH HE TUTBKM MEPHIIOHAIBHI
HAlpY>KEHHS CTUCKY, a W po3rsary. HampykeHHS po3Tsry B CTIHII CHJIOCY JOCSTalio 3HAYECHHS
o, =0,4xH/ cm” . EXCIIepUMEHTATBHI JOCTIDKEHHS (albLEeBOro 3aMKa MOKA3ali, IO TP MpYXKHiil
poboTi (harblieBOTO 3’€MHAHHS, HAMPYXEHHS B CTIHINl BiIMOBLIAIO 3HAYCHHSM o, = 0-2,5xH /cem* .
Taxum urHOM, U Ai1 BITPOBOr0 HABaHTAKEHHS, po00Ta (hastblsl XapaKTepH3YEThCs MPYXKHOIO CTAIIer0, 0e3
PO3KpUTTS, a pyHHYBaHHA (HaJbLIEBOrO 3aMKa BIIOYBA€THCS TPU IMO3arPAHUYHOMY CTaHi OOOJIOHKH
CIipaTbHO-(aIBLIEBOTO CHIIOCY.
BucnoBku. B pe3ynbrari eKCepuMEeHTATLHOTO JIOCIIHKEHHS Ta TOPIBHIHHSA OTPHUMAaHUX

JIAHWX 3 aHATITHYHAMH pO3paxyHKamu Oyir 3p00JIeH] Taki BUCHOBKH:

1. BusBneno xapakrtep po0OoTu (hajbIieBoro 3aMka i IpUJICTINX IUITHOK OOOJIOHKH MpH ii
PO3TATYIOUNX HaBAaHTAKECHb.

2. 3adikcoBaHO 3THH MPUIIETIIOl 000JOHKH IPU PO3KPHUTTI (haIbLIEBOTO 3aMKa.

3. BigzHaueHo eranu HaBaHTAXXCHHS, IPU IKUX (anblieBe 3’ €JHAHHS MPAIIOBAIIO TIPY>KHO.

4. ExcrutyataliiiiHi HaBaHTaXCHHS B1JIITOBIIal0OTh TIOYATKOBIM CTaaill poOoTH (anbild 6e3 Horo
PO3KPHTTSL.

5. Bunpo6oBana koHCTpyKIIisi ¢anbliisd 3abe3nedye HaaiiiHy poOOTy OOOJOHKM Ha MPOEKTHI
HaBaHTaKCHHS.

6. BusiBnenuii xapaktep poGoTu ¢anblg 10 pyHHYBaHHA B OCHOBHOMY BIZNOBiJae
M03arpaHuYHOMY CTaHy OOOJIOHKH CIipajibHO-(alIbLIEBOrO CUIIOCY 1 MIATBEPIXKYE HOro HAaIIHICTD
IIpH JTii MOYKJTMBUX T1BUIICHUX aBapiiHUX HABAHTAXKCHbD.
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Hayuonanonvui ynusepcumem «llonmasckas nonumexuuxa umenu FOpus Konopamioxa»

AnHOTanMA. MeTaITNYeCKUe €MKOCTH JJisi XPaHEHHS CHITyYUX MaTepuajoB IOJYy4aroT
pacrnpocTpaHeHHue ¢ KaKIpIM rogoM. B paboTte paccMoTpeHa KOHCTPYKIMS CTAJbHBIX CIIUPAIbHO-
(anbLEeBbIX CUIOCOB M OCOOEHHOCTHU pacIoyioxkeHus (panmbiieBoro 3amka. IlpeacraBiensl 3J1eMeHTHI
CUCTEMBI KECTKOCTU COOPHBIX METAINTMYECKUX CHIIOCOB M3 rOpUpPOBAaHHBIX MaHesiel Ha OOJITOBBIX
coequHeHusX. OmMcaHbl XapakTEPUCTUKUA CHIIOCA, U3 KOTOPOro OBLIM B3STHI 00paslbl JUis
MPOBEJCHUS AKcnepuMeHTa. [IpuBeneHbl MexaHudeckue xapakrtepuctuku crtanu DXS1D+Z140,
paccuuTaHHbIE C MOMOIIBIO UCTIBITAHUS TUIOCKUX 00pa3loB Ha pacTshkeHue. [IporumocTprupoBaHsl
oOpasnpl U 000pYIOBaHUE SKCIIEPUMEHTAIBHOTO HCCIenoBaHus (aiblieBoro 3aMka. OmucaHbI
sTambl  omblTa. Harpy3ka 00pa3loB  BBINOJNHSATACH LEHTPAIbHOM  HArpyskod, KOTOpas
MpUKIagbpiBanack B ctaruyeckoM pexxume B mpeaenax oT 0 kH mo 21 xH. [IpoumntoctprpoBansl
3Tanbl PacKpbITUS (PATBIIEBOrO 3aMKa B 3aBHCHMOCTH OT pacTATHBAIONICH Harpy3ku. OnucaHbl
cTaguu paboThl (ajableBOTO 3aMKa. PaccMOTpeH MOJHBIM XapakTep pPacKphITHs (DaTbIIEBOTO
coeMHEHUs 110 ero paspymenus. IlpoananusupoBan Xxapakrtep paOoThl (haiblEBOTO 3aMKa B
yrnpyroit cranuu. [IpousBeneH aHann3 OTHOCUTENBHBIX JAepOopMalnii, KOTOpble ObUIM HU3MEPEHBI C
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nomomsio ABJ/[-4. Bwuio 3adukcupoBaHo, 4yTo QanblieBoe pedpo M Onuziexamas 000JI0YKa
palboTaloT B CIOXKHOM HANpsKEHHOM COCTOSHMM. [lokazaHusi M3 3epKalbHBIX TEH30PE3HCTOPOB
MMEN MPOTHBOIOIOKHBIC 3HAKH, @ 3HAUUT, IIPU PACKPBHITUH (albLIEBOTO 3aMKa CTEHKa CHUJIOCa C
OJTHOM CTOPOHBI CKUMAETCS, a C APYrod pactsaruBaercs. [IponsumrocTpupoBaHbl 00pa3Ilbl MOCHE
paspyLeHsl COeTUHEHUsI, OTMEYEHO, YTO Ha MeTaJule HaONIOAaiCh 30Hbl UICTOHUCHHS METalljia B
MecTax cruda ¢anblia ¥ TPEIIMHBI OT pa3pylIeHUs U3THOOB.

[IpousBeneHo cpaBHEHHE pE3YNbTATOB MCCIENOBAaHUN C AHAJIMTUYECKHMHU pacueTami,
MOJy4eHHBIMH IpPU IPOEKTHUPOBAHUM KOHCTPYKUMHU cuioca. Ilo pesynasraram pacdeTroB ObLIO
OTMEYEHO, 4YTO B IIYCTOM €MKOCTH IpU JACUCTBUU BETPOBOM HArPy3KH BO3HHUKAIOT HE TOJBKO
MEPHUINOHAJIBHBIC HAIPSDKEHUS CKATUSA, HO U PACTSKCHHUS.

[lo pe3ynapraraM SKCHEPUMEHTAJIBHOTO HCCIEJOBAHHUS U II0 CPAaBHEHUIO IOJYyYEHHBIX
JAHHBIX C AHAJUTHUYECKUMH pacueTaMH ObIJIO OOHApyXKEHO, YTO HKCIUIyaTallMOHHBIE HArpy3ku
COOTBETCTBYIOT Ha4aJbHOU cTaauu padboThl (hajbiia 0e3 ero pacKpbITHs, UCIIBITAHHAS KOHCTPYKIIUS
(anpiia obecrieunBaeT HaIEKHYIO PaOOTy 000JI0YKH HA MMPOEKTHBIE HATPY3KH.

KiroueBbie cjI0Ba: METAUIMUECKUN CUIIOC, CHUPATbHO-(DATBIEBBIH CHIIOC, (abLEBbIH
3aMOK

EXPERIMENTAL STUDY OF STRUCTURE ELEMENTS OF METAL
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Oksenenko K.A., graduate student,
shvadchenkokate@gmail.com ORCID 0000-0002-5171-3583
National University "Yuri Kondratyuk Poltava Polytechnic"

Annotation. Metal capacities for the storage bulk materials are became widespread every
year. The design of the steel spiral-fold silos and the peculiarities of the folding lock are considered
in the article. The elements of the rigidity system of prefabricated metal silos from corrugated
panels on bolted joints are given. The characteristics of the silo from which the samples were taken
for the experiment are described. The mechanical characteristics of DX51D + Z140 steel, which
were calculated by testing samples for tension, are given. Samples and equipment for experimental
study of a folding lock are illustrated. The stages of the experiment are described. The samples were
loaded with a central tensile load, which was applied in static mode in the range from 0 kN to 21
kN. The stages of opening the folding lock depending on the tensile load are illustrated. The stages
of the folding lock’s work are described. The complete character of disclosing of the folding lock to
its ruination is described. The character of the folding lock's work in the elastic stage is analyzed.
The analysis of sample’s relative strains which were measured by AVD-4 is made. It was noted that
the folding rib and the adjacent shell work in a complex stressed state. The mirror strain gauges
showed opposite signs, and as a result, when the folding lock is disclosing, the silo wall is
compressed on one side and tensioned on the other one. The samples after the destroying of the
folding connection are illustrated, it is noted that the metal was observed areas of thinning of the
metal and cracks.

The comparison of research results with the analytical calculations received at designing of a
design of a silo is made. According to the results of calculations, it was noted that in an empty silo
under the action of wind load there are not only meridional compressive stresses, but also tensile.

According to the results of experimental research and comparison of the obtained data with
analytical calculations, it was found that the operating loads correspond to the initial stage of the
folding lock' work. The experimentally studied design of the folding lock provides reliable work of
a silo on design loadings.

Keywords: metal silo, spiral-fold silos, folding lock.
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apximexkmypuy

ByIn. YepHuieBchKkoro, 24a, M. Jlainpo, 49600, Ykpaina

AHoTalis. B cTaTTi MpUBOAATHCS pe3ylbTaTH TEOPETUUTHX JOCIIIKEHb BIUIMBY ITOB3Y4OCTi
OeToHy Ta  JIEpeBHMHM Ha  HampyXkeHo-iepopMoBaHMH  CTaH  JAepPeBO3ali300€TOHHUX
OararonmoBepxoBUX OymiBenb. [[s aHamizy NMPUAHATO KBaJpaTHUH B IUIaHI OyIWHOK-TIPOTOTHIT
paMHOT KapKacHOI CUCTEMHU 13 JIepeB’ IHUMH HECYYHMHU KOHCTPYKLIsMHU (KJeeHa faepeBuHa 1a LVL)
Ta 3al1i300€TOHHUM SIApPOM KopcTkocTi. KinbkicTe moBepxiB BapitoBasiacs Bix 5 mo 20. s
ypaxyBaHHs IMOB3y4oCTi OeTOHY 3acrocoBaHa mozaenb Eurocode EN 1992-1-1, nis nepeBuHuM —
MOJICJIb TOB3YyUYOCTI TPYXKHO-B’si3Ko-TiactuyHoro Tima T. Toratti. OTpuMani naHi 1040 3MiHH
BEePTUKATHHUX TEPEMIIIEHh XapaKTEPHUX TOYOK Kapkacy (KOJOH Ta siipa >KOPCTKOCTI), a TaKOX
BEJIMYMHU TTO3JIOBXKHIX 3yCHJIb B 0aikax mpoTarom S0 poKiB eKcruryaTartii.

Kurouosi ciioBa: nepeBo3anizo0eToHHI 6araronoBepxoBi OyiBIli, MOB3y4iCTh, OETOH, KJICEHA
nepesuHa, LVL, mepemimieHHs.

Beryn. OgauM 13 Cy4acHUX HANpsIMKIB B Oy/IIBHUIITBI € 3BEJCHHS 0araTormoBEepXOBUX OY/IiBEIb,
B SKUX TEpeBaKHA YAaCTMHA KOHCTPYKTHBHUX €IIEMEHTIB BHKOHAHA 3 JIEPEBUHHU, a IMPOCTOPOBA
CTaOLIBHICTD 3a0€3MeUyeThCs 3aTI300€TOHHUMH JiadparMaMu abo SAPOM KOPCTKOCTi. MOKITMBOIO
po0JIEMOIO TPH 3aCTOCYBAaHHI PI3HUX MarepialliB y HECYUYHMX KOHCTPYKISIX € iCTOTHA BiAMIHHICTH B
XapaKkTepUCTUKAxX MehopMyBaHHs (HAPUKIIAI, MOAYJII IPYKHOCTI JIGPEBUHU Ta OETOHY BiJIPI3HAIOTHCS
OiblIIe HIXK Y 2 pa3u), a TAaKOX BIUIUB ITOB3YYOCTI.

AHaji3 ocTaHHiX aociaigkeHb i myOJikauniii. Po3poOii Moxaenel st omucy IMOB3y4YOCTi
OeroHy Ta ii BpaxyBaHHS INpH PO3pPaxyHKax 3aji300€TOHHUX KOHCTPYKLIH MPHCBSYEHI Mpari
Pab6ornora FO.H., Pxaninuna A.P., Apyrionsna H.X., Bacunsesa I1.1., 'Bo3neBa A.A., bongapenka
B.M., bynanoBa M.A., Anekcannposcbkoro C.B., Ilopokonosuya 1.€., Yninpkoro C.€., Kaganosa
JLM. Ta Garathox iHmMX BYeHHX. OJHIEIO 3 TMOMMUPEHUX € HEJIHIMHA Teopis MPYKHO-TIOB3y4OTO
Tinma, 3ampornoHoBaHna Macnosum [.H. [1] ta Apytionsaom H.X. [2]. Teopis BpaxoBye icTOpitO
3aBaHTaXEHb (CHAJKOBICTh) Ta cTapiHHA OeToHy. HaiOinbml MOMHMPEHUMH Yy TNPAKTHIHOMY
3aCTOCYBaHHI Hapas3i € MOJIeJi MOB3Y4OCTi, IMIIJIEMEHTOBAaHI B HOPMAaTUBHUX JTOKYMEHTaX Pi3HUX
kpain (ACI 209 R-92, B3, GL2000, CEB-FIP Model Code 1990) [3].

Cepen MaTeMaTUYHHUX MOJIEJICH MOB3y4YOCTi IEPEBUHU B SKOCTI 0a30BUX CIiJ BUAUIUTH JBA
IHTErpaJIbHUX PIBHSIHHS JIHIHHOT MTOB3y4YOCT1 AEPEeBUHU, 3anmponoHoBadi Pxanimmanm A.P. [4] Tta
[TpokomnoBuuem LE. [5], a Takox monen KBacaukoBa €.A. [6], [TatukpectoBcbkoro K.II. [7] Ta iH.
ABTtopamu [8, 9] 3anpormoHOBaHO PsIT PEOTOTIYHUX MOJIEIICH, 10 TPYHTYIOTHCS Ha B I3KO-TIPYKHOMY
xapakTtepi AeopMyBaHHS ICPEBUHH 1 JO03BOJIAIOTH BPAaxOBYBaTH KOMIIOHEHTH IOB3Y4OCTi, IIO
00yMOBJICHI CTPYKTYpOIO JEPEBUHH, ii BOJOTICTIO TOmO. HaiOuIbll MUPOKO B €BPOMEHCHKIN
MPAKTHULl JOCTIKEHb JIePEeB’ THUX KOHCTPYKIIiMl Ha ChOTOJJHI BUKOPUCTOBYEThCS Mozienb Toratti T.
[8]. dmns BpaxyBaHHs nedopmarliiii Ta 3armo0iraHas pyWHYBaHHS BHACTIOK TOB3y4ocTi HOpMH [ 10,
11], saxi € ynHHUMHU B YKpaiHi, BBOJATH KOe(illiEHTH 3HIKEHHS pO3PaXyHKOBOI'O OMOPY JAECPEBHHH,
SIK1 3QJIe)KATh BiJl TPUBAJIOCTI HABAaHTAKCHHSI.
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TakuMm 4MHOM, Ha CHOTOAHIIIHINA JCHb ICHYE BENMKA KUIBKICTh MAaTEMAaTUYHUX MOJEJCH, Kl
JI03BOJISIIOTh BUKOHYBATH aHaJI13 HAMPYKEHO-Ae(OPMOBAHOTO CTaHy JIEPEB’ THUX Ta 3a11300€TOHHUX
KOHCTPYKLIA 3 ypaxyBaHHsIM MoB3y4yocTi. [Ipore muranHs poOOTH KOHCTPYKTUBHOI CHUCTEMHU
JIEPEeBO3aTI300€TOHHNX 0araTOMOBEPXOBUX OYIiBENb 3 YpaxXyBaHHSIM IIbOTO €(PEKTy IOCIIIKEHO
HE/IOCTAaTHBO. 3 OIJISIY Ha 1€, METOI POOOTH € JOCIIHKEHHS BIUIMBY MTOB3Yy4OCTI HAa HAIPYKEHO-
nedhopMOBaHUH CTaH JEPEBO3AII300€TOHHUX 0araTOMOBEPXOBUX OYIIBEIIb.

Marepiaau Ta MeTOaAMKA JOCTiAxKeHHA. [[1s1 mocmiKeHHs Oyno MPUIHATO KBaJApaTHUH Y
m1aHi OyAMHOK-TIPOTOTHIT PaMHOT KapKacHOT CUCTEMH 13 SIPOM KOPCTKOCTI. JIoBXKHWHA MPOIHOTY B
M03/I0B)XKHBOMY 1 MONEPEYHOMY HAlpsSMKax CTaHOBWJIA 5 M. 3aranbHuil raGaput OyAiBIi B IUIaHI
25x25 m. Ilpu monentoBaHHI BapiroBajacs KibKicTh moBepxiB (5, 10, 15 1 20). Bucora nmoBepxy
npuiinaTa 3 M. BinqnoiznHo, BUCOTa pO3IIISIHYTHX BapiaHTiB OyxiBens ckiana 15, 30, 45 ta 60 m. B
SIKOCT1 MaTepialy KOJOH Ta 0ajok OyJI0 pO3TJSHYTO KJICEHY JepeBUHY kiacy mirHocTi GL28h Ta
kneennit mmoH (LVL) knacy mittrocti LVL35P. Po3mipu nepepizy konon npuitmanucs: 250x250 MM
st 5S-tu moBepxoBoi Oymieii; 300x300 mm — mma 10-tm moBepxoBoi; 400x400 — mist 15-Tm
noBepxoBoi Ta 550x550 MM — mnsg 20-TH MOBEpPXOBOi; OANKW MEPEKPUTTS] MPUNHHATI PO3MIpOM
300x600 MM. BriuB iHIIUX €IEMEHTIB MEPEKPUTTS Ha poOOTY KapkKacy HE BpaxoByBaBcs. Snpo
KOPCTKOCTI mpuiitmManocs i3 3amizoberony kiacy C20/25 rtoBmmuOo0 250 Mm. Jlo elneMeHTIB
ctBopernx B [IK JIMPA mpocTopoBHX CKIHYEHHOEJIEMEHTHUX MOJEJeH BCIX BapiaHTIB OyIliBENb
MPUKIIQIATNCS HaBaHTAKCHHs: 1) BlacHa Bara HECyYMX KOHCTPYKIIH, NEPEKPHUTTS 1 TOKPUTTSL; 2)
KOpPHCHE HAaBAaHTAKCHHSI HA KOHCTPYKIIii MEPEKPHUTTIB.

[TapameTrpu niarpamu  nedopMyBaHHS OETOHY NPUHHATO 3TiIHO BHUMOT HOPMAaTHBHOTO
nokymenTa [ 12]. s BpaxyBaHHs AedopMalriii moB3y40ocTi 06 TOHY BUKOPHCTaHa MOJIENb, TPUBECHA
B [13].

PoGota nepeBuHM Ha pO3TAT OMNMHMCaHA JIHIHHOI 3aJIEKHICTIO. PyiiHYBaHHS JIepEeBUHU
BiIOYBa€THCS MPU TOCITHEHHI MIITHOCT Ha PO3TAT:

Eosnpue,y, < f10.4 ! Eo
Onpu ey, < fr0.a/ Eo

1€ Oy — HaIPYXXEHHS TPU PO3TATYBaHHI; £y — MOIYJb MPYKHOCTI MapajieIbHO BOJIOKHAM;

f1.0.4 — pO3paxXyHKOBA MIIHICTh IEPEBUHH HA PO3TST MapajelibHO BOJOKHAM;

&— nedopmarist po3TATY.

Oco0nuBoCTI poOOTH IEPEBUHH HA CTHCK BPaXxOBaHi ABOJIHIHHOIO 3aIeKHICTIO [ 14], BUCXinHA

riIKa K01 MiANOPSAIKOBYEThCA 3aKOHY ['yKa, a ij1s JTIHIHHO Caarodoi TUIKH BBOJUTHCS Bl €MHHI
KoedilienT, 1o npubimsno aopisHioe 10% Bix MOAYINS NPYKHOCTI apaieIbHO BOJOKHAM:

P E()g pH &; 1 < fc,(),d /EO
t,t — )
f20,a-01Eq (g / fr,0 ) ey < fr0.4 1 Eo
1€ O, — HAMPY>KEHHS TIPU CTUCKAHHI;
fem0 — pO3paxXyHKOBA MIIHICTh IEPEBUHU HA CTHCK MApaJeTbHO BOJIOKHAM.

[ToB3yudicTh AepeBHHN MOXeE OyTH BpaxoBaHa IIJISXOM BUKOPHCTaHHS MOJIEI MPYKHO-B’ SI3KO-
IUTACTUYHOTO Tia [8], 10 BpaxoBYye B’SI3KOMPYKHI Ta MEXaHIKO-COPOIIiifHI BIACTUBOCTI ACPEBUHMU:

P =0re(t) + pms(1), )

; (1)

Ot =

)

1€ Pic(t) — KOCPIIIEHT B’ A3KOMPYKHOT TOB3YYOCTI;
@ims(t) — KOEPIIEHT MEXaHIKO-COPOILiIfHOT TOB3yYOCT!I.
KoedirienT B’13K0NpyKHOT MOB3Y4OCTI BU3HAYAETHCS 332 (POPMYIIOIO:

¢lc(t) :atba (4)
Iie ¢ — 4Jac, IHi;
a, b — emmipuyHi KOeiII€HTH, IO 3aJIekKaTh BiJl BULY ICPEBUHH.
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Puc. 1. 3aranpauii Burisn giarpam nedopmyBaHHs: a) 6etony [12]; 6) nepesunu [14]
®opmyna a1 koedilieHTa MeXaHiKO-COpOIIHOT MOB3y4OCTi Ma€ BUTIIS:

(0tms(t) :(Dtms,r(t) J’_(ﬂtms,r(t), (5)

€ Qims,(t), Qmsr(t) — KOSOIIEHTH MEXaHIKO-COPOIIfHOI MOB3yd4OCTi, IO BPaXOBYIOTh
000poTHI Ta HeOOOPOTHI nedopmartii, BiAMOBIIHO:

Oms (1) = 9 (1 _ 001Ut/ At ) ©)

(otms,i(t) = mmsAU > (7)

ne U — HakomM4YeHHS BOJIOTH JIEPEBUHOIO TIPOTSTOM Iepioy dacy A¢ 3 ypaxyBaHHSIM KOJUBAaHb

BIJIHOCHOI BOJIOTOCTI cepenoBuIa; At — MPOMDKOK dacy, 3a sSKUH BU3HAYAETHCS HAKOMUYCHHS

KOJIUBaHb BOJIOTOCTI AepeBUHU (At=365 omuis); ¢*, ¢ — eMnipuyHi KoedilieHTH, IO 3a1eXaThb BiJ

By aepeBunr, AU — MakCHMalubHUH BMICT BOJOTH 3a TIEPIO 3 MOMEHTY HABAHTAXKEHHS; Mys —
eMIIPUYHUHN KOSPIIIEHT, IO 3aJIeKUTh BiJl BUIY ACPEBUHHU.

[lpy BHU3HAYCHHI XapaKTEPUCTHK TIIOB3YYOCTI PO3IISIIANINACS YMOBH CEPEIOBHINA, IO
BIJIMOBIAAIOTH: KJIacy ekcruryaTarii 1 (temnepatypa 20°C, piyHe KOTHBaHHS BiTHOCHOIT BOJIOTOCTI BiI
40 no 70% mpu nepeBaxkHomy 3HadeHHI RH1=55%); knacy excrutyaramii 2 (temnepatypa 20°C,
piuHe KomuBaHHs BiTHOCHOI BostorocTi Big 40 10 90% npu nepeBaxuomy 3HaueHHi RH2=65%).

st ypaxyBaHHs xapaktepy poOotu matepiamiB Ta mos3ydocti B IIK JIMPA Oy oOpanuit
MpOCTH KpOKOBUK MeToJ. [loB3ywicTh O€TOHY 3amaBajnacs CTYNEHEBOI 3aJeKHICTIO (3aKOH
HeniniiHoro nedopmyBanHs Nedl B IIK JIMPA) 3 BHUKOPHUCTAaHHSM TEOPETUYHOTO KOEPIIi€HTY
MOB3YUCTI ¢, Ta Koe(DilieHTy S, O BpaxoBYe BIAHOCHY BOJIOTICTh Ta po3Mip enemeHnTa. [liarpama
3MiHH Koe(ilieHTa TOB3y4oCTi OETOHY MpUBEeHA HA PHC. 2.

w

|

— & -RHI
—*— RH2

—
A1

KoedimienT moB3y4ocri

0 3650 7300 10950 14600 18250

[e]

Yac, nui
Puc. 2. [liarpama 3MiHu Koe(illieHTa TOB3Y4OCTi OETOHY sApa )KOPCTKOCTI MPHU BiAHOCHIH
BOJIOTOCT1 HABKOJUIITHKOTO cepenoBuiia RH1=55% ta RH2=65%

[ToB3ydicTh NEepeBHHH 3ajaBajiacsi KYCKOBO-JIHIHHOIO 3aJE€XHICTIO (3aKOH HENTiHIHHOTO
nedopmyBanHs Ned4 B [IK JIMPA) musixom BBeaeHHS KOE(DIIIEHTIB TOB3YYOCTI ¢4(t) ISt
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BiNOBigHOTO TepMiHy 7. [ BU3HAUEHHS XapaKTEPUCTHK MOB3YUOCTI JEPEBMHU KOe(Dilli€eHTH Y
dbopmynax (4) — (7) npuiiManucs 3riTHO eKCIEPUMEHTATBHUX JaHUX, TPUBEACHUX B podoTax [8, 15]:
JUTSL KJIIEEHOT IepeBUHU 3 unomarepianiB cocHu a=0,088; b=0.173, p*=0.9; ¢=5, mu,=0; nns LVL
a=0,0071; b=0.38, p*=0.63, c=6.3, mus=0.

KonuBaHHS BOJOTOCTI BpaxoOBYBAJHCh 3a METOJHMKOIO, 3amponoHoBaHoro [15]. Jlna
BHU3HAUEHHS HAKONMWYEHHS BOJOTH JEPEBHHOIO MPOTSITOM POKY BUKOPHCTOBYIOTHCS EMITIPUYHI
3aJIEKHOCTI, SIKI MAIOTh BUTJISI:

JUTSI KJ1acy ekcruryaTartii [

Uscr = 0.0749e%9%3°P+0.0205¢0-0034F, (8)

TSt Kacy ekcruryatartii 11
Uscrr = 0.1811042P 1,045 1o 0-00355P. ©

ne Uscr, Uscyr — HakonuueHHs BOJOTH JEPEBHHOIO IPOTATOM POKY BHACTIZOK KOJIMBaHb
BiJTHOCHOI BOJIOTOCTI cepefoBwia; P — Bomoruii mepumerp, KUl BU3HAYAETHCS SK BIIHOIICHHS
IUIOWII MTONIEPEYHOr0 Mepepi3y 10 MePUMETpa, 110 3a3HAE BIUIMBY HABKOJIUIITHLOTO CEPEeIOBUIIIA.

[Ipn pospaxyHKax NPUHHATO, IO KOJOHM KapKacy KOHTaKTYIOTh 3 HaBKOJHIIHIM
CEPENIOBUIIIEM 10 BCIM YOTHPHOM CTOpPOHAM, a OallKM — IO JBOM OIYHHUM Ta HUXHIA CTOPOHI.
Jiarpamu 3MiHN Koe(illi€eHTa MOB3y4YOCTi KiIeeHoi nepeBuHN Ta LVL 111 yMOB pO3IIIsSIHYTUX K1ACi8
excniyamayii IpuBeIeH1 Ha puc. 3, 4.

1.5
/Z 1.2
5 1.2 E
g / g 09 — —— ]
%\' P /
- ™
é 0.9 é %/ SRS
g =~ 0.6 3
2 061 = /
= 5 4
] =3
§ 0.3 8 0.3 / —*—5
7
0.0 * 0.0
0 3650 7300 10950 14600 18250 0 3650 7300 10950 14600 18250
2) Yac, nui 6) Yac, nni

Puc. 3. Jliarpama 3mian koedimieHTa NOB3y4oCTi ISl Kiacy excnayamayii 1 (s koo 1 —
250x250 mm; 2 — 300x300 mm; 3 — 400x400 mm; 4 — 500x500 mm; 6 — muist 6amok 300x600 Mm):
a) kieeHoi nepesunu; 6) LVL

1.5 12
SR

%ﬁ% g2
£ 124 — | 9
/‘/ £ 09 — !
: : / -2
2 0.9 o
2 // = 06 Za 3
jes]
£ 06 5 4
b / S 03 %5
2 03+ 2

0.0
0.0

0 3650 7300 10950 14600 18250
0 3650 7300 10950 14600 18250

a) Yac, mui 0)
Puc. 4. [liarpama 3MiHu Koe(ilieHTa TOB3Y4OCT1 VIS Kiacy ekchiyamayii 2
(mmst kommoH 1 —250x250 mm; 2 — 300x300 mm; 3 — 400400 mm; 4 — 500x500 mm; 6 — st 6atok
300x600 mm): a) kneeHoi nepeBunu; 6) LVL
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Pe3yabTaTH nociigxenb. Pe3ynbratu po3paxyHKIiB y BUTTISAI MAaKCUMATBHUX BEPTUKATBHIX
MepeMIIeHb XapaKTEePHUX TOUOK KapKacy JJIsl pO3TJSTHYTHX BapiaHTIB OyaiBeNb MPUBEICHI B TaOJI.
1-3.

[TopiBHsIBHI TpadiKu MaKCUMATbHUX BEPTHUKAIBLHUX MEPEMIIICHb KOJIOH Ta SApa JKOPCTKOCTI
gepe3 10 pokiB mis kracy excnayamayii 1 (RH1=55%) ta kaacy excnayamayii 2 (RH2=65%)
npuBeieH1 Ha puc. 5. OTpuMaHi 3HaUYC€HHS MTO3/I0OBKHIX 3yCHJIb B O0akax 3 KieeHoi AepeBuHu Ta LVL
JUISL pO3TJITHYTUX KJIAciB eKcIUTyaTauii mpuBeaeHi B Tabm. 4, 5.

Tabmuus 1 — MakcumanbHi BEpTHKaAJIbHI IIEPEMILICHHS XapaKTepPHUX TOYOK KOJIOH KapKacy 3
KJICEHOI IEPEBUHU ISl K1acy ekcnayamayii 1

BeprukanbHi nepeMilieHHs, MM
KinekicTs Knac excnayamayii 1 Knac excniyamayii 2
TOBEPXiB r;/[%y):;: 3 ypaxyBaHHIM ITOB3Y4YOCTI 4epe3 | 3 ypaXyBaHHSIM MTOB3y4YOCTI uepes
8 1 pik 10 pokiB | 50 pokiB 1 pik 10 pokiB 50 pokiB
5 -3.472 | -4.611 -6,749 -8.207 -4,957 -7,53 -8.221
10 -11.86 | -18,186 | -26,644 -32,41 -19,553 | -29,732 -32,465
15 -14.564 | -29.105 | -42.777 -52.098 | -31.313 | -47.759 -52.186
20 -15.55 | -32,579 | -47,684 -57,98 -35,019 -53,2 -58,08

Tabmuus 2 — MakcuMalibHi BEpTHKAIBHI TIEPEMIILIEHHS XapaKTEPHUX TOYOK KOJIOH

kapkacy 3 LVL
BeprukanpHi nepeMilieHHs, MM
KinekicTs Knac excnayamayii 1 Knac excniyamayii 2
TOBEPXiB r;f:)y):Ha 3 ypaxyBaHHSIM [TOB3Y4OCT] Uepe3 | 3 ypaXyBaHHSAM ITOB3Y4OCT1 uepe3
e 1 pik 10 pokiB | 50 pokiB 1 pixk 10 pokiB 50 pokiB
5 -3.645 | -4.248 -6.076 -6.649 -3.958 -5.616 -6.649
10 -12.451 | -15.604 | -22.162 -26.248 | -16,751 | -23,98 -26,248
15 -15.289 | -24.930 | -35.532 -42.136 | -26.786 | -38.47 -42.136
20 -16.325 | -27,966 -39,68 -46,977 | -30,016 | -42,926 -46,977

Tabnuus 3 — MakcumanbHi BEpTHKAJIbHI ITEPEMILICHHS XapaKTEPHUX TOYOK
siIpa YKOPCTKOCTI

BepTukanpHi nepeMilieHHs, MM
KinmskicTs Kknac excnuyamayii 1 K1ac excnuyamayii 2
TOBEPXiB r;p;y;:;: 3 ypaxyBaHHSIM [TOB3Y4OCT] Uepe3 | 3 ypaXyBaHHSAM MTOB3Y4OCT1 uepe3
! 1 pik 10 pokiB | 50 pokiB 1 pik 10 pokiB 50 pokiB
5 -0,049 | -0,294 -0,345 -0,354 -0,287 -0,324 -0,332
10 -0,807 | -2,255 -2,651 -2,719 -2,127 -2,487 -2,548
15 -1,637 | -4,634 -5,452 -5,592 -4,37 -5,112 -5,239
20 -2,9 -7,839 -9,223 -9,459 -7,392 -8,648 -8,862
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Puc. 5. MakcuManbHI BEpTUKAIBHI TIEPEMIIICHHS KOJIOH Ta SApa )KOPCTKOCTI JIJIs KJIacy
excruryaranii: a) 1 (RH1=55%);6)2 (RH?2 =65%)

(GL — xneena nepeuna, LVL — kneenuit mmon (LVL), 3/6 — 3a5i3006eToHHE PO AKOPCTKOCTI)

Tabmuist 4 — 3HaueHHS PO3TATYIOUMX MO3/IOBXKHIX 3yCHJIb B IEPEB’ THUX OaKax KapKacy 3 KJIe€HOT

JEPEBUHU
3Ha4YeHHS PO3TATYIOUNX MO30BXKHIX 3ycuiib, KH
KinbkicThb Knac excnuyamayii 1 K1ac excnuyamayii 2
TIOBEPXiB 1;[% }ZEJII{: 3 ypaxyBaHHIM ITOB3Y4YOCTi 4epe3 | 3 ypaXyBaHHSIM MTOB3y4YOCTi uepes
1 pix 10 pokiB | 50 pokiB I pik | 10 pokiB 50 pokiB
5 0.035 0.143 0,307 0.416 0.166 0.362 0.414
10 0.04 0.146 0.317 0.431 0.171 0.375 0.429
15 0.048 0.175 0.344 0.454 0.198 0.398 0.451
20 0.11 0.222 0.384 0.487 0.241 0.432 0.482

Tabmuist 5 — 3HaueHHs PO3TATYIOUMX MO3/IOBXKHIX 3yCHIIb B Oankax kapkacy 3 LVL

3HaueHHS PO3TATYIOUUX MMO3I0BXKHIX 3ycHib, KH
KinmskicTs Knac excnuyamayii 1 K1ac excnuyamayii 2
TOBEPXiB II\I/I% };I;I;I: 3 ypaxyBaHHSIM MTOB3Y4OCT] Uepe3 | 3 ypaXyBaHHSAM MTOB3Y4OCT1 uepe3
1 pik 10 pokiB | 50 pokiB 1 pik 10 pokiB 50 pokiB
5 0.033 0.094 0.223 0.3 0.116 0.257 0.3
10 0.038 0.095 0.229 0.31 0.117 0.262 0.308
15 0.046 0.126 0.258 0.337 0.146 0.29 0.334
20 0.105 0.18 0.309 0.382 0.194 0.333 0.375
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BucHoBKkM. 3 OTpUMaHUX AaHUX BUIHO, IO MPOTAToM 50 poKiB BEpTUKAIbHI IepeMillleHHS,
OTPUMaHI 3 ypaXyBaHHSIM MOB3YYOCTI MMOPIBHSHO 3 PE3yJbTaTaMH JIJIsl IPYKHOT MOJIETIi pO3paxyHKY,
301IBIIYIOTHCS B KiJIbKA pasiB, a came: pU yMOBax kiaacy excnayamayii I B 2,6-3,7 pa3iB Ais KOJIOH
3 kieeHoi nepesunu; 1,8-3,1 pasu mist komod 3 LVL Tta 3,3-3,4 pa3su ans 3ami300€TOHHOTO szpa
KOPCTKOCTI; IPH YMOBAX Kiaacy excniyamayii 2 B 2,4-3,7 pa3iB 111 KOJIOH 3 KJI€EHOI AepeBuHH; |,8-
2,9 pa3u qys koo 3 LVL Ta 3,05-3,15 pa3u myist 3a11300€ TOHHOTO sI/Ipa YKOPCTKOCTI.

Amnani3 xapakrepy JIedopMyBaHHS pPO3TISHYTHX BapiaHTiB Kapkacy OymiBii MOKasas, IO
BEIMYMHA BEPTUKAJIBHHUX IMEPEMIllIeHb 3HAYHO BiIPI3HSAETHCS ISl JIEpeB’STHUX KOJIOH Kapkacy Ta
3aJ11300€TOHHOTO sAapa KopcTKocTi. HepiBHOMipHEe nedopMyBaHHS BEPTHKAIBHUX KOHCTPYKLIN
00YMOBITIO€ TTEPEPO3TOILT 3yCHIIb MiJK €JIEMEHTaMH KapKacy, MPU3BOIUTH JI0 IEPEKOCY TOBEPXOBUX
KOMIpOK Ta BUHUKHEHHSI OJJATKOBUX PO3TATYIOUMX MO3/I0BXHIX 3yCHIIb B OaJIKaX MEPEeKPUTTS.

TakuM 4YWHOM, MPU TPOEKTYBaHHI 0AaraTOMOBEPXOBUX NIEPEBO3aI300€TOHHUX OYyIiBENb 13
3aCTOCYBaHHSAM MaTepialliB 3 pi3HUMH JAeHOpMAIITHUMU Ta PEOJOTTUHUMH XapaKTEPUCTUKAMH CIIi]
BpaxoBYyBaTH BIUIMB JaHUX MapaMeTpiB HA HECY4y 3JaTHICTh Ta €KCIUTyaTalliiHy MPHUIATHICTH SK
OKpPEeMHUX KOHCTPYKTHBHHX Ta 03100JIOBATHHHUX €IIEMEHTIB, 1H)KCHEPHO-TEXHIYHUX CHUCTEM, TakK 1
Oynieimi B muomy. [Ipu mpoMy aiis BpaxyBaHHS IOB3y4YOCTi JEPEBHHH ClIiJI BUKOPHCTOBYBATH
peoIoriuyHi MOJeNi, SIKi BpaXOBYIOTh BIUIMB YMOB €KCIUTyaTallil Ha XapaKTepUCTUKH IMOB3Yy4OCTI,
30KpeMa MOJIENIb MPYXKHO-B’SA3KO-TUTACTUYHOTO Tija. PEKOMEHIOBaHOI TaKOX € po3polka
KOHCTPYKTHUBHUX PillleHb, CIIPSIMOBAaHMX Ha MiHIMi3alil0 a0 yCyHEeHHs e(eKTiB HepiBHOMIpHOTO
nedhopMyBaHHS B BEPTUKAIbHIHN TUIONINHI.
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"T'ocyoapcmeennoe svicuuee yuebnoe saeedenue «Ilpuonenpoéckas 20cyoapcmeennasn aKaoemus
CMpPOUMeNbCmMea U ApXumexknmypl»

yi1. YepHuiesckoro, 24a, r. {nenp, 49600, Ykpanna

Annoranusa. OJHUM W3 COBPEMEHHBIX HaNpaBJICHUA B CTPOUTENILCTBE SIBISIETCS BO3BEICHHE
MHOTOATaKHBIX 37aHUH, B KOTOPHIX OCHOBHAS YacTh KOHCTPYKTHUBHBIX 3JIEMEHTOB BBIIIOJHEHA W3
JPEBECHHBI, a TIPOCTPAHCTBEHHAs! CTAOMIIBHOCTh 0OECTICUMBACTCS JKeNIe300eTOHHBIMU JqradparmMamu
WU SIIPOM KeCTKOCTH. Bo3MOkHOM Mpo6ieMoit py MPUMEHEHUH Pa3IMYHbIX MAaTepPHajoB B HECYILIUX
KOHCTPYKIIUSIX SIBIISIETCS  CYIIECTBEHHOE OTIM4YMe B Je()OPMAIIMOHHBIX XapaKTePUCTUKAX H
BO3JICUCTBHE MOJI3YyYECTH.

B crarbe nmpuBOASTCS pe3yNbTaThl TEOPETHUSCKUX UCCIICTOBAHIN BIIHSIHIS TIOJI3Y4eCTH OETOHA
U JIpeBECHMHBbl HA  HANpPSHKEHHO-AEPOPMHUPOBAHHOE  COCTOSHHE  JIEPEBOXKEJIE300€TOHHBIX
MHOTOATQXHBIX 3MaHui. [l aHanmm3a MPUHSATO KBAApPAaTHOE B IUIAHE 3AAHHE-TIPOTOTHUII PaMHOM
KapKacHOW CHUCTEMBI C HECYIIMMH JEPEBIHHBIMU KOHCTPYKIUSAMH (KiaeeHas npeBecuHa u LVL) u
&KeNe300€TOHHBIM SJPOM JKecTKocTH. KomumuecTBo sTakedt BapbupoBajock oT 5 g0 20 (BeicoTa
paccmarpuBaeMbIX BapuaHToB 15-60 m). st ydera monsydectu O6eToHa Obljia MpUMEHEHa MOJETb
Eurocode EN 1992-1-1, nns npeBecuHbl — MOJENb YIPYro-Bsi3Ko-miactuyeckoro tena T. Toratti.
[Ipu ompeneneHnn XapaKTEPUCTUK MOJI3YUYECTH PacCCMATPUBAINCH YCIOBUS, COOTBETCTBYIOIIME
KJIaccy 3KCIuTyatauuu 1 (oTHOCUTENbHAs BIAXHOCTh 55%) 1 2 (OTHOCHUTEIbHAS BIAXKHOCTh 65%).

B teuenune 50 neT 3HaUCHHS BEPTUKAIBHBIX IEPEMEILICHUH, IOJYYEHHBIE C YYETOM MOI3YYECTH
[0 CPAaBHEHUIO C pe3yJbTaTaMU UIsl YOPYroM MOJENH, YBEIMYMBAIOTCS B HECKOJBKO pa3: MpHU
YCJIOBUSIX Kjacca 3Kkcmuryaranuu 1 B 2,6-3,7 pa3 st KOJIOHH U3 KiIeeHOU npeBecunsl; 1,8-3,1 paza
st kosoHH u3 LVL u 3,3-3,4 paza ains sxene300eTOHHOTO siApa KECTKOCTH; IPH YCIOBHSIX Kiacca
AKCIUTyaranuu 2 B 2,4-3,7 pa3 1uisi KOJOHH U3 KJIEeHOU apeBecuHbl; 1,8-2,9 pa3a mis koinonH uz LVL
u 3,05-3,15 pa3a amns xkene300eTOHHOTO s/Ipa JKECTKOCTH.

Ananu3z xapakrepa 1eopMHUPOBaHMS pacCMaTPHUBAEMbIX BApUAHTOB KapKaca IMOKas3all, 4To
BEJIMYMHA BEPTUKAIHHBIX TEPEMEIICHUI CYIIECTBEHHO PA3IMYaeTCsl IJsl ACPEBSHHBIX KOJOHH W
Kelle300€TOHHOTO  sipa  JKecTKocTH. HepaBHomMepHoe  AepoOpMHpOBaHUE  BEPTHKAIbHBIX
KOHCTPYKIUK 00yCIIaBIUBAET Nepepacipe/ielieHne YCUITUN MeX Ty dJIeMEHTaMH KapKaca, PUBOJIUT
K MEPEKOCY ATAKHBIX SYEeK U BOZHUKHOBEHUIO OIMOJHUTENBHBIX MPOJOJIBHBIX PAaCTITHBAIOIINX
YCUJIHH B Oalikax MepeKphITUsl.

KiroueBble ciioBa: 1epeBOXKene300€TOHHbIE MHOTOATaXKHbBIE 3[aHMs, IMOJ3Y4YeCTb, OETOH,
KJIeeHas npesecuHa, LVL, nepemeluenue.
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INVESTIGATION OF THE CREEP EFFECT ON THE STRESS-STRAIN STATE ON
TIMBER-REINFORCED CONCRETE MULTISTOREY BUILDINGS
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Abstract. One of the modern directions in construction is the development of multistorey
buildings, in which the main part of the structural elements is made of timber, and spatial stability is
provided by reinforced concrete diaphragms or a stiffening core. A possible problem when using
different materials in load-bearing structures is a significant difference in deformation characteristics
and the effect of creep.

The article presents the results of theoretical studies of the effect of concrete and wood creep
on the stress-strain state of timber-reinforced concrete multistorey buildings. A square in plan
prototype building with a frame system, load-bearing timber structures (glued laminated timber and
LVL) and a reinforced concrete stiffening core was taken for the analysis. The number of floors was
varied from 5 to 20 (the height of the options under consideration was 15-60 m). To take into account
the creep of concrete, the Eurocode EN 1992-1-1 model was used, and the T. Toratti model of an
elastic-viscous-plastic body was adopted for timber. When determining the creep characteristics, the
conditions corresponding to service class 1 (55% relative humidity) and 2 (65% relative humidity)
were considered.

It has been established that during 50 years, the values of vertical displacements obtained taking
into account creep increase several times compared to the results for the elastic model: under
conditions of service class 1 by 2.6-3.7 times for laminated timber columns; by 1.8-3.1 times for
LVL columns and by 3.3-3.4 times for reinforced concrete stiffening core; under the conditions of
service class 2 by 2.4-3.7 times for laminated timber columns; by 1.8-2.9 times for LVL columns and
by 3.05-3.15 times for reinforced concrete core.

An analysis of the nature of the deformation of the considered variants showed that the
magnitude of vertical displacements differs significantly for timber columns and a reinforced concrete
stiffening core. Non-uniform deformation of vertical structures causes a redistribution of forces
between the frame elements, leads to a skew of the storey and the appearance of additional
longitudinal tensile forces in the floor beams.

Keywords: timber-reinforced concrete multistorey buildings, creep, concrete, glued laminated
timber, LVL, displacement.
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BU3HAYEHHS OIITUMAJIBHOI'O KPOKY BAJIOK JOIIATOI'O IEPEKPUTTSA
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yanin_a@ukr.net, ORCID: 0000-0003-0230-8669

"Hogikosa C.M., crapimmii BUKjiaaad,
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! Xepconcoruii Oepacasnuii azpapno-exonomiunutl ynieepcumem
Byn. CTpiTeHchKa, 23, M. XepcoH, 73006, Ykpaina

AHoTauisi. Y cTaTTi HaBeJeH1 Pe3yIbTaTH ONTHUMI3AIlll KPOKY OAJIOK JIepeB’ THOTO MEPEKPUTTS
OyniBIi 3a KpUTEepieM MIHIMAJIbHUX BUTpaAT Mmarepiainy. [IepekpuTTs ckiafaeTbes 3 mapajieiabHO
pO3TalIoOBaHUX JCPEB’STHUX OAJOK MPSMOKYTHOTO ITONEPEYHOr0 Mepepidy, Ha SKI YKIATAEThCS
JOIIATUH HAcTWJI. 3ajaya ONTUMI3allii BHPIIIYETHCS BHUXOIMYM 3 MiHIMI3allil CyMapHUX BHUTpaT
JIEPEBUHU Ha OAJIKH 1 TOImaThii HacTHiI. ISl IbOTO BUKOPUCTOBYETHCS 1ITLOBA (DYHKIIIS 3araibHOTO
00’eMy JIEpeBHHU JUI HACTHIY 1 OaJOK Ha OJAMHUINIO IUIOMII mepekputTs. [IpoBeneni TeopeTnuHi
JOCIIKCHHS 1 YMCIIOBHIA €KCIIEPUMEHT TIOKA3aJIH, [0 MOKJIMBO BU3HAYMTH KPOK OAJIOK IepeB’ THOTO
NEPEKPUTTS, IPH SIKOMY CYMapHHI 00’ €M JepeBUHH I HHOTO Oy/1e MiHIMATIbHUM.

KurouoBi cioBa: nepeB’siHe TMEPEKPUTTS, IOIMIATHA HACTHII, KPOK OajoK, OmTHUMI3arlis,
MIIHICTh, )KOPCTKICTh, YHUCIOBUN METO, KOMIT IOTEPHE CEPEIOBHIIIC.

Beryn. YV manonoBepxoBuX OyIiBISIX JTOCUTH IIMPOKO 3aCTOCOBYIOTH NEPEKPUTTS y BUTIISAAL
JIOIIATOTO HACTHIIY TO JIepeB’STHUX Oankax. TOBIIMHA JOIIOK HACTHIY 1 PO3MIPH IOMEPEYHOTO
nepepizy 0ajgoK mpu 3aJaHuX JII0YMX HaBaHTKEHHSX 3aexarb BiJ Kpoky Oanok. Kpim Toro, Bix
HUX 3alie)kaTh 3arajibHi BUTpPAaTH JCPEBUHU HA NEPEeKPUTTH, sIKI MOkHa 3MeHmuTH. [lpu
MIPOEKTYBaHHI JIEpEB’THUX E€JIIEMEHTIB TaKUX KOHCTPYKLIN, po3Mipu OaloK 1 HACTHIIy BU3HAYAIOTh,
BUXOASYM 3 YMOB MimHOCTI okpemo. Ilicis 1poro mepeBipsroTh iX KopcTkicTh. Hacmparnmi,
reOMETPHYHI PO3MipH OalKH 1 JOIIATOr0 HACTHUIY B3a€MOIOB’si3aHi. | Takuil 3B 30K morpelye
MOJAJIBIIIOTO BUBUYEHHSA. BiH BiIKpMBa€E MOMJIMBICTH ONTHUMI3allii KOHCTPYKTUBHOTO PIIICHHS
BUXOJISIYM 3 KPUTEPIIO MiHIMi3allii BUTpAT MaTepiaiy.

AHami3 ocTra”HHiX Kepea aochailkeHb 1 myOuaikamiii. [IpoGremMu onTHMambHOTO
MIPOEKTYBAaHHS €NIEMEHTIB JIepeB’IHUX KOHCTPYKIH, 10 MPALO0Th HA 3TMH BUPILIYIOTHCS y Psi
mpaik TPOBIAHMX BITUM3HSHUX Ta 3aKOpAOHHUX BUeHHX [1-6]. ¥ pobGoti [1] moBemeno, mio
3aCTOCYBaHHS IIONEPEIHBOIO HAIMPY)KEHHS J1a€ 3MOTY CTBOPIOBATH ONTHMalbHI KOHCTPYKIIi
MPSIMOTIHIMHUX KJICEHUX JIEPeB'SHUX OalloK 3HMKEHOi matepiamomicTkocTi. [Ipu mboMy edekt
MiBUILEHHS HECY4Oi 3JaTHOCTI JiepeB'ssHOi Oanku Oyzne oOMEXEHHH MEXEr MIIHOCTI Ha CTHUCK
Marepiany, 3 SKOro ii BUTOTOBJICHO. Y PoOOOTI [2] eKCnepruMEeHTaIbHO JOBEICHO, 10 apMYBaHHS
JepeB’THUX OalloK METaJeBOI0 CTPIYKOBOIO apMaTypoOIO Ja€ 3MOTY B JIBiYl 30UIBIIUTH iX HECydy
3IaTHICTh. ABTOPH TMOKa3aJ, 0 HAHOUIBII eEeKTUBHIUM CITOCOOOM apMyBaHHS JIepEB’ THUX 0ajoK
CTPIYKOBOIO apMaTyporO € BCTAHOBJICHHS ii BEPTUKAJIbHO B IUIOIIMHI i 3rMHAIBHOTO MOMEHTY.
Takuii miaxig BIAKPUBAE MOMKIMBICTH CTBOPUTH EKOHOMIYHO BHTIJIHE ONTHUMAJbHE JEpPEB’sSHE
nepekputtsa. Y po6oti [3] oOrpyHTOBaHa eKOHOMIYHA €(hEeKTHBHICTh OJTHOCTOPOHHBOTO aPMYBaHHS
KJICEHOI JIepeB’siHOT OalKu 3 BIJIHOCHO HEBHUCOKHUM BIJICOTKOM. ABTOPH OOIPYHTYBajH, IO JUIsS
3HIKEHHS 3HAYCHb TIOTUYHUX HAMPYXKEeHb TOUUIBHIM € TOJATKOBE IMOXUJIE apMYBaHH: B 30HaX OTOP.
[Ipu boMy, B OKpEMUX BHMAAKAX ISl 3HIKCHHS 1e()OPMATHUBHOCTI, ITiIBUIIIEHHS HECY4O0i 37JaTHOCTI
KOHCTPYKLIN a0o mpu oOMexxeHH1 Oy/iBeIbHOT BUCOTH ONTUMAIBHUM € apMYyBaHHS 30BHIIIHIX 30H
0aJIoK, 110 MPaIoTh Ha 3TMH. B poOoTi [7] HaBemeHi pe3yabTaTH ONTHMI3aIii KPOKY CTAJIEBUX
6anok y OanouHiid KITII CIPOIIEHOTO TUIY, KOJW Ha BEPTHKAJIbHI HeCcydli KOHCTPYKLIi (CTiHH,
KOJIOHH) CITUPAIOTHCS OATTKK IBOTAaBPOBOTO Mpodito. ONTUMATbHAM KPOK OaIOK mia0UpaBCs TaKUM
YMHOM, 1100 CyMmMapHi BHUTpaTH cTaji Ha Oanku 1 HacTuia Oynu MiHiManbHUMH. Ha migcrasi
MPOBEACHUX TEOPETUYHUX JIOCHIKEHb 3alpONOHOBaHAa METOJWKA PIIICHHS 3a7avi ONTHUMI3allii.
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AHAJOTIYHY METOAMKY MOXHA 3aCTOCYBATH JUIi JiepeB’stHO1 Oanku. B nimoMy icHye meBHUI Opak
myOJTiKaIiii Ha TeMy ONMTHUMI3allli mapamMeTpiB JepeB’ THOTO MEPEKPUTTS 32 KPUTEPIEM MIHIMATBLHUX
BUTpAT MaTepiaity.

Bunisiennsi He po3B’si3aHUX paHille YacTHH 3arajbHOI MpodJemu. ko Kpok Oamox
JIepEeB’THOTO MEPEKPUTTS BIAHOCHO MaJMid, TO PO3MIPH iX MOMEPEYHOro IMepepidy BU3HAYAIOTHCS
YMOBOIO KOPCTKOCTI ITPH TIEBHOMY 3amaci MIiITHOCTI, 1110 TIPUBOJIUTH JI0 3aBUX BUTPAT MaTepiany. Y
BUIIQ/IKY, KOJIHM 1Iel KPOK BITHOCHO BEJIHMKHI, BUHUKAE MMOTpeda y JOCTATHHO MACUBHOMY JIOLIIATOMY
HacTuJI 1o Oankax Juist 3a0e3reueHHs )KopceTKocTi. OTxe, TOBUHEH ICHYBATH NMEBHUN ONTHUMATbHUI
KpOK OalioK, SIKUU BIiAMOBiNaB OM MiHIMAILHUM BUTpaTaM JAepeBUHU. ToMy, IOLUUIEHUM €
JOCITIJDKEHHS CIIOCO01IB ONMTHMI3allii CXeMHU PO3MIIIEHHS OAJIOK y TUTaH1 3a KPUTEPIEM MiHIMATbHUX
BUTpAT Marepiaity.

IlocTranoBka 3aBaaHHs. Po3risiHeMO MEpEeKpUTTS Yy BUIVIAAI MapajeibHO PO3TALIOBAHUX
JepeB’sHUX OaloK MPSIMOKYTHOTO MOMNepedHoro nepepizy. Ha HUX ykiagaeTbcst AOMIATHI HACTHII
(puc. 1).

B pamkax BupimeHHs 3a7adyi onTHMi3alii 3a KpUTEpieM MiHIMAJIBHUX BUTpAT MaTepiaiy,
OyneMo BU3HAYaTH KpOK 0anok X = X, Ipu SKOMY CyMapHi BUTPATH JIEPEBUHU Ha OAJIKH 1 TOIIATHIA
HAcTUJI € MiHIMaIbHUMU. Lle moTpebye BBeAeHHS LiIbOBOT QyHKII 00’ €My NepEeBUHU HA OJUHUIIIO
ol nepekpuTTs. Bona 3anexxuts Bin X. BUKOpHUCTOBYIOUHM METOIWKY 3HAXOJDKEHHS MIHIMyMY
¢byHK1iH, OyeMo BUBHAYaTH ONTHMAJIbHUNA KPOK 0anok Xo.

\ SA—

] 3

VA,

x) LY
2
X X X :
1-1
1 1 1
/'7/ 7 = 77

o) AN

b L b
1 — nomaTuii HacTUI; 2 — IepeB’siHI OaKK MPSMOKYTHOTO TIOTIEPEYHOTO TIEpepizy;
3 — BepTUKaJIbHI HECY4l KOHCTPYKIIiT

Puc. 1. Cxema nepeB’sHOTO MHEPEKPUTTS
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OcHoBHuIi MaTepiaJ i pe3yabTaTu. CyMapHi BUTpaTH ASPEBUHM Ha OAJIKH 1 TOMATHIA HACTHII
3HANAEMO JIJIsl IPSIMOKYTHOT JUISTHKHA MIEPEKPUTTSI, IUpUHOI0 X 1 moBxkuHOI0 C (nuB.puc.l). Bona €
YaCTUHOIO BaHTAXHOI w10 6anku. Lli BUTpaT ckiagaroTh

V| =tex +bhe, (1)
J€ t — TOBIIUHA JIOIIATOr0 HaCTUILY,

b 1 h — BIAMOBIAHO IMPHUHA 1 BUCOTA MPSMOKYTHOTO TTOTIEPEYHOTO TIepepi3y Oanku (puc.l).
BuTparu nepeBUHN Ha OJMHUIIIO MJIOLII EPEKPUTTS (B CM)

14 bh
V=-—_L=t+— (2)
cx x )
B ocranniii popmyni Bix HeBimoMOro Kpoky 6anok X 3anexats po3mipu £, b i h. Ix Tpeba

b

Bupasutu uepe3 X. g crpolleHHs pillieHHs 3a/1a4i NpUiMeMo, 10 BiTHOIICHHS Z: k. Toni

b = kh . Benuuuny k 6yneMo BBaKaTH 3aJaHOIO Ta HE3aJIEKHOKO Binx X.
Po3paxyHKOBE rPaHMYHE IIOTOHHE HABAHTA)KEHHS HA JOIATHI HACTHII Y30BK HOT0 MPOJILOTY
Xy mexax mmpuau C

g, =g, +n)C, 3)
JIe ¢1 — PO3PaxyHKOBE I'PAaHUYHE KOPHCHE HABAHTAXKCHHS HAa OJIMHUIIIO TIJIOMI TICPEKPUTTS;
¥ — pO3paxyHKOBa TUTOMA Bara aepesunu, kKH/v>.
Bynemo BUXOIUTH 3 TOTO, IO TOBITMHA HACTIITY MiAOMPAETHCS BUXOASYH 3 YMOBHU MIITHOCTI 32
HOpPMaJIbHUMH HANPY>KEHHSIMHM BiJl 3TUHY 3TiHO 3 popmynamu (9.15)1(9.16) [8]:

y9daH < 1
fm,y,dWy,d,H ‘

1€ f m,y,d — PO3PAXyHKOBE 3HAUCHHSI MILIHOCTI IEPEBUHU TPH 3THHI;
M, 4y — MaKCUMAaJTbHUHM 3THHATBHUN MOMEHT MOCEPENHI MPOJILOTY HACTUITY IIPU IApHIPHOMY
oOnupaHHi 1Mo po3pi3Hii cxemi:

(4)

9, X° (g +n)cx’
y.d,u = 8 = 8 5 (5)

W},4n — MOMEHT OIIOPY MOINEPEYHOTO Mepepizy CTPIuKU HACTUILY, HIMPUHOIO C'y BepTUKATIBHIH
TJIOIIHHI 3THHY

_Cr

W an= p (©)
[Ticns mincranoBku Myau 1 Wyan 3 dopmyn (5) 1 (6) B ymoBY (4) oTpuMaeMo BHpas, SIKUN
3B s13ye X1t
2 2 2
4f,at —3Xn=3X"q 20, %

PimenHs 1iei HEpIBHOCTI JIPYroro CTYNEHIO BIAHOCHO TOBIIMHM JOIIATOrO HACTUIY [ Y
TMO3UTUBHIN 00J1acTI 3HAYCHb Ma€ BHUTIIAL [9]:

3X27 16fm,y,dql
r>—— 1+ 1+—X2 > _ ®

m,y,d 7/

Sk110 B yMOBI MIITHOCTI (4) MOCTaBUTHU 3HAK PIBHOCTI, TO (DYHKI[IOHAJIbHA 3aJICXKHICTD £ Bil X
Ha mifcTaBi popmynu (8) 3aUIIETHCS Y HACTYITHOMY BHUTJISIL:
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2 6
tx) =—3X Y1+ 1+—fm,2y,d2% 9
8 moyd 3X%y ' ®)

Po3paxyHkoBe rpaHMYHE IOTOHHE HaBaHTAXXEHHS Ha 0aJIKy y3[0BX ii IPoabOTy L MpH MIMPHUHI
BaHTaXHOI rromr X

g, =(q,+1)X +bhy. (10)

Bynemo BUXOIUTH 3 TOTO, III0 PO3MIpH MONIEPEYHOTO Mepepizy OANKH BU3HAYAIOTHCS BUXOIUN
3 YMOBH MIIIHOCTI 32 HOPMaJIbHUMH HAINPY>KEHHSAMH BiJl 3THHY 3riHO 3 Gpopmynamu (9.15) 1 (9.16)

[8]:
My,d,6 < 1
- . 11
fm,y,dWy,d,5 ( )

ne My, 4,6 — MaKCUMaJbHUN 3rHHAIBHUN MOMEHT MOCEPEANHI TPOIbOTY OANIKK IIPU IIAPHIPHOMY
oOMUpaHHi MO PO3pPI3HIN CXeMi:

_ q.L’ _ [(q1 +7/t)X+khz]/]L2 |

y,d,6 3 3 ; (12)
W},4n — MOMEHT OIIOPY MONEPEYHOTO Nepepizy OalKu y BEpTUKAIbHIH MJIOMIMHI 3THHY
kh’
y.d,o 6 (13)

[Micns migcranoBku My,a6 1 Wyas 3 dopmyn (12) 1 (13) B ymoBy (11) orpumaemo Bupas, sKuii
3B’s13ye X1 h

Af,. ki’ =3kth* — 3X (g, +7)=0. (13)

Lle#t Bupa3 siBIIsI€ COOOIO HEPIBHICTH TPETHOT'O CTYIICHIO BITHOCHO HEBIIOMOI BUCOTH OAJIKH A.
Voro pimenns 1moB’s3aHe 3i 3HauHMMH anrebpaiunnvu TpyaHomamu [9]. ToMy 3amady JOLITBEHO
BHUpIIIYBAaTH YHCIOBUM METOJIOM Yy KoMmm'toTepHoMy cepenoBuili MathCAD. ]Jlns mpuxnamy
MpUITMEMO HACTYITHI BUXI1/IHI JaHi:

fmya=13MIla; q;/=20xI1a; L=5m; y =5xH/M>; k=1/6.

OyHKIIOHATIBHY 3aJICKHICTh A Big X OTpUMaeMO Ha MiJACTaBl PIlICHHS PIBHAHHS MILHOCTI 32
HOPMaJIbHUMU HaNPYXEHHSMH Bij] 3rUHY 3Ti1HO 3 hopmynamu (9.15) 1 (9.16) [8]:

My,d,6 — 1
fm,y,dWy,d,5 . (15)

3 ananizy ¢opmynu (12) moxkHa 3poOUTH BHUCHOBOK, 10 M) 4 3aJ€KUTh Bl HEBIIOMHX
3MIHHHX BennuuH ¢, X 1 h. DyHKIIOHAIBHY 3QJIeKHICTH £ BiJ X puiiMaemMo 3rigHo 3 popmymoro (9).
Toni, MakcUMaJabHUN 3rUHAIBHUA MOMEHT MOCEpeNuHl MpoiboTy Oanku M, .; Oyne 3anexaru
TiAbKH Big X 1 A. MoMeHT onopy noniepeuHoro nepepizy W),a. 3anexuTh Bia HeBinomoro k. O1xe,
Bupa3 (15) sBnse coboro HesBHY PyHKIIO A Big X (muB. popmyny (14). s orpuManHs OTpiOHOT
3ajexxHOCTi h(y) IOUUTBHO cKopuctatuch st ¢opmynu (15) omepatopamu Given-Find 'y
KoMmIT 1oTepHOMYy  cepenoBuilli MathCAD. Tlpu HaBeAeHMX BHINE BUXIAHUX JaHUX, Tpadik
3aIeKHOCTI h(x) Ma€ BUTIISIT, HABEACHUIA Ha puc. 2.

Benuuuny V moxHa po3risigaTH SK NMPUBEACHY TOBLUIMHY NEPEeKpUTTA Yy mutomy. Hlasxom
TpacyBaHHA rpadiky IUIbOBOI (YHKIIT MOXKHA OTPUMATH ONTUMAIBHUI KpOK 0anmok X =Xp, sKuii
BI/IMOB1/1a€ MiHIMAJIbBHOMY 3Ha4deHHIO 11i€1 pyHKIi1. [Ipy BUXiZHUX JaHUX, IO PO3TIIANAIOTECA,  Xp
= 48cM™ (puc. 3).
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38008 0

35
30

hiz) 23

0 20 40 60 a0 10:0 120 140 160 130 200
A0, K 200
Puc. 2. I'padik 3anexnocti hx) (h i X B cm)

[Ticnms migCTaHOBKM 3HAMIEHHMX 3JIKHOCTEH fx) 1 hx) B dhopmyny (2) y KOMIT IOTEPHOMY
cepenoBuilli MathCAD, oTpumaeMo LiITbOBY (YHKIIIO BUTpPAT JACPEBHMHU HA OJWHUIIIO IUIOIII
nepekpuTTs V, M0 3anexXuTh BiJl Kpoky 6anok X. [i rpadik npyu HaBeneHUX BUINE BUXiTHUX JaHUX
MOKa3aHui Ha puc. 3.

300 4
15
Vix)
3
2554, 4 5
0 20 m 60 %0 100 120 140 160 10 200
10 % 200

Puc. 3. I'padik minpoBoi GyHKIIIT BUTpAT AEPEBUHH HA OJUHUITIO TUIOINI epeKputts Vix)
(ViXBcwm)

OnTtumanbHuid Kpok Oanok X, BH3HAUaBCS Ha IMiJCTaBi 3a0e3MeueHHs MIITHOCTI HACTHIIY 1
0aJIoK 32 HOpMAJILHUMU HAMPYKEHHSMU Bij] 3TUHY. [Ipu 11bOMY KOPCTKICTh HACTUITY 1 OAJIOK MOXKE
BUSIBUTHCH HE 3a0€3IEYCHOIO.

Tomy, TpeGa BU3HAYUTH, MPHU SAKUX 3HAYCHHSIX KPOKY X KOPCTKICTh KOHCTPYKIIiH 3a0e3meueHa
JUISL BUTIQIKY PIBHOCTI MPaBoi 1 JIiBOT YaCTMH YMOBH MIITHOCTI 32 HOPMaJbHUMHU HATPY>KEHHSIMHU BiJl
3TUHY. 3 METOIO CIPOIIEHHS PO3paxyHKiB Oy/leMO BPaxOBYBAaTH TUTbKH KOPHCHE HABAaHTAXXCHHS Ha
OJIMHUITIO TUTOMII TIEPEKPUTTSI 7.

3 popmyi (9.15) 1 (9.16) [8] BumIMBaE, MO y TPAHKYHOMY CTaHi 32 MIIHICTIO JUIsl CEpEIUHU
MPOJBOTY

- JUTSL CTPIYKH JTOMATOT0 HACTHITY, UPHHOIO C:
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6q1CX2 B
8fm,y,dCt2 ; (16)

- JUIs1 OQJIOK:

8fm,y,dkh3 = . (17)

3rigno 3 11.10.2 [8] yMOBa )KOPCTKOCTI Ma€ BUTJISL;
- 7S CTPIYKHU JOLIATOTO HACTHITY, IUPUHOIO C:

59 cx*
yfm
32F

0,mean

<

X
Ty,

F ; (18)

- U1t OAJI0K

595 ps

<
32E, kh* n,- (19)

0,mean
ne 1/n, — rpaHUYHUI BIIHOCHUN MPOTHH HACTUITY 1 OAIKK MEPEKPHUTTSI, K1 MPAITIOIOTH 10 CXeMi
OaJKu Ha JBOX ONOpax;
E ¢ mean — MOTYTTb TIPY>KHOCTI IEPEBUHU B3JJOBK BOJIOKOH;
Yfin — KOCQIIIEHT HAIHHOCTI 32 TPAHUYHUM HABAHTAXKCHHSIM.

VY Bupazax (16) 1 (18), sxi BIAHOCATHCS 0 IOIMIATOTO HACTHITY, HEBIIOMOIO € HOTO TOBIIMHA 7.
3 piBHsHHS (16):

; (20)

[Ticns migcranoBkH ¢ 3 hopmyau (20) B yMOBY KOPCTKOCTI CTPIUKH Jomaroro Hactuiy (18)
OyaemMo MaTH:

12y ,,E

0,mean

1)

(22)

[Ticna migcranoBku A 3 popmynu (22) B yMoBY xopcTkocTi Oanku (19) 6yaemo matu:
3 3
L < 81 128 Q67/fm E(),mean
- 3 4 . (23)
125 knO fm,y,d

3 ypaxyBaHHAM TOTO, IO §; = ¢;X , yMOBY (23) MOHa EPETBOPUTH [0 HACTYIIHOTO BUJLY:
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125 Lkny'f,, 4
- 81128 qu/fm3‘E‘O,mean3 . (24)

BucnoBku. Ha mijicraBi aHajizy yMOB KOPCTKOCTI CTPIUKH JOIIATOr0 HAcTmiy (21) 1 6anku
(24), MmoxHa 3pOOUTH BHUCHOBOK, IO IIi YMOBH 3a0€3MEUyeThCS NMPU BIJHOCHO Maliil BeTUYMHI
PO3PAaxXyHKOBOTO 3HAYEHHS MIIHOCTI JE€PEBUHHU MPU 3TUHI fmya. TOMYy, TOpH NPOEKTYBaHHI
JIepeB’THOTO OAJTOYHOTO MEPEKPUTTS 3 ONTUMAIBHUM KPOKOM OalloK, JOLIILHO BUKOPUCTOBYBATU
JIEPEBUHY BITHOCHO Majioi MIITHOCTI.

[IpoBeneHi TEOPETUYHI MOCHIIKEHHS 1 YUCIOBUN EKCIEPUMEHT TOKa3aJid, L0 MOXJIMBO
BU3HAYUTH KPOK OAJIOK JIEPeB’STHOTO MEPEKPUTTSI, P STKOMY CyMapHUN 00’ €M JIepeBUHU HA HHOTO
Oyne MiHiMaabHUM. [IpM 1bOMY, BHUHHUKAa€E HEOOXITHICTH y BHUKOPUCTAHHI KOMIT IOTEPHOIO
CepeIoBHIIA.

VY nmomanemmx JOCHIIHKEHHSX MOKHA BHKOPUCTATH IUIHOBY (YHKIIIIO MPUBEACHUX BHUTpAT,
sIKa BPaxoBYE BUTPATH IiJ Yyac eKCIuTyaTarlii.
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AHHoTanusi. B crarbe mpuBeneHbl pe3yNbTaThl ONTUMHU3ALMU IIara OalloKk IepeBSIHHOTO
MEPEKPBITUS 3aHUS [0 KPUTEPUIO MUHUMAJIBHOTO pacxoja marepuaia. [lepekpbiTue cOCTOUT U3
MapajuleIbHO PACMOJIOKEHHBIX JIEPEBIHHBIX OalOK MPSMOYTOJBHOIO MOMEPEYHOr0 CEeueHUus, Ha
KOTOPbIE YKJIa/IbIBACTCS TOIIAThIA HACTHUIL.

3ajaya ONTUMU3ALMHN PEIIAETC UCXOAsl U3 MUHUMM3ALUNA CYMMapHOrO pacxoja JIPEBECHHBI
Ha Oanku W Jomarelii HacTwi. /[ 9TOro ucmonb3yeTrcs meieBas (QyHKnus oOmero odobema
JPEBECUHBI U HacTWJa U OalloK Ha eIMHULY Iulomaau mnepekpeitus. OHa mpeacTaBisieT co0oi
MIPUBEICHHYIO TONIIUHY EPEeKphITHs. B KauecTBe apryMeHTa 1neineBoi (yHKIUU MPUHSAT mar 0aiok.
Ha ocHoBe wucnonb30BaHUS METOJUKH HAXOXKIACHHS MUHUMYMa (QYHKIHMH, OIpelensercs
ONTUMAIbHOE 3HAUCHUE APTyMEHTA.

[Toxazano, 4yto 1meneBas (YHKIUS 3aBUCUT OT HEU3BECTHBIX Pa3MEPOB MPSIMOYTOJIbHOIO
MOTIEPEYHOT0 CeYCHHsI OaTOK M TONIIUHBI JomaToro Hactuiaa. OHU OMPENeNsIOTCs Ha OCHOBAHHUH
pelIeHrs YCIOBHM MPOYHOCTH IO HOPMAIbHBIM HANpPsKEHUSM OT U3ruda 11 HacTuia u 6anok. s
VIPOIICHUS PEIICHHs 3a7aud MPUHATO, YTO OTHOIICHUE IIMPUHBI CEYCHUS OAIOK K UX BBICOTE
SIBJSICTCSL 3a/IaHHOM BEJIMYMHOMW, HE 3aBUCAINCH OT mara OaJiok. B 3ToMm ciydae HEW3BECTHBIMU
OCTal0TCS TOJILKO BBICOTA OATKK M TOJIIMHA JOIIATOrO HACTHIIA.

[Ipu pemeHun ycioBUsS MPOYHOCTU Ui Oaldkud BO3HUKIA HEOOXOJUMOCTh pEeIleHUs
HEPAaBEHCTBA TPEThEW CTENEHW OTHOCHTEIHHO HEM3BECTHOW BHICOTHI Oanku. UToObl u30exaTh
3HAYUTENBHBIX AIreOpandyeckux TPYIHOCTEH, MPEAJIOKEHO peliaTh 3a7ady YHCIEHHBIM METOJIOM B
kommnbioTepHoit cpene MathCAD. Ilpu KOHKpETHBIX 3HAYEHUSAX HMCXOJHBIX JAaHHBIX TOCTPOCH
rpaduk 1eneBod (QyHKIMM pacxofa APEBECHUHbl HA €IUHUILYy IUIOIIATU MEPEeKPHITHUS U IMyTeM
TPACCUPOBKH OTPEACIICH €€ MUHUMYM, KOTOPBIIl COOTBETCTBYET ONTUMAIBHOMY IIary 0ajok.
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BorsicHeHO, MpH KakuX 3HAYCHMSX IIara OayloK, >KeCTKOCTh KOHCTPYKUMH oOecrieueHa Jyist
Clly4asl paBeHCTBA MPABOM U JIEBOM YaCTEH YCJIOBHS MPOYHOCTU MO HOPMAJIbHBIM HANPSIKEHUAM OT
n3ruba. [TomyyeHsl COOTBETCTBYIOIINE YCIOBUS, aHAIU3 KOTOPBIX MMOKAa3al, YTO KOHCTPYKLUHU OyIyT
JOCTATOYHO JKECTKMMHU IPH OTHOCUTEIBHO MAJIOM BEJIMYHMHE PACUETHOIO 3HAYEHUS IMPOYHOCTH
apeBecHHbl mpu u3rube. Ha 3ToM OcCHOBaHMM JaHa PEKOMEHJAIUS HCIOJIb30BATH JIPEBECHUHY
OTHOCHUTENIbHO MaJloi MPOYHOCTU MPH MPOSKTUPOBAHUU JECPEBSIHHOTO OaJOYHOTO MEPEKPBITUS C
ONnTUMalbHBIM maroM Oanok. IIpoBeseHHBIE TEOpETHYECKHE HCCICIOBAHUA M YMCIOBOU
HKCIIEPUMEHT TOKa3alM, YTO CYHIECTBYET BO3MOXHOCTb OMNpPENEIUTHh IIar OajloK JEepPeBSIHHOTO
MEPEKPBITHUS, IPH KOTOPOM CYMMapHBI 00bEM APEBECUHBI [T HETO OyJeT MUHUMAIIbHBIM.

KuroueBble cioBa: AepeBSHHOE NMEPEKPHITHE, TOMIATHIA HACTUJ, IIar OaloK, ONTHUMM3AIINS,
IIPOYHOCTb, )KECTKOCTh, YUCIIEHHBII METO/, KOMIIBIOTEPHAsI CPEAA.

DETERMINATION OF THE OPTIMAL BEAMS STEP FOR THE WOOD FLOOR

1Yanin A.E., PhD, Assistant Professor,

yanin_a@ukr.net, ORCID ID 0000-0003-0230-8669
INovikova S.N., Senior Lecturer,

novikova_svetla@ukr.net, ORCID ID 0000-0003-0012-521X
!Kherson State Agrarian and Economic University,

23, Stritenska street, Kherson, 73006, Ukraine

Abstract. The article presents the results of optimization of the beams step of the building
wooden floor according to the criterion of the minimum material consumption. The slab consists of
parallel wooden beams of rectangular cross-section, on which the boardwalk is laid.

The optimization problem is solved proceeding from the minimization of the total wood
consumption for beams and boardwalk. For this, the target function of the total volume of timber for
flooring and beams per unit floor area is used. It represents the reduced thickness of the slab. The step
of the beams is taken as an argument to the objective function. Based on the use of the method for
finding the minimum of a function, the optimal value of the argument is determined.

It is shown that the objective function depends on the unknown dimensions of the rectangular
cross-section of the beams and the thickness of the boardwalk. They are determined based on the
solution of the strength condition by normal stresses for the boardwalk and beams. To simplify the
solution of the problem, it is assumed that the ratio of the width of the section of the beams to their
height is a given value that does not depend on the step of the beams. In this case, only the height of
the beam and the thickness of the boardwalk remain unknown.

When solving the strength condition for the beam, it became necessary to solve the third degree
inequality with respect to the unknown beam height. To avoid significant algebraic difficulties, it is
proposed to solve the problem by a numerical method in the MathCAD computer environment. For
specific values of the initial data, a graph of the objective function of wood consumption per unit of
floor area was built and, by tracing, its minimum was determined, which corresponds to the optimal
step of the beams.

It was found at what values of the beams step, the rigidity of the structures is ensured for the
case of equality of the right and left sides of the strength condition by normal stresses from bending.
The corresponding conditions are obtained, the analysis of which has shown that the structures will
be quite rigid at a relatively small value of the wood strength in bending. On this basis, a
recommendation has been made to use relatively low strength timber in the design of wooden floors
with an optimal beam step. The performed theoretical studies and a numerical experiment showed
that it is possible to determine the beams step of a wooden floor, at which the total volume of wood
for it will be minimal.

Key words: wooden floor, boardwalk, beam step, optimization, strength, rigidity, numerical
method, computer environment.
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