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Abstract. Strengthening methods of reinforced concrete roofs are known and developed in
sufficient detail. They are classified according to the constructions: strengthening of simply
supported and continuous beams, cantilever beams, panels, girders, trusses, arches, etc. But all the
proposed ways have common disadvantages — they require open space for work, provide for
preliminary unloading, and under certain circumstances, partial dismantling of significantly
damaged structures, and cannot consider the features of a specific technical situation naturally. We
offer the strengthening method of not a single beam, but the entire roof block, with limited time
period and the need to restart the production process in the shortest possible time, which has got
critical damage, during the situation that excludes temporary unloading, and the dismantling of
damaged areas or structures is impossible. The additional technical problem is that the supporting
vertical structures of the emergency shutdown — the columns are also in a critical technical
condition. Therefore, the attempt to dismantle any load-bearing element will lead to the complete
destruction of a large part of the industrial building and the cessation of production for a
considerable time period. The use of a spatial steel frame simplifies the strengthening work, speeds
up the return to production and does not increase the material costs

Keywords: strengthening of reinforced concrete structures with rolled steel profiles, steel
reinforcement beams, steel reinforcement casing.

Introduction. In the following years we will need to carry out the significant restoration work
on the reconstruction of industrial enterprises damaged by artillery attack. The determination of the
possibility and expediency of reinforcement, as well as the choice of ways and scheme of the
reinforcement are conducted in each individual case, considering the actual technical condition of
the structure and the building in general, the application severity and fire safety, the reinforcement
possibility without the suspension of production, the live load capability and the conditions of
performance of reinforcement works. Any reconstruction is accompanied, as a rule, by the change
of the loads for the building structures and the change of their initial structural schemes, which
leads to the need to increase the bearing capacity and, therefore, their strengthening. Especially if
this reconstruction is caused by the damage that led to poor technical condition of the load-bearing
structures or even to the emergency state. Due to the fact that among the building structures that
have been in use for many years as the industrial buildings, the reinforced concrete ones prevail.
The generalization and analysis of existing proposals and the development of effective and reliable
strengthening ways of such structures are the relevant task. In this scientific work the existing
technical solutions for beams strengthening are analyzed and another complex solution for
strengthening of the whole block of load-bearing structures of the industrial building is proposed.

Analysis of existing ways of beam strengthening. Strengthening of reinforced concrete
structures is achieved by two ways: the arrangement of the unloading elements or the increasing of
the cross-sections of the structures. At the same time the rigid unloading elements and flexible ones
with the elastic compliance are distinguished. The first ones include the strengthening elements, the
rigidity of which differs little from the rigidity of the strengthened structures. The second ones are
the elements which rigidity is much less. The involving of strengthening structures into the
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continuous work with the strengthened structures is accompanied by changing of the initial design
scheme of the structure and its stress state. Strengthening with concrete or reinforced concrete when
increasing the cross-section does not cause the change of the structural scheme and its stress state.
The rigid unloading elements are used in those cases when significant load increasing is required
after strengthening of the structure and when there is no possibility to carry out their pre-stressing,
flexible for the structures that take mainly dead load and the strengthening is conducted when the
structure is fully loaded. The way and type of strengthening of the structures working for bending
and eccentric compression are chosen depending on the strength degree and the damage of the
compressed and tension cross-sectional areas.

Rigid unloading elements, the use of which is followed by increasing of the statical
indeterminacy degree of the strengthened structure, are used in the form of steel and reinforced
concrete poles, knees, portal frames, etc. Such strengthening elements are recommended to be used
in such a way as to provide their timely involving into the work. The degree of prestressing can be
insignificant, in other words it provides the shimming between the strengthened structure and the
unloading elements. Rigid unloading elements, the including of which is followed by changing the
place of load transfer, are used in the form of steel or reinforced concrete beams located on the top
or bottom of the strengthened structure. Flexible unloading elements are used in the form of cross
bracing and hangers made of reinforcement steel and rolled profiles, beams made of rolled profiles,
braced beams, prefabricated and monolithic reinforced concrete beams, brackets and knees made of
rolled profiles, truss rods made of reinforcement steel, rolled profiles or sheet steel, hinged-rod
systems made of reinforcement steel, rolled profiles, ropes, horizontal and inclined cables and
clamps made of reinforcement steel, cases and attachment racks made of rolled profiles and sheet
steel. In most cases, flexible unloading elements are prestressed.

In the following paragraphs we will consider several common ways to strengthen the
reinforced concrete beams.
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Fig. 1. Strengthening of the reinforced concrete beam with the steel beam resting on the piers

Strengthening is the method based on the prestressing of strengthening structures and is used
to increase the load-bearing capacity of the beam in connection with increasing of the load on the
roof or floor. The support bracket 4 is welded to the column, which at the previous stage of the
work should be strengthened with the case 5. The rolled I-beam or channel 1 is installed on the
brackets. The stiffening ribs 2 are welded near the supports and in the middle of the span. With such
strengthening, the compulsory condition is the development of the strengthening with reactive force
required to take the calculated element loads. The calculated value of the reactive force can be
controlled by the deflection of the steel beam 1, which is formed as a result of the installation of the
wedges 3 in the gap. The installed wedges must be welded to the steel beam 1. When strengthening,
the steel beam is included in the cooperation of reinforced concrete by generation of steel beam
stress using a jack, which is installed between reinforced concrete and steel beams. The jack pulls
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the strengthening beam 1 away from the reinforced concrete beam 6 and develops the calculated
value of prestress in the steel beam. The stress value is controlled by the manometer. The given
stress value is fixed with the help of the wedges 3.
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Fig. 2. Strengthening of the reinforced concrete beam of the monolithic floor slab with the
prestressed steel beam on the clamps

At first, four holes are made in the floor slab corresponding to the sizes of the channels 5.
Then the channels 5 are inserted into the holes and fixed to the floor slab by welding the stirrups 6.
The steel beam 2 is installed on the stirrups 6. The beam 2 is wedged with the wedges 4 with the
step 1.5-2 m to the calculated value of deflection. The stiffeners are welded under the wedges 4.
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Fig. 3. Strengthening of the beam of the monolithic reinforced concrete floor slab
with the trussing rod

The holes 10 are made in the floor slab and the reinforcement is opened. The anchors 9 in the
form of the channel scraps are welded to it. The tie 5 is performed with the diameter 16-36 mm. The
ends of the tie 5 are welded to the anchors 9. In the bent points of the rods, from the horizontal
section to an inclined one, between the ties and the bottom edge of the strengthened element, the
strip steel stirrup 6 is installed, to which the wedges 4 are welded. The ties 5 are involved in the
tension state by inter tightening of both legs with the tightening bolts 7, which are the stirrup with
two threaded ends and a common washer 8. After tightening, the locknuts are fixed on the
tightening bolts, which are then welded together with the bolts.
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Fig. 4. Strengthening of the floor beam with the additional rigid support

When strengthening the frame 1 with the steel knees 2, the base angles 5 are welded to the
reinforcement 6 of the top and bottom floor slabs. After fixing the knees 2, the wedge inserts 4 are
used to wedge the reinforcement structure in the top joint tightly.

Research object. One-story industrial building. The structural scheme is mixed, with the
internal framework: the interior load-bearing elements are monolithic reinforced concrete
framework with the columns 300x300 mm and the beams 400x300, 300x300 mm, the external ones
are load- bearlng walls made of shell stone and brick. Monolithic reinforced concrete foundations.
S ‘ The structural scheme of the roof is

L reinforced concrete beam grillage made of
monolithic reinforced concrete,
overlapped with the prefabricated box
panels. The survey revealed the significant
damage of the columns and beams: the
cracks in the tensioned zone of the beams,
the deflection of the columns from the
vertical. The customer defined the special
conditions for the restoration of the
building: the impossibility of dismantling
the damaged structures and limited time
period for the strengthening of the
structure.

Fig. 5. Research object

The aim of the research. Determine the technical condition of the research object. Develop
the procedure and make the working drawings for strengthening the damaged load-bearing
structures of the research object.

Research methods. The configuration, measurements, position in the plan and vertically of
the load-bearing roof structures, the sites of defect and damage were carried out according to the
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diagrammatic plan and the measurements of the structures at the construction site. The main height
marks of the bottom of the beams and slabs were determined. The cross-sections of the framework
elements, their damage and defects were measured. The survey of the open surfaces of the
structures revealed their damaged areas. In order to determine the construction of the foundations
and the depth of foot laying, two exploratory shafts were made: next to the column and the external
wall.

Research results. During the survey the following damages were registered in the building
structures:

- the cracks in the tension zone of monolithic reinforced concrete beams with the opening
width up to 10 mm. It was not possible to establish the full-scale deflection in the middle of
the beam span because it is unfastened by a temporary post (Fig. 5). The measured
deflection was 28 mm;

- the deflection of the columns from the vertical — up to 15-18 mm.

The general technical condition of the building is defined as emergency.

Considering the strengthening principles of reinforced concrete elements, we decided to
refuse the strengthening of individual damaged beams and columns and offer a comprehensive
solution for the entire block of building structures. The reinforced concrete roof with load-bearing
box panels and monolithic beams of rectangular cross-section is strengthened by the steel
framework made of rolled profiles resting on the individual columns and strengthened foundations.
The steel spatial skeleton is a backup load-bearing structure for the entire building block, which
allows to avoid determining the load-bearing capacity of individual damaged reinforced concrete
structures, which requires painstaking work regarding the strength of concrete and reinforcement,
the degree of physical depreciation and the development of individual strengthening of each
element. This approach is guaranteed to speed up the return to production and does not increase the
material costs, as opposed to the traditional way of complex searches for a considerable time period
with the involvement of the relevant specialists.

Based on the analysis of the technical situation at the construction site, the technical
capabilities of the enterprise, and the special conditions of building restoration, the following
strengthening method of load-bearing structures of reinforced concrete roof without dismantling the
damaged elements was proposed:

1.  before starting the work, jack up the reinforced concrete beams of the roof;

2. strengthen the foundations in accordance with the layout of new steel columns;

3.  install the steel columns with 2[24;

4 strengthen the reinforced concrete columns by connecting them with the columns
strengthened with the steel welded casing;

5. make the support brackets on the columns for further installation of steel strengthening
beams;

6.  strengthen the main reinforced concrete beams of the roof with the channels Ne 30, and the

secondary ones with I-beams 24;

7.  the channels Ne 30 should be installed on the support brackets on both sides relative to the
main reinforced concrete beams;

8. jack up and raise the main reinforced concrete beams to the original design position;

9. install the tie bars (packing blocks) [14 (according to the scheme of strengthening) between

the channels Ne 30;

10. weld the tie bars (packing blocks) [14 to the channels Ne 30 with the help of the angles on
both sides;

11. fasten the strengthening steel beams from the channels Ne 30 to the main reinforced concrete
beams with the expansion bolts. The anchoring of the channels on both sides should be done
in the criss-cross pattern;
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12. install the secondary steel reinforced I-beams Ne 24 under the secondary reinforced concrete
beams;

13.  weld the secondary steel reinforced I-beams Ne 24 to the main 2[30 steel beams and steel
columns;

14. install the horizontal bracing between the erected steel beams;

15. dismantle the jacks.
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Fig. 6. Strengthening scheme of the reinforced concrete roof
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Conclusions:

1. The research object is the one-story industrial building with a mixed structural scheme, with
an internal monolithic reinforced concrete framework and external load-bearing walls made of

the shell stone.

2. The inspection detected the significant damage of the roof. The technical condition of the

building is defined as emergency.

3. The customer defined special conditions for the restoration of the building: the impossibility
of dismantling the damaged structures and a limited time period for the strengthening of the

structure.

4.  The complex solution for a whole block of building structures was proposed. The reinforced
concrete roof with load-bearing box panels and monolithic beams with the rectangular cross-
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section is strengthened by a steel spatial framework made of rolled profiles resting on the
separate columns and strengthened foundations.

5. The use of a spatial steel framework simplifies the strengthening work, speeds up the return to
production and does not increase the material costs.

6.  The proposed structural strengthening solution can be used reliably in the case of the need to
strengthen roof reinforced concrete structures under similar technical conditions.
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Ooecvka depoicasrna akademis 6YOiGHUYMBA MA APXIMeKmypu

Metoau miACUICHHS 3a71i300€TOHHUX TOKPHUTTIB BiOMI 1 po3po0IeH] JOCTaTHBO JIETAIbHO.
Bonu knacudikyroTbcsi BIAMOBIAHO 1O KOHCTPYKIIN: MiJICHIEHHS PO3PI3HUX 1 HEPO3PI3HUX Oalok,
KOHCOJIbHUX OajoK, MaHeneu, purenei, Gpepm, apok i T. m. Aje BCl MPONOHOBaHI 3acO00M MAarOTh
3arajibHi HEJIOJIKM - BHMAraloTh BUIBHOTO IMPOCTOPY A poOOTH, NependadaroTh MOINEpeaHe
PO3BaHTAXXEHHS, a TNPU NEBHUX OOCTaBMHAX YACTKOBUH JEMOHTAaX CYTTEBO IOUIKOJKEHUX
KOHCTPYKIIIH, HE MOXYTh, IO MPUPOJHHO, BPAXOBYBaTH OCOOJIMBOCTI KOHKPETHOI TEXHIYHOT
curyauii. MU MporoHyeMO METOJ| MiJICHJICHHS HE OKpeMoi Oaliki, a LiJIoro OJOKY MOKPHUTTS, IpU
0o0OMeXeHOMY 4Yaci 1 HeOOXiJHOCTI BITHOBUTH BHUPOOHWYHI IPOIEC B HAWKOPOTIII TEPMiHH, IO
3a3HaB KPUTUYHHUX IMOLIKOJDKEHb, Yy CHUTYyallil, IO BHKJIIOYAaE THMYAcOBE PO3BAHTAXCHHA, a
JEMOHTa)X aBapiiHUX [IISHOK a00 KOHCTPYKIIH HeMOXJIMBUH. Jl0IaTKOBOIO TEXHIYHOIO
npoOJIeMOI0 € Te, M0 HEeCy4i BEPTHKaIbHI KOHCTPYKIII aBapiifHOrO MOKPUTTS — KOJOHH, TEX
3HAXOATHCA B aBapiiHOMY TEXHIYHOMY CTaHi. Tomy cmpoba JeMOHTaXy Oyab-sIKOTO HECY4Oro
eJIEMEHTa TMpHU3BEAE [0 IOBHOTO pYHHYBaHHS 3HAYHOI YAaCTUHM TPOMHUCIOBOI OyniBmi 1
NPUITMHEHHS BUPOOHWIITBA HA 3HAYHWU IEpiog 4acy. 3aCTOCYBaHHS IPOCTOPOBOTO CTaJCBOTO
KapKacy crpollye poOOTH 3 MiJCUIICHHS, NMPHCKOPIOE BITHOBJICHHA BUPOOHUIITBA 1 HE 30LIbIIy€
MarepiaiabHi 3aTpaTu.

Kiro4oBi cioBa: mijcuieHHS CTajleBUMU NPOKATHUMU HPOPUIAMH  3aTi300€TOHHHUX
KOHCTPYKITIH, CTaleBl OAJIKU TICUICHHS, CTaJIeBl 000MMU TiACHICHHS.
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Abstract. To study the stress-strain state of the mesh dome model with the diameter 4 m, the
series of glulam rods were prepared for the central compression test. The tests were carried out in
the laboratory of the Department of Metal, Wooden and Plastic Structures. The stresses at the
distinguished points of the elements were determined through the deformations using the resistance
strain sensors. The feature of prismatic samples was the presence of stress concentrators in the
support zones in the form of the holes for the location of universal connectors [3]. The significant
sizes of the model made it possible to minimize the influence of the scaling factor on the obtained
results. The general conclusion of the study should be considered high bearing capacity of the tested
samples. The destruction of the samples took place in the support zone due to the crushing of the
wood. The next tasks of the research will be the optimization of the elements sizes and testing of the
dome model. The cross-section of the elements, in addition to providing the load-bearing capacity,
is affected by the need to obtain certain thermotechnical characteristics of the enclosure, i.e. the
elements of the dome must have the dimensions that allow placing a layer of effective insulation in
their plane. A separate task is the selection of the roof, which can be considered exclusively as a
part of the permanent load on the supporting system, or as a continuous shell that unfastens the
frame.

Key words: the test of the rods of a mesh glulam dome, the test of wooden elements for
central compression.

Introduction. The assessment of the bearing capacity and reliability of the structure under the
load is possible only as a result of a comprehensive analysis of the deformation and strength
properties of its elements and the observations of their behavior up to the point of failure. The
important requirement for the tests is keeping the scheme of load applying and measuring the
deformations unchanged, which makes it possible to obtain the graph of their dependence on the
load increasing. The tests were preceded by the following works: planning the test program,
determining the limit load, designing and manufacturing the installation and equipment for testing,
the schemes and means of loading, drawing up the layout of the deformation measurement points,
placing the measuring equipment, preparing the test log. The most important element of the mesh
dome is the nodal connection of the elements. The structural solution of the connector requires the
execution of two holes in close proximity to the elements ends. This is the weakest point of the
structure — the stress concentrator. Therefore, the immediate task of the tests is to determine the
nature of the destruction and the stress-strain state of the support zones of the elements. And if it is
necessary to carry out the optimization of the design solution of the connector and the cross-section
of the element.

Analysis of publications on the methodology of testing wooden elements. The testing of
wooden structures and elements is carried out according to the generally known methodology for
building structures, considering the wood characteristics. The innovations refer to the use of either
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new devices or design features of the structure that needs to be investigated. The most complete
issue of testing is reflected in the research work by V. Klymenko and I. Belov “Testing of the
structures, inspection and monitoring of buildings and structures”, Kyiv, 2015 [4]. The principle test
positions are as follows. Testing is an experimental determination of parameter values and quality
indicators of the research object during its operation or under the influence of artificially performed
loads simulating real operating conditions. Compliance requirements of the first and second groups
of limit states apply to any design. Any test has an objective disadvantage, which is in differences
from the actual operation of the structure. This difference consists of the convention of the
calculation scheme, the calculation characteristics of the material, the additional external influences
that cannot be predicted and other factors of a specific situation. The researcher should create the
experimental conditions as close as possible to the real operating conditions in order to be able to
obtain reliable results for further conclusions regarding the reliability of behavior and the
optimization of design decisions. When calculating the forces, the stresses, and the deformations,
they proceed from probable values of the loads and the mechanical characteristics of materials
established experimentally.

Based on the classification, our work concerns the scientific research tests for the study of
new structural forms. According to the type, it is a test on models that reproduce the researched
object on a different scale to improve the calculation theory and to optimize the constructions of
nodes and cross-sections of the elements. After drawing up the work plan, it is necessary to design a
test bench with the provision of the appropriate calculation scheme and the general stability of the
compressed elements. Next, the degrees and means of loading are determined, similar to the
operational ones, which should provide the occurrence of the necessary stresses and deformations in
the structures. The devices are required to be simple, small in size, easy to read and accurate. When
modeling, special attention should be paid to the geometric similarity and the loads similarity of the
model and the original and the subjection of the model material to Hooke’s law. Modeling of
wooden structures from solid wood meets an additional requirement to take into account its natural
defects, which makes it impossible to manufacture the elements of small cross-sections. The
problem is partially solved by using glued wood. The transfer of the test results of the model to the
original, of any material, must be carried out considering the scale factor. Modeling of the structures
is a complex process that requires vigilance to the smallest detail in order to obtain reliable results.
Preliminary results of the stress-strain state were obtained during the tests of a segment of a mesh
dome [2]. After making the appropriate changes, it was decided to conduct a series of tests on the
dome rods. The first series is three samples for central compression.

The aim of the research is to determine the stressed-deformed state of the elements of a
mesh glulam dome under the static load effect.

Research methodology. The samples were made from glued timber strip of mesh dome
elements with the diameter 4 m and the cross-section 40x150 mm for the test. The material for the
samples is the 2nd grade glued pine wood. Three samples were produced. In accordance with the

research tasks, the program of the experimental tests of the experimental samples was developed
(Table 1).

Marking /
Marking sample size Number Test method Research aim
(mm)
1.C1 1 Compression is Ultimate bearing
[800x150x40] central capacity
2.C1 Compression is Ultimate bearing
SERIES 1 [800x150x40] ! central capacity
31.Cl1 1 Compression is Ultimate bearing
[800x150x40] central capacity
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Compression testing of the samples was carried out in the laboratory of the Department of
Metal, Wood and Plastic Structures of Odesa State Academy of Civil Engineering and Architecture.

P

The tests were performed on a test bench using the hydraulic jack with a maximum possible
load 20 tons. The test bench is a steel frame fixed in the power floor. The calculation scheme of the
rod was taken as freely supported. The amount of the load was controlled by the dynamometer
using the divisions of the built-in indicator. The strain sensors made of constantan wire on a film
base with the base 30 mm were used to study the stress-strain state. To write the data, the strain
sensor was used, designed to measure the output tension of tensor resistors with the information
transfer to the external control computer. The layout of tensor resistors is presented in Fig. 2.

7
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Fig. 1. Test bench for compression tes:ting of glued wood samples
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Fig. 2. Configuration plan of resistive strain sensors
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The load was carried out in the stages 3.4 t with the duration 10-15 minutes at each stage.
During the tests, the photographic evidence and visual observation were carried out. The moisture
content of the wood was determined using a hygrometer for each studied sample. Before the test, the
structure of the segment was carefully inspected visually. The actual wood defects were compared with
those allowed by the standards. During the tests, the continuous monitoring of the structure condition
was carried out in order to fix possible damages.

Research results. Based on the test results, the experimental dependency graphs of
compressive, tensile and shear stresses on the load at the maximum level of 17 t were drawn (Fig.
3). After analyzing the test results, the following features of the samples were established. The
destruction occurs, as predicted, in the weakest point of the rod — near the holes for the connector,
by crushing the wood. First, at the first stages of loading, the first small crack is formed, starting in
one of the holes. Then it expands, there are new ones and the sample collapses after the attempt to
increase the load by more than 17 tons. The compression and stretching deformations corresponded
to shear deformations. Up to the load 8 tons, the deformation nature of the samples and the results
of stress analysis according to strain sensor data corresponded to the elastic work. Further loading
led to stress increasing, getting the critical deformations up to the complete loss of bearing capacity.

Fig. 3. Sample after testing

To analyze the stress-strain state of the element, a spatial computer model was developed in
the “LIRA-SAPR” software complex. The stiffness characteristics of volumetric finite elements
were set taking into account the anisotropic wood properties in accordance with the requirements

[1].

Fig. 4. Calculation model of the element
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The element is modeled by the universal spatial eight-node isoparametric finite elements
(CE Ne 36). The load was applied to the end nodes of the element.

Fig. 5. The nature of compressive stress distribution
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Fig. 6. Comparative graph of stresses
Conclusions:
1. The destruction of the samples occurs as a result of the wood crushing under the influence of
the concentration of normal stresses near the holes for the nodal connector.
2. The nature of stress development in the area of the holes indicates that the determining force,
which led to the loss of bearing capacity, is the compressive force.
3. The destructive load significantly exceeded the calculated resistance of glued wood, which

makes it possible to optimize the cross-section of the dome rods, determined from the
requirements of manufacturing technology and thermal insulation.

4. For a comprehensive analysis of the behavour of the dome rods, it is necessary to test them
for off-center compression and as a part of a nodal connection.
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Ooecvka depoicasrna akademis 6YOiGHUYMBA MA APXIMEKMYpu

AnoTtauis. /g gocaipkeHHsT HanpyXeHo-1e(hOpMOBAaHOTO CTaHY MOJIEJI CITYACTOTO KyMoJia
niamerpoM 4 M Oyna MiATOTOBJIEHA CEpisl CTPHIKHIB 3 KJIEEHOI AEPEBHHM il BUMPOOYBAaHHS Ha
LEHTpaIbHUHN CTUCK. BunpoOyBaHHs BUKOHYBaJIM B Jtaboparopii kadeapu MeraneBux JAepeB'sTHUX
Ta IJIACTMACOBUX KOHCTPYKIiil. HanmpykeHHs B XapakTEepHUX TOYKAX €JIEMEHTIB BU3HAYAIU Yepes3
nedopmariii 3a JOMOMOTOI0 TEH30pe3ucTOopiB.  OCOONMBICTIO TPU3MATHYHUX 3pasKiB Oyra
HasBHICTH B IPUOTIOPHUX 30HAX KOHIIEHTPATOPIB HANPYXEHb Y BUTJISAI OTBOPIB AJISl pO3TAIlyBaHHS
yHIBepcadbHUX KOHEKTOpiB [3]. 3HayHi po3MipW MOl JO3BOJWIM MIHIMI3yBaTH BIUIMB
MacmTabHOro (pakTopy Ha OTpUMaHi pe3yabTaTd. 3arajJbHUM BHCHOBKOM JOCITIKEHHS CIIJ
BBO)XATH BHCOKY HECydy 3JaTHICTh 3pas3KiB, mo Oymu BumnpoOyBaHi. PyiiHyBaHHsS 3pa3KiB
NPOXOAMUJIO B TPHOMOPHINA 30HI BHACHIAOK 3MHMHAaHHS JepeBUHH. HacTymHuMM 3amadamu
JOCITIKEHb OYAyTh ONTHMI3aIlisl pO3MipiB €JIeMEHTIB 1 BUIIPpOOyBaHHS Mojeii Kymoia. Ha mepepis
€JIEMEHTIB KpiM 3a0e3leyeHHs Hecyuyoi 3[aTHOCTI, BIUIMBA€ HEOOXIIHICTH OTPUMAaHHS IMEBHUX
TETOJOTEXHIYHUX XapPaKTEPUCTUK OTOPOJKEHHS, TOOTO €IEMEHTH KYIojia MOBUHHI MaTH PO3MIpH,
10 JO3BOJIAIOTH PO3MICTUTH B IXHIM IUIOmMHI Imap edekTuBHOro yrermmoBada. OKpeMuUM
3aBIAHHSAM 3aJUIIAETHCS BHOIP IMOKPHUTTS, SIKE MOXKE PO3IJIIATHCh BUKIIOYHO, SIK YacTHHA
MOCTIHHOTO HABaHTAXXEHHS Ha Hecydy cHUCTeMy, abo SK CyIiibHa O0O0JIOHKA, L0 PO3KPIILIIOE
Kapkac.

KirouoBi cioBa: BUIIPOOYBaHHS CTPHIKHIB CITYAaCTOrO KyIOJa 3 KIEEHOI JCPEBUHH,
BUNIPOOYBAHHSA JAEPEB'SHUX €IEMEHTIB HA IEHTPAJIbHUN CTUCK.
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Abstract. The article is devoted to the peculiarities of determination of seismic loads on steel
silos with a flat bottom according to newly introduced DBN B.2.6-221:2021, harmonized with the
global system of European codification Eurocode. The main focus is on the general methods of
specifying seismic action and the principles of schematizing seismic action for analysis silos. The
parameters of the acceleration spectra of the horizontal and vertical components of seismic load and
their influence on formation of silos reaction in these directions are analyzed. The recommendations
are given for accurate evaluations the inertia-stiff characteristics of silos with a flat bottom in height
based on the analysis of their design features and physical and mechanical characteristics of the
particulate material.

Keywords. steel silo, particulate solid, seismic loads, failure probability, soil accelerations,
importance coefficient, asymmetric seismic pressure, response acceleration.

Introduction. Over the past ten years, Ukraine has been harmonizing its regulatory
framework with the European-wide system of codification of construction design Eurocode. During
this period, hundreds of normative documents of various sectoral subordination have already been
implemented in domestic design practice. Until recently, the state governing bodies of the
construction industry showed a certain liberal approach to project organizations: to design the
object according to the state construction regulations or according to the norms of the united
Europe. However, over time, the project "window of opportunity” in certain directions of
construction began to close, clearly orienting engineers to the European approach.

Analysis of recent research and publications. In the field of agricultural construction, the
new DBN V.2.6-221:2021 "Steel silos for grain with a corrugated wall" became the most significant
regulatory document of recent times [1]. It became iconic thanks to two things: firstly, it is probably
the shortest DBN of Ukraine, secondly, it has almost no meaningful or constructive part. In terms of
form, it is a collection of references to Eurocode norms on the subject of analysis and design of
silos; in fact, it is a document that solved the problem of choosing between domestic and European
regulatory practice. From now on, only Eurocode. For the most part researches in this field
presented by foreign publications [2-6].

Formulation of the problem. The European approach in general turned out to be a surprise
for the stakeholders of agricultural construction. As they say: the bottom (read as engineers) cannot,
and the top (read as manufacturers) do not want. The reason for this dualistic problem is quite
simple. For engineers, it is an unwillingness to understand several dozens of standards that regulate
the calculation of steel silos, and for manufacturers, it is an unwillingness to spend additional funds
on the transition to the European system of reliability of buildings and structures.

Purpose and tasks. This article is a part of the great engineering and educational work of the

authors [7-9], aimed at overcoming this regulatory and economic nihilism among the engineering
and production community of Ukraine. Subjectively, it concerns the analysis of silos with a flat
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bottom for seismic loads in accordance with the European Eurocode standardization system [10-
13]. The main focus is on the general methods of normalizing seismic effects and the principles of
schematizing seismic loads in silo calculations

The general description of seismic action. The analysis of seismic effects in accordance with
section 2.1(1) DSTU-NB EN 1998-1 [11] is performed to comply with one of two main requirements:
the no collapse requirement (abbreviated as NCR) and the damage limitation requirement
(abbreviated as DLR). The seismic action is characterized by the probability P, of its occurrence

during the base period 7; expressed in years. The derivative characteristic of seismic impact is the
average recurrence period 7} , which characterizes the frequency of earthquakes of the same intensity.
These quantities are related by the following ratio:
Tp = _ .
In(1-Fy)
The no-collapse requirement (NCR) needs that the silo shall be designed and constructed to

withstand the design seismic action without local or global collapse, thus retaining its structural
integrity and a residual load bearing capacity after the seismic events. The design seismic action is

characterized by the expected probability of exceedance Py =0.1 over the 7; =50 years.

(1)

According to expression (1), this corresponds to expected recurrence period of Ty, ~ 475 years.

The damage limitation requirement (DLR) stipulates that the silo shall be designed and
constructed to withstand a seismic action having a larger probability of occurrence than the design
seismic action, without the occurrence of damage and the associated limitations of use, the costs of
which would be disproportionately high in comparison with the costs of the silo itself. The seismic
action to be taken into account for the “damage limitation requirement” has a probability of
exceedance, P, =0.1 in 7; =10 years. This corresponds to a recurrence period 1, = 95 years.

As a general rule, a no-collapse requirement (NCR) is adopted in silo seismic analysis,
although a damage limitation requirement (DLR) may also be imposed for some storage, especially
those located near critical infrastructure sites. The normative intensity of seismic effects in points of
the macroseismic scale for the construction area is adopted in accordance with section NB. 2.5 of the
National Appendix [13] based on a set of general seismic zoning maps of territory of Ukraine ZSR-
2004. The set includes three main maps ZSR-2004-A, ZSR-2004-B and ZSR-2004-C, which are
characterized by the following indicators of the probability of an earthquake of a given intensity:

o ZSR-2004-A: the probability of exceedance the normative seismic intensity during the
T; =50years — P, =0.1; corresponds to the average recurrence period 7, ~ 475 years;

e 7ZSR-2004-B: the probability of exceedance the normative seismic intensity during the
T; =50years — P, =0.05; corresponds to the average recurrence period 7y ~1000 years;

e ZSR-2004-C: the probability of exceedance the normative seismic intensity during the
T; =50years — P, =0.01; corresponds to the average recurrence period 7, = 5000 years.

The choice of a specific card depends on the class of consequences of the silo:
e ZSR-2004-A: silos of class consequence CC1 and CC2 at silo limit height 73.5 meters;
e ZSR-2004-B: silos of class consequence CC2 at a silo height from 73.5 to 100 meters;
e ZSR-2004-C: silos of class consequence CC3.

Taking into account that height of all currently known silos does not exceed 73.5 m, the ZSR-
2004-B map is not used for structures of this class and maps A and C remain for seismic intensity.
In addition, guided by our experience in assessing the class of silo consequences in accordance with
norms [1, 14, 15], it can be asserted that the majority of silos of various sizes and structures belong
to the class of consequences CC1, which allows us to limit ourselves only to the ZSR-2004-A map.

In addition, the construction site on which the silo will be installed must be classified
according to the type of soil base. According to section 3.1.2 of the norms [11], seven types of soils
are distinguished. The soil classification is performed according to the data of engineering and
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geological investigations based on the average speed of propagation of seismic waves vy 30 or the
total sum of shock pulses during a standard penetration test. If the upper 30-meter soil layer is
heterogeneous, then the average speed of the seismic wave is estimated by the expression:

- 30
V.30 /Z hlv, (2)

where /; and v; denote the thickness (in meters) and shear-wave velocity (at a shear strain

level of 107 or less) of the i-th formation or layer (i =1... N'), in a total of N , existing in the top
30 m.

For sites with ground conditions matching either one of the two special ground types S1 or S2
(see classification [11]), special studies for the definition of the seismic action are required. For
these types, and particularly for S2, the possibility of soil failure under the seismic action shall be
taken into account.

The normative seismicity, expressed in points /,, determines the calculated level of
maximum accelerations a,, of the base on which the silo is located. The value a,; are used to
determine inertial seismic loads, which are entered into the calculation of seismic resistance as
static. The quantities /, and a,, are related by the following ratio:

1,-7
agr/ g =0, =0.1-27 ", 3)
where g ~9.81m/c? — is the acceleration of gravity; o ¢ — 1s the coefficient, which express the

acceleration of the base of the silo in portions of acceleration of gravity (see table 1).

The relationship of base accelerations with seismicity, which is expressed in points fablel
I, 5 6 7 8 9 10
a, 0.025 0.05 0.1 0.2 0.4 0.8
Agp s m/s* 0.245 0.491 0.981 1.962 3.924 7.848

The design acceleration of the soil a,, for seismic analysis of the silo and all its structural
elements, is determined by the product:

CngCZgR'}/[, (4)

where y; — importance factor, which is accepted depending on the importance class of

buildings in accordance with section 4.2.5 [11] and section NB. 2.13 of the National Annex [13], see
table 2.

Table 2.
Importance classes for buildings
Class Building descriptions 7
| Buildings of minor importance for public safety, e.g. agricultural buildings, etc. 0.8
II Ordinary buildings, not belonging in the other categories 1.0
11 Buildings whose seismic resistance is of importance in view of the consequences associated 12
with a collapse, e.g. schools, assembly halls, cultural institutions etc. ‘
v Buildings whose integrity during earthquakes is of vital importance for civil protection, e.g. 1.4

hospitals, fire stations, power plants, etc.
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According to the guidelines [12], the values of the importance factor can be set in National
Annex to DSTU-EN [5]. However, the Ukrainian version [13] of these appendices does not contain
any recommendations on the normalization of the factor y;. In this regard, for silos of different

classes, in our opinion, it is possible to accept the importance class "I" with the value y; =0.8 .
The design acceleration a, of the construction site soil on which the silo is located provokes

the appearance of dynamic effects on the silo itself. The magnitude of these impacts depends on the
inertia-stiffness characteristics of the silo and is characterized by the design spectrum of
accelerations of the horizontal and vertical components of the seismic action. The horizontal
reaction spectrum is described according to section 3.2.2.5 of the norms [11]:

2+1- 25 2 , if 0<T <Ty;
3 T, g 3
23 if Ty <T<Tg;
q
S, (T)=a,-S- , (5)
R R R Ay
q T’ Y = b
23T dp -y Ly T>T,,
g T N

where T' — is the fundamental period of vibration of the silo for lateral motion in the direction
considered; Ty, T, T, — characteristic periods on the curves of the acceleration spectrums on

Figure 1 and 2 with values according to the table 3; S — is the soil factor (see table 3); #=0.2 —is
the lower bound factor for the horizontal design spectrum; g — is the behavior factor (see below).
The values of periods Ty, T-, T}, and the soil index S, which unambiguously describe the

design spectrum of accelerations, depend on the type of soil and could be given in the national
appendix [13]. However, there is no information on their rationing in the national annex.
Instructions of section NB. 2.8 of the appendix [13] do not resolve the issue of normalization of
parameters Ty, T, T, S and, moreover, contradict section NB. 2.9 and NB. 2.10 of the appendix

[13]. In view of this, in the calculations of silos, it is necessary to accept the basic recommendations
of norms [11]. According to these recommendations, two sets of parameters T, T-, T, S should

be considered, corresponding to type I and type II spectra. For earthquakes with a magnitude of

surface waves less than 5.5, the spectrum of type II is adopted, for other cases - the spectrum of type
I (see Table 3).

Table 3.
Parameters of horizontal spectra of soil response under seismic action
Ground Type 1 spectrum Type 2 spectrum
type S Ty, s To,s Tp,s S Tg,s T, s Tp,s
A 1.0 0.15 0.4 2.0 1.0 0.05 0.25 1.2
B 1.2 0.15 0.5 2.0 1.35 0.05 0.25 1.2
C 1.15 0.20 0.6 2.0 1.5 0.1 0.25 1.2
D 1.35 0.20 0.8 2.0 1.8 0.1 0.30 1.2
E 1.4 0.15 0.5 2.0 1.6 0.05 0.25 1.2

Taking into account the set of seismic zoning maps of the territory of Ukraine, it is
recommended to use type 1 for the design spectrum of the horizontal response of the ground. For
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the vertical component of the seismic action, the design spectrum S, ,(T") is given by expression (5)

when the acceleration a, is replaced by the acceleration a,,

and the soil factor S is taken equal to 1.0. Other parameters a

of the ground in the vertical direction,

ve» Ig» Tc, Tp of the vertical

reaction spectrum are taken according to the data in Table 4.

Table 4.
Parameters of vertical spectra of soil response under seismic action
Type spectrum a, /a, Ty,s T, s Tp,s
Type 1 0.90
P 0.05 0.15 1.0
Type 2 0.45

The examples of calculated design spectra of accelerations of horizontal and vertical
components of seismic action, on the basis of which the silo analysis is performed, are shown below
in Figure 1 and 2. The figure also shows the characteristic periods 7y, T, T, which correspond to

the places of changes in the shape of the spectra.

2

J

2.5

0.5

0 0.5 1 15 2 25 3 35 4
. Thg-The-Tho
Fig. 1. The example of design spectrum of accelerations of the horizontal component of seismic action

The behavior factor ¢ is an approximation of the ratio of the seismic forces that the structure

would experience if its response was completely elastic with 5 % viscous damping, to the seismic
forces that may be used in the design, with a conventional elastic analysis model, still ensuring a
satisfactory response of the silo. The Values of the behavior factor with appropriate justification can
be determined individually for each direction of seismic action. According to section 3.4 of the
norms [6] and section 3.2.2.5(6) of the norms [5], the behavior factor for all directions of seismic
action can be taken equal to 1.5.

With the accepted parameters of the reaction spectrum, design value of horizontal
displacement of the base on which the silo is placed is determined according to section 3.2.2.4 of
the norms [5]:

d, =0.025-a,-S-T.-T),. (6)
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Fig. 2. The example of design spectrum of accelerations of the vertical component of seismic action

The seismic loads on the silo body. The loads from the action of seismic influences,
described in the previous section, cause additional tensile forces in the sheets of the silo body due to
the inertial interaction of the particulate material with the shell. The quantitative assessment of these
loads is carried out in accordance with the general instructions of section 3 of DSTU-NB EN 1998-
4 [12], by applying additional pressure in the places of contact of the stores contents with the shell
sheets according to the trigonometric dependence:

Aph,s(ya 9) = Aph,so (y)-cosH, (7)
where 6 — is the angle between the radial line to the point of interest on wall and the direction

of the horizontal component of the seismic action; A , ,(v) — is the reference pressure:

Aph’so(y)=ay(y)~min{min[Ha,0.5dc],3y}, (8)
where H, — is the silo body height; «,(y) — is the ratio of the response acceleration a,(y)

of the silos at a vertical distance y to the acceleration of gravity.

To determine accelerations, you can use the lateral force method, which is given in section
4.3.3.2.2 of DSTU-NB EN 1998-1 [11]. The possibility of its application involves the satisfaction
of two requirements: the inertia-stiffness characteristics of the building are uniformly distributed
along the height; the fundamental period of building vibration does not exceed 2.0 s or the product
4T, , where T is one of the characteristics of the design spectrum of accelerations of the horizontal
component of seismic action, see above table 3. Taking into account that the storage product
uniformly fills the volume of the silo in height, and the fundamental period of self-vibrations of the
filled silo rarely exceeds 2.0 s, we can always consider these conditions satisfied a priori. Then the
acceleration of any silo point located at the y level can be estimated assuming a linear dependence

for the fundamental mode of self-vibrations:
a,(y)=A;F, A,:%Zi, 9)

where i — is the ordinal number of the layer of sheets of the silo body (counting from the top)
with their total number n_; F, —is the seismic base shear force:

where 4 =0.85 — is the correction factor (the factor accounts distribution of modal mass of
silo); S,;(7;) — is the ordinate of the design spectrum (5) with an argument value equal to the

fundamental period 7; of natural vibrations of the filled steel silo; M — is the total weight of the
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filled silo, which is easily expressed by the weight of one layer Mg according to the formula
(neglecting the own weight of the steel structures of the silo body):

M=M,-n,, M) =025y, -7-d} I, (11)

where y,, —is the upper characteristic value of the specific gravity of the particulate material in

silo; [, —1s the height of one layer of silo; d, — is the silo diameter.

The estimation of the total weight M is performed on the assumption that the equivalent
surface of the storage product passes over the top of the silo body, i.e. without taking into account
the equivalent height of the bulk cone #4,. This was done in accordance with the provisions of

section 3.3(4) of the norms [12], which recommend taking the weight of particulate material in the
silo when it is subjected to seismic influences equal to 80% of its total weight. The volume of the
storage product corresponding to the height 4, is less than 20% of the weight of the silo when fully

loaded, so the proposed assumption provides a result that is commonly called "safety margin".
The distribution of additional pressures A , ((y,6) along the perimeter of the silo is shown in

Fig. 3. It should be noted that this pressure is not considered a separate load, as its appearance is
caused by the inertial characteristics of the storage product, which exerts static axisymmetric
pressure p,(z) on the silo body. At any point on the silo body, the sum of the static pressure p,(z)

of the particulate material and the effect of the seismic action A , (z,6) cannot be negative. In

ph,s

cases where the algebraic sum of the pressures p,(z) and A , ((z,6) is negative, it is necessary to

redistribute the additional pressure in such a way that its sum with the pressure of the particulate
material is not negative while maintaining the uniform force according to the pressure diagram in
Figure 3 within the given height level z.

Aos( 6)

Avh, SO

Figure. 3. The diagram of additional pressure distribution from seismic action along the silo body

Conclusion. The article examines the peculiarities of determining seismic loads on silos with
a flat bottom in accordance with the newly introduced DBN B.2.6-221:2021, harmonized with the
European Eurocode codification system. The main attention was paid to the methods of
normalization of seismic actions and the principles of schematization of seismic loads on silos. The
parameters of the spectra of soil accelerations for the horizontal and vertical components of the
seismic action and their influence on the formation of reactions of silos in these directions were
analyzed. The recommendations for evaluation the inertia-stiffness characteristics of silos with a
flat bottom in height based on the analysis of their design features and physical and mechanical
characteristics of the storage product are provided.
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Ha mporsizi ocraHHIX JecsiTH pOKiB YKpaiHa TapMOHI3ye CBOIO HOpPMAaTUBHY 0a3y i3
3araJbHOEBPOIICHCHKOI0 CHCTEMOIO HOPMYBaHHS pO3paxyHKiB KoHCTpykiii Eurocode. 3a meit
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nepiof y BITYM3HSAHY TPAKTUKY INPOEKTYBAaHHS BXKE IMIUIEMEHTOBAaHO COTHI HOPMAaTHBHHUX
JIOKYMEHTIB Pi3HOI raiy3eBoi mianopsakoBaHocTi. Jlep:kaBHi KepiBHI opranu OyAiBeIbHOT Tamy3i 10
HE/aBHBOTO Yacy TMpPOSABISUIM JI0 TPOEKTHUX Opra”izamiii mneBHMH JiOepanbHUM  MiAXix:
MMPOEKTYBaTH OO0 €KT 3a JepKaBHUMH OYIiBEIbHUMH HOpMaMH abo0 3a HOpMamMHu 00’ €aHaHOl
€sponu. [IpoTte 3 yacoM, NMPOEKTHE «BIKHO MOXKIMBOCTEI» MO OKpEMHM HampsMKaM OyAiBHHIITBA
MOYaJI0 3aYMHSATHCS, OJHO3HAYHO OPIEHTYIOUM IPOCKTYBAIHHUKIB Ha €BpPOMEHChKHMMA miaxin. B
rajgy3i CUIbCBKOTOCIIO-apPChKOTO OYyAiBHHIITBA HAWOUIBII 3HAKOBHM HOPMAaTHBHHM JOKYMEHTOM
octaHHBOTO 4acy ctaB HoBui JIBH B.2.6-221:2021 «CraneBi cwiocu ajia 3epHa i3 TOoPpOBaHOIO
CTiHKOIO». 3HAKOBHUM BiH CTaB 3aB/ISKH JIBOM pedaM: Mo-mepiue, 1e, MadyThb, camuii KopoTkuii JJbH
VYkpaiau, mo-apyre, BiH Maibke HeMae, aHl 3MICTOBHOI, aHI KOHCTPYKTHBHOT yacTUHU. [1o cyTi — e
CYKYIHICTh MOCWIaHb Ha HOpMHU Eurocode 3a TeMaTHKOIO pO3paxyHKY Ta MPOEKTYBaHHS CHIIOCIB;
1o ¢GakTy — e JOKYMEHT, KMl BUPIIIKB MPo0IeMy BHOOPY MK BITYM3HSHOIO Ta €BPONEHCHKOIO
HOPMAaTUBHOIO NIPAKTHKOW. Bix HuHi, Tineku Eurocode. €Bponeiichbkuii miaXia 3araioM BUSBUBCS
HECITOIBAaHKOIO JJISI CTEUKXOJACPIB CLIHCHKOTOCIIONAPCHKOTO OYMIBHUITBA. SIK TOBOPUTHCS: HU3HU
(BOHU K€ NMPOEKTYBAJIHLHUKHN) HE MOXKYThb, & BEpXH (BOHU ke BUPOOHUKHM) HE X0uyTh. [Ipnunna miel
TyallicTUYHOT TpoOIeMHu J0BOJI mpocTta. JlJIs MPOEKTYBAJIBHUKIB — I1€ HETOTOBHICTh OCATHYTH
JeKiNbKa IeCATKIB HOPM, SIKI PETJIaMEHTYIOTh PO3PaXyYHOK CTaJeBHX CHJIOCIB, a JJIsi BUPOOHUKIB —
HeOakaHHST BUTpAT JOJATKOBUX KOINTIB Ha TEpPeXil J0 €EBPOMEHCHKOI CHUCTEMHU HaAINHOCTI
OyniBenb Ta crnopya. JlaHa cTaTTs € YacTHHOIO BEJIMKOI 1H)KEHEPHO-NPOCBITHULBKOI po0OoTH
aBTOPIB, CIPSIMOBAHOI Ha MO0JaHHS IIOTO HOPMATUBHO-EKOHOMIYHOTO HIT1LTI3MY Cepe/l IHKEHEPHO-
BUPOOHMYOI CHTBHOTH YKpaiHu. IIpeMeTHO BOHA TOPKAETHCS PO3PaxXyHKY CHUIIOCIB 13 MIOCKUM
JTHUIIIEM Ha CEHUCMIYHI HaBaHTAXEHHS BIiAMOBIAHO J0 €BPOIMEHUCHKOT CHCTEMH HOPMYBaHHS
Eurocode. OcHoBHa yBara ()OKyCyeThCSl Ha 3arajbHUX METOJaX HOPMYBaHHS CEHCMIUYHUX BIUIMBIB
Ta MPUHITMIIAX CXeMaTH3allii CeCMIYHIX HaBaHTAKEHb MPU PO3PaXyHKY CHIIOCIB.

KirouoBi cioBa. craneBmii cuiaoc, ceicMiuHI HaBaHTa)KEHHsS, MMOBIPHICTh pYHHYBaHHS,
CHEKTP MPUCKOPEHB IPYHTY, KOS(IIIEHT BaKIUBOCTI, ACUMETPHUYHUA CEHCMIYHHI THCK.
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Abstract. The article presents the results of theoretical studies on embodied carbon for load-
bearing wall structures prevailing in low-rise buildings consturction practice in order to reveal the
potential of timber structures in decarbonization of the construction sector. Seven types of wall
structures were considered in the study. CO; emissions were determined using the environmental
product declarations for relevant materials considering sequential life-cycle stages (raw material
supply, production and transportation of building products, construction process, building waste
transportation and disposal) with regard to recycling benefits. A lightweight timber framed wall
panel was shown to have minimum carbon emissions at each life-cycle stage leading to lowest total
carbon embodied.

Keywords: carbon footprint, low-rise residential buildings, wall structures, life cycle,
decarbonization.

Introduction. In 2019, the European Commission adopted the European Green Deal [1] as a
new strategy for the development of all areas of the economy to achieve climate neutrality. The
post-war reconstruction of Ukraine opens up wide opportunities for the transformation of the
construction industry through the introduction of green construction technologies using low-carbon
building materials. The creation of new quality dwellings, safe for the health of residents and the
environment, will be especially relevant in rural communities that were destroyed during hostilities.
Rationale of the choice of load-bearing elements of low-rise buildings for fast resource- and energy-
efficient reconstruction can be performed by an advance assessment of the carbon footprint of the
structural solutions prevailing in our country.

Recent publications review. A decarbonisation strategy covers the reduction of embodied
carbon throughout the whole life cycle of a building. Today a lot of works by various scientists are
devoted to transformation the construction industry into a decarbonized one. These studies involve
the environmental performance of different types of buildings, and propose algorithms for
evaluating and measures of minimizing the carbon footprint.

The article [2] analyzes the environmental indicators of industrial prefabricated buildings of
various types. The authors define a carbon footprint that quantifies the sum of direct and indirect
greenhouse gas emissions associated with the life cycle of buildings. In the article [3], the authors
systematize the data available on the quantitative determination of the embodied carbon, and also
demonstrate the use of a hybrid method of assessment the life cycle of buildings. Both papers
provide the results comparison of determination the total carbon emissions for two construction
technologies - traditional monolithic reinforced concrete and prefabricated reinforced concrete
panels. The advantages of the panelized prefab system are also demonstrated in the work [4].

The authors [5] offer an extensive review of embodied energy and carbon data for
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223 building materials based on environmental product declarations, focusing on innovative and
insulating materials.

Recently, it also begun to appear studies on the carbon footprint of buildings built using wood
as an ecological and sustainable material. In the article [6], the authors analyzed the carbon
footprint for lightweight timber-framed residential buildings, which are representative of the USA.
The authors of [7] propose increasing the use of wood in construction as a future strategy for
reducing embodied greenhouse gas emissions by buildings. This study systematizes already
published data on greenhouse gas emissions during the life cycle of timber houses. In the article [8],
the authors report on the study of the potential for reducing greenhouse gas emissions in the
construction sector by replacing steel and concrete building structures with timber ones, as well as
traditional construction with prefabricated structures. The results of [9] research confirm the
positive effect of using prefabricated timber frame systems in multi-story construction.

All the studies analyzed confirm that the reduction of the carbon footprint of buildings can be
planned and achieved at the early design stage through the appropriate selection of materials with
minimal emissions at all life cycle stages and a high potential for reuse and recycling after
demolition. As the timber has high ecological characteristics, its application in low-rise construction
can significantly reduce the carbon footprint in recovery of rural communities of Ukraine. For the
widespread implementation of decarbonized structural solutions using timber in construction
practice, it is necessary to obtain visible data that will demonstrate their advantages for private
developers. In respect of above, the purpose of the work is to study the carbon footprint of load-
bearing wall structures of low-rise buildings, taking into account energy efficiency requirements.

Materials and methods. Quantitative assessment of the environmental impact of
construction products is performed according to European standard EN 15978:2011 [10]. It
considers the whole life cycle, which includes four main stages: production; construction;
operation; end of life. Separately, it is recommended to take into account the potential benefits of
reuse or recycling after dismantling. The methodological basis of the calculations is environmental
product declarations (EPD), which contain data on the carbon footprint of specific products at all
life-cycle stages. Since the basis of resource-efficient buildings is also the reduction of energy
consumption, along with the assessment of emissions, it is necessary to comply the requirements for
heat transfer resistance.

The methodology of this study consisted of the following stages: 1) the selection of types of
load-bearing wall structures of low-rise buildings for an analysis; 2) specification of geometric
parameters in accordance with the requirements of minimum heat transfer resistance
(Rmin=4.0 m**K/W) [11]; 3) determination of material consumption by each type per typical unit;
4) inventory of the carbon footprint of materials through EPD [12]; 5) calculation and comparative
analysis of the carbon footprint of wall structures.

The following types of load-bearing wall structures were chosen as the most typical in low-
rise construction: CT1 - brickwork with external expanded polystyrene foam insulation and plaster
facing; CT2 - brickwork with external mineral wool insulation and ceramic bricks facing; CT3 -
aerated concrete blocks masonry with external expanded polystyrene foam insulation and plaster
facing; CT4 - aerated concrete blocks masonry with external mineral wool insulation and ceramic
bricks facing; CTS - light gauge steel framed panel with internal mineral wool insulation and
drywall facing; CT6 — lightweight timber framed panel with internal mineral wool insulation
between drywall and oriented strand board facing; CT7 — structural insulated panel with insulating
polystyrene foam core between two oriented strand board structural facings.

The geometric parameters of the wall structures were refined before determining the CO»
emissions considering the new requirements for the minimum heat transfer resistance. The
thickness of the insulation was determined to adjust the cross-section dimensions of the lightweight
metal profiles and lumber. The thickness of masonry made of bricks and aerated concrete blocks
were 380 mm for all cases. For the heat transfer resistance calculation the methodology of [11] was
used to determine the of wall structures of low-rise residential buildings.
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The quantities of materials for each type of wall structure was determined based on the
assumption of the standard size of a wall panel in frame construction, which is 1.2 x 2.5 m (width x
height). These dimensions were considered as a typical unit for determination the carbon footprint.
Material quantities for a typical unit of wall structure were represented as a self-weight.

Data on heat transfer resistance, components and material quantities for typical unit of load-
bearing wall structures considered are summarized in table 1.

Table 1. Data on heat transfer resistance, components and material quantities for typical unit

of load-bearing wall structures

Wall Heat. transfer Components and materials of load- Density of Self—vx{eight of
structure resistance, bearing wall structures material, mgterlal for a
R, m*K/W £ kg/m? typical unit, kg
Ceramic brick — 380 mm 1600 1824
CTI 4,17 Extruded polystyrene foam — 35 12,6
120 mm
Sand Cement Plaster — 20 mm 1800 108
Ceramic brick — 380 mm 1600 1824
CT2 4,03 Mineral wool — 120 mm 100 36
Ceramic facing brick — 120 mm 1300 468
Aerated concrete blocks — 300 mm 400 360
CT3 4,57 Extruded polystyrene foam — 50 mm 35 5,25
Sand Cement Plaster — 20 mm 1800 108
Aerated concrete blocks — 300 mm 400 360
CT4 4,56 Extruded polystyrene foam — 50 mm 35 5,25
Ceramic facing brick — 120 mm 1300 468
OSB — 18 mm 1000 54
Light gauge steel profile— 1,0 mm
CT5 491 o 0x200 mm (3 pes.) 2.34 kg/l.m. 17,6
Mineral wool — 200 mm 100 60
Drywall — 12,5 mm 800 30
OSB — 18 mm 1000 54
Sawn timber - 50x175 mm (3 pcs.) 600 39.4
CT6 4,23 Mineral wool — 170 mm 100 51
Drywall — 12,5 mm 800 30
OSB — 18 mm 1000 54
Sawn timber - 50x150 mm (2 pcs.) 600 26,25
CT7 4,56 Extruded polystyrene foam — 35 15,75
150 mm
OSB — 18 mm 1000 54

For further calculation of the carbon footprint of the wall structures cases adopted for low-rise

buildings based on EPD, the amount of CO; emissions (kgCOzeq) was determined considering the
following stages of the product life cycle: Cpe — raw material supply and production of building
products; Cp — building products transportation to the site; Cpp, — construction process; Car —
building waste transportation; Cq2 — building waste disposal; C: — recycling benefits.

Emissions during operation and dismantling were not included in the analysis. The first one,
because the study examines a typical unit of a wall structure without reference to a specific
architectural and planning solution of a low-rise building, engineering and technical equipment and
other characteristics that determine the generation of emissions during this stage of the life cycle.
The second one, due to the fact that CO, emissions on this stage are caused by the operation of
machines or mechanisms, while their amount, types and terms of operation will depend on the
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volume of disassembly, which in turn also corresponds to specific parameters of a low-rise building.

A special feature of the EPD [12] is the presentation of the carbon footprint using different
units of measurement for different products. For example, data are given per 1 ton of material for
brick and light gauge steel profile, per 1 m® of aerated concrete block, OSB and wood, per 1 m? of
extruded polystyrene foam, mineral wool and plasterboard, and perl kg of plaster. In addition,
different manufacturers use different distances to estimate emissions at the transportation stage,
which depends on the specifics of the market.

In order for the obtained results on the carbon footprint to be comparable, the EPD data [12]
were recalculated per weight of 1 kg and a distance of 100 km for each material. The data obtained
on the carbon footprint of wall structures materials after all estimations are presented in the table 2.

Table 2. Estimated data on the carbon footprint of wall structures materials

Material CO» emissions, kgCO»eq/kg, for considered life-cycle stages
Che Cht Chp Cai Ca2 Cr
Ceramic brick 0,147 | 1412541 | 0000143 | 0.00649 0,00339 | -0.00563
Aerati(llocccl’{ncrete 0336 | 4209302 | 00022 | 000416 0,0048 -0,00366
Cerarlr)‘rliccliacmg 0,147 | 1426667 | 0000143 | 0,00649 0,00339 | -0,00563
Sand Cement 0394 | 00072 | 00417 | 0,00829 0,0148 -0,00224
Plaster
Extruded 2,742 | 0,052975 | 0,01856 | 0,00774 33978 -1.41
polystyrene foam
Mineral wool 0,80586 | 2,0942 | 001944 | 0,001998 | 0,00828 | -0,03078
OSB 0,717 | 3363995 | 0,08704 | 0,007514 0,5457 20,4862
Drywall 02268 | 0.039357 | 0.03024 | 6.108E-17 | 2.928E-14 | -3.324E-14
Light gauge steel 2,58 8 0,0498 0,017 0,00326 20,0015
profile
Sawn timber | 0,058859 | 3,18 | 0,003238 | 0,00303462 | 0,00143177 | -0.211813

Results. The carbon emissions of the particular wall structure at separate stage of the life-
cycle were calculated as the sum of the products of the self-weight of each material composing the
wall and the corresponding material CO; emissions. As a result of calculations, data on carbon
dioxide emissions for every single stage of the life cycle as well as the total carbon footprint for
each considered type of load-bearing wall structure of low-rise buildings were obtained. The data
calculated are presented in table 3. Comparative diagram of total carbon footprint considering the
heat transfer resistance of wall structures is presented on figure 1.

Table 3. Carbon emissions for considered life-cycle stages and the total carbon footprint for
load-bearing wall structures of low-rise buildings

CO2 emissions, kgCOseq/typical unit, for considered life-cycle stages
Wall structure Total
Che Cht Chp Cai Ca Cr CO,
CTl1 345,23 | 257792 5,00 12,83 50,59 | -28,28 | 2963,30
CT2 365,93 | 9328,67 1,03 14,95 8,07 -14,01 | 9704,63
CT3 177,91 | 1516,40 5,39 2,43 21,16 -8,96 1714,34
CT4 204,15 | 819243 0,96 4,58 21,15 | -11,35 | 841191
CT5 4605,23 | 576,01 883,25 | 299,73 | 87,34 | -54,50 | 6397,05
CTé6 59,49 297,02 6,62 0,51 29,89 | -27,82 365,70
CT7 63,28 447,62 9,78 1,01 112,49 | -80,28 553,90
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*t.u. is a typical unit.
6 12000

nit

10000

W

8000

~

6000

4000

\S]

Heat transfer resistance, m?> ‘K/W
(U]

2000

Total carbon footprint, kgCO,eq/typical u

CTl CT2 CT3 CT4 CT5 CT6 CT7

S
|
S

s carbon footprint ~ —#—heat transfer resistance

Fig. 1. Comparative diagram of total carbon footprint considering the heat transfer resistance of
wall structures

Conclusions. From the data obtained, it can be seen that the highest emissions at the
production stage of correspond to the CT5 wall structure with light gauge steel profile and mineral
wool insulation (Cpe=4605.23 kgCOzeq/t.u.), while for other types this value is several times lower
namely 345.23 and 365.93 kgCOzeq/tu. for CTl and CT2 brick walls; 177.91 and
204.15 kgCOzeq/t.u. for CT3 and CT4 walls made of aerated concrete blocks.

At the stage of transportation of building materials, the largest emissions have both variants of
walls with ceramic brick facing which equal to Cy=9328,67 kgCOzeq/t.u. for CT2 ceramic brick
wall and Cp=8192,43 kgCOseq/t.u. for CT4 wall with aerated concrete blocks. Emissions for the
CT1 wall are also significant, amounting to Cyn=2577.92 kgCOzeq/t.u., as well as for CT3 wall,
amounting to Cp=1516,40 kgCOzeq/t.u.

As for the stages of construction process and building waste transportation, it can be seen that
for all wall types the emissions are not significant and vary within Cpy=1,03..9,78 kgCOseq/t.u. and
Ca1=0,51..14,95 kgCOseq/t.u.. The exception is the CT5 variant with light gauge steel profile,
which is characterized by emissions of Cy,p=883.25 kgCO2eq/t.u. and Cq1=299.73 kgCO2eq/t.u.

The highest emissions of carbon dioxide when storing waste in landfills are created by CT7,
CT5 and CTI structures, which are insulated with extruded polystyrene foam,
Ca2=112,49 kgCOzeq/t.u.; 87,34 kgCOzeqg/t.u. and 50,59 kgCOreq/t.u., respectively.

The minimum carbon emissions at all stages corresponds to the lightweight timber framed
panel (CT6 type) which reveal its effectiveness for low-rise buildings decarbonization.

The largest values of total carbon footprint associate with the walls with ceramic brick facing
and equal to 9704.63 kgCOzeq/t.u. for CT2 brick wall and 8411.91 kgCOseq/t.u. for CT4 wall with
aerated concrete blocks. Lightweight timber framed wall panel (CT6 type) is characterized by the
minimum carbon footprint of 365.70 kgCOzeq/t.u. with the optimal respective value of heat transfer
resistance R=4.23 m*> K/W.

The data obtained on embodied carbon confirm the high potential of timber structures in
achieving the goals of decarbonization in the construction sector, creating resource-efficient
recyclable building structures withal ensuring the energy efficiency of buildings.
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IIpuoninposcvra oepacasna axademisn OyOieHuymMea ma apximexkmypu

B 2019 pomi €Bpormeiicbkoro Komiciero Oyno mpuiiHiITO €Bpomneichkuil 3eneHuit Kype sk
HOBY CTpATETiI0 PO3BUTKY BCiX chep EKOHOMIKU JUIsl AOCATHEHHS KIIMATHYHOI HEUTPaTbHOCTI.
[TicnsBoenHa BinOyaoBa YKpaiHM BiAKpUBA€E MIMPOKI MOKIMBOCTI 10 TpaHchopmartii OyaiBeabHOT
rajgy3i IUIIXOM BIIPOBAPKEHHS 3€JICHUX TEXHOJIOTiH OyJiBHUIITBA i3 BUKOPUCTAHHAM OYIiBETbHUX
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MaTepialliB 3 HU3bKUM BTUIEHUM BYyTJELeM. 3 OIJIsIly Ha €KOJIOTIYHI XapaKTepUCTUKH JEPEBHHH, i
BUKOPHUCTAHHS B MAaJIONIOBEPXOBOMY OYIIBHHUIITBI MOXE CHPHAITH ICTOTHOMY 3MEHIICHHIO
BYIJICLIEBOTO CJIily MPH BiTHOBIIEHHI CIICHKHUX TpoMaj YKpaiHu. [t HIMpOKOro 3anpoBaKeHHS B
OyIiBeNbHIN MPaKTHUIll JeKapOOHI30BaHWX KOHCTPYKTHBHUX PIIICHb 3 BUKOPHUCTAHHSM JICPEBUHH
HEOOXiTHE OTpPUMAaHHS HAOYHUX [aHUX, IO JEMOHCTPYBATHUMYTh IX IepeBaru Jyisi MPUBATHUX
3a0yJOBHUKIB.

Po3paxyHOK BYIJIEIEBOTO CJily CTIHOBUX KOHCTPYKIIH MaJONIOBEPXOBUX OyIiBelnb
BUKOHYBAaBCS Ha THIOBY OAWHUINIO po3MipoM 1.2x2.5 M (T.0.) 3 AOTPUMaHHSM pPEKOMEHAAII
eBpornericbkux HopM EN 15978:2011 st HaCTymHUX €TariB KUTTEBOTO HUKITY: Che — BUPOOHUIITBO
OyxniBenbHUX MartepianiB; Cpe — TpaHCIOpTyBaHHS OyniBenbHUX MatepiaiiB; Cpp — OyIiBerabHO-
MOHTaxHI poOitH; C41 — TpaHCIOpTyBaHHs OyziBenbHUX BinxofiB; Cq — 30epiraHHs BiIXOIB Ha
3anuimax; C, — 3MEHIIIEHHS BUKHIB B peuukiIiHry. Jlo aHami3zy He Oynu BKIIOYCHI BUKHIM Ha
eTarli eKCIuTyaTarii Ta JeMOHTaxXy.

3riIHO OTPUMAHHUX JaHWX HAWOUTHPIIMMHM BUKHIAMH Ha eTari BUPOOHMIITBA OYIiBETBHUX
MmartepianiB xapakrepusyeThbest criHoBa KoHCTpyKuUis CTS 3 JICTK Tta yrerieHHsM 3 MiHepalbHOI
Bath Cpe=4605,23 krCO2eKB/T.0., TOJI K JJI 1HIIUX THUIIIB I BEJIUYHHA € HA TOPSIOK HUKIOK —
maa cri” 13 merim 345.23 Tta 365,93 krCO2ekB/T.0., WIS CTIH 3 razobeToHHux OnokiB 177,91 ta
204,15 xrCOzexB/T.0. Ha cranii TpancmopTyBaHHsS OYIIBEbHUX MaTepialliB HAWOIIbII BUKUIU
MaroTh OOHM/IBAa BapiaHTH CTiH 3 OOJUITOBAaHHIM KepamiuHoo 1erioio — Cy=9328,67 krCO2eKB/T.0.
st ctinn CT2 3 mernu kepamiunoi Ta Cp=8192,43 krCO2exB/T.0. 111 cTinu CT4 3 ra300eTOHHOTO
omoky. Tak camo icrotaumE € BUKUAM As cTinu CT1, mo cranoBnsate Cy=2577,92 kxrCO2ekB/T.0.,
ta CT3, sxi gopiBHIOOTE Cpi=1516,40 xrCOzexB/T.0. Ill0 cTOCyeThCs cTamiii BHKOHAHHS
Oy/iBeTbHO-MOHTKHUX POOIT Ta TPaHCHOPTYBaHHs OyAiBENbHUX BIAXOJIB, TO JUISA BCIX BapiaHTIB
CTIH BUKHUIM HE € 3HAYHUMU 1 BapiooThcs B Mexax Cpp=1,03..9,78 xrCOexB/T.0. Ta
Ca1=0,51..14,95 xrCOzexB/1.0. Bukimouennsam € Bapiant CTS 3 JICTK, sxuii xapakrepusyerbcs
BukuaamMu Cpp=883,25 krCOzexB/T.0. Ta C41=299,73 krCOzekB/T.0. HaiiOinpIi BUKUAU
BYIJIEKHCIIOrO Ta3y Mpu 30epiranHi BiAXOo/iB Ha 3BanuInax yrBoprooroTh koHCTpykuii CT7, CTS Tta
CT1, saxi maroTh yTeIJIEHHS €KCTpynoBaHMM IMiHomomicTupoioM — Cqp=112,49 xkrCO,exB/T.0.,
87,34 krCOzexB/T.0. Ta 50,59 KrCO2€eKB/T.0. BiAnoBiaHO. MiHiMaabHI 3HAYEHHS BHUKHIIB Ha BCIX
eTarnax MaroTh CTIHHM Y BUTJISI IepeB’ STHUX KapKaCHO-LIIUTOBUX MaHeNeH.

[TlincymMkoBe 3Ha4YeHHsI BYTJIEIEBOTO CIHIIy € HAWOUIBIIUM JUIsi CTiH 3 OOJHIFOBAaHHSIM
KepamiuHoto 1erior0 1 ckimamae  9704,63 krCOqexs/T.0. ansa uermisiHoi crimm CT2 Ta
8411,91 krCOzexB/T.0. mus razoberoHHoi crinun CT4. MiHIManTbHUN  BYTJICHEBHH  CIiJ
365,70 krCO2€KB/T.0. TIPH ONTUMATLHOMY 3HA4YeHHi omopy Teronepenadi R=4,23 m?> K/Bt mae
KapKaCHO-IIUTOBA TMaHENh 3 JIEPEB’SIHUM KapKacoM 3 BHYTPIIIHIM IIapoM yTeIUloBada 3
MiHEpaJIbHOI BaTH.

OTpumani AaHi NPO BUKUIM BYIJICLIO MiATBEP/UKYIOTh BHCOKHH MOTEHIiall JIepeB’sSTHUX
KOHCTPYKIIIM y JOCSATHEHHI IIIed JekapOoHi3amii B OydiBEJIBHOMY CEKTOpPi, CTBOPIOIOYH
pecypco3bepiratoui  OynmiBeabHI KOHCTPYKIli, IO MPUAATHI A0 TOBTOPHOTO BHUKOPHUCTAHHS
(peuukImiHTY), 13 3a0€3neYeHHIM eHeProe)eKTUBHOCTI OY/IiBEIb.

Kuiro4oBi ciioBa: ByrieneBuil ¢iijl, MaJIOIOBEPXOBi )KUTIOBI OyIUHKH, CTIHOBI KOHCTPYKIIIi,
KUTTEBUN UK, IEKapOOHi3allisl.
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Abstract. In the article are presented the main results of experimental studies of deformability
of the reinforcement of common damaged and brought, in the course of the previous tests, to the
critical state by the 1st group r.c. beams reinforced with carbon fibre (CFRP) sheet in the lower
tensioned zone and on the support area.

Namely, according to the results of the experiment, using the COMPEX program, adequate
mathematical models of the deformations of steel reinforcement of CFRP-strengthened 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. As compared with the series of tests of
ordinary r.c. samples, presence of the external CFRP strengthening reduced deformation of the
tensioned steel reinforcement by 1.65 times on the average. There occurs a re-distribution of the
tension forces between them.

Keywords: steel reinforcement, beam, carbon fibre-reinforced polymer sheet (CFRP), cyclic
loading, deformations, mathematical model.

Introduction. The main difference between cyclic loads and static short-term ones 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. Moreover, there is no studies about workability of steel reinforcement in structures
with strengthening their tensioned parts with CFRP. 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. Resistance of the span r.c. CFRP-strengthened structures subject to low-cycle repeated high-
level loading that have been damaged in operation or in military hostilities was not studies at all.
Therefore, the research along this line is important and up-to-date.

Materials and methods of research. In accordance with the adopted methodology the in-situ
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test is accomplished with the use of 4-factor 3-level B4 plan of Box-Behnken. The factors have
been varied according to the data elicited from the literature review which shown that the most
influential factor x; is the value of the relative span of the section a/ho, which was varied at three
levels: a = ho, 2ho and 3ho. The next influential by value factor is, as a rule, such design factor as the
grade of heavy concrete: x, — C16/20, C30/35, C40/55, and the third factor — the value (quantity)
of the transverse reinforcement in the support areas: x3 — pw = 0.0016; 0.0029; and 0.0044. The
fourth factor was assumed to be the external action factor x4 and a level of the reversal load:
n = £0.50; £0.65; +0.80 of the actual bearing capacity.

The samples were tested according to the pattern of a single span simply supported beam
which was intermittently loaded from the top and from the bottom by two point forces without any
changes in the beam position. Deformations of the reinforcement of the test samples were measured
with the aid of dial indicators having a division value 0.001 mm and 0.01mm accordingly.

Before the main experiment the 25 test beams (twin beams) of the first series were tested in
turn for action of a single-time short-period stage-wise increasing loading, practically, up to
destruction. Afterwards, the similar beams of the second and third series were tested subject to
reversal and non-reversal low-cycle transverse loading of the defined levels according to the test
assumption N = 20 cycles; afterwards the sample was additionally loaded, practically, until
destruction or achievement of the critical level, if that had not happened earlier during the previous
cycles. After the tested samples were strengthened with CFRP sheets Sika® Wrap® - 231C
according to the Sika technology (ser. 5). The construction of strengthening is shown in Fig. 1.
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Figure 1. Patterns of strengthening the lower tensioned zones and support areas of the damaged r.c.
beams of 3rd series with large (a), medium (b) and small (c) shear spans
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The strengthened with external CFRP beams of series 5 were tested according to the same
methodology as the beams of series 3 [6].

Research results. When performing experimental studies direct measurements of
deformations of tensioned working reinforcement in the span middle (in the pure bend zone) were
made, as well as the averaged evaluation of the deformation of the support zone transverse
reinforcement in the tested beam samples. Diagrams illustrating experimental and analytical relative
deformations were constructed for each tested r.c. elements after each cycle of repeated loading of
the corresponding levels, including the stage immediately preceding the failure [7].

It was experimentally established that the values of relative deformation of the materials after
each repeated loading cycle considerably increase upon reaching a certain level and residual
deformation accumulate until their stabilization which, as a rule, takes place after 4...8 loading
cycles. Generally, in the second and third loading cycles occur 15...25% more, and in the 4...8
cycles — only 5...10% of these deformations. At that, the low-cycle loading action considerably
impacts the stress-strain state of the tested beams. In some tested samples that had large shear spans
and were subjected to high levels of repeated loading (n=0,8) there occurred no stabilization of the
residual deformations of the reinforcement and their failure, as non-overreinforced elements, took
place in the normal sections as a result of the yield of the longitudinal working reinforcement or
both due to the reinforcement yield and crushing of the compressed zone concrete.

Deformation of the tensioned longitudinal working reinforcement takes place. The tests
proved that the residual deformations in such reinforcement reach (20...50)-10-5 and are stabilized
to 4...8 cycles when the beams were unloaded to zero in the first cycles.

Residual deformations in the transverse reinforcement comprised 25...60% of the total
deformations. Their greatest increment was recorded in the first cycle (=20...50%) and at additional
loading in the last cycle. Due to reduction of plastic deformations the accumulation process of
residual deformations in the support zone at stable level of low-cycle transverse loading fades
gradually. Deformations in the transverse reinforcement stabilize, as a rule, before the 4...8 cycle of
such loading.

Processing of the obtained data on the relative deformations of the working reinforcement in
the pure bend zone of beams after their stabilization at a corresponding level of low-cycle loading
as well as before their failure at n=0.95F, following the indicated methodology allowed of obtaining
the following mathematical models:

- for the working steel reinforcement of A500C class in common and strengthened beams
subject to the preset levels of loading 1 of series 1, 3 and 5, accordingly:

Y (/") =(195+48x, +10x, +9x, +32x, - 25x] —9x; —5x; —15x; +15x,x, +10x,x,)-107,

(1
v=5,3%,
?(gg§“1)=(210+52x1+16x2+10x3+34x4—26xf—1ox§—5x§—16xj+16xlx3+1oxlx4)-10-5,(2)
v=5,1%,
)7(8;75“1 ) = (127 +25x, +10x, +17x, +32x, —26x7 — 6x,x, + 8x,x, + 14x,x, + 6x,x, + 5)c3x4)-lO’5 3)

v=15,5%,
- for the external CFRP composite strengthening subjected to the same loading:

Y (&)™) = (162+33x, +14x, + 24x, +39x, —11x,.x, + 14x,x, +6x,x, +6x,%,)-107, 0=5,7%, (4)

Their geometrical mages are shown in Fig. 2.
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Conditional data designations:
= — = = For the effects of one-time load (series 1) at given levels;
—-=—-=For the action of a small cycle load (series3) to a given level n;
For the action of the low-cycle load of reinforced beams (series5) at the

established levels;
- —8— - External composite reinforcement FAP at the same loads.
Figure 2. Relative deformations of the steel reinforcement and external CFRP vs the value of the
relative shear span (a), concrete grade (b), quantity of the transverse reinforcement (c) and level of
the low-cycle load (d)

Conclusions:

1. Due to the presence of the external carbon fibre-reinforced polymer strengthening in the
lower tensioned zone of the beams in the 5th series and on their support zones the average relative
deformations of tensioned steel reinforcement of A500C class increase from 258 -10 to 546 -107.

2. Increase of the quantity of external composite reinforcement in these areas leads, as a rule,
to destruction of the tested elements in the normal sections within the “pure bend” zone, which is
accompanied by yield of the tensioned steel and composite reinforcement, and the concrete of the
compressed zone is subject to critical deformations.

3. Deformations of the steel and external composite reinforcement increase in all series by
10% on the average when the levels of such loading change within the indicated limits. Higher level
of transverse reinforcement within the set limits leads to greater by 10% sags in common and
strengthened beams.

4. As compared with the 3rd series of tests, presence of the external CFRP strengthening
reduced deformation of the tensioned steel reinforcement by 1.65 times on the average. There
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occurs a re-distribution of the tension forces between them.

Among the prospects for further research is the study of the serviceability of steel
reinforcement of reinforced concrete span elements, strengthened with CFRP under the the action of
a high-cycle repeated loading.
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MOJIeJTi, BCTAHOBJICHO OCOOJHMBOCTI PO3BHTKY JedopMalliii pO3TATHYTOI, a TaKOX MOMepeyHOi
apMaTypH B 33JIaHUX yMOBax. 30KpeMa, (hakropamu, siki HalOiIbIIe BIUIMBAIOTH HA aedopMariii, €
BITHOCHUI TMpPOJBOT 3pi3y Ta piBEHb MAaJONMKIOBOTO HaBaHTa)XCHHs. BcTaHOBIEHO, MO Y
MOPIBHSIHHI 3 Cepi€l0 BUMPOOYBaHb 3BUYAWHOTO 3alli300€TOHHOTO 3pa3ka-Oaiku, HasBHICTH
30BHIIIHFOTO apMYBaHHS BYIJICIUTACTHKOM 3HHM3MJIA BEIIMYMHU Ae(opMalliii po3TATHYTOI CTajIeBoi
apMaTypu B cepeaHbroMY B 1,65 pa3u BHACIHIIOK IEPEPO3NOIITY 3YCHIIb PO3TATY.

KurouoBi ciioBa: crameBa apmatrypa, Oanka, 3TwH, Aedopmariii, MUKIIYHI HaBaHTaXEHHS,
MaTeMaTHYHa MOJIEIb.
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Abstract. The bolted joints in the leg and the bracing members of the lattice transmission
towers are always subjected to predominant axial forces, which will cause joint slip that greatly af-
fects the global behaviour of the whole structure. The paper shows the results of the numerical
modelling of the response of the steel lattice communication tower, with height h = 40.5 m located
in Rzeszo6w. A comparison was made of five tower models, differing in the characteristics of the
joint force-elongation relationship, including stiffness of the components and also joint slippage,
coming from Category A joints. The paper presents the difference in displacements and rotations of
chosen tower panels, internal forces in leg members, as well as in the fundamental flexural frequen-
cy obtained without considering the force-displacement characteristic and with four different ways
of modelling of joints behaviour.

Keywords: steel lattice tower, global response, bolted splice connection, load-deformation of
bolted joint.

1. Introduction. It is widely accepted that the effects of the behaviour of the joints on the dis-
tribution of internal forces within a structure, and on its overall deformations, should be taken into
account during the analysis and design stage [1]. Consideration of the rotational stiffness of joints in
steel frames made of the I or H sections is already well recognised and standardised.

Steel lattice towers are structures in which axial force is predominant, not bending moments.
They are used as transmission lines or, especially recently, as supporting structures for mobile te-
lephony base stations. They are often made of open profiles, frequently from hot-rolled angles that
are joined by Category A bolted connections according to [1]. In such joints, the bolts are only
slightly tightened, with the force of the worker's arm [2] and the clearance between the diameters of
the bolt and the bolt hole is necessary to create useful dimensional tolerances during the fabrication
and assembly of the structure. This clearance may cause the joined elements to slip when they are
loaded. An additional source of their longitudinal deformability are components such as bolts in
shear and bolts in bearing (for each element on which the bolts bear), so the stiffness of the bolted
joint, even after the end of the slippage phase, has a lower value than the stiffness of the elements
connected.

Such a slip in the bolted joints and their reduced longitudinal stiffness can influence the ser-
viceability limit state of the steel lattice towers. It is reported that during the full-scale transmission
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lattice tower test, the experimentally obtained displacements can be up to three times greater than
the numerical ones calculated without considering the influence of joints [3, 4].

Measures are taken to reduce the impact of slip on the behaviour of lattice structures of towers
or masts. It is recommended [2] that for these structures, the nominal clearance for normal round
holes be reduced by 0.5 mm. In this case for bolts M16-M24 the hole diameter should be only 1.5
mm larger than the diameter of the bolts instead of 2.0 mm. However, this only reduces the impact
of slip, but does not fully eliminate it.

The paper presents the results of the numerical modelling of the response of the steel lattice
communication tower, with height h = 40.5 m located in Rzeszow. A comparison was made of five
tower models, differing in the characteristics of the joint force-elongation relationship, including
stiffness of components and also joint slippage, from Category A use joints. The paper presents the
difference in internal forces in the legs, displacements, and rotations of the chosen tower panels, as
well as in the fundamental flexural frequency obtained without considering the force-displacement
characteristic and with four different ways of modelling joint behaviour.

2. Case study — steel lattice tower with height 40.5 m.

The shaft of the considered tower is designed as a steel lattice space structure with height h =
40.5 m. It has a triangular plan, with a base width equal to 4.3 m, which gradually decreases to 1.5
m on the height 28.5 m, and above it has a constant width (Fig. 1). Cross bracing (type X) is applied
as a bracing pattern. All members are made of hot rolled equal leg steel angles, of steel grade S235,
and hot-dip galvanised for corrosion protection. The shaft is vertically divided into seven assembly
sections, designated as S1+S7, with their height equal to 5.0 or 6.0 meters.

The tower is used for telecommunication needs as a cellular base station. The equipment
mounted on the tower consists of ladder placed within the shaft, with a guide for power cables and
feeders, six panel antennas mounted at a height of 39.5 m, three microwave antennas with diameter
0.6 m (+38.0 m) and two working platforms (+36.5 and +38.5 m). The ladder is made of two verti-
cally located cold-formed C profiles, with circular bars on one side, and brackets for feeders and
cables on the other side. The ladder is self-supporting; the wind load on the ladder acts on the tower
shaft, but self-weight of the ladder loads directly the foundation — so the bars constituting the ladder
can be omitted from the analysis.

The steel profiles that make up the structure are joined using Category A bolt connections, ac-
cording to [1]. Due to the uniform topology of the steel structure, the bolted connections are unified
within the leg members and the bracing members. They are designated from ‘a’ to ‘e’ in Fig. 1. In
all joints bolts grade 8.8 are used.

All bracing and secondary bracing members are connected to the legs with one bolt only (Fig.
2), using the gusset plates. Depending on the diameter of the bolts (M16 or M20), two types of joint
are distinguished (‘d’ or ‘e’). In both types, the thicknesses of the walls of the connecting profiles
are the same. Group ‘d’ includes joints of bracing members located within segments S1, S2 and S3;
group ‘e’ includes joints in segments S4+S7.

The splice joints of the leg members, linking the assembly sections, are double lap connec-
tions, with two shear planes (Fig. 3). Depending on the number of bolts and the thickness of the legs
in connected angles, there are 3 recognised types, from ‘a’ to ‘c’. Throughout the height of the leg
members, the ‘a’ joints are between the sections S1-S2, S2-S3, and between the foundation and the
bottom section S1; the ‘b’ joints are between the segments S3-S4 and S4-S5, and also ‘c’ between
the segments S5-S6 and S6-S7 (Fig. 1).
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Fig. 3 Bolted splice joints in leg members

3. Wind load acting on the tower.

The predominant load on towers is wind actions, but permanent actions such as self-weight of
structure, antennas, and working platforms, as well as imposed loads on the platforms, were also
considered.

Wind forces come from the projected areas of structural elements and ancillaries, wind force
coefficients, from the fundamental value of the basic wind velocity vy = 22 m/s, and the total
height and location of the tower in category II terrain. The summary of the resultant equivalent gust
wind load in the direction of the wind on structural components and linear ancillaries is presented in
Table 1, determined according to Annex B of [5]. The resultant forces from wind acting on individ-
ual components are presented in Table 2. Three wind directions, shown in Fig. 4 were considered
during the global analysis.

The atmospheric icing of the structure was not considered.

Table 1. Resultant forces for individual panels from wind on structural components and linear

ancillaries
Panel Resultant force Frw(z) [kN]
S1 9.81
S2 10.92
S3 10.80
S4 8.37
S5 8.59
S6 9.94
S7 11.05
Table 2. Resultant forces for individual components from wind
Resultant force
Component Level [m] Frwz) [kN]
Panel antennas 39.5 3.91
Microwave antennas 38.0 3.97
Platform 38.5 0.21
Platform 36.5 0.21
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Fig. 4. Wind directions considered

4. Characteristics of bolted joints.

The numerical model of the structure is based on beam elements, with proper geometrical
properties of cross sections and spatial orientation. The specified properties of the steel material are
the nominal values used in the design. To capture the effect of reduced stiffness and slippage of the
bolted joint on tower behaviour, all bolted joints were treated as nonlinear springs, with appropriate
force-displacement characteristics, Fig. 5. In each bolted joint, the nonlinear spring is defined with
proper translational stiffness along the longitudinal axis of the elements. In simple joints due to the
bending moment, zero rotational stiffness was also defined at the end of the element.

>segment i

Bracing
members _wiy- Non-linear springs

segment i-1

Fig. 5. Mechanical model of bolted joints

The force-displacement characteristics used, including slip effects, vary depending on the
joint type (from ‘a’ to ‘e’ — see paragraph 2). In addition, some joint models of each joint were stud-
ied. The models of connection behaviour adopted are an idealisation of the model developed by
Ungkurapinan et al. [6], which is now widely used [3, 4, 7].

The first model ignores the influence of longitudinal stiffness of the joints and slippage. The

second model implemented in the global analysis includes only the axial stiffness of the joint, ignor-
ing the effect of slippage; Fig. 6.

w 4 Tension
oy A
e
o
L
ki
0 >
Displacement, A
Compression

Fig. 6. Bolted joints influencing only stiffness of components (without slippage)
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The longitudinal stiffness of the bolted joints was estimated based on formulas presented in
EN 1993-1-8 [1]. It depends on the stiffness of the basic components (bolts in shear and bolts in
bearing) and the number of cover plates and also the global configuration of the joints (single- or
double-sided joints). A list of formulas used to determine initial longitudinal stiffness, together with
mechanical models of bolted connections, is presented in [8, 9]. The determined stiffnesses are
listed in Table 3 for each type of joint.

Table 3. Force-displacement parameters for joints

Joint type Longitudinal stiffness & [N/mm]
a 171360
b 156870
C 94710
d 9870
e 7770

The idealised load-deformation characteristics for the joints taking into account the stiffness
of the joint components and the slippage between the connecting elements are presented in Figs. 7
and 8, separately for connections of the bracing members with the legs, and splice joints of legs. In
both cases slippage can occur immediately at zero load, but from the numerical point of view a light
slope of 0-A branch was given, equal to k.4 = 0.1%; (Figs. 7 and 8). The slip range considered was
equal to £1.5 mm in case of bracing members joints (single-sided connections) and its doubled val-
ue +3.0 mm in case of double lap connections of the leg members. In both cases, the centred posi-
tion of the bolts relative to the connected elements was assumed. The stiffness &; of the A-B region

(bearing stage) was calculated according to the component method and their values are the same as
in Table 3.

a) b) N Tension

Force, F

g F -1.5 mm A. ,_/—41 0.1k .
T T 7z
1.5 mm Displacement, A
1
k

Compression

Fig. 7. Bracing member joints with centred position of the bolt

Next force-displacement model of the bolted connections was applied only to leg member
joints, Fig. 9. In this case, a shifted position of the bolts was used to influence the assembly condi-
tions. During the erection stage, each section of the tower is assembled on the ground, then lifted as
a unit and bolted to the previously installed segment. In this case, the weight of the segment affects
the small compression force and bearing of the bolts, and then they are tightened. Therefore, later in
the working life stage, slippage in such joints is possible only in the case of a tensile force and their
range is equal to 6 mm. The stiffness 4; of the A-B region (bearing stage) is the same as in Table 3.

In any case, the plastic region (failure stage) of the force-displacement characteristic, which
occurs after reaching the shear or bearing resistance of the bolts, was not modelled due to checking
the failure criteria during structural design.
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Fig. 9. Splice joints in leg members with shifted position of the bolts
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5. Modelling of the structure.

The response of the whole structure was determined using an elastic first-order analysis,
without taking into account global or local imperfections.

Three wind directions were considered. Basic loading combinations include permanent ac-
tions and wind loading, with partial factors for actions appropriate for the ultimate limit state or the
serviceability limit state. Structural analysis was performed in Autodesk Robot Structural Analysis
Professional 2022 software [10]. All tower members were checked to meet the ULS provisions of
Eurocode 3.

The computational models considered for the tower differed in the degree of detail of the
force-displacement characteristics for the connections. Model 1 does not consider the stiffness char-
acteristics of the joints for longitudinal force or the effect of slippage. Model 2 includes only the
linear stiffness characteristics of the joints, according to Fig. 6, for all joints, both the leg and the
bracing members, with the appropriate stiffness assignment. In Model 3, for the bracing members,
the force-displacement characteristic with slippage was considered (according to Fig. 7) and for the
leg connections, neither the reduction in stiffness nor slippage was modelled. Models 4 and 5 con-
sider the force-displacement characteristics with slippage with centred position of the bolts (acc. to
Fig. 7) for bracing members, and for leg joints characteristic with slippage with centred position of
the bolts (Fig. 8), and respectively, with shifted position of the bolts (acc. to Fig. 9).
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The computational models considered, due to the degree of force-displacement characteristic,
are compared in Table 4.

Table 4. Considered numerical models of the tower, due to the behaviour of joints

Designation Bracing member joints Splice joints in leg members
- simple due to bending moment - continuous due to the bending moment
Model 1 - no joint effect due to longitudinal - no joint effect due to longitudinal force
force and slippage and slippage
- simple due to bending moment - continuous due to the bending moment
Model 2 - force-displacement characteristic ac- | - force-displacement characteristic ac-
cording to Fig. 6 cording to Fig. 6
- simple due to bending moment - continuous due to the bending moment
Model 3 - force-displacement characteristic ac- | - no joint effect due to longitudinal force
cording to Fig. 7 and slippage
- simple due to bending moment - continuous due to the bending moment
Model 4 - force-displacement characteristic ac- | - force-displacement characteristic ac-
cording to Fig. 7 cording to Fig. 8
- simple due to bending moment - continuous due to the bending moment
Model 5 - force-displacement characteristic ac- | - force-displacement characteristic ac-
cording to Fig. 7 cording to Fig. 9

6. Obtained response.

The analysis showed that the change in internal forces in leg members caused by the different
ways of influencing (or omitting) the force-displacement characteristic of the joints and slippage is
practically insignificant. The change in longitudinal forces in the leg members obtained in Models
2+5, were not bigger than +2.0% in bottom segments (S1-S3) compared to Model 1, where the in-
fluence of longitudinal stiffness of the joints and slippage was omitted. In the upper segments, the
change was slightly larger (up to +4.0%) in Segments S4-S6, and even £8.0% in the highest seg-
ment S-7, although the internal forces there are the smallest and do not determine the check of ULS.

However, the influence of the longitudinal stiffness of the joints and slippage on the behav-
iour of the tower in the serviceability limit state was significant.

Neglecting the effect of the connection characteristic results in lower tower deflection and the
angle of rotation of the segment in which the antennas are mounted (Figs. 10 and 11 — wind direc-
tion 2). Similarly, the basic dynamic characteristics, which is the basic flexural frequency of the
tower computational model, in which the influence of connections was not considered, are overes-
timated compared to models with proper force-displacement characteristic taken into account (Fig.
12).

All of these results are based on a single tower analysis, but it seems to be the basis for gener-
alisations.
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Fig. 10. Tower deflection depending on the force-displacement characteristic of the joints
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Fig. 12. The fundamental flexural frequency of the tower shaft depending on the force-displacement
characteristic of the joints

7. Summary. The omission of the longitudinal stiffness of the joints and their slippage results
in a significant underestimation of the resulting deflections and rotations of the tower.

The model without considering the slip but including the reduction of the connection stiffness
gives results comparable to the models that include both the reduction of stiffness and the slip and is
additionally numerically efficient (no calculation problems due to linearity of the problem).

The use of computational models that capture slippage makes the calculations non-linear, which
sometimes manifests itself in a lack of convergence. Then you should change the task settings (in-
creasing the load increment number, increasing the number of iterations, using the line-searching
method, etc.).

There is practically no difference between the results of the calculations of the models that in-
clude the slippage of the joints resulting from the centred or shifted position of the bolts in the bolt
holes.
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Anoramnis. CraneBi rpaT4acTi ONOPU YacTO BUTOTOBIISIOTHCS 3 BIIKPUTHUX OIMHKOBAHUX
CEKIIiH, 3'€eqHAaHUX OOATOBUMU 3'€IHAHHIMHU YHAIyCTOK Kateropii A BimmoBigHo a0 EN 1993-1-8,
K1 TAJAI0THCS TEPEBAKHUM OChOBUM HABAHTAKEHHSM, IO BUKJIMKAE MPOCIU3aHHS CTHKIB, IO
CHJILHO BIUIMBA€ Ha 3arajibHy TOBEIIHKY.

Y poboTi mpeAcTaBieHi pe3yNbTaTH YHCEILHOTO MOJICTIOBAHHS IOBEAIHKUA CTaleBOi
rpatdactoi Bexi 3aBBuIiku H=40,5 m. y XKemrysi. Byno mpoBeeHO MOPIBHAHHS YOTUPHOX MOJIEICH
BEX, SIKI BIJIPI3HSINCS XapaKTEPUCTUKAMU BiIHOIIEHHS 3YCWILIS Yy 3'€HAaHHI 1O TMOJOBXKCHHS,
BKJTIOYAIOUHN YKOPCTKICTh KOMITOHEHTIB, @ TaKOX MPOCIH3aHHA 3'€JHAHb, 110 BUHUKAE Yepe3 3a30p
MK pgiamerpamu OonTiB (d) Ta miamerpamu oTBopiB mix Oontu. (do). Y craTTi mpoBOAMTHCS
MOPIBHSHHS IPOTHHIB, TOBOPOTIB BUOPAHUX MaHeNel BeXi (MICI[b YCTAHOBKH aHTEHH ), BHYTPIIITHIX
CHJI y CTIMKax Ta eJIeMEHTax PEIliTKU, a TAKOK YaCTOTH OCHOBHOT'O BUTHHY Bally BEXi.

Bexxa Oyma HaBaHTa)X€Ha BJIACHOIO BAarol KOHCTPYKIIII Ta oOJaJHAHHS, a TaKOX BITPOBUMU
BIUTMBAMH, 3yMOBIICHUMH 3HAUEHHSM LIBUAKOCTI BITPY Vb0 = 22 M/C Ta po3TairyBaHHsAM Bexi y 11
KaTeropii MiCIIeBOCTI.

VY mepmniii Moxeni 3'€IHAHHS BpPaXOBYBAJIHMCS SIK JKOPCTKI (0e3 mpociu3aHHS Ta 3
HECKIHUYCHHOIO TIO37IOBXXKHBOIO JKOPCTKICTIO). Y Jpyrii MoAeNl TO3/IOBXHS KOPCTKICTh 1
MPOCIM3aHHS BPaXOBYBAIUCS JIUIIE CIIOTYKax po3kociB. TpeTs Monmens BpaxoByBalia MO3OBKHIO
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KOPCTKICTh 1 MPOCIM3aHHSA y BCIX 3'€HAHHAX (B €JEMEHTaX PO3KOCIB, a TaKOX y CTUKOBHUX
3'€IHaHHIX B €JeMEeHTax omop). YeTrBepra Mojelb BpaxoByBaJia BCi 3'¢qHaHHS (SK 1 TpeTs), aje
Jiana30H KOB3aHHS B CTHKOBHX 3'€JTHAHHSX TUIOK Y I[bOMY BUIIAJKy BPaXxOBYBaBCS TPOXU 1HAKIIIE.

[IpoBeneHuit aHami3 Bka3dye Ha HEOOXIIHICTh ypaxyBaHHS IMPOCIH3aHHS Ta I03J0BKHBOI
KOPCTKOCTI, 110 BUHUKAIOTh Y 00nTOBUX 3'eqHaHHAX KaTeropii A EN 1993-1-8 y rpanuunomy crasi
3a MPUIATHICTIO 10 eKkcrutyaTarii. [le ocoOamBO BaXMHMBO MJis TEJIECKOMYHIKAIIMHUX BUIIOK,
OCKUTBKK JedopMariii, 1m0 BUHHUKAIOTh MPH IbOMY, MOXYTh IPU3BECTH 10 HEMPUITYCTUMOIO
3HIKEHHS PIBHS 00CIIyTOBYBaHHS, 110 3a0€3Meuy€eThcs PO3TAlllOBAHUMH Ha HUX aHTEHAMHU.

KurouoBi ciioBa: craneBa rpaTdacrta Beka, 3arajibHa peakilis, 00NToBe 3’€IHAHHS, HaBaHTa-
XKeHHs-7edopmariiss 00JTOBOTO 3’ €THAHHS.
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AHoTauisg. PoGorta BKiIIOYae pe3yibTaTH MOCHIKEHb 3 PO3IMIMPEHHS (PYHKIIOHATBHHUX
MOXJIMBOCTEH 3aCTOCYBaHHS KOMOIHOBAaHMX KOHCTPYKIIIH y OyAIBHUIITBI, ITiIBUIICHHSI
apxiTeKTypHOi BHUpa3HOCTI OyxiBenb 1 crnopyd. JlOCHiKeHHS BHM3HAYaIOTh HEOOXIJHICTH
YAOCKOHAJICHHsT BUMOT IIOAO 3a0e3ledyeHHs sKOCTI Ta HaAIMHOCTI 3acob0iB 1 METOmiB
MPOTHKOPO31MHOTO 3aXUCTy. B nanuii uac po3BUTOK po3paxyHKOBHX METOMIB OIL[IHKM HaJIHHOCTI Ta
KOHCTPYKTHBHOI O€3meKku TOB'si3aHuii 3 MoOymoBoO 1HGOpMAIifHO-aHATITUYHUX 0a3 JaHuX
BU3HAYAJIbHUX MapaMeTpiB KOPO3iMHOro craHy OyIiBEIbHMX METATOKOHCTPYKIiH. Takum 4yuHOM
CTBOPIOETHCS OCHOBA JIsI TOCTAHOBKHM Ta peajizaimii 3aBJaHb YIPaBJiHHS EKCIUTyaTallliHUM
TEPMIHOM CIykOu OyAiBeNb Ta CIIOPYX y KOPO3IMHMUX CepeloBHILAX HMUIIXOM MiJABHUIIEHHS SKOCTI
Ta HAAIMHOCTI 3aXOiB TIEPBUHHOTO Ta BTOPHMHHOTO 3aXHUCTY METAJOKOHCTPYKIN 3 ypaxyBaHHSIM
piBHS KOpo3iifHOT HeOe3neku. BcTaHOBIEHO B3a€MO3B'SI30K MK 3HAUYEHHSMHU ITOKA3HUKIB
KOPO31MHOI CTIHKOCTI Ta JOBTOBIYHOCTI METAaJTOKOHCTPYKIIiH.

KirouoBi cioBa: meraneBi KOHCTPYKIil; >KMBYUICTh; MPOLECHUH MiIXilx; 3a0e3meyeHHs
HaJIIHHOCTI; pIBEeHb KOPO31MHOI HeOE3MeKn

Beryn. [lpu BuKOpUCTaHHI TPHHIMIIB MPOLECHOTO MIAXO0MY 3IHMCHIOETHCS TMOCTAHOBKH Ta
peaizanii 3aBJaHHs yIpaBIiHHA eKCIUTyaTalliiHUM TEPMIHOM CITY>KOM Y KOPO31MHUX CEPeIOBUIIAX.
[Ipunnunu  3a0e3medeHHs HAOIHHOCTI 32 pIBHEM KOPO3iHHOT HEOE3MeKH BKIIOYAIOTH
OOI'pYHTYBaHHSA MOCIIOBHOCTI €TaliB AJs OLIHKU XHBYYOCT1 OyIiBETbHUX METAJOKOHCTPYKIIH Ha
OCHOBI MPUHIIMITIB pOOACTHOTO MPOEKTYBAHHS, BIOCKOHAJICHHS Ta KOHTPOJIIO 3aX0/iB IEPBUHHOTO
Ta BTOPUHHOTO 3aXKCTY BiJ Kopo3ii. [1].

AHani3z craHy mnpoOjemMu 3a0e3MeueHHs SKOCTI Ta HAIHHOCTI 3aXOJiB TEPBHHHOTO Ta
BTOPUHHOTO 3aXHCTy METAJIOKOHCTPYKLIA CBITYUTH TMPO MOXKIHUBICTH TMPOJOBKEHHS pPECypcy
KOHCTPYKITIA 32 paxXyHOK KOMOIHOBAaHOTO BHUKOPHCTAHHS €JIEMEHTIB 31 CTajl Ta MOJIIMEpIB, IO
OOYMOBITIOETHCSI TIABHILEHOIO KOPO31MHOIO CTIHKICTIO BiAMOBIIHUX MarepiajiiB 3 OJHOYACHUM
palioHaIbHUM KOHCTPYIOBAHHSM, PO3POOKOI0 Ta BUKOPUCTAHHAM BHUPA3HHUX apXITEKTYpHHX (Popm
Ta 00'€eMHO-TUIaHYBaJIBHUX pilleHb [2—3]. BuBueHHs KOpO3iHHOI CTIMKOCTI MaTepiaiB 1 eIEMEHTIB
CTPYKTYpHUX OJIOKIB, 3aXHMCHOTO MPOTHKOPO3IMHOTO TOKPHUTTS 3 YypaxyBaHHSIM HaHOIbII
HECTIPUATIMBOTO TOEJHAHHS BIUIMBIB PO3IISHYTI B poOoTax [4—6]. OgHak OOMEXEeHMH CKian
BH3HAYAIBHUX MMapaMETPiB HE J03BOJISIE TPOBOJAUTH 3a0€3MEUEHHS 3aX0/IB 3aXUCTY BiJ KOpo3ii 3a
KpUTEpiEM KOpoO3iiiHOT HeOe3nmeku mpu JOTPUMAaHHI BHUMOTM  HaaidHOCTI  OyAiBeTbHUX
METaJIOKOHCTPYKIIiil Ha OCHOB1 PO3PaxyHKOBUX TOJIOKEHb METOIY TPAHMYHHUX CTaHIB 1 BUPIIITyBaTH
3aBJaHHS 10 YNPaBJIiHHSA TEXHOJOTIYHOIO OE3MEeKOI0 MPOTATOM BCTAHOBICHOTO TEPMiHY CIyXOu
OyniBenbHUX 00'€KTiB [7]. OCOOIMBUM acIeKTOM MPOOJIEMH KOPO31IMHO-MEXaHIYHOTO PYHHYBaHHS
€ 3HIDKEHHSI METaJIOEMHOCTI, MiIBUIIICHHI HaJIHHOCTI Ta JOBTOBIUYHOCTI, 30UIBIIEHH] pecypcy Npu
eKcIUTyaTallii B yMOBaxX HECINPHUATIMBHUX BIUIMBIB 30BHIINIHIX CEPEIOBUII 32 PaXyHOK 3HMIKECHHS
PiBHS KOpO3iifHOT HEOE3MEKH.
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AHaJ3 ocTaHHIX qocailkeHb i myOaikamiii. J[ocmipkeHHs CrpsIMOBaHI Ha 3a0e3MEYCHHS
MOXJIMBICTh TIPOJOBXKEHHS PECYpCy KOHCTPYKIIA 3a pPaxyHOK KOMOIHOBAHOTO BHKOPHCTAHHS
€JIEMEHTIB 31 CTaji Ta MOJiMepiB, IO OOYMOBIIOETHCS MiJBUIIEHOIO KOPO31MHOIO CTIHKICTIO
BIIMOBIIHUX MarepialiB 3 OJHOYACHHM PAIIOHAIILHUM KOHCTPYIOBaHHSM, pPO3POOKOI0 Ta
BUKOPUCTaHHSAM BHUPA3HHUX apXiTEKTypHUX (GOpM i 00'eMHO-TNIaHYBaIbHUX pilleHsb [7 - 8]. B nanuii
yac y OYIIBENbHIN Taly3l CIHOCTEPIra€ThCs TIEBHE 3POCTAHHS 3aCTOCYBAaHHS KOMOIHOBaHUX
KOHCTPYKLIN, B SKHX OTOPOJKYBalIbHI €JIEMEHTH BHKOHAHI iX KOHCTPYKLIHHUX IUIACTHKIB 1
IJIaCTMAC, 1110 3 YCIIXOM 3aMiHWJIM MaTepialiv 3 MOJICTUPOIyY. SIK MoKa3ye mpakTUKa BUKOPUCTAHHS
npodiTiB-METANONJIACTIB Y MPAKTULl IU3aiiHy, MPOCKTYBAaHHS, BUTOTOBJIECHHS Ta EKCIUTyaTariii
KOHCTPYKIIIH CTBOPIOE TEPEIyMOBH BIIPOBA/DKCHHS BHPA3HUX aApPXITEKTYPHUX pIlIeHb 3
ypaxyBaHHSIM  (YHKLIOHAJBHOIO MpPU3HAYEHHA CIOpYJ TNpU  OJHOYACHOMY  3HIDKEHHI
METaJI0OEMHOCTI, IIBUIICHHS HAIHHOCTI Ta IOBMOBIYHOCTI, 301IBIIICHH] PECYPCY MPH SKCILTyaTaIlii
B YMOBaxX HECHPHITIMBHUX BIUIMBIB 30BHIIIHIX CEPEIOBHIL 32 PaXyHOK 3HMKEHHS PiBHS KOPO3iHHOT
HeOe3neku. BukopuctanHs yMOB HaJIWHOCTI Ta KOHCTPYKTHBHOI palliOHAIBLHOCTI TOCSTAETHCS
[UISAXOM 3a0€3MEUCHHS TEXHOJIOTIYHOT Oe3NMeKH 3 YypaxyBaHHSM METOOJIOTIi 3arajJbHOTrO
yopaBiiHHSA sKicTIO [9]. 3HauHWW piBeHb 3HOCY TMpH 30UIbIIEHI 4Yacy 3HAXO/DKEHHS Y
HECTIPUATIMBUX YMOBAaX € 3arpo3aMy 3HM)KEHHS SKOCTI OyIiBesb 1 Ccropys, IO TATHE 332 COOOI0
T IBUIIICHHS] BUMOT IO TTOJIIMIICHHS €KCIUTyaTallliHNX BJIACTUBOCTEH KOHCTPYKIIIH, IO BTPAYalOTh
aKicTh [9-10].

BunijieHHss He PpO3B'A3aHUX paHille YacTHMH 3arajJbHoOi mnpodaemu. JlocmimKeHHS
KOpPO3IMHOI CTIMKOCTI MarepiajiB 1 €JEeMEHTIB KOHCTPYKIIiH, 3aXHCHOTO MPOTHKOPO3IHHOTO
MOKPUTTS. 3 ypaxyBaHHSAM HaHOUIbII HECHPUATIMBOTO TO€IHAHHS BIUIMBIB Oymu pPO3IIISHYTI
BI/IMOBITHO METOJUYHOTO MIIXO0My 3 OOIPYHTYBAaHHS CKJIATy 1 CTPYKTYypH MapaMeTpiB KOpO3iHHOT
CTIMKOCTI KOHCTPYKIiH JUIsl yIIPaBIiHHSA TEXHOJOTIYHOIO O€3MeKOI0 NUISIXOM 3HWKEeHHS pu3HKiB. Lle
CBITYUTH TPO MOXJIMBICTH TMPOJOBXKEHHS PECypCy KOHCTPYKIIH 3a paxyHOK KOMOIHOBAaHOTO
BUKOPUCTaHHS €JIEMEHTIB 31 CTalli Ta IMOJIIMEPIB, M0 OOYMOBIIOETHCA MiABHILEHOIO KOPO31HHOIO
CTIHKICTIO BIAMOBITHUX MaTepialiB 3 OJJHOYACHUM PalliOHAIbHUM KOHCTPYIOBAaHHSIM, PO3POOKOIO Ta
BUKOPHUCTaHHAM BUPA3HUX apXITEKTYpHHUX GOpM 1 00'eMHO-TIIIaHyBaIbHUX pimeHs [11-13].

IlocTanoBka 3aBaaHHs. J(OCTi/DKEHHs CIIpsSMOBaHI Ha 3a0€3MEYeHHS SKOCTI Ta HaJIMHOCTI
3aX0JiB TEPBMHHOIO Ta BTOPUHHOIO  3aXUCTy  METAJIOKOHCTPYKLIH, BIOCKOHAJICHHS
KOHCTPYKTUBHUX pIIlI€Hb, PO3LIIUPEHHS 00JACTi 3aCTOCYBAHHS CTAJIEBUX MEPEXPECHO-CTPHIKHEBUX
CHCTEM €JIEMEHTIB METaJIeBUX KOHCTPYKIIIH Ha Mi/ICTaBl po3paxyHKOBO-€KCIEPUMEHTAIBHOI OLIHKU
MMOKAa3HUKIB KOPO3iiHOI CTIMKOCTI Ta JOBTOBIYHOCTI BIAMOBIJHUX MarepialiB 3 OJHOYACHUM
panioHaJIbHUM KOHCTPYIOBaHHSIM, PO3POOKOI0 Ta BUKOPUCTAHHSAM BUPA3HUX apXITEKTYPHUX (OPM
Ta 00'€eMHO-TIJITaHYBAIBHUX PIIICHb.

OcHoBHMI MaTepiaa i pe3yjJbTaTH. Bu3HaUYeHHS TPOEKTHHX ITOKA3HUKIB JOBTOBIYHOCTI
KOMOIHOBaHMX KOHCTPYKIIil 3aCHOBaHE Ha pO3po0IIeHii MeToauIll 00Ky KOe]ilieHTiB HaAIHHOCTI
Ta TOTOBHOCTI NMPOTHKOPO3i{HOTO 3aXHMCTy BCTAHOBJICHUX 3a PE3yIbTaTaMH EKCICPUMEHTAIBHHX
JOCIIKeHb BU3HAYAJIbHUX IMOKAa3HUKIB KOPO3iiHOT CTIIIKOCTI MEPBUHHOTO Ta BTOPUHHOTO 3aXUCTY
NPy BHU3HAYAIBHUX (MPUCKOPEHUX ab0 CTEHJOBHX) BUNPOOYBAaHHAX (parMeHTiB-3pa3KiB 3
3aXMCHUMHU MOKPHUTTSAMH 3T1THO 3 KiIacuikaniiHUMH 03HAKaMH KOpO3iiHUX cepepoBui [14 - 15].

MeTo10 BUKOHYBAaHWX BHU3HAYAJIbHUX BHUMPOOYBaHb € BH3HAYCHHS Koe(]illieHTa TOTOBHOCTI
METAJIOKOHCTPYKIIH Ta iX 3aXucHUX MOKpUTTIB. KoedilieHT roTOBHOCTI CTaieBUX KOHCTPYKLIN
(Kg) € KOMIUIEKCHMM TIOKa3HHKOM PEMOHTONPHIATHOCTI, IIO XapakTepu3ye MapameTpu
KOHCTPYKTUBHUX 1 TEXHOJIOTTYHUX 33aXO0J[iB IEPBUHHOTO Ta BTOPHHHOTO 3aXHUCTY:

B Tk7+TZy .
g_ )
T, +nT_,

ne Ty~ TepMiH choyxOu (pik) CTaJieBUX KOMOIHOBAaHUX KOHCTPYKIH 3a TOKa3HUKOM
KOPO31MHOI CTIHKOCTI (MEPBUHHUN 3aXHCT);

(1)

-53-



CyuacHi 6ydisenvhi koncmpykyii 3 memany ma depesunu, 2023. — Bun. Ne 27 (cTop. 52-58)

T., — pO3paxyHKOBHI TEpPMiH CIYKOH (piK) 3aXMCHHX HMOKPHUTTIB i3 JOBIPUOI0 HWMOBIPHICTIO
y = 0,95 3a pesynpTaTaMu TNPUCKOPEHUX BUMPOOYBAaHb;, 7 - KUIBKICTh PEMOHTHHX ITUKJIIB
BiTHOBJICHHS IPOTHKOPO31MHOT0 3aXUCTY MPH BCTAHOBJICHOMY TepMiHi cIy»0u 00'eKTa.

OcHoBHHUIT MaTepiaa Ta pe3yJabTaTH. 3 METOIO BUPILICHHS 3aBAaHHS OLIHKH KoedilieHTa
TOTOBHOCTI METAJIOKOHCTPYKIIM Ta IX 3aXHCHUX TOKPHUTTIB HAa OCHOBI BH3HAaYaJIbHUX
(IPUCKOPEHUX, CTEHIOBHX 1 HATYpHUX) BUMPOOYBaHb BUKOHAHI JOCITIJDKEHHS, SIKI CIIPSIMOBaHI Ha
BUBYCHHS PEKHMY €KcIulyaTarii Ta ¢akTopiB, 10 BH3HA4YalOTh 3aXHMCHI BJIACTHBOCTI
MPOTHKOPO31MHUX TOKPHUTTIB B arpeCHBHHUX cepeoBuiiax. Lle 103BONMIO BCTaHOBHTH OCHOBHI
MPUYMHH, 10 TOPYIIYIOTh MPaIe3aaTHICTh TOKPUTTIB KOHCTPYKITIH:

— mpoiiecu copOIii Ta MEepeHeceHHsl arpeCUBHOTO CEPEeOBHINA Ta MPOAYKTIB KOPO3ii yepes
MOKPUTTS;

— PO3TPICKYBaHHS MOKPUTTS MiJ BIUIMBOM MEXaHIYHHX HABaHTAXEHb 1 arpecuBHOTO
CepeIOBHUILIA;

— XIMiYHa AECTPYKIisl MaTepiajy HOKPUTTS B arPECUBHUX CEPEIOBUIIAX;

— mpouecu anacopOIrii Ta MiJBUINEHA BOJOTICTh HA MEXI METAI-TIOKPUTTS, IO MOPYIIYIOTh
a/Ire3ir0 MOKPUTTS 10 METaly;

— IIPOLIeCH KOpO3ii MeTally I/l MOKPUTTSM.

BpaxoByroun 3aKOHOMIPHOCTI pyiHYBaHHS MIOKPUTTIB B arpecCUBHUX cepepoBuinax [16 -17],
TEPMiH CITY>KOM 3aXHCHHMX MOKPHUTTIB JIJI1 BCTAHOBJICHUX KPUTEPIiB BIIMOBU BHUPAKAETHCS TaKUMHU
3aJIeKHOCTSIMHU:

— JUUTA IEPBUHHOL CUCTEMU 3axXUCTY (T3)

T3_tn+t3+t0m, (2)

— IIPY BiJTHOBJICHHI 3aXMCHUX BIACTHBOCTEH MOKPUTTIB (77):
Tn:tn"i'ts, (3)

1e t, - 9ac IPOHUKHEHHSI arpeCUBHOTO CEPEIOBUINA 0 METaly, PiK; £; - TEPMIH BiJl MOMEHTY
MPOHUKHEHHS arpeCUBHOTO CEPEOBHUIIA HA TIOBEPXHIO JI0 MOYATKY KOPO3ii, piK.

Tepmin cayxOM TPOTUKOPO3IMHOI 3aXUCTy TPH PEMOHTHO-BIIHOBIIOBAJIBHUX poOOTaX
BU3HAYA€ETHCS K NMPOMDKOK 4Yacy, HEOOXIIHHUH Al JOCSATHEHHS BiIMOBU BiJTHOBJICHOI CHUCTEMHU
3aXHCTY:

Tn:b T3, (4)

ne b - koedimieHT 3MIHA TEPMIHY CITYKOH BITHOBJICHOTO IMMOKPUTTS NMIPHU PEMOHTI.

JliarHOCTHKa KOPO31i{HOTO CTaHy MeTalli3alliiHUX MOKPUTTIB Ta BU3HAUCHHS TEPMIHY CITY>KOH
BUKOHYETHCS 32 JOMOMOTOFO 3aJIC)KHOCTI:

T = a,hyt, 107, (5)
K

1€ a, - CTYNiHb PYHHYBAaHHS ICHYIOUOTO METAlIeBOTO MOKPHUTTS; /p — MPOEKTHA TOBIIHUHA
MOKPHUTTSI, MKM; £, - CEPEIHS BiTHOCHA JOBIOBIYHICTH | MM MeTali3amiifHOTO MOKPUTTS, , I/M**MM.

Po3paxyHKOBO-€KCTIEpUMEHTANIbHA OI[iIHKA TMOKA3HUKIB JOBIOBIYHOCTI 3aXUCHHUX MOKPHUTTIB
BHUKOHaHA Ha OCHOBI MOJICTIOBaHHS (I3MKO-XIMIYHMX BIUIMBIB Yy TPOIECI MPUCKOPEHUX
BUNIPOOYBaHb 3pa3KiB 13 3aMKHYTHX TpyOuyacTux npoQuTiB 13 3aXUCHUMHU MOKPUTTSIMH,
MPU3HAYCHUMH JIJIs1 JOBTOTPHUBAJIOTO 3aXKUCTY BiJ Kopo3ii (puc. 1).

Bubip cucreM 3aXMCHUX TIOKPUTTIB BKIIOYaB aHAII3 IMOKA3HUKIB TEXHOJOTIYHOI
paIioHaIBHOCT] MPOTHKOPO3IMHOTO 3aXUCTY B, Ha IPUKJIIAAl BUTOTOBJICHHS BUTOTOBJICHHI 301pHO-
po30ipHUX TpyOUaCTHX KOHCTPYKLIH. PO3riIsiHyTO 00'€eMHO-IUIaHYBaJIbHI PIIICHHS KOHCTPYKIIIH
MOKPUTTIB TpocTopoBO-cTpwkHEBOi cuctemMu (IICC) 3 po3pimKeHOI0 CXEMOK PO3TallyBaHHS
TPUTPAHHUX, TUIOCKUX (epM 1 JOJATKOBHUX €JIEMEHTIB Ha MPUKJIAAI KOHCTPYKTHBHOTO DILLICHHS
KOHCTPYKIIIi 0araToliJiboBOro Mpu3HaueHHs (puc. 2).
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A(L,G,S)

0.5(1)
Puc. 1. Y3aranpHeHi Moieni KOpO3iiHUX BIUIMBIB

[TopiBHsIbHA OLIIHKA 3aXMCHUX BIACTUBOCTEN Ta OOIpYHTYBaHHS KOe(illi€HTIB HATIIHOCTI Jzn
3po0JICHI IJIs1 TOKPUTTIB, YTBOPECHUX TPHU EICKTPOXIMIYHOMY IIMHKYBaHH1, TU(y31iiHOMY HaHECEHHI
B pO3IUIaBI IIMHKY, LMHKIIOJIMEPHUX Ta KOMOIHOBaHHMX MOKpPUTTIB. Pe3ympTatu BUIpOOYyBaHb
CHCTEM NPOTUKOPO3IHMHUX MOKPUTTIB, IO 3a0€3MeUyI0Th JOBIOTPUBAIHMHA 3aXUCT KOHCTPYKTHBHUX
eJIEMEHTIB 301pHO-p030ipHUX KOHCTPYKIIiH, HaBeAeHI B Ta0I. 1.

no Ccr Nno Ccr no
Y B Y B Y
2 L 1

N N N
M 4 <
Cr2 Cr2
N N N
M 4 <

C cr —
N e e N e N
= C |
M 4 <
cra2 Cra2
N N N
< < <
Ccr Cr
B B

Puc. 2. KoHCTpyKTHBHE pillIEHHS] CHCTEMH

Peanizaris anroputmMy BU3HAYCHHS MOKA3HUKIB TApaHTOBAHOI JOBTOBIYHOCTI 3 ypaxyBaHHSIM
Koe(illi€HTIB HAMIHOCTI EPBUHHOI ()%x) 1 BTOPUHHOL (}%;) 3aXHCTY TOB'A3aHa 3 PO3PAXYHKOBO-
€KCIIEpUMEHTAJIbHUM OOTPYHTYBAHHSM BiHOIICHHS PE3€PBY HAMIMHOCTI JIJIsi CHCTEM MPOCTOPOBHUX
TpyOuacTUX KOHCTPYKUiH. BusHaueHHs TexHojoriunoi Oesmexku (Ri, 0an) NPONOHYETHCS
MMPOBOJIUTH 32 JTAHUMH MOHITOPUHTY 3aJIe)KHO BiJl KJacy PU3HKY, PIBHS 3arpo3 Ta BPa3IMBOCTI
KOpO3iiHUX KOHCTpYKLiK (Tabu. 1). Ilpu npoMy ofHUM i3 BU3HAYAIBHHUX (haKTOPIB 3a0€3MeUeHHS
e(EeKTUBHOCTI 3aXO/diB TIEPBHHHOTO Ta BTOPHUHHOTO 3aXHUCTy B KOpO3ii € BpaxyBaHHS
arpecuBHOCTI BIUIMBIB EKCIUTyaTaliiiHOro cepeaoBuina. BcTaHoBmoroThes piBHI 3arpo3: H —
Hu3bkuit, O — oOMexxenuid, C — cepenniii, B — Bucokuii, I'p — rpannaHumii.

[IpakTuyHe 3aCTOCYBaHHS PO3POOOK 3IIHCHEHO MpU pealtizaiii KOHCTPYKIi MPOCTOPOBOTO
OJIOKY CBITJIO-TIPO30pPOr0 TOKPHUTTA. IIpocTopoBhii OJOK TOKPUTTS CKIAZAEThCs 3 pepm
TPUKYTHOTO O0OpHUCY, 3'€JHAHUX y BEPXHHOMY Ta ONOPHUX By3JlaX MPOTOHAMH Ha Kl YKJIAJar0ThCs
MOJIIMEpH1 eIEMEHTH.
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Tab6auus 1. Pesynbrat BUIpoOyBaHb CUCTEM MPOTHUKOPO3IMHUX MOKPUTTIB

Cxema ['pyma 3acobiB Tepuin Konrtponbauit
KOHCTPYKTUBHOT'O . IMokas- ciryx0u
Ta METOZIB HOpMaTuB K, Ve
n/m eJeMeHTa (3paska) saxucTy HUK B,: | mokpurts 7, g
pOKiB
l"apsiue nMHKYBaHHS CKC3 3,7 50 45,3 0,90
EnexTpoxiniti CKC3 | 3,1 50 46,8 0,95
HOKPUTTS
EnexTpoximiuni
nokpurrs + JIKTT CKC4 2,5 50 132,6 0,99
Husko-nomimep CKC4 | 43 50 156,0 0,99
MOKPHTTS
Hopokosi CKCS | 50 50 2418 0,95
HOKPHUTTS

OcHoBHI Hecyui KOHCTpYKLIi ((hepMu, MPOTOHH, IITPEHTENb 1 PO3KOCH) BUKOHAHI 31 CTPHIKHIB

3aMKHYTOTO KPYIJIOT0 TPOQiIio, MO B CBOIO YEPTY IMIABHUIIYE KOPO3IHHY CTIMKICTh KOHCTPYKTHBY;
nepeadavyae MiABUIEHHS pPIiBHSA JOBrOBIYHOCTI, 3MEHIICHHS METAJIOMICTKOCTI KOHCTPYKIII Ta
YTBOPEHHS HOBUX (OpPM KOHCTPYKIIIA. 3a3HaueHI NPUHIUNN (HOPMOYTBOPEHHS IIOB'A3aHI 3
BUKOPHUCTAaHHAM METalO-IJIACTUKOBUX NpOQiIiB, MONIMEPHUX MaHeNel $SK Oropo/KyBalbHUX

KOHCTPYKITIH.

0)

Puc. 3. KoHCTpyKTHBHE PIlICHHS TPOCTOPOBO-CTPHKHEBOTO KOMOTHOBAaHUX KOHCTPYKITIH:
a) 3arajJbHUI BUITIS CIOPYAH; 0) MPOCTOPOBUiL ONIOK MOKPUTTS 1, 2 — HECYl eJIeMEHTH
(meTanesi 3aMKHYTI ipodimi), 3 — 3aTskka, 4 — po3Kic, 5 — 00MIMBKA 13 CTUTLHUKOBOTO

MoJIiKapOOHATy
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BucHoBku. 3a3HaueHi NpUHIUNHN (POPMOYTBOPEHHS TOB'S3aHI 3 BHUKOPUCTAHHSIM METAJIO-
MJIACTUKOBHUX MPO(d1JIiB, TOJIMEPHUX MAHENICH K OTOPOKYBATHBHUX KOHCTPYKIIINA. 3aIpONOHOBaH1
pimieHHs 3a0€3MevyloTh 3HM)KEHHS IOKa3HMKIB KOHIEHTpalii MeTaly, M0 HIpU pPO3BUHEHIH
MOBEPXHI KOHCTPYKTUBHHX €JIEMEHTIB BH3HA4Ya€ HEOOXIMHICTh PO3POOKH €()EKTUBHHX 3aXOJIiB
11010 3a0€3MeYeHHs TapaHTOBAHO1 IOBIOBIYHOCTI KOHCTPYKLIHHUX TUIACTHKIB.

[IpakTruHi pimieHHs, 3a pe3yibTaTaMH MPOTHO3YBAHHS TEXHIYHOTO CTaHy KOHCTPYKIIIH
(xoediLieHT TeXHOJOTIYHOI Oe3neKkH y; > (), cupsMOBaHi Ha peajizalliio 3a001KHUX 3aXO0MIIB JUIs
3a0e3medYeHHsT Mpare3aaTHOCTI KOHCTPYKIii. Crpareriydi pillieHHsS NpU eKCIUTyartamii 00'€KTiB
NpPUUMAIOTBCSI TPH  PO3CHiAYBaHHI NPHYMH aBapiiHUX CHUTyalid Ta Katactpod (koedilieHT
% < 0), BUKJIMKaHUX CTBOPCHHIM a00 HE CTBOPEHHSIM YMOB peaiizailii 3armooi>KHIX 3aX0/IiB.
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Abstract. Expansion of functional possibilities of the use of combined designs in the
construction, improvement of architectural expressiveness of buildings and structures determine the
need for improved requirements to ensure the quality and reliability of means and methods of
corrosion protection. Currently, the development of computational methods to assess the reliability
and structural safety associated with the construction of in-formation-analytical database key
parameters of corrosion condition of metal construction. Methodology. This way creates the basis
for setting and implementing management tasks operational life of buildings and structures in
corrosive environments by improving the quality and reliability of primary and secondary
protection of steel structures based on the level of corrosion hazard. Results. When using the
principles of the process approach is the formulation and implementation of tasks of management of
operational service life in corrosive environments. The principles of ensuring safety in terms of
corrosion risk include the rationale for the sequence of steps to evaluate the survivability of building
structures based on the principles of robust design, improvement and control measures the primary
and secondary corrosion protection. Scientific novelty. The implementation of protection measures
against corrosion according to the corrosion risk criterion helps to ensure the requirements of
reliability of building structures in accordance with the design provisions of limit state method and
to solve the problems of control of technological security for the rated life of construction projects.
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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MOJAEJIOBAHHA POBOTHU HNIACHUJIEHOTI'O ITIOITEPEJHBO HAITPYKEHOI'O
3I'MHAJIBHOTI'O JEPEB’SIHOT'O EJIEMEHTY

I'omon I1.C., K.T.H., JOIICHT
p.s.homon@nuwm.edu.ua, ORCID: 0000-0003-2080-5650
Hayionanvhuii ynigepcumem 600H020 20Cn00apcmea ma npupoookopucmysamns, Piene

AnoTtanisi. OnucaHo crmoci0 MoNepeIHbOr0 HAMPYKCHHS IUITXOM BKJICIOBAHHS apMYIOUHUX
eIEMEHTIB B JiepeB’siHy Oanky. BcTaHoBieHO pauioHaJbHY TOCTIIOBHICTb BHUKOHAHHS
MOTIEPETHBOT0 HANPYXEHHSA. 3MOJEIFOBAHOTO Ta CHPOTHO30BAaHO POOOTY AepeB’sHOI Oanku 3a
MONIEPETHBOTO HANPYKEHHS Ta OTPUMaHI TEOpeTHYHI Tpadiku «MOMEHT-KPUBHHAY» IS
HalHEO0E3MEYHINIOro Mepepi3y B CEPEIUHI MPOITHOTY.

Kiarw4oBi cioBa: nepeBuHa, KpUBHMHA, HECyda 3JaTHICTh, apMyBaHHs, MONEPEIHE
Hanpy)XeHHs, KOMITO3UTHA apMaTypa.

IloctanoBka mnpodJjemu. bes3zamepedyHuM HEIOTIKOM JEPEBUHHM TIPH BUKOPHCTaHHI B
OymiBHUITBI € ii HamMipHa THYUYKICTH [1]. OgHUM 3 CTIOCOOIB TiABUIIICHHS JKOPCTKOCTI €JIEMEHTIB 3
JICPEBUHH € BUKOPUCTAHHS IIONIEPEIHBOTO HANPYXECHHS Ta apMyBaHHS OUIBII JKOPCTKHUMHU
eneMeHTamMu. CaM TIpOIlEC BUTOTOBIICHHS TMOMEPEAHbO-HANPYKCHUX 3THHAIBHUX EJIEMEHTIB
3ampoONOHOBAaHUN HAMH € JIOCHUTh NPOCTUH. 3 1HIIOro OOKYy BHM3HAYCHHS HEOOXITHUX 3YCHIIb,
HEOOXITHOTO BHUTHHY Oayku, o0 3a0e3neunTH HaaidHy poOoTy, 3amoOiraHHs pyHHYBaHHIO
€JIEMEHTY B TOM e Yac € JIOCHTh CKJIaTHIM ITPOIECOM Ta TOTPeOYe T0TaTKOBOI yBarH.

AHaJIi3 OCTaHHIX [KepeJ JdOCHiIKeHb Ta mnyOJikamiid. BuBUeHHs AaHOT TEeMaTHKHU
3aiiManucs pi3HI BUeHIi. 3a3BHYail BUBYAIOCH JJOJAaBaHHS PI3HOTO POAY apMyBaHHS B JIepeB’siHI Ta
JIEPEBOKJICEH] 3TUHABHI eneMeHTH [2-11]. Opniero 3 HalIIKaBImUX PoOiIT € mipars [7], B sKiit Oymo
3alpONOHOBAHO apMYBaHHs JepeB’SHUX OAJOK 3a JOMOMOTOI0 Pi3HOTO BUIY apMmarypu. [Ipu npomy
BHBYABCS 11 BIUTMB Ha MIIHICTh Ta )KOPCTKICTh. ABTOpaMH OyJI0 BiI3HAYEHO MO3UTUBHUI BILJIUB Ha
KOPCTKICTh Oanky, 30UIBIICHHS 3YCHJUIA, 33 SKOrO HACTylae TpaHWUYHUN mporuH. Takox 3
BpaxyBaHHSM HOBOTO MIAXOAY A0 BU3HAYEHHS HANpPY>KEHO-Ie(OPMOBAHOTO CTAHYy 3 BpaxyBaHHAM
NPY>XKHO-TTACTUYHOI poOotu nepesunu [12, 13], Oyno mocTaBieHo 3a1ady BAOCKOHAIUTU POOOTY
JiepeB’THUX apMOBAHUX 3TUHAIBHUX €JIEMEHTIB Ta TEOPETUYHO 3MOEIIOBATH iX pOOOTY.

IlocTanoBka mijeii i 3aBaaHb AociaixxkeHb. byno mocrtaBieHo 3amady 1o 301IBIICHHIO
HECy4oi 3/IaTHOCTiI 3a TPAaHWYHUMHU CTaHAMHU «APYroi» Tpymu. A caMe 3MEHIICHHS MPOTHHIB B
3TUHAJILHUX €JIEMEHTaX MPHU TOMY X MOMEHTI. byno yxe Bimomo, mo Oy/ab-sike apMyBaHHS OLIbII
KOPCTKMMHU MarepiajJjaMd B CTHUCHYTIM Ta pPO3TATHYTIM 30HI CyTTEBO 30UIBLIyE KOPCTKICTh
KOHCTPYKITiH. OTHUM 13 TaKMX CIOCOOIB € TIOTIEPeHE HANIPYKEHHS, SIKE€ € TPOCTUM Y BUKOHAHHI.
Came onuH i3 crmocobiB MONEpPeIHbOTO HANpPYXKEHHS HaBeIeHHH B cTaTTi. I[HIIOI HEe MeHII
BaYKJIMBOIO 33/1a4€I0 € OMMCAHHS NMEPEeIyMOB Ul BU3HAYEHHSI HAIIPYXEHO-Ae(OPMOBAHOIO CTaHy, B
SIKOMY Tiepe0yBa€ 3STHHAIBHUN €IEMEHT Ha PI3HHX €Tarax 3aBaHTaKCHHS.

BukJjaa ocHoOBHOro martepiajy. Po3rinsHeMo oaMH 3 COCO0iB MONEPEAHBOTO HANPYKEHHS,
a came crocio, 3a AKuM Oanka OTpUMYE BHYTPIIIHI HAMIPYKEHHS 33 PaXyHOK BIAMYCKY 3TMHAJIBHOTO
€JIEMEHTY Ticis Al 30BHIIIHBOIO HABAHTAXKEHHS LIUIIXOM BKJICIOBAaHHS apMOBAaHUX €JIEMEHTIB [ 14].
[TpuHIKT TakOTO HAMPYKEHHS MOYKHA OMHUCATH B TaKii MOCIIIIOBHOCTI:

1. CTBOpIOEMO B 3TMHAJIBHOMY €JEMEHTI BWUIHMH, MPUKIAJAI0YM HAa €JIEMEHT 3O0BHIIIHE
HaBaHTaxeHHs (Puc. 1). IIpn 1ibomy BHCOTa IPOTUHY €IEMEHTA CKIajaTuMe f,.
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Puc. 1. CTBOpeHHs BUTMHY 3rMHAJIbHOIO €JIEMEHTY JJIsl CTBOPEHHS IONEPEIHBOI0 HAIPYXKEHHS (1€
| — 3ruHaANBHUI JepeB’ITHUI eIeMEHT; 2 — MONepeuHuil epepi3 3ruHaIbHOTO 1ePEB’ THOTO
€JIEMEHTY)

2. ApMyeMO HIKHIO 30HY 3ruHajgbHOTO enemeHTy (Puc. 2). Ilpu mpomy Ham HEOOXiTHO
3HAaTH, NpPU SKOMY caMe HaIpyXEeHO-Ie(OPMOBAaHOMY CTaHi OyJ0 BCTAHOBJIEHO ApPMOBAHMU
€JIEMEHT, 1100 MOXJIMBO CIPOTHO3yBaTH HOTO pOOOTY.

|

Puc. 2. BxiieroBaHHSI apMyI04Oro €JIEMEHTa B PO3TATHYTY 30HY 3TMHAJIBHOIO JIEPEB’ STHOTO
esieMeHTy (1e | — 3ruHaNbHUN AepeB’ SHUM eNIEMEHT; 2 — apMyIOUnid MaTepian)

3. Bianyckaemo 3ycwiuis F, SKMM MH CTBOPIOBAIM BUTHH, B 3THHAJIBHOMY JEpEB’STHOMY
€JIEMEHTI, TIPH I[IbOMY €JIEMEHT X0ue Ha0yTH MOTo MOYaTKOBO1 (hOpMH, IPOTE IIbOMY Oy/e 3aBaKaTh
apMaTtypa, sika Oyae crpuiiMaTH 4acTUHY HaBaHTa)KEHHS Ta 3aJUIINTh HeBelMukHUil BuruH (Puc. 3).
Came B IbOMY TTOJIOXKEHHS IMOTPIOHO Oy/1e apMyBaTH 1 TPOTUIICKHY 30HY 3THHAJILHOTO EIEMEHTY.

2 l /
oy 2
Puc. 3. BriietoBanHs apMaTypu B CTUCHYTY 30HY 3THHAJIBHOTO JIEPEB’IHOTO e1eMeHTY (1e 1 —
3TUHAJLHUN JIEPEeB’ STHUH €JIEMEHT; 2 — apMaTypa po3TATHYTO1 30HU; 3 — apMaTypa CTUCHYTOI 30HH)

PiBeHp momepeaHHOr0 HAMPYKEHHS, a caMe KPUBUHH, Ky HAOyBae 3THHAJIBHHUI E€IEMEHT
MICJIS TIONIEPEHBOTO HAMPY)KEHHS 3aJIC)KHUTh BiJI TIOYaTKOBOI KPUBUHH JEPEB’STHOTO €IEMEHTY, a
TaKO’ BiJ] IJIOMII Ta (Pi3UKO-MEXaHIYHUX XapaKTEPUCTUK MaTepialiB, 0 apMYIOTh 30HU OaJKH.

Jlnsi BU3HAYCHHS TIONIEPEAHBOTO HANPY)KEHHSI BCTAHOBUMO HAIPYKEHO-e(OPMOBaHi CTaHH
3TUHAIBHOTO €JIEMEHTY, SIKi BUHHUKAIOTh MICJISI BKJICIOBAHHS Ta BIAMYCKY 30BHIIIHBOTO 3YCHIUIS.
[Tpu iboMy MOKHA BUIITK 3 pIBHS Hampyx)eHo-ae(hopMoBaHOTO cTaHy (puc. 4).
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Puc. 4. Tpu crazii HanpykeHOTO A6(OPMOBAHOTO CTaHY IIPH TMOMEPETHHOMY HANPYKCHH1
3TUHAJIBHOIO JEPEB’THOTO EJIEMEHTY

Ha Bcix cramisix HampyXeHO-Ie(OpPMOBAHOI'O CTaHy 3TMHAIBHUN €IEMEHT 3HAaXOAMUTHCS Y
BiZ’€MHIN KpuBHMHI. HWOKHS 9acTHHA 3TMHAJIBHOTO €EMEHTY CTHCHYTA, a BEPXHS PO3TATHYTa Ha
BCixX craaisx. Ha mepiiii cTaaii cTucHyTa 30Ha CKiIagae OUIbITY YaCTHHY, HIXK pPO3TATHYTA, BIIHOCHI
nedopmarlii CTUCHYTOI HIDKHBOI 30HM KyIud Ma€ KpIMUATHCHh Marepiaji, SKAW apMmMye Oanky,
CKJIQIal0Th caMe IIi BiTHOCHI Aedopmarlii Ta € MOYaTKOBUM CTapTOM JJisi poOOTH apMOBAaHOTO

CIIEMEHTY.
PiBHsAHHS piBHOBaru Ha nepurii cranii Oyzae piBauM (1)
M, =M ,+M,,; (1)
Ny =Ny
ne M, - MOMEHT BiX [ii 30BHIIIHLOTO HaBaHTaxeHHs; M, ,, M, - BHyTpIIIHI MOMEHTH, 11O
CIPUKMAIOTh CTHCHYT4 Ta PO3TATHyTa 30HU: N, ,N,, - BHYTPIlIHI 3yCHIUIL, IO CHpUKMae

CTHUCHYTA Ta PO3TATHYTA 30HH.

Ha ppyriii cramii mpu 3MEHIIEHHI 3TMHAJBHOIO MOMEHTY Big M, 10 MoMeHTy M,
MPOXOANUTh BHYTPILIHIM mepepo3noain 3ycuib. OKpiM MOMEHTY, IO CIpHIMae CTHUCHYTa Ta
PO3TATHYTA 30HW BUHUKA€ MOMEHT 1 Y PO3TSATHYTOMY apMOBAaHOMY €JIEMEHTI, IIPH IIbOMY PiBHSHHS
BHYTPIIIHBOI piBHOBAru 0yJie 3MiHEHO Ha (2), IpU I[bOMY 3MIHUTBCS pIBHOBAra BHYTPIIIHIX 3yCUJIb,
II0 CIIPOEKTOBAHA Ha BICh X 3 MOSBOIO BHYTPIIIHHOTO 3yCHIUIA, 1[0 CIIPUIMAE PO3TATHYTA apMaTypa
N

cs,l*
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M,=M_,+M,,-M_,;

sc,2°

. (2)
Nt,2 + Nsc,Z - Nc,2 = 09

ne M

eJIEMEHT.
Tpers crazist xapakTepH3yeThCs BIICYTHICTIO 30BHIIIHBOTO HABAHTAXKCHHS, a 1€ CIIPUYMHSIE
piBHOBary MiK BHYTPIIIHIMH 3YCHJUISIMH 3THHAJIBHOTO IIONEPEAHbO-HANPYKEHOTO EIIEMEHTY.
PiBHsIHHS piBHOBaru Jyisl TaKoro nepepisy oyae piBae (3)
M =M +M,,;

Nt,3 + Nsc,3 - Nc',3 = 0’

3 OCTaHHBOTO PIBHSHHS PIBHOBAaru 3po3yMisio, IO BCE IOTEPEIHE HANpPYXKEHHs 3a0e3medye
caMe apMylo4HMid Marepiaj. 3amumeMo YoMy JOPIBHIOE 3THHAIBHHM MOMEHT Ta BHYTDIIIHE
3yCWILIS, 10 cripuiimac BiH (4) Ta (5).

N

sc,2

- 3TUHAJIBHUI MOMEHT Ta BHYTPIIIHE 3YCHJUIA, IIO CIpHiIMae apMOBaHUM

sc,2 0

)

NSC,3 = Asc]psc (I/l) (4)

MSC = NSCySC = ASCf:YC (u) sc (5)

BuxopuctoBytoun Bimomi ¢GOpMynIM 3 BH3HAYEHHS BHYTPIMIHIX 3YCHJIb B JCPEB’STHOMY
3TUHAJIPHOMY €JIEMEHTi, a TaKoX BHYTPIMIHI 3yCHIUII B apMylO4YOMy Martepiajli MOXKIHBO
noOynyBatu rpadiki «MOMEHT-KPHBHHA» Ul TONEPEIHBO-HANPYKEHOTO EJIEMEHTY. 3araibHa
¢dopma takux rpadikis Oyne matu Gpopmy Puc. 5.

{ixs = 4
é: emax 91 Aé: 0
!
i
]
1
]
I
| i
; |
| i
1
I
I
E
I
: M,
|
| ®
| :
| -
| s
| =t
BT o R S I S R R i B R S A S S S A S LR - ‘A{max

v M

Puc. 5. 3aranbHuit BUISI TpadiKy «MOMEHT-KPHBHHAY» MIPH MTOTIEPEIHBOMY HaIPY>KEHHI1
3THHAIBHOTO JIEPEB’THOTO EJIEMEHTY

MopenmoBaHHsl 3THHAIBHOTO E€JIEMEHTY ITiJ] 4ac MOMEpPEeIHbOr0 HANPYKCHHS Hala€e 3MOTY
BU3HAYUTU BHYTPIIIHI HANpyXEHHs, SKi BUHHUKAIOTh B EJIIEMEHTI, pPO3paxyBaTh 3aJHIIKOBY
KPUBHUHY, a TAKOX TPOTUH eleMeHTy. [1i1 Yac BUKOPUCTaHHS €JIEMEHTY, SIK HeCy4oi KOHCTPYKIIIi,
MIOTIEPEYHHH Tepepi3 B eIEMEHTI MOKe 3HAXOIUTH, SIK 3 IOJATHOIO, TaK i 3 BiJl'€MHOIO KPUBHUHOIO.
Oco0muBOCTI IUX ABOX HAMPYXKEHO-Ie(HOPMOBAHUX CTaHIB MPOSIBISETHCS B 3MiHI ITOJOKECHHS
CTHCHYTOI Ta PO3TATHYTOI 30HU. B mepimiomMy BHUIAIKy CTUCHYTa 30HA 3HAXOMUTHCS B HIDKHIN
YaCTUHI €JIEMEHTY, @ BEPXHIO YaCTUHY 3aliMae po3TATHyTa 30HA. [licist Toro, ik KpUBHUHA 3MIiHIOE
CBilf 3HaK 3 BiJ’€MHOTO Ha JOJAaTHIM, BEpXHS YaCTHHA CTA€ CTUCHYTOIO, a HIDKHS PO3TSATHYTOIO
(Puc. 6). JIng nux ABOX BHUIMAJAKIB PIBHSHHS PIBHOBAru OyAyTh TaKOX Pi3HUMH.
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Puc. 6. HanpyxeHo-neopmMoBaHi CTaHU MOMEPEIHBO HAMPYKEHOTO 3THHAILHOTO JEPEB’ IHOTO
€JIEeMEHTY

B nepmiomy Bunaiky Ha o4aTKy poOOTH piBHSHHS piBHOBAaru OyIyTh PIBHUMHU

My=M_,+M ,—M ,-M_;
Ny=N.4+N.,—N, =0

[Ipu ppyromy BapiaHTI 3aBaHTaXEHHS HaANpPYXEHO-Ie(pOpMOBaHUN CTaH 3TUHAIBHOTO
€JIEMEHTY OyJle ONMHUCYBATUCS HACTYITHUMH PiBHSIHHIMHU

My=M_,+M, ,+M. ,+M,,;
N 4+N_4—N.,—N;, =0

Buxinnumu mapamerpamMu OynyTh BigHOCHI aedopMarlii CTHCKY Ta pO3TATY B KpaiHiX
BOJIOKHAX JEPEBHHH, BITHOCHI 1eopMallii B eJIeMEHTaX apMyBaHHs, I0YaTKOBA KPUBHHA TIEPEPi3y.

Buxignum e pe3ynbTaTOM € Yy3arajdbHeHMH BHITIAN TpadiKy «MOMEHT-KpUBHUHA» IS
HaifHeOe3eYHIIIoro nepepizy 3SrHHANBHOTO eeMeHTy Oyae matu Burisyg Puc. 7.

M A

M e

max

(6)

(7

g
=

A& 0
Puc. 7. 3aranpHuii BUISI TpadiKy «MOMEHT-KPHBHHA» IIPH POOOTI TOMEPEIHBO HAMIPYKEHOTO
3THHAIBHOTO JIEPEB’THOTO EIEMEHTY

Uy

max
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BucHoBku. B pesynprari MogentoBaHHS poOOTH 3THHAIILHOTO JIEPEB’THOTO €JIEMEHTY MOXHA
3pOOHMTH BHCHOBOK, IO TPH IONEPEAHBOMY HANpPY)KEHHI MOMEPEYHUI mepepi3 MpPOXOAWUThH 3
OCHOBHHX HampyxxeHo-aedopmoBanux craHu. KojkeH 3 SKHX Ma€e CBOIO OCOOIMBICTH PO3PaXyHKIB.
BcranoBneno, mo po0oTa eneMeHTy Ma€ ABa HalnpyKEHHX CTaHH 3 JOJaTHOIO Ta BiJ €MHOIO
KPUBUHOIO. 3TUHAIBHUHA €JIEMEHT MO JOBXHHI Mae pi3HI pPiBHI NONEPEIHBOTO HANPYKECHHS B
nepepizi, MOXXe MaTH Pi3Hy CXeMy 3aBaHTaXEHHS 3a TaKMX YMOB, B TOH ke 4ac IpH HOro poOOTi B
CKJIaJi KOHCTPYKILIi OyIiBIi YM CIIOPYIM CIOCTEPIraeThes i€ HIIUH Hampy)eHO-1e(hOpMOBaHUN
craH. OTXe, pO3paxyHOK TaKMX EJIEMEHTIB MOTPIOHO BHKOHYBATH TUIBKM IUIIXOM CKJIAJHOTO
MO/ICJIFOBAHHS 3 BPaxXyBaHHAM BCiX 30BHIIIHIX (haKTOPiB.
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SIMULATION OF WORK OF A REINFORCED PRE-STRESSED WOODEN ELEMENT

Homon Petro, PhD, Associated Professor,
p.s.homon@nuwm.edu.ua, ORCID: 0000-0002-5312-0351
National University of Water and Environmental Engineering, Rivne

Annotation: An undeniable disadvantage of wood when using it in construction is its
excessive flexibility. One of the ways to increase the stiffness of wooden elements is to use
prestressing and reinforcement with stiffer elements. The manufacturing process of pre-stressed
bending elements proposed by us is simple. However, determining the necessary effort, the
necessary bending of the beam to ensure reliable operation, preventing the destruction of the
element is quite difficult.

One of the methods of prestressing is described, namely, the method by which the beam
receives internal stresses due to the release of the bending element after the action of the external
load by gluing reinforced elements. The principle of such tension can be described in the following
sequence: 1. We create a bend in the bending element by applying an external load to the element.
2. We reinforce the lower zone of the bending element. At the same time, we need to know under
which stress-strained state the reinforced element was installed, so that its operation can be
predicted. 3. We remove the applied force with which we created the bend in the flexible wooden
element, while the element wants to acquire its original shape, but this will be prevented by the
armature, which will absorb part of the load and leave a small bend. It was established that the level
of prestressing, namely the curvature acquired by the bending element after prestressing, depends
on the initial curvature of the wooden element, as well as on the area and physical and mechanical
characteristics of the materials reinforcing the beam zones. To determine the prestress, it is
necessary to establish the stress-deformed states of the bending element, which occur after gluing
and release of the external force. At the same time, 3 levels of the stress-strain state can be
distinguished. 1. At the first stage, the compressed zone is more than the stretched zone. The
relative deformations of the compressed lower zone, where the material is to be attached, is the
initial start for the work of the reinforced element. 2. At the second stage, the external bending
moment decreases, the internal redistribution of forces takes place, in addition to the moment
perceived by the compressed and stretched zone, a moment also occurs in the stretched reinforced
element. 3. The third stage is characterized by the absence of an external load, and this causes a
balance between the internal forces of the bending prestressed element. The equilibrium equation
for three stages was obtained. When using the element as a load-bearing structure, the cross-section
in the element can be with both positive and negative curvature. The peculiarities of these two
stress-strain states are manifested in the change in the position of the compressed and stretched
zones. In the first case, the compressed zone is located in the lower part of the element and the
upper part is occupied by the stretched zone. After the curvature changes its sign from negative to
positive, the upper part becomes compressed, and the lower part becomes stretched. As a result of
the simulation, it is possible to conclude that the cross-section of a bending wooden element
undergoes 3 main stress-deformed states during prestressing and two during its operation.

Key words: wood, curvature, bearing capacity, reinforcement, prestressing, composite
reinforcement.
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MOJA0 YIOCKOHAJIEHHA AIIOYUX HOPMATUBHUX TOKYMEHTIB JUJISI
PO3PAXYHKY 3I'MHAJIbHUX JEPEB’SIHUX EJIEMEHTIB TA KOHCTPYKIIN
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Hayionanvhuii ynigepcumem 600H020 20Cn00ApCcmea ma npupoookopucmysamns, Piene

AHoTanisi. BcraHoBieHO, 10 Ha Cy4acHOMY e€Tall METOJWKa EKCIIEPUMEHTAIbHHUX
JOCHIJKeHb 0alloK MPSMOKYTHOTO Mepepi3y 3 CYIUIBHOI Ta KIEEHOI JAEPEBHHHU 3a IOIEPEUHOTO
3THHY Jaja MOXJIMBICTH 1O IiHIIOMY MOTJITHYTH Ha METOJOJIOTII0 PO3paxyHKy HOPMAaJbHHX
MOTIEPEYHNX Tepepi3iB  3TUHAIBHUX €JIeMeHTiB. bararema aBTOpamu, $Ki MPOBOJWIH
€KCIIEpUMEHTAJIbHI Ta TEOPETHYHI JOCIIIKEHHS poOOTH OalloK 3 epeBHMHU, BKA3yIOTh HA TE, IO
HelTpaibHa CHJIOBA JIiHIS B MOIMEPEYHOMY IEpepi3i eleMeHTa B YMOBaxX MPSMOTO IOINEPEUHOro
3THHY 3a 3POCTAaHHS PiBHA il OJHOPA30BOr0 HAaBAHTAKEHHS 3MILIYETHCS B CTOPOHY PO3TATHYTOI
30HU. BCTaHOBJICHO, 10 BUKOPUCTAHHS MOMEHTY OIOpY IIONEPEYHOro Nepepisy enementa W, , mo

BUKOPHUCTOBYETHCS TPUM BU3HAUYEHHI THMYAacOBOTO ONOPY JEPEBUHU 3THHY, 3a JIIOYHMHU
HOPMATHBHUMH JOKYMEHTAMH € TMOMHJIKOBHM, OCKUIBKH BIH BH3HAUAETHCS TIJIBKH Yy BUIAJAKY
CHIBMAIIHHS CHJIOBOI HEUTPAIbHOI JIiHIT 3 JIIHIEIO [EHTPA Bard MOIMEPEUHOro mnepepisy. B inmomy
BUTQ/IKY OTPUMaHi pe3yJbTaTH 3 BUKOPUCTAHHSIM MOMEHTY OIOPY € HE JOCTOBIPHUMH.

B mnopanmpmomy  HEOOXiZHO — pO3pOOMTH  METOAMKH  JUIs  BU3HAUEHHS  JiMCHHX
XapaKTEePUCTHYHNX 3HAYCHb Ta 3allPONOHYBATH iX MPHU Po3poOIli HAIlIOHATHHHUX Ta €BPOIECHCHKUX
HOpPMATHBHHUX JOKYMEHTIB. A TaK0>X MIPOBECTHU iX MPHUBCEIIOAHE OOTOBOPECHH.

Kuro4uoBi cjioBa: cyiiibHa Ta KJIe€Ha JIEpEeBUHA, 0aaKka, Hecyda 3/1aTHICTh, XapaKTepUCTUYHA
MIIIHICTh, MOMEHT OIIOpY.

IMocTanoBKka nmpodsaemMu. 3aBAsKH CBOiM MIIHOCTI, Kpaci, IPOCTOTI B 0OpoOIli Ta MOHTaxi
JEpeBUHA JaBHO HAJMXa€ TPOCKTYBAJLHHWKIB Ha BCE OLIbINE 3aCTOCYBaHHS ii B TMPOCTHX Ta
CKJIAJHUX JEPEB'THUX KOHCTPYKIISX. A BHKOPHCTAHHS KJIGEHOI JEPEeBHMHHM B OYHIBHMIITBI, SKa
BUTOTOBJISIETbCA ILIUIAXOM 3’€HAHHSA OKPEMHUX JIOILOK, CIIPECOBAHUX IMOIIAPOBO I THUCKOM,
JI03BOJISIE 3BECTU 10 MIHIMyMY BIUTMB IMPHUPOJHHX BaJ Ta HENOJIKIB Marepiany. Haituacrime
BHKOPHUCTOBYIOTh JIEPEBUHY Yy SKOCTI 3TMHAJIBHHUX €JIEMEHTIB. AJie Ha TMpaKTHIl KOHCTPYKIi 3
JIEpEeBUHU MOTPEOYIOTh YIOCKOHANIEHHS PO3paxyHKy. PekoMeHaoBaHUl YUHHUMHU HOopMamu [1, 2]
PO3paxyHOK 3TMHAJIBHUX €JIEMEHTIB 3 CYLIIbHOI Ta KJIEEHOI AEPEBUHU 32 HOPMAIBHUM MTONEPEUHUM
1epepi3oM MOTpedye BUKOPHCTAHHS MOMEHTY OIOPY MONEPEYHOro mepepisy enementa W, Ta

PO3paxyHKOBHX 3HAYEHBb MIIHOCTI JIEPEBUHU Ha 3THH, SKi BU3HAYAIOTHCS Ha OCHOBI 3aKOHIB pOOOTH
i7IealbHO MPY)KHOTO MaTepiaiy MiJ HaBaHTaXeHHAM 3a nponosuuismMu EN 384 [3] ta Ha ocHOBI
BUNPOOYBaHb, o pernamentye EN 408 [4]. lepeBuHa He € TakuM MaTepiaioM. ToMy po3paxyHOK
3TUHAJIBHHUX €JIEMEHTIB 3 JICPEBUHU PEKOMEHIOBAaHWI YHHHUMH HOPMATHBHUMH JTOKYMEHTaMu |1,
2] motpedye 10aTKOBOTO aHAJI3Y.

AHaJIi3 ocTaHHIX JuKepes JocailxkeHb Ta nmyoJaikauniii. Ha choromninHii 1eHh BUBYCHHSIM
AificHOT poOOTH Ta HAampyXeHO-Ie(OPMOBAHOTO CTAaHy 3TMHAIBHUX JEPEB'SIHUX EJIEMEHTIB 1
KOHCTPYKITIA 3aliMaJiocsi TOCUTh OOMEXeHa KUIBKICTh BUCHUX Ta MPEACTABICHO JIUIIE JEIKUMHU
npausiMu 3a npsiMoro [5-13] ta kocoro nonepeunoro 3runy|14-17]. Ilpu oMy BcTaHOBIIEHO, L0
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CTHCHYTa Ta PO3TSATHYTa 30HU EJIEMEHTIB 3 LUILHOI YU KJICEHOI JEPEBUHU, SIKI MPAIIOIOTh Ha
MONIEPEYHMM 3rUH 0€3 3MIHU IMMOJI0KEHHS HEUTPAIbHOI JIiHI1, IK PEKOMEHIYI0OTh HOpMHU [1, 2], HE €
PIBHO MIiITHUMH.

Takox HEOOXIAHO TOBOPUTH MPO T, IO TMOYATOCS JOCHIIKEHHS MIACHICHHS KICEHHX
JepeB’sHUX 0aJOK apMyBaHHSM 13 3aCTOCYBaHHSAM CTaJIeBOi apMaTypy Ta KOMIIO3UTHHX MaTepialiiB
[12, 18-22]. Ilpm upoMy moOABIHE apMyBaHHS BBAXXAE€ThCS HalePeKTUBHIMMM. Y OaraTbox
1HO3eMHUX KpaiHaX BUKOPUCTAHHS CTAJIEBOI apMaTypH Ta KOMIIO3UTHUX MaTEpiaiB IJisi apMyBaHHs
JIEpeB’STHUX €JIEMEHTIB HEe € HOBUM. AJie B JII0OYMX HOPMAaTUBHHUX JIOKYMEHTax €Bpocoro3dy [1] Ta
Vkpainu [2] miacuieHHS OepeB’sHUX €JIEMEHTIB 3a JOMOMOTOI0 apMyBaHHS HISIKMM YWHOM He
B1IOOPaKEHO Ta HE PErIIaMEHTY€EThCS.

IlocTanoBka uineid i 3aBaaHb JocjailKeHb. Mera poOOTHM — MPOBECTH aHAMI3 IO J0
BUKOPUCTaHHS XapaKTEPUCTHYHUX 3HAYEHb MIITHOCTI JIEPEBUHU 3THHY NPUBEACHUX B €BPOKOI 5
ta JIBH B.2.6-161:2017 mpu mnpoekTyBaHHI JepeB’STHUX KOHCTPYKIIIA 3 IIJIBHOT Ta KIJIEEHOT
ACPCBUHMU 3a IMOINICPCUYHOTO 3TUHY.

MeToanka eKcrepUMeHTATbHUX J0CTizKeHb. EXCrIepuMeHTanbHI TOCTIKEHHS A1CHOTO
HaIpy>XeHO-Ae(pOPMOBAHOTO CTaHY KOHCTPYKIIA 3a Jii MPsIMOTO MOMEPEYHOr0 3TMHY Ta KOCOTO
3TUHY €JIEMEHTIB 3 MLiJIbHOI Ta KJIEEHOI JEpeBUHM TIOKa3aB HEBIANOBIAHICTh OTPUMaHUX
EeKCIIEPUMEHTAIBHUX JaHUX 3 TaHUMU NipuBeneHumMu B €Bpokon S [1] ta JIBH B.2.6-161:2017 [2].

UoMy BHHHKJIA Taka HEBIAMOBIAHICTE? JlaBaliTe mpoaHami3yeMo JesKi MeXaHiuHi
XapaKTEePUCTHKH:

1. AHai3 nokasas, 110 B YUHHUX HOpMax [1, 2] npuBeaeHi XapakTepUCTUYHI 3HAYCHHS
MILHOCTI JI€PEBUHHU 3TUHY € HEJOCTOBIPHUMH i3-3a 6a3yBaHHs HA TBEPIDKCHHSX, SIKI MPUHHATTI

SK aKCIOMH MPY>KHOT pOOOTH JI€pEBUHU 3a MOB3OBKHBOTO PO3TATY, CTUCKY Ta MOMEPEYHOT0 3TUHY
70 MeXl yYMOBHOI HpPOMOPUIAHOCTI. AJle 1€ TBEpPKEHHS IOBHICTIO CIPOCTOBYE aHI30TPOIIis
JepeBUHU B 0o0JacTi i poOOTH Ha MOB3AOBXKHIN pO3TAT Ta CTUCK. Konm nepeBuHa, sIK BilOMO, 3a
MOB3A0BXKHBOTO po3TAry (90-95)% 1o pyiliHyBaHHS MpAaIlO€ MPY>KHO, @ TOJAI MOXKHA JOMYCTUTH,
10 BOHA B3araji IMpaIoe Mpy>XHo, TOOTO BiAHOCHI aedopMaliii ii 3pOCTaroTh JIIHIHHO 3POCTaHHIO
HampyxkeHb. ToAl SK 3a HAWMEHIIOT0 HABAaHTAXCHHS MPUKIAJACHOTO [0 JCPEeBUHHU 32
MOB3/IOBXKHBOTO CTUCKY BHHHUKA€E HeNiHINWHE AeOpMYBaHHS 31 3pOCTAaHHSAM MPYKHUX, CIACTUUYHUX
Ta TIACTUYHUX BIAHOCHUX Aedopmariii [23]. Ta i MIIHICTh Ha TOB3I0BXKHIN pO3TAT Maiike B JBa
pasu MepeBHILye MILHICTh JEPEBUHU 3a IOB3JIOBXHbOMY CTHUCKY. TOMy HaBiThb 3a OJHAKOBHUX
BIIHOCHUX Je(opMaliii B IepeBUHI u, =u, BUHHUKAIOTh PI3HI HANPYXEHHS CTUCKY Ta PO3TATY,

T00T10 O, , <O,, (Puc. 1).

SIKmIo e BpaxoByBaTH IpU poOOTI eeMeHTa 3 ASPEBUHH, 110 MPAIIO€ Ha TONEPEYHUN 3THH,
TO, HANIPUKJIAJ, B KpalHIX HAMOUIBI BiAMaJeHUX BiJl HEUTPaIbHOI JiHIT Iapax IepEeBUHH HaBITh 3a
OJTHAKOBMX BIIHOCHUX JeOopMalliii HapyXKeHHs B CTUCHYTIN 30H1 OyyTh MEHIIII 32 HallPY>KEHHS B
pPO3TATHYTIN 30HI1 HaBITh HA APYTid 4W TpeTik ctaiii podotu enementa [7]. Ha gerBepriii craxii
poboTu — craaii pyiiHyBaHHS, 32 TOCATHEHHS KpallHIMU LIapaMH JACPEBHHU €JIEMEHTA, LI0 MPAIoe
Ha TONEPEeYHUH 3TMH, TPAaHUYHUX BIJHOCHUX JedopMalliii HampyXeHHS pO3TATY MOXKYThb
IIEPEBUILYBATH B JIBa pa3u HAIIPYXEHHS CTUCKY. AJle JUIsl 3a3HaYE€HUX YMHHUX HOpM [1, 2] came Ha
1i# cTajii BU3HAYA€ThCS TUMYACOBUH OIIpP AEpEBUHM 3TUHY f, [3] 1 IpUIMAETHCS OIHAKOBHM 32

3HAYEeHHSAMHU, SK B CTHCHYTIH, Tak 1 B PO3TATHYTIH 30HAX, 3 MOJAJBIIMM BCTAHOBJICHHSIM
XapaKTepUCTUYHUX 3Ha4€Hb MIIIHOCTI IGPEBUHU 3TUHY f,, [4].

2. B gitounx HOpMaTHUBHHUX AOKyMeHTax [1,2] po3paxyHOK MIIIHOCTi €JIeMEHTa 3 IJIbHOI YH
KJICEHOI JAEPEBUHH 3THHY IPOBOJATH 33 CHIJIOBOIO MOJICIUTIO 3 YMOBH IIPY)KHOI poOOTH Marepiaiy.
MilHICTh PO3paXyHKOBOTO MOIMEPEYHOIro Mepepidy 3 ACPeBHHH NPSMOKYTHOTO Iepepi3y, LIo
IpAaIoe Ha MONIEPEYHUI 3THH BU3HAYAIOTH 32 (OPMYIIOI0

=Mmax. (1)

m W

y
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o

t,0,d

Ut,(}‘g
Ut,d
c,d

0 u,u  u,U u

c!

Puc. 1. OnTumizoBani giiicHi (MOBHI) miarpamu ae@opMyBaHHS B3I0BX BOJIOKOH J€PEBUHU CTUCKY
Ta pO3TATY

Toxi Hecyya 3/1aTHICTD eleMEHTa 3 JEPEBUHH MPSIMOKYTHOTro mnepepi3y (Puc.2), mo npamroe Ha
MOTNIEPEYHMM 3THH 3TiHO [1, 2] Oyme MaTu HACTYITHUMA BHUTJIST

1 h 2 h bh*
Mmax = 2(A/md 'Zc)b = 2(Efmd Egg)b = fde = fdeya (2)
h

ne 4, :% fmd.g_nnoma HOPMAJIbHUX HANPYKEHb CTUCHYTOI YU pO3TATHYTOI 30H

PO3paXyHKOBOTO IONEPEYHOT0 HOPMAIBHOTO IEpepidy eJIeMeHTa, L0 MpaIloe Ha MONepeyHHH
3TUH;  f, , —PO3PaXxyHKOBUIl oOmip 3rMHY [JEpEBUHM, SKUM BCTAaHOBJIIOIOTH HAa  OCHOBI

XapaKTEPUCTUYHOTO 3HAYEHHs MIIHOCTI HpU  3TUHI  f,, 3 ypaxyBaHHAM KoedirienTta
nepeTrBopeHHsa (k, ), 110 BpaxoBye TPHUBAIICTh Iii HaBaHTAKEHHA Ta TEMIEPaTypO-BOJIOTiCHI

YMOBH €KCILIyaTalli 3 ypaxyBaHHAM KoeQillieHTa HaIiMHOCTI 3a marepianoM (y,,); h—BHCOTa

MOTIEPEYHOr0 Tepepi3y eNeMEHTa, L0 3TUHAETHCS; - _2.h_gincranp Bix [[EHTpa Baru emiopu
32

HOPMaJIbHUX HANpPYXXEHb Y BUTJISIII TPUKYTHUKA J0 TOJOBHOI OCEBOI JiHIT MPSIMOKYTHOTO TIEpepi3y

Gamkn Y-Y; b— IIMpHHA MONEPEYHOrO MEpepidy OalKH; J¥, —-MOMEHT OOpYy HPSIMOKYTHOTrO

MONIEPEYHOT0 Tepepizy.

OTxe, MOMEHT OTOpY JUIsl MPSIMOKYTHOTO IOIIEPEYHOTO Mepepizy, 0 BUKOPUCTOBYETHCS TIPU
BH3HAYCHHI MAaKCUMAJIbHOI HECYUOl 3JJaTHOCTI MPH MOTNepedHoMY 3ruHl y Gopmyimi 1 1 BUBeaeHUI
y opmyii 2 3akiaAeHui y BUTIIS I

2
bh
W, =——- 3)
6
BCTaHOBIIIOETECSI MOMCHT OIIOPY MOIEPEYHOr0 PO3PaxyHKOBOTO Iepepisy W,, JHIIe B TOMY

BUMAJKY KOJIM CHJIOBAa HEWUTpajbHA JiHIA (IUIOMIMHA) MPOXOJUTHME TUIBKM Yepe3 LEHTp Baru
MONIEPEYHOT0 TIEPEPI3y €JIEMEHTa, 10 3THHAETHCS 1 PO3TALIOBYETHCS MOCEPEUHI OAIKHM HA BUCOTI

x=—.

2
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F4
uc f md

Y
NN A/

b | =

Puc. 2. JTo po3paxyHKy HOpMaJIbHUX MEPEPi3iB 3TUHAIBHUX €JIEMEHTIB 3 JEPEBUHU: /i — BUCOTA
3THHAIBHOTO €JIEMEHTA; b — MMPHHA 3TUHAIBHOTO EIEMEHTa; f, , — HOpMaJIbHI HAIPyKEHHS

CTHUCKY Ta PO3TATY; U, — BIAHOCHI fedopmarii HailOIbII BiAIAIEHOT0 Iapy CTHCHYTOT 30HU

c

€NIEMEHTa; U, — BIIHOCHI Aehopmallii HaHOLIbII BiANATIEHOTrO Wapy PO3TATHYTOI 30HH elIEMEHTa

Buxonsun 3 MipKyBaHb, [0 PO3BUTOK nedopMaliii Ta HampyKeHb B CTUCHYTIH Ta
PO3TATHYTIH 30HAX MPH 301JIBIICHHI HABAHTAXKEHb MPOXOIUTh MO-PI3HOMY, a MIIHICTh HAa PO3TAT B
7Ba pa3u Oiibla 3a MILHICTh JEPEBUHHU Ha CTHUCK, HEWTpalibHAa CHJIOBA BiCh CIIOB3a€ 10 HHU3Y 1 HE
3HAXOJIUTHCSA B TOYINl IEHTPY Baru IOIEpeyHoro mepepizy. OTKe, MOKHa KOHCTAaTyBaTH Te, IO
KpaioBi HaIpy)XeHHs NMPHUOIM3HO piBHI, TUIBKH 3 NMPOTWJIEKHUM 3HAKOM Ha MOYATKOBIM cTanii
poOOTH IEPEBUHHU €IIEMEHTA, 110 MPAIIOE€ Ha TIOTIepeYHui CTUCK. A BuUKOopucTaHHs Gopmynu (1) He
Jla€ MOXJIMBICTh BU3HAUUTH JIIHCHUNA HaNpyXeHO-1e(hOPMOBAHUI CTaH KOHCTPYKIIii, 1110 MPALIOE Ha
3THH Ha BHCOKHX PIiBHIX HAlpPYXEHb aX O pyHHYBaHHA. TakuM YMHOM MO>KHA TOBOPHUTH IIPO Te,
110 TUMYacoBa MIIHICTh IEPEBUHU 32 TIOB3/I0B)KHBOT'O PO3TATY B PO3TATHYTIH 30HI MpH pylHYBaHHI
3a TPaHMYHUX BIAHOCHHMX nedopmariiii He € PIBHOI, a 3aBXKAW Maiyke B J[Ba pa3u IEPEBUIIYE
TUMYACOBY MIIHICTbh JEPEBHUHU CTUCKY JEPEBHHU B CTHCHYTIH 30HI 3TMHAIBHOTO €JIEMEHTa IpH
pyHHYBaHHI.

3. 3 BpaxyBaHHSAM TOrO (haKkTy, 10 32 OJHAKOBUX BIIHOCHUX JAe(opMaliil BUHUKAIOTh pi3HI
HaNpY>KEHHsI CTUCKY Ta PO3TATY B CTUCHYTIH 1 PO3TATHYTIM 30HaX €JieMeHTa, L0 MpaIloe Ha
MONIEPEYHHUM 3TMH, BUKOPUCTABIIM MOMEHT OIOPY MOMEPEUHOro nepepizy y Burisiai Gopmynu (3)
HE MOXJIMBO JIOCSTTH PIBHOBAard BHYTPIIIHBOI Mapy CUJI BXKE Ha ApYrii craaii podotu. I nporo Tum
OlbIIIe HE MOKHA 3pOOUTH 3a TOCATHEHHS TPAHUYHOTO CTaHy eJIeMeHTa. BHyTpilHs piBHOBara CrI
Ha cTajii pyiHYBaHHS € CTOBIIOM, TOOTO OCHOBOIO METO/Y PO3PaxyHKY 3a IPaHUYHUMHU CTAaHAMH.

4. 3a3Buyaii pyiiHyBaHHS JOBTUX JIEPEB’THUX 0arok (ﬁ < 1), mo mpamuoTs Ha monepedHnii
I 17

3TUH, MPOXOIMThH 32 PAXyHOK PO3PUBY HAWOUIBII HANPYKEHUX 30BHIIIHIX HIapiB JEPEeBUHU 1 Mae
KpUXKkuil xapaktep. IIpu 1bOMy XapakTepUCTHYHE 3HAUEHHS «MILHICTb JIEPEBUHM 3THUHY [, »

3aJIeKUTh BiJl CEPETHBOTO 13 CKOPETOBAHUX 3HAUEHb 5 %-ro KBaHTNA f,; 3TiAHO [3] 114 KOKHOI 3

BHOIPOK 3 HAITOBHEHHSIM 3HAU€Hb, SIKi BCTAHOBIIOIOTHCS 3a (hopmyioro (1) 3rigno [4].
Ane 3HayeHHs f, , 3a3BUYail, B KpalHIX IIapax JAEPEBUHU PO3TATHYTOI 30HU BCTAHOBJIEHHX

m

TaKUM YHHOM, 110 JTOCSATAIOTh 3Ha4YeHb juie 70-75% MIITHOCTI I€pEBUHH TTOB3/IOBXKHBOMY PO3TATY
fiox- OTKe, pyliHYBaHHS ICPEBUHH IIOB3I0BKHIM PO3TATOM 3a TAKMX 3HAYCHb HEMOKIIUBE.

B Toif ke yac B TpaHMYHOMY CcTaHi POOOTH eNeMeHTa 3 JIePEeBHHH, IO TPAIlOE Ha
MONEPEYHU 3TWH, HANPYXKEHHS B KpaWHIX IapaX CTUCHYTOI 30HU TEPEBHINYIOTh MIIHICTh
JICPEBUHM Ha CTUCK B3/0BX BOJOKOH B 1,5 1 Oimbmie pasiB. OCKUIBKH PIiAKO, KOJIM MOXHA
CIIOCTEpIraTd KapTHHY YTBOPEHHS CKJIQJAKHA 13-32 MHUTTEBOTO IEPEPO3MOJAUTY BHYTPIIIHIX
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Hanpy>XeHb 1 TOMY YOMYCh HAyKOBIII HEJOPEYHO IOMHUCIIOIOTH 1 BB@KalOTh, IO JIEPEBHHA B
CTUCHYTIH 30H1 MOYKE IKUMCh TMBOM TIEPEBUIITUTH CBOT MOKITUBOCTI.

B pesynbrari  aHamizy eKCHEPUMEHTAJIbHO-TEOPETHYHUX JOCHIHKEHb MOXHA 3pOOUTH
HaCTyIHI BUCHOBKHM:

1. YV 3B’a3Ky 31 3MillEHHSAM HEUTpajbHOI CUIJIOBOi JIiHII 3 IIEHTPY Bark pO3paxyHKOBOIO
MONIEPEYHOr0 Mepepizy 3rMHAIBHOIO €JIEMEHTa 3 JIEPEBUHU 33 3POCTAHHS 30BHIIIHBOIO MOMEHTY
BCTaHOBUTH 3HAYCHHS MOMEHTY OTIOPY LIbOTO MEpepi3y € HEMOXKIUBUM.

2. XapakTepuCTUYHI 3HAYEHHS MIIHOCTI JICPEBUHU Ha 3TMH BH3HAYECHI 332 PEKOMEHAIIsIMHU
[3, 4, 24] 3 BUKOPUCTaHHSM HEICHYIOUOTO MOMEHTY OIIOpY IOIEPEYHOro Mepepi3dy eleMeHTa Ta
NpuiHATI B 4MHHUX HopMmax (€Bpoxox 5 Tta JIBH B.2.6-161:2017) nns BUKOpPUCTaHHS B
pO3paxyHKax € HEJOCTOBIPHHUMHM, OCKUIBKM BOHM OTPHUMAaHI 3 HEXTYBAHHSAM HPY)KHO-TUTACTUYHOI
pOOOTH IepPEBHUHU 3a MOB3JOBKHBOI'O CTUKY, a 3HAYMTh 1 3@ 3TUHY.

3. B nmnomanmpmioMy HEOOXIZHO pO3pOOMTH METOAMKH JUIS BHU3HAUYEHHS JMIHCHHUX
XapaKTEepUCTUYHUX 3HA4YEHb Ta 3allPOIOHYBATHU iX MPHU po3poOLi HAlllIOHATBHUX Ta €BPONEHCHKUX
HOPMATHUBHHUX JOKYMEHTIB. A TaK0X MPOBECTH iX MPUBCEIIOAHOTO OOTOBOPEHHSI.
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Annotation. The most common use of wood in construction is for bending elements. The
calculation of bending members made of glued laminated timber requires the use of the section
modulus of this member and the calculated values of the bending strength of the timber. The design
bending strength of wood is determined based on the characteristic values obtained from the laws of
elastic material under load. However, this statement completely contradicts the anisotropy of wood
in its tensile and compressive behavior. If it is known that wood works 90-95% to failure in
longitudinal tension, it is then it can be assumed that it is elastic at all. However, in longitudinal
deformation, there is non-linear behavior with increasing elastic and plastic strains. Furthermore,
the longitudinal tensile strength of wood is almost twice that of longitudinal compression.
Therefore, even if the relative deformations in the wood are the same u, = u, different compressive

and tensile stresses arise in the bending element, i.e. o, < o, .

Many authors who have carried out experimental and theoretical studies on the performance
of timber beams have pointed out that the neutral force line in the cross-section of the element in
direct transverse bending, with increasing levels of single load, shifts towards the tensile zone.
Therefore, using the moment of resistance of the cross section in the wooden element to determine
the section modulus is incorrect. The moment of resistance of a section of a timber member is only
determined if the centre of gravity of the section coincides with the centre of force line.

Usually, the failure of long wooden beams (” < 1) in transverse bending usually occurs due
/I 18

to the fracture of the most stressed outer layers of wood in the of the tensile area and is brittle in
nature. It is on such elements that the the temporary bending strength.
It is on such elements that the bending strength is crucial. However, the values of £ , usually

m

determined in the outermost wood layers of the tensile zone, based on the % condition, only reach

values of 70-75% of the longitudinal tensile strength of wood £, . It is not possible to determine

the tensile strength of wood at this stress level.

Therefore, the results of determining the bending strength of wood using the moment of
resistance of the cross-section of a timber element determined in the limiting condition are
erroneous due to the impossibility of establishing W values.

Keywords: solid and glued wood, beam, bearing capacity, characteristic strength, moment of
resistance.
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Y3AT'AJIBHEHA MO/JIEJIb JIACHOI POBOTH JEPEBUHHU JINCTSHUX TA
XBOUHHUX ITOPIA 3A OCbOBOI'O CTUCKY Y3J10BK BOJIOKOH
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Hayionanonuil ynisepcumem 6001020 2ocnodapcmea ma npupoooxkopucmysantsi, Piene

AHoTauisi. 3aMpoNOHOBAHO Yy3arajlbHEHY MOJENb TIHCHOI pOOOTH JEPEBHHM JHUCTSHUX Ta
XBOWHUX TIOPiJl 32 OCBOBOTO CTHUCKY Y3[IOBXK BOJOKOH KOPOTKOYACHUM HABAaHTAKCHHSIM.
BcranoBiieHO 4OTHPH XapaKTepHI MIISHKH poOOTH JAEpEeBHHU (Bl Ha BUCXIAHIN BITI Ta JBI Ha
cnagHiil). 3anmpomoOHOBAaHO TEOPETUYHE BHU3HAUCHHS OCHOBHHMX MILHICHHUX Ta Jae(OpMiBHUX
rapameTpiB MOBHOI JiarpamMu AedopMyBaHHS JepPeBUHU. BCTaHOBIIEHO anpoOKCUMYIOUY (YHKIIIO —
1€ TTOJIIHOM 4-TO CTYIEHsl, Ka B JOCTaTHINA Mipi onucye AiarpaMmy aedopMyBaHHsS. 3arnporoHOBAaHO
METOJIMKH 3 BU3HAYEHHS KPUTHUUHUX Ta IPaHUYHUX JedopMaliil JepeBUHU, TOYATKOBOTO MO
NPY>KHOCTI Ta MOAYJIs Aepopmartiii.

KuarouoBi cioBa: miarpama «HampyKeHHs-nedopmariii», MaKCUMalbHI HampyXCHHS,
KpUTHYHI nedopmarii, rpaHnyHi fedopmarii, 3aIMIIKoBi 1edopmailii, CTUCK y310BXK BOJIOKOH.

IlocTanoBKka nmpo6JeMu. JlepeBMHA aKTUBHO BUKOPUCTOBYETHCS Y TMOBCAKICHHOMY >KUTTI.
Marepianu, BUpoOH, aeTaii, eIeMEeHTH Ta KOHCTPYKIli 3 JEePEeBUHHM 3HAXOIATh 3aCTOCYBAHHS Y
PI3HUX ray3sX BITYM3HIHOI Ta 3aKOPAOHHHUX €KOHOMIK. B TO¥ jke yac nepeBuHa MOXKE CIIYTyBaTH i
MIJIKPECTIOBAaTH apXITEKTypHY BHPA3HICTh BHYTPIIIHIX Ta 30BHINIHIX HECY4YHX Ta HEHECYUHX
eIeMeHTIB CTiH Ta (acamiB OyniBenb. EjleMeHTH Ta KOHCTPYKII 3 JEpEeBMHH HEOIHOPA30BO
JOBOJIMJIM CBOI MepeBaru HaJ aHajJoraMy 3 MeTaly Ta 3aj1i300eTOHY. Tako)X BEIHMKOIO MEpeBaroro
JaHOTO Marepiajiy € Te, IO BiH MOXXe OyTH HE TUIbKH 3 CYIJIBHOTO Iepepi3y, ajie 1 KJICEHUM Ta
MOoAM(BIKOBAaHUM, IO J1a€ MOXKJIUBICTh PO3IIMPUTH WOTO (PYHKIIOHATBHY NMPUIATHICTh, 3MEHIIUTH
BUTPATH, MIABUIIUTH MEXaHIYHI XapaKTepUCTUKU. B ToM ke uac marepiajiu, AeTali, eIEeMEHTH Ta
KOHCTPYKLII 3 JI€peBUHU MOTPEOYyIOTh J0JaTKOBUX E€KCIEPUMEHTAIbHO-TEOPETUYHUX JOCHIKEHb
13 BCTAHOBIJICHHS IIMCHUX MEXaHIYHUX XapaKTepHCTUK Mmarepiady. ToOTO aHami3 3 MOJalbIINM
MOJICJIIOBAHHSAM POOOTH AEPEBHHM SIK MaTepiaylly BiJ MOYATKYy 3aBaHTaXEHHS 1O HOro MOBHOIO
pyVHYBaHHS.

AHaJI3 0CTAHHIX JKepes J0cTilxKeHb Ta nyoaikanii. J[ocnipkeHHI0 (i3UKO-MeXaHIYHUX
BJIACTUBOCTEH CYIIUTBHOI, KJICEHOI Ta MOAU(DIKOBAHOT ACPEBUHHU MPHUCBIYCHO BEIMUYE3HY KiIBKICTh
pOOIT BITYM3HIHMX Ta 3aKOPAOHHMX BueHHMX. Hac OyayTh IiKaBUTH Mpalli MOB’si3aHi 3 poOOTOIO
JICPEBUHH 32 OCHOBOTO CTHCKY VY3JOBX BOJIOKOH, a CaMe eKCIIepHUMEHTAIbHO-TEOPETUYHI
JIOCHI/DKEHHsT 11 OCHOBHHMX MEXaHIYHMX [apaMeTpiB Ta MOOyAoBa jdiarpaMm «c-u» 3a
eKCTICpUMECHTAIBHUMU TAHUMH Ta aHATITHYHUMH 3AJICKHOCTSIMH.

BinbIricTh eKCiepuMEHTATBHHUX JAOCHIKEHD IEPEBUHU CYIIUTLHOTO Mepepi3y MPOBOAMIUCS 32
TaK 3BAHOTO «M’SIKOT0» PEXUMY BUNPOOYBaHb [1-4], TOOTO poOOTY TaKOTO MaTepiany aHaTI3yBaau
TITBKH JI0 TIEBHOI TOYKM BUCXIAHOI BITKH giarpamu «c-u» (Puc.l) (3a mpupocToM HaBaHTaKEHB),
0 HE J03BOJISJIO JTOCTEMEHHO BHBYMTH MIIHICHI Ta Je(QOpMiBHI XapaKTEPUCTHUKHA HA BEPIIMHI
JaHo1 JliarpamMu, He KaKy4dH BXKe Tpo ii cnajHy BITKY.

3 KIiHII MHHYJIOTO CTOJITTS BY€HI PI3HUX KpaiH MOYadd MPOBOJIUTH EKCIEPUMEHTATbHI
JOCIIJKEHHSI MaTepialiB 32 TaK 3BaHOTO <OKOPCTKOTO PEKUMY» (3a MPUPOCTOM IEPEMIllCHb) Ha
Cy4aCHHUX CEPBOTIAPABIIYHHUX Ta €JICKTPOMEXaHIYHUX BUMPOOYBAIBHUX MamuHax [5,6], mo mano
3MOTy MmoOynyBaTH AiarpaMu BijJ MOYaTKy 3aBaHTa)KEHHS 1 /O NOBHOTO PYHHYBaHHS Marepiamy.
ExcniepuMeHTaIbHUMU JTOCIIDKCHHSIMA PI3HUX TOPiJ JEPEBHHH 32 OCHOBOTO CTHCKY Y3IOBXK

=75 -



CyuacHi 6ydisenvhi koncmpykyii 3 memany ma depesunu, 2023. — Bun. Ne 27 (cTop. 75-83)

BOJIOKOH 32 NMPUPOCTOM MEPEMillIeHb Ha TaKMX YCTaHOBKax 3aiiManucs psj BueHux [7-10], B Tomy
gucni i mu [11-19] .

Oc A
1:l:,O,lj B
e
0.1:1 K
Uc
A L8
U uc,o,d

Puc. 1. [liarpama nepopMyBaHHS IepEBUHU 32 OCBOBOT'O CTUCKY B3JIOBK BOJIOKOH 32 M’ SIKOTO
pEeXUMY BUITPOOYBaHb

OTxe, ICHYIOYl EeKCIepUMEHTANbHI JIOCHIUKCHHS JCPEeBUHU CYIIUIBHOTO TMepepidy 3a
KOPCTKOTO pEXHUMYy BHIIPOOYBaHb 32 OCHOBOTO CTHUCKY VY3/0BX BOJIOKOH KOPOTKOYACHHM
HaBaHTaXeHHsIM (Puc.2) moTpeOyroTh MEBHOTO aHali3y Ta CTBOPEHHS MOJENI, sika O J03BOJsIIa
MOXJIMBICTH OMUCATH POOOTY JEPEBUHU JJIsi OUTBIIIOCT] ICHYIOUMX JIUCTSHUX Ta XBOWHUX TOPIJ Bif
MOYaTKy 3aBaHTa)KEHHS 1 10 TIOBHOTO PYHHYBaHHS Marepiajly 3 BH3HAUCHHSIM OUTBIIOCTI AIHCHUX
MEXaHIYHUX MapaMeTpiB.
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Puc. 2. JlilicHi (moBHi) giarpamu n1eopMyBaHHS CYIUTBHOI JIEPEBUHUA XBOWHUX MOpi BikoM 60
POKiB 3a cTanAapTHOI BosorocTi 12% [11]

IlocTanoBKa wijiel i 3aBAaHb n0cailkeHb. MeTta po6OTH — po3po0OKa TEOPETHUHOI MOJENi
poOOTH JepeBUHM JIMCTSIHMX Ta XBOHHMX IIOpiA 3a OCHOBOIO CTHUCKY Y3[0BXK BOJIOKOH
KOPOTKOYaCHUM HAaBAaHTAXCHHSM BiJl TOYATKy 3aBaHTAXXEHHS 1 10 IOBHOTO pyWHYBaHHS MaTepiaily
HE3JICKHO BiJl BIKY IEPEBUHU Ta BOJIOTOCTI.

Buxiaax ocHoBHOro wmarepiajay. AHamI3ylOud YHCJICHHI Halll eKCIePUMEHTAIBHO-
TEOPETUYHI JOCIIPKEHHSI POOOTH JEPEBUHHU JHCTSHUX Ta XBOWHHUX IOPIJ 3a Pi3HOI BOJOTOCTI Ta
BIKY 32 JKOPCTKOTO pexXuMy BUINPOOyBaHb (BurnpoOyBaHo moHaj 400 3paskiB) (puc. 2) [11-19] Ta
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JOCII/PKeHHS 1HIUX BueHUX [7-10] mpuxoaumMo 10 BUCHOBKY, II0 JIEPEBHHA MPAIFOE HA BUCXIIHIN
Ta CHajHii BiTKaXx. Il OCHOBHI MeEXaHi4Hi BJACTHBOCTI 3MIiHIOIOTHCS B 3aJEKHOCTI Bif
HABAaHTAXXCHHS BiJ MOYAaTKy POOOTH 1 10 TIOBHOTO PYHHYBaHHS, OCKUIBKH JIEPEBUHA € MPYKHO-
IJJACTUYHUM MaTepiaJioM Ha BCIX AUISTHKAX.

Tomy HEOOXiTHO PO3POOUTH TEOPETUUYHY MOJENb POOOTH AEPEBUHHU CYIIUIBHOTO Mepepizy
JUCTSHUX Ta XBOWMHHUX TIIOPiJ] 32 OCBOBOTO CTHUCKY VY3IOBX BOJOKOH KOPOTKOYACHHM
HABaHTAXXCHHSIM, SIKa 3 BEJIMKOKO JOCTOBIPHICTIO J1aBaja O MOMIIHMBICTH ONMHCYBAaTH POOOTY TaKUX
MarepiaigiB Ha BCiX CTamisax jJeGopMyBaHHS 3a Pi3HOI BOJOTOCTi Ta BiKy. | ToMy HamMu CTBOpeHa
Taka MOJIeNb, SIKa B TOBHIA Mipi BigoOpaxae poOOTy JNepeBUHU B JOKPUTHYHIN 1 3aKpUTUYHIN
cTajil, BU3HAYMBIIIHK IPH I[bOMY OCHOBHI i1 MexaHiuHi xapakTtepuctuku (Puc.3).

a)
Oc A

®omo 2

Il dinaHka

fc,O,d

GCU

Il dingHka IV dingHka

| dingHka

Uet l"c,o,d . c,fin

6)

Lt

doto 1 doto 2 doto3 doto 4 doto 5

Puc. 3. Etanon noBHO1 niarpamu JeOpMyBaHHS IEPEBUHU «HABAHTAKCHHS — MEPEMIIICHHS TUTUTH
BUINIPOOYBAILHOT MAIIIMHU» 32 OCKOBOTO CTUCKY B3JIOBX BOJOKOH KOPOTKOYACHUM HaBaHTAKCHHSIM
— a; poOOTH IepEeBUHM HA JIJISTHKaX — O0: Uc1 — BITHOCHI nedopmartii Ha kiHenp | TiIsaHKY;

Oc1 — HAIPY>KEHHSI, 110 BiIMOBIAAIOTH BIAHOCHUM J1e(DOPMAIIIsIM Ucl; Uc,0,d— BIAHOCHI KPUTHYHI
nedopwmartii; fco,d — rpaHMYHA MIHICTH (MAKCUMaJIbHI HAMIPY>KEHHS; Uc,u — BITHOCHI TPaHUYHI
nedopmallii; Geu — HAPYKEHHS, 110 BiNOBIAIOTh BIJIHOCHUM I'PAHUYHUM J1e(HOPMAIiSIM Uc,u; Uc,fin
— BIIHOCHI 3JIMIIIKOBI (OCTaTO4H1) AedopMallii; O fin — 3AIMIITKOBI (OCTATOYH1) HAIIPY>KEHHS, 110
BiJIMOBIAAIOTH BITHOCHUM J1e(hOPMAITisSIM Uc fin.
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Puc. 3 — e TeopeTruHa MOAEb NIHCHOI POOOTH IEPEBUHU JIUCTSIHUX Ta XBOWHHUX IMOPiA 3a
OCBOBOT'O CTHCKY Y3JIOBXX BOJIOKOH KOPOTKOYAaCHUM HAaBAaHTA)XCHHSM HE3aJIC)KHO BiJ BOJIOTOCTI Ta
BIKYy Marepiaiy.

OnumeMo XxapakTepHI OUISHKH €TaJloHy ToBHOI niarpamu  nedopmyBanus (Puc.3.1a).
YMOBHO MOJAIIMMO Jliarpamy Ha BUCXiTHY BITKY (Big 0 10 TOYKM MaKCHUMAaJIbHOTO HAlPYKEHHS Ta
KpuTuuHUX nedopmariiii) ta crnagdHy (Bil TOYKM MaKCUMaJIbHOTO HAMPYKCHHS Ta KPUTHUYHUX
nedopmaniii 10 MOMEHTY pyHHyBaHHs). Bcioo nmiarpamy nedopmyBaHHS JAepeBMHH 3a Jii
MOB3/IOB)KHBOTO OCHOBOTO CTHUCKY MOMUIMBO TOAUIMTA Ha 4 MUISTHKA: JBI JOKPUTHYHI Ta JBi
3aKpUTHYHI.

[Nepmra minsHKa JOKPUTHYHA — TIOYATKOBUH eTaml POOOTH 3pa3Ka XapaKTepU3YEThCsl 3HAUHUM
BUKPHUBJIGHHSIM JlarpaMu, Ha $KYy BIUIMBAaIOTH JAedopMariii TOpIEeBOro OOTHCHEHHS 3pa3Ka 1
3HaxoauThCs B Mexkax n=0 1o n=0,15-1=0,25 Big MaKCUMaJILHOT'O HAMIPY>KCHHS.

Jlpyra pOiisHKa TaKoXK JOKPUTHYHA BiJl 3aBEpIICHHS TEpIIoi IUISHKUA N0 HaCcTaHHS
KPUTUYHUX BIAHOCHUX nedopmariii. Ha il AUIAHIN 3HAXOAWTHCS EKCIUTyaTallliHUN PEXUM
poboTu 3pa3ka — poboTa MaTepiany 3a HOPMaJbHMX YMOB €KCIUTyaTamiil 1 aBapiHHN pexuM
eKcIuTyaTarii poOOTH 3pa3ka — Ha JAaHOMY €Talll MaTepiall MOXe 3pYHHYBATHCS 3a TIEBHOTO 4acy
TpHUBaJOro ab0 MAaJIOIMKIOBOIO HaBaHTaXEHHA. BimHocHi aedopmariii AepeBHHHM MOYMHAIOTH
3pocTaTd 3 OUIBINOI IMIBWAKICTIO B TIOPIBHSAHHI 3 TMEPHIOK AUISIHKOIO, JUISTHKa HaOyBae
BUKPHUBIJICHHS B CTOPOHY OCi HampyxeHb. Ha nmaniil niasHii fiarpama Ha BUCXiAHIN BITHI JocArae
HaWBHIIOI TOYKH MAaKCUMaJIbHUX HAIMPYKEHb, IM BIMOBIAIOTh KPUTHYHI Jiehopmarrii.

Jlani matepian nepexoJuTh B HACTYNHY (a3zy poOOTH — Ha CHaHiM BITI (3aKPUTUYHA CTaIis
po60TH), 1€ IBHO BUAUISIETHCS 1MI€ 2 NUITHKH — TPETS Ta Y€TBEPTA.

Omxke, Ha HUBXIOHIN (cmaaHii) rTimmi aedopMyBaHHS JEPEBUHU MOXKIMBO Bi3yallbHO
CrocTepiraTy ABl BiIMiHHI Mik co0oro ainsaku (Puc.3a):

— TPETIO TUISIHKY — 1€ TI0YaTOK CIaHOI BITKH, 1[0 XapaKTEePU3YEThCS CTPIMKUM 3MEHIIEHHSIM
MIITHOCTI JIEPEBUHHU, 1 O TPAHUYHUX BIIHOCHUX JedopMalliid 1epeBUHU;

— YeTBEpPTy [JUIAHKY B TpPaHMYHUX BIAHOCHHUX JeopMalid JEepeBHHH, sKa
XapaKTEePU3YEThCS 30UIBIICHHSIM MIBUIKOCTI AePOpPMYBaHHS 32 MEHII CTPIMKOTO, HIXK Ha TEpIIii
JUTSTHIT 3MEHIIIEHHSIM MIITHOCTI, Ta Ha AKiil nedopmaliii MOXKYTh IOCSATATH TiNep BETUKUX BEIWYHH i
1€ MPU3BOIUTH JI0 TOBHOTO PyWHYBAaHHS MaTepiany.

Busnaunmo OibIIicTh MEXaHIYHUX MapaMeTpiB aepeBunu (Puc.3a) TeopeTHUHUM HUIAXOM.

OTxe, ampoOKCUMAITIIO TaKOi JllarpamMu MPOTIOHYETHCS OMTUCYBATH MOJTITHOMOM 4-TO CTETeHS 3a
HammMH rpornosuitismu [11, 20]

O =W U+ Wy e+ 'u3+ 'uj—4 U, (1)
c =W U W, Wy 2 Wy 3 - W, i-1 9

U.oq U.oa U pa =1 Uepa
e w,w,,w,,w, — KoeQilleHTH MOJIHOMA, SKi OTpUMaHI 3a JOINOMOIOK MHOTOWICHA

Jlarpanxa.

BignocHi kputnuHi aedopmarii BuzHayaeMo 3a GopMynoo (2), BUAUISIOYH NPUH IILOMY
MPY>KHY Ta MIacTUuHy ckiafosi [11, 13, 21-23]
U, ()

TI€ Uc,e/ — BITHOCHA TIPYKHA JieopMallisi CyIiIbHOI IEPEBUHH;

Uc,pl — BIIHOCHA IJTACTUYHA AeQopMallisi CyUiIbHOI 1EPEBUHH.

BpaxoByroun Haili ekcriepuMeHTalIbHI TocaipKeHHs hopMmyna (2) HaOye BUTISLY

Ueoa =Jeoa! Eo+c 'f}fo,da (3)

ne Ey — mouaTKoBHi MOJIyJIb PY>KHOCTI CYIIJIBHOT ICPEBUHH;

¢1 — Koe(iLi€eHT, 10 3aJIeKUTh BiJ BOJIOTOCTI 1 BIKy CYLIJIbHOI JEPEBHHH.

['pannuHi BigHOCHI AedopMaliii MOKIMBO BU3SHAYUTH 3a HaIow Metoaukoro [11, 21, 24] abo
3a 3anexHocTsAMU (4, 5, 6, 7, 8, 9) 3a craHAapTHOT BOJIOTOCTI:

uc,O,d =u

c.el

— nepeBUHU Oepe3n ueu=1,48uc 0.4: 4)
— NCPEBHHU BUTBXU Uc=1,41uc 0,45 (5)
— JIEPEBUHHU SICEHA Ucy=1,065Uc.0.4; (6)
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— JIEPEBUHU MOAPUHH Uc,u=1,37Uc,0,4; (7)
— IePEeBUHU COCHHU Uc,,i—=1,38uc 0,4, (8)
— IEPEeBUHMU SUTUHU U,y =1,40uc,0,4. 9)

['pannuHi BigHOCHI fedopmartii 3a pi3HOT BOJIOTOCTI Ta BiKy HaBeIeHO B poboTi [11].
Monyns nedopmaniii MOXKIMBO BU3HAUUTH 32 opmyroro (10) [11, 25-28]

E =E,(1x 47 1), (10)
Ae A, ~— KOCILIEHT IIIACTHYHOCTI CyUIIbHOT IEPEBUHHU 33 CTUCKY y3[0BXK BOJIOKOH;

7~ PIBEHb HANpPYyXXEHb B CYLJIbHIN epeBuHi.

BucHoBku. Ha 0CHOBI MpoOBeACHUX EKCHEPUMEHTAIBHO-TEOPETUHUX JOCIIIKEHb 3p00JIEHO
HACTYIHI BUCHOBKHU:

1) 3anporoHOBaHO y3arajbHEHY MOJEh AIHMCHOT poOOTH JEPEBUHU JHUCTIHUX Ta XBOWHUX
MOPiJ 32 OCBOBOTO CTHCKY Y3/IOBK BOJIOKOH KOPOTKOYACHUM HAaBaHTaKEHHSIM;

2) BcraHoBIEHO YOTUPHU XapaKTEpHI IUISHKH POOOTH JAEpEeBUHU (IBI HA BUCXITHIN BITII Ta
JIBI Ha CIIaJIHIN);

3) 3anporoHOBaHO TEOPETUYHE BHU3HAYCHHS OCHOBHHUX MIIHICHUX Ta JAehOpMIBHUX
napaMeTpiB MOBHOI JiarpamMu eOpMyBaHHS IEPEBUHHU;

4) BcTaHOBIIEHO alpOKCUMYIOUY (DYHKIIIIO — II€ TIOJIIHOM 4-TO CTYIEHs, sIKa B JOCTaTHIN Mipi
omnucye niarpamy aedopMyBaHHS;

5) 3anpormoHOBAaHO METOAWKH 3 BHU3HAUEHHS KPUTHUYHUX Ta TPaHUYHHX Acedopmariiit
JePEBUHH, TOYATKOBOTO MOJIYJISl IIPY>KHOCTI Ta MOy IS ieopMartii.
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Annotation. Elements and structures made of wood have repeatedly proven their advantages
over analogues made of metal and reinforced concrete. At the same time, materials, parts, elements
and structures made of wood need additional experimental and theoretical studies to establish the
actual mechanical characteristics of the material. That is, analysis with subsequent modeling of the
work of wood as a material from the beginning of loading to its complete destruction.

Most of the experimental studies of solid wood were carried out in the so-called "soft" test
mode, that is, the work of such material was analyzed only up to a certain point of the ascending
branch of the "o-u" diagram (according to the increase in loads), which did not allow us to
accurately study the strength and deformable characteristics on top of this chart, not to mention its
descending branch.

Since the end of the last century, scientists from different countries began to conduct
experimental studies of materials in the so-called "hard mode" (increasing displacements) on
modern servo-hydraulic and electromechanical testing machines, which made it possible to build
diagrams from the beginning of loading to the complete destruction of the material.

The purpose of the work is to develop a theoretical model for the operation of hardwood and
coniferous wood under axial compression along the fibers with a short-term load from the
beginning of loading to the complete destruction of the material, regardless of the age of the wood
and humidity.

A generalized model of the actual work of hardwood and coniferous wood under axial
compression along the fibers by a short-term load is proposed. Four characteristic areas of wood
work were established (two on the ascending branch and two on the descending one). A theoretical
definition of the main strength and deformation parameters of the complete wood deformation
diagram is proposed. An approximating function has been established - this is a polynomial of the
4th degree, which sufficiently describes the deformation diagram. Methods for determining the
critical and limiting deformations of wood, the initial modulus of elasticity and the modulus of
deformations are proposed.

Key words: «stress-strain» diagram, maximum stresses, critical strains, limiting strains,
residual strains, compression along the fibers.
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CTAHY B YMOBAX EKCILTYATAII
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AHoTanisi. Y cTarTi HaBelEHI pe3yJbTaTH JOCHIDKEHHS OCOOJMBOCTEH 3acTOCYBaHHS
tepmorpadiunHoi aedexTockomii AN CTajdeBHX OyAiBeNbHUX KOHCTPYKIM 3 ypaxyBaHHSAM iX
peanbHOTO CTaHy B YMOBax €KCIUTyartarii. 3aBIaHHSAM JOCHITKEHHS € MiABUIIUTH ¢(EKTHUBHICTH
BUKOPHUCTaHHA METO/AY aKTUBHOI TepMorpadii ams oOCTeXEHHS EKCILUTyaTOBaHUX CTalleBUX
KOHCTPYKIIIHA 3 ypaxyBaHHSIM iX pealbHOTO CTaHy B yMoBax ekcruryatailii. CyTTeBo0 mpo0OsieMoro
npu TepMmorpadiuHiii  medekTockomii  cTaneBUX  KOHCTPYKIiH € BIACTHBICTh  MeETaliB
BIIJI3EpKaTIOBAaTH 1H(GpaYepBOHE BUIPOMIHEHHS. Pa3om 3 BUIIE3a3HAYCHHMH acCIeKTaMH, TaKOX
Iy’K€ BaXIUBY POJb MAa€ 1 CHocid TepMiyHOro 30y/KeHHs (HarpiBaHHsS) O0OCTEXYBaHOI AUISHKU
KOHCTPYKIlii. ABTOPH pOOJIATH BHCHOBKM TIPO Te, MO TepMorpadiuna aedeKTOCKOIisl MOBHHHA
3MIACHIOBAaTHCS B KOHTEKCTI 3 YyciMa (akTopamu, sKIi MOXYTh BIUIMBATH Ha TOYHICTh Ta
e(eKTUBHICTh pOOOTH BIJIMOBITHOTO 00JIaTHAHHS.

KurouoBi cioBa: craneBi KOHCTpyKIii, TpimuHa, TepMorpadis, iHdpauepBoHa Kamepa,
HEpPYWHIBHUN KOHTPOJIb, IHPpauepBOHA €MICisl, TETJIOBUI TPAIEHT.

Beryn. BaxxiauBicTh JOTpUMaHHs O€3MEKH €KCIUTyaTallii OyMiBeIbHUX KOHCTPYKIIH BKIIOYAE
B ceOe Oararo acrniekTiB. [lo-mepiue, 11e Moke cTaTH YNHHUKOM aBapii, sika MOKe BUMaraTi 3Ha4HUX
BUTpAT Ha PEMOHT 1 BITHOBJICHHS CTaJI€BUX KOHCTPYKIIHM, a TaKOXX Ha JIIKYBaHHS MOCTPaKIaTUX
npauiBHukiB. [lo-mpyre, 1e Moke NPHU3BECTH A0 3HAYHMX 30UTKIB Yy BUPOOHMYOMY NpOIIEC,
OCKIJTbKH 3HKEHHS MPOAYKTHUBHOCTI 1 301IBIICHHS Yacy MPOCTOI0 00JIafHAHHS MOXKYTh ITPU3BECTH
10 BTpatu npubyTKy. KpiM Toro, HemoTpuMaHHs NMpaBuil O€3MEKH MOXe BIIOUTHCA Ha peryTarii
KOMITaHii, 10 MOK€ MAaTH HACIIIKH JIJIS 1i JiSTTBHOCTI Ta PO3BHUTKY.

JACTY b B.2.6-210:2016 "Orminka TEXHIYHOTO CTaHy CTaJeBUX OyAiBETbHUX KOHCTPYKIIiH,
10 eKCITyaTyloThes" [1] € AepKaBHUM CTaHAAPTOM, SIKHIH PETYIIIOE€ BUMOTH JI0 OLIHKH TEXHIYHOTO
CTaHy CTaJIeBUX OyIiBEJbHUX KOHCTPYKIIiH, IO eKCITyaTytoThess. CTaHaapT BU3HAYAE BUMOTH 10
MPOBEACHHS OIIHKA TEXHIYHOTO CTAaHY CTAJICBUX KOHCTPYKIIM 3 BUKOPUCTAHHSM HEPYWHIBHUX
METOAIB, 30KpeMa Jedekrockomnii. OCHOBHOIO METOI0 NMPOBEACHHS AE(PEKTOCKOMNIi € BUSBICHHS
Bi3yaJIbHO HEMOMITHHUX JIe(DEeKTIB Ta MOIIYK PU3UKOBHUX 30H HA MOBEPXHI KOHCTPYKIIIi, IKI MOXYTh
CIPUYMHUTH 3arpo3y Oesmerni jroaei abo MpuBeCTH A0 HemepeadauyBaHOi pyWHIBHOI MOBEIIHKU
KOHCTPYKITIi.

Jlnst mpoBeieHHs OLIHKY TEXHIYHOTO CTaHy CTaJIeBUX KOHCTPYKIIH ctanaapt [1] pekomeHnaye
BHUKOPHUCTOBYBAaTH PI3HOMAHITHI METOAM AEPEKTOCKOIIi, Taki SK Bi3yaJbHUU OTJISJ, MarHiTHO-
MOpoIIKOBa JAe(deKTocKoIis, TepMorpadiuHa aedeKkTockoris, yIbTpa3ByKoBa Ae(eKTOCKOITis,
pamiorpadis, en1eKTpoMardiTHa AeeKTOCKOITIS Ta 1HIIII.

Tepmorpadiuna pedexTockomiss € OAHMM 13 TIEPCIEKTUBHUX METOMIB HEPYHHIBHOT
ne(eKTOCKOMIT CTaeBUX KOHCTPYKIIi. BoHa mossrae B 3amipi TemMneparypu MoBEepXHI KOHCTPYKIIIT
3a JIONMOMOTOI0 1H(payepBOHUX KaMmep Ta BHUSABJICHHI AHOMANii TeMIeparypu, [0 MOXYTb
BKa3yBaTH Ha HasBHICTH AedekTiB. [lepeBaramu TepmorpadiuHoi nedeKTOCKOMii mepes 1HITUMHU
METOAAaMHU € MOXJIUBICTh BUSIBJICHHA JE(PEKTIB y BAKKOJOCTYIMHUX MICIISIX, BIACYTHICTh KOHTAKTY 3
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MMOBEPXHEI0 KOHCTPYKIIi, IO AO3BOJISIE YHUKHYTH TIOIIKOKEHb a00 3a0pyJHEHb Ha MOBEpPXHIi, Ta
MOJKJTUBICTh TIPOBEJICHHS TOCIIHKEHD B PEXKHUMI PEAIbHOTO Yacy.

Anamiz gociaimkeHb i myOuaikamiid. 3a octaHHI AecaTwiniTTs Oyna MpoBeIeHAa 3HAYHA
KUTBKICTh JIOCTIDKeHB 3 BUKOPUCTAaHHS TepMorpadii 1y HepyiHiBHOI nedexTockornii OyaiBeTbHUX
koHCTpyKuid. 3okpema Ilerpa barasan, JloBpe KpcrynoBuu-Omapa Tta XKenpko J[lomazer
JOCITIJDKYBAIM 3aCTOCYBaHHsI TepMmorpadii 3 BUKOPUCTAHHSAM IIBUAKICHOI TpaHchopmariii Dyp'e
(FFT) nns nedexrockormii cTaneBux KOHCTpYKLiK [2]. BoHn onucanu MeToauKy
oTpuMaHHs TepMorpadiuanx 300pakeHb Ta BukoHaHHA FFT mis Bu3HaueHHs micip AedeKTiB y
CTaJIeBUX KOHCTPYKIisAX. JlOCHiDKEHHS! MPOBOAMWINCSA Ha 3pa3Kax 3 pPI3HUMHU TUNAMU JEEKTiB:
KOpO3i€10, TPIIMHAMU Ta 3BapPHUMHU IIBaMH. ABTOPH JOCTIIKEHb IOKa3alid, [0 METOJWKA, IO
6azyerbcs Ha FFT, no3Bonsie 3 BHCOKOIO TOYHICTIO BH3HAYaTH MICI JIe(EKTiB y CTaJeBHX
KOHCTPYKITISIX.

JI. Onmigeiipa, A. Meneiipoc [3] omyOmikyBaau CTaTTiO, B SIKIiH PO3TIIANAIOTH MOXIIUBICTH
BUKOPHUCTAaHHS 1H(GpayepBoHOT TepMmorpadii /st BUSBIECHHS CTaJeBUX apMaTyYpHUX CTEPXKHIB B
3a71300€TOHHUX KOHCTPYKILIAX. 3a I0MOMOroio iH@padepBoHoi Tepmorpadii, aBTOPH 3MOIIH
BHSIBUTHU BCl HasiBHI CTaJIEBI CTEPI)KHI HAa MMOBEPXHI 3a11300€TOHHOI TUTUTH, @ TAKOX PO3PIZHUTH 1XH1
TUIH Ta PO3TallyBaHHs. ABTOPH 3a3HAYal0Th, IO iH(ppayepBoHa TepMorpadis Mmoxe OyTH KOpucHa
JUTSl BUSIBJICHHS PI3HHUX JE(PEKTIB B 3113006 TOHHUX KOHCTPYKIIISAX, TAKUX SK TPIIIMHU Ta 110 BOHA
MOXe OYTHM BHKOpHUCTaHa SIK JOJATKOBHA METON /I BU3HAYCHHS CTaHy 3alli300€TOHHUX
KOHCTPYKIIH. Y WUIOMYy, CTaTTS MIATBEPKYE MOXKIMBICTh BHUKOPUCTaHHS 1H(GpavepBOHOT
Tepmorpadii A HEpYHHIBHOTO BHSBICHHS CTaJE€BUX apMaTypHHX CTEpXKHIB B 3al1i300€TOHHHUX
KOHCTPYKITISIX, a TaKOoX 1i TIOTEHIllad JJid BHSABJICHHSA Je(EKTiB Ta BHU3HAYCHHS CTaHy
3aJ11300€TOHHUX KOHCTPYKLIH.

I'kerox Ilcyii Ta bapOapa Illumanik mnpoBenw MOCTIIKEHHS 3aCTOCYBaHHS METOJIB
HEepYyHHIBHOT N1e(eKTOCKOMil, 30KpeMa eJIeKTpOMarHiTHOi Ta iH¢padepBoHOI Tepmorpadii, s
MOHITOPHHTY BTOMHOI Jierpajallii cTaieBuX KOHCTPYKIIii [4]. BoHu po3risgany 3acTOCyBaHHS ITUX
METOJIIB ISl BUSIBICHHS TOLIKO/KEHBb, II0 BUHUKAIOTh BHACIIJOK BTOMH Marepialy, 30KpeMa
TPIIIUH, HA TOBEPXHI CTAJIEBUX E€JIEMEHTIB OyIiBeNlb. Y CTAaTTI PO3MVISIHYTO TEOPETUYHHM aCIIEKT
METOJIIB Ta iX 3aCTOCYBaHHS JJIsS BU3HAUEHHS KUTBKOCTI [MKJIIB HABAHTAXKEHHS JO TOSBH TPIIIHH.
Pesynmbrati nmociipkeHb TOKa3zald, MO0 KOMOIHAIlisS eJIEKTPOMAarHiTHOI Ta iHGpadepBOHOT
tepMorpadii € e)eKTUBHUM 1HCTPYMEHTOM JIJIs1 BUSIBJICHHS TOYATKOBUX CTaJiil BTOMHOI Jierpajanii
CTaJIeBUX KOHCTPYKI[iK. OcobirBa yBara B CTaTTi MPUALICHA MOPIBHIHHIO PE3YIbTaTiB, OTPUMAHUX
3a OTIOMOTOI0 PI3HUX METOJIB, Ta X MOXJIMBOCTEH ISl MPOTHO3YBaHHS Ta KOHTPOJIO 32 CTAHOM
CTaJICBUX KOHCTPYKIIii.

Takox AnoHCHKi Bueni Momiaki Himina, FOiui Mominara ta [aiicyke Imanimi npucpstumm
CTaTTIO PO3pOOIll TEXHOJIOTI] AUCTAHIIINHOT 1HCIIEKI[l BTOMHUX TPIIIMH B CTAJIEBUX KOHCTPYKIIISIX
3a 1onoMororo iHdpadepBoHoi Tepmorpadii [S]. V cTarTi onucaHo MOCTiIKEeHHS, 110 MPOBOUINACS
Ha 3pa3Kax CTaJeBHX IUIACTHUH, HAa SAKUX IITYyYHO CTBOPIOBAIMCA BTOMHI TpilMHU. byro
JOCIIJIKEHO 3aJIeKHICTh TeMIIEPaTypHUX IOJIiB BiJ TTIMOWHY TPIIIMHU Ta BiJl TOTO, YA 3HAXOAUTHCS
TpIlIMHA Ha TOBEpPXHI 3pa3ka abo B cepeauHi. bymo po3pobieHo anroputM OOpOOKH HTaHHMX
tepMorpadiuHux 300pakeHb, KU TO3BOJIIE TOYHO BH3HAYUTH MICIIE PO3TAllyBaHHS BTOMHOL
TpIIUHU Ta i1 TIMOMHY. ABTOpPHM CTBEP/UKYIOTh, IO 3allPOTIOHOBAHA TEXHOJIOTiS MOXe OyTh
BUKOPHUCTAHA JUIS TUCTAHIIIIHOT 1HCIIEKIIi1 BTOMHUX TPIIIMH B CTAJIEBUX KOHCTPYKIIISAX HA PeaTbHUX
o0'exTax.

IlocranoBka 3aBaanHsi. HepyiiHiBHUI TepMorpadiuHuii KOHTPOJIb - II€ METOJ KOHTPOJIIO
TEXHIYHOTO CTaHy CTaJIEBUX KOHCTPYKLIH, KU BHUKOPUCTOBYE iH(pauepBOHY TepMmorpadito s
BUsIBJICHHSI Je(EKTIB Ta TOIIKO/KEHbh B Marepiani KOHCTpyKmid. Tepmorpadiunmii KOHTpPOIH
3aCHOBAHMN Ha BHUMIPIOBaHHI TEMJIOBOTO BUIIPOMIHIOBAHHS, SIK€ BUIIPOMIHIOETHCS 3 MOBEPXHI
o0'ekta. KoxxeH 00'€KT Ma€ TETUIOBH CIIiJI, IKMI MOXKHA 3HIMATH 3a JOTIOMOTOI0 TETTIOBOT KaMepH.
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3a I0mOMOTO0I0 IIFOT0 METOAY MOKHA BHUSBHUTH 3MIHHM TEMIIEpAaTypHd Ha MOBEPXHI MaTepiaiy,
AKI MOXYTh CBIJUUTH TPO HASBHICTb Je(EKTiB, TaKUX SK TPILIMHU, PYHHYBaHHS, KOpO3if,
HEPIBHOMIPHICTh TOBIIMHU TOIIO. Tepmorpadis 6a3yeTbCs Ha TOMY, IO Pi3HI MaTepiaii MalOTh
pi3HY TEIUIONPOBIAHICTh, TOMY 3MIHM TEMIIEpPaTypH Ha IX MOBEPXHI MOXYTh BKa3yBaTH Ha
MIPUCYTHICTH AC(PEKTIB.

YMOBHO pO3pI3HAIOTh TAacUBHUN TersioBui HepyHHiBHUI koHTponb (IITHK), axtuBHMiA
(ATHK) Ta xoMm6iHOBaHI criocobu TepMorpadigHoro KOHTpoITto [6].

B craneBux Bupo6ax, mo nepedyBaroTh MiJ Ii€l0 30BHIIIHLOIO HAaBAaHTAXXEHHS, Jedopmariis
CIPUYHUHSE 3MIHY TEMIEPATypH, Ka MOke OyTH BUSBIEHA 3a JIOMIOMOTOI0 IMACHBHOIO TEIJIOBOTO
HEpYHHIBHOTO KOHTpOJIO. Takoxk, AeeKTH B CTalli, Taki SK TPIIIUHU, KOPO3iiHI MOIIKOIKECHHS,
MICIIsI 3BapIOBaHHS Ta 1HII, TAKOXX MOXYTh 3MIHIOBATH TEIJIOBHH CIIIJ MM Yac Jii JUHAMIYHUX
HaBaHTaXeHb, 10 POOUTh MACHUBHUU TepMoOrpadiuHUil KOHTPOJIb KOPUCHUM IHCTPYMEHTOM ISt
BUSIBJICHHSI NEe(PEKTIB y CTajeBUX KOHCTpyKUisiX. IlacuBHmMiA TepmorpadidyHuil KOHTPOIb MOXKE
JONIOMOTTH BUSIBUTH TEPMIYHI aHOMAaJii, SKi CBiI4YaTh MpO HAasBHICTh AE(PEKTIB y CTaJIeBHX
KOHCTPYKITISX, IO 3a0e3Mnedye MOXJIMBICTh iXHBOTO BYACHOTO BHSBICHHS Ta 3aroOiraHHs
MoJajblIOMy pyHHYBaHHIO. JleeKTockomis CTaJeBHMX KOHCTPYKIIM METOAOM aKTHBHOI
Tepmorpadii mosdsrae B 3aCTOCYBaHHI TEPMIYHOTO HABaHTAKEHHsS (HarpiBaHHsA 00’€KTa
JOCIHIJKeHHs) 7Sl BHUSIBIEHHS nAe(deKkTiB Ta aHoMmaliii B cTpykrypi. Lleii meron OGa3yeTbcst Ha
BHSIBJICHH] TETJIOBUX 3MiH, III0 BUHUKAIOTH il Yac MEPEXOoy CTPYKTYPH BiJ OJHOTO TEPMIYHOTO
pexxumy 10 iHIoro. B xozi mpouenypu TerioBe 300paskeHHs 00'€KTa 3HIMAETHCS 3a JOMOMOTOIO
iH(payepBOHOI KaMepH, MICIsI YOro BHUKOHYETHCS OOpoOKa 300pakKeHHs Ta aHaM3 OTPUMaHHUX
JAHUX JJI BUSBIICHHS TOTEHIIHHUX e(EKTiB Ta MOIIKOIKEHb.

[lin wac momepemHiX MOCHIKEHh OYJI0 BCTAHOBJICHO IO BHUKOPUCTAHHS aKTHBHOTO
TEIUIOBOTO HEPYWHIBHOTO KOHTPOJIO JUIS OLIHKMA TEXHIYHOTO CTaHy EKCIUIyaTOBAaHHX CTaJeBHUX
OyIiBeIbHUX KOHCTPYKIIIM € MOXKJIMBHM Ta JOIUIBHUM SIK CAMOCTIMHO TaK 1 B KOMILJIEKCI 3 1HIIUMH
METOAAMU HEepYHHIBHOTO KOHTPOJIIO TEXHIYHOTO CTaHy CTAJIEBUX KOHCTPYKIIiH [7].

3aBOaHHSAM JOCTIDKEHHS € TIIBUIIATH €(QEKTUBHICTh BUKOPUCTAHHS METOJY AaKTHUBHOI
Tepmorpadii mys OOCTEKEHHS EKCIUTyaTOBAaHMX CTaJleBUX KOHCTPYKLIA 3 ypaxyBaHHIM iX
peaIbHOTO CTaHy B YMOBax eKciulyarauii. Bu3HauuTu onTuManbHy METOJUKY Ta pPErjamMeHT
MIPOBE/ICHHS 00CTEKEHHS 3a JIOMOMOT'0I0 JAHOTO MeToAy. [neHTudikyBaTu MOXKINBI TPYJHOIII, 110
BUHUKATUMYTh TpPU 3aCTOCYBaHHI IIbOTO METOAY, Ta PO3POOUTH pEeKOMEHMAlll 3 MOAOJaHHA
BUSIBJICHUX TpoOieM. Pesynbraté 1i€i poOOTH MOXYTh OYTH KOPUCHMMH JUIS TNPAKTHYHOTO
3aCTOCYBaHHSI METO/IIB TepMOTPadiuHOTO HEPYWUHIBHOTO KOHTPOJIIO B OyAiBEIbHIN ramy3i.

OcHoBHUI MaTepiaa. AkTuBHa TepMorpadist 3 BAKOPUCTAHHIM HarpiBaHHS Ta OXOJIOIKCHHS
cTajeBuX BHpOOiB Oa3zyerbcs Ha (izuuHil npuHUMi audys3ii Tema. Ilpu migirpiBaHHI MOBEpXHI
CTaJICBOr0 BUPOOY BiI0YBA€THCS MOTJIMHAHHS TEIUIA, SIKE MOTIM MOIIUPIOETHCS B3IOBXK MaTepiany.
Ile mpu3BOAUTH 0 3MIHM TEMIIEpaTypu Ha MOBEpXHI Ta riauOuHi BHpoOy (puc. 1, a). SAxmo Ha
MmoBepxHi abo B TOBII BUPOOY € nedexT abo MOIIKOMKEHHS, TO MOIIMPEHHS TeIla MOXe OyTH
BIIMIHHHMM BiJl OHOPIAHUX JTUISHOK, 1[0 MPU3BOIUTH /10 3MIHHM TEMIIEpaTypu B LIUX 00JacTsxX (puc.
1, 0).

Jami, micns migirpiBaHHSA MOBEPXHI, il OXOJNOIKYIOTh 1 (DIKCYIOTh 300pa)K€HHSI TEIJIOBOTO
MOJIsl B peasIbHOMY 4Yaci. SIKIIo Ha moBepxHi a00 B TOBIII KOHCTPYKIIIi € 1e(ekT abo MOMTKOHKEHHS,
TO B Lii 007aCTi MBUIKICTH OXOJOMKEHHS Oy/1e BiAPIZHATHUCS BiJ IHIINUX IISHOK, IO MPU3BEAE 10
3MIHU TeMIIepaTypHOTO TIPodiro.

OTpuMaHHS JaHUX 3 aKTHUBHOI TepMorpadii 3 BUKOPHCTAHHSIM HarpiBaHHS Ta OXOJIOJKCHHS
BHMarae JIOCUTh CKJIAIHUX IPOIECiB 0OpOOKH 1 aHaIi3y 300paKeHb TeMIEpaTypHUX MoJiiB. BoHn
MOXYTh OyTH 0OpOOJIeHI 3a JOMOMOTrOI0 PI3HUX MAaTeMaTHMYHHX METOIB, Takux sk Dyp'e-aHanis,
METOAM TOJOBHUX KOMITOHEHT, KJIACTEPHHUH aHami3 Ta iHIN, m00 OoTpuMatu i1HGOpPMAIIIO PO
PO3MOALT TEMIIEpaTyp Ta BUSBUTH MOKIIMBI JeEeKTH a00 MOIIKOHKEHHS B CTAJIEBOMY BUPOOI.
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a) 0)
Puc. 1. YMoBHa miarpama po3mOBCIO/KEHHS TEIlIa B TOBIII METaJly IIPH HarpiBaHHI IUISTHKA
MOBEPXHI CTaJIeBOi KOHCTPYKLIi a) AUIsIHKA 6€3 1e(eKTIB Ta MOLIKOKEeHb, 0) TUISHKA 3
MTOIIKO/PKEHHSM y BUTJISI TPIIIUHA B TOBIII METaTy

Po3noBcrokeHHsT Temia B TOBINI CTaJIeBOi KOHCTPYKINT 3aJ€XHUTh B KUIBKOX (aKTOPiB,
TaKMX K TOBIIMHA KOHCTPYKIIii, BJIACTHUBOCTI MaTepiaylly, TeMIepaTrypa HaBKOJIUIIHBOTO
CEpellOBUINIAa Ta YMOBHU OOpPOOKHM TMOBEPXHI. 3arajioM, TEIJI0O MEPeNaeThbcs BiJ 00JIacTi 3 BHIIOIO
TEeMIepaTyporo 10 00JacTi 3 MEHIIOK TeMIeparypor. Temno NOUMPIOETbCS B CTaJlEBIH
KOHCTPYKITIi BiJl TOUYKH 3 OLIBII BUCOKOI TEMIIEPATypOIO0 JO0 TOYKH 3 MEHIIOI TEMIIEpaTyporo,
3rigHo 3 3akoHoM Dyp'e. Konmu B koHCTpyKuii 3'aBhseTbes AeeKT abo MOMIKOHKEHHS, Take SK
TPIIIMHA, TIPOIIEC PO3MOBCIODKEHHS TEIJIa MOXXE 3MIHMTHCS. TeIuIONpoOBIIHICTH MaTepially B
o0acTi TPIIMHU MOXKe OyTH MEHIIOK, HIXK B IHIIMX O0JIACTSAX KOHCTPYKIIii, yepe3 10 TeIio 0yae
PO3IOBCIO/KYBATHCS 1HAKIIIE.

Jlns koxHOi 0b6nacTi, ne BinOyBaeThcs TeIIonepenaya, iCHye BiIMOBigHE nudepeHIiiaibHe
pIBHSHHS Teruionepenadi. PO3yMiHHS TUHAMIKA PO3MOBCIOIKEHHS TEIIa B CTAJIEBUX OY/iBEITbHUX
KOHCTPYKIIAX JO3BOJISIE BU3HAUUTH PO3MIpH Ae(EKTiB Ta OLUIHUTH iX cepilo3HicTh. Tepmorpadis
JI03BOJISIE BU3HAYUTH TEMIEPATYPHUN PO3MOJIT HAa MOBEPXHI MIISHKH CTajJeBOI KOHCTPYKIIIi, TaK
3BaHMN TemjaoBUH TpanieHT (puc. 2, a). Lleid posmoxin TemmepaTyp € pe3ylbTaToOM
PO3IMOBCIO/DKCHHST TeIjla B TOBII METaly. Y CTajeBiii KOHCTPYKINi 3 TPIIIMHOIO TeIio Oyre
PO3MOBCIOKYBATUCH TO-1HIIOMY, HK Yy KOHCTpYKIii 6e3 nedekriB. TernoBi kKapTHHKM, OTpUMaHi
i 9ac tepmorpadii, MOXKYTh BKa3yBaTH Ha HasBHICTh TPIIMIUH a00 IHIIUX Je(EKTiB, TaK SK BOHU
MOXYTh 3HWKYBATH TEIUIONPOBIAHICTh MaTepialy i TUM CaMMM BUKJIMKATH PI3HHUIIO B TEMIIEpaTypi
MK Je(eKTOM Ta HaBKOJUIIHIM MaTepiaioM 1 Ha TEIUIOBOMY TIpaJi€HTI Takoi AUISHKU Oyne
MOMITHA “CTymiHYacTICTh” (puc. 2, 0).

tmax tmin Lnax Lnin

\ \

\

a) 0)
Puc. 2. YMoBHMII TETUIOBUI TpaliEHT HA MMOBEPXHI AUISTHKU CTAJIEBOI KOHCTPYKIIII a) JTiIsHKA 03
ne(eKTiB Ta MOUIKOKEeHb, 0) TUISTHKA 3 MOIIKOKEHHSM Y BUTIISAAL TPILIMHHA B TOBII METAILy

dakTopy sKi BIUIMBAIOTh HA TOYHICTh PE3YJIbTATiB OOCTEXKEHHS OTPUMAHUX 32 JIOTIOMOTOIO
BUKOPUCTaHHA METOAMKH aKTUBHOI TepMorpadii, a omke # Ti 10 BIUIMBAIOTh HA JOCTOBIPHICTH
00CTEXEeHHS TEXHIYHOTO CTaHy Oy/iBeIbHOI KOHCTPYKIII B IIIOMY MOXHA PO3AUTUTH Ha 2 OCHOBHI
IpyNu: BHYTPILIHI Ta 30BHIILIHI.

BHyTpimHi pakTopu BIIIMBY Ha TOYHICTH 3yMOBJICHI BJIACTUBOCTSMHU MaTepiany OyIiBelbHOI
OTOYYIOUMMH yMOBaMH (K KJIIMATUYHUMHU TaK 1 TEXHOTCHHMMH) Ha MICI[i MPOBEAEHHS POOIT 3
tepmorpadiunoi  nedexrockomii, 0cOOJMBOCTAMH poOOTH  TepMmorpadidyHoro o0JaTHAHHS,
HeoOX1/IHa BIAMOBIAHA KBaJi(ikallis mepcoHany 00 MpoBeICHHS aKTUBHOI TepMorpadii BUMarae Bij
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CTeLiaNicTiB BUCOKOI KBani(ikamii Ta HOCBiAy, a/pke IHTEpHpeTalis pe3yabTaTiB MoXe OyTH
JOCUTH CKJIQJIHOIO 1 BUMarae riimOOKUX 3HaHb (PI3UKH Teruionepeaadi.

Binomoro mpobGiemoro mpu TepmorpadiuHii 1e(eKTOCKOMmii CTalneBUX KOHCTPYKLINA €
BJIACTUBICTH METANIB Bi3€pKaJIOBATH 1HPpauepBOHE BUIIPOMiHEHHs. Lle mpu3BOAUTH 10 TOTO, 110
MeTald MOXYTh BiaOuBatu 10 95% iHGpauepBOHOrO BUIPOMIHIOBAHHS, SKE€ HAIXOAUTh Ha IX
noBepxHio. Koedirient indpayepBororo BumpomiHioBaHHS (a00 koedilieHT emicii) maTepiany
BiI0Opakae WOTO 3/aTHICTh BUIIPOMIHIOBATH €HEPTiI0 B 1H(PpauepBOHOMY Jliara30Hi, MOPIBHIHO 3
YOPHUM TIJIOM, SIKE BUIIPOMIHIOE BCIO OTpuMaHy eHeprito. KoedimieHT emicii 3HaAXOOUTHCS B
nianasoni Bix 0 1o 1, ne 0 BKa3ye Ha MOBHY BIJCYTHICTh BUITPOMIHIOBaHHS, a 1 - Ha MaKCUMaJIbHE
BHUIIPOMIHIOBAaHHS, K Y 4OpHOro Tija. Jliama3zoH koedillieHTIB 1HPPauepBOHOI eMicii I PI3HUX
BH/IIB CTAJICBUX KOHCTPYKIIIH 3a3BUYail KONMMBAETHCS B Mexkax Bix 0,4 mo 0,9 B 3a5eKHOCTI BiJ TUITY
Ta CTaHy NoBepxHi ctam. OgHaK, MOXKYTh OyTH BHUITAJIKH, KOJU KOedilieHTH 1HPpadepBOHOT eMicil
CTAJICBUX KOHCTPYKIIIA MOXYTh BIIPI3HATHCS BiJ] 3a3HAYEHOTO [l1alla30HYy, 3aJIGKHO BiJ CKIATy
cruiaBy, oOpoOku Ta iHmUX (akropiB. Lls BIacTUBICTH METalliB MOXKE BUKIWKATH BHUHHKHEHHS
Bi/I/I3epKaJICHh BUCOKOTEMIIEpaTypHHUX (pucC. 3, a) Ta HaBiTh HU3bKOTEeMIlepaTypHux (puc 3, 0) (B
3aJIe)KHOCTI BiJl BCTAHOBJICHOTO TEIJIOBOTO PEKUMY) OO’€KTIB MMIO TOTPANMMIN N0 TOJS 30PY
iH(ppadepBOHOT KaMepH 1, SIK HACIHIIJOK, BAHUKHEHHS “(hanbIIMBUX’ NeQeKTiB Ha 300pakeHHSX, 110
OTpHMaHi 3a JIOTIOMOTO0 TAaKUX KaMep.

101

a) 0)
Puc. 3. Binazepkaneni iHdpauepBoHi 300pakeHHs a) JJaMIia po3:KaproBaHHsI, 0) orepaTop Ta
iH(pauepBoHa Kamepa

boporucst 13 sBumem BigOuTOro iH(pavyepBOHOrO BHUIPOMIHCHHS TPHU MPOBEACHHI
tepMorpadiunoi  1edeKTOCKOmii  CTalieBUX KOHCTPYKIIH MOXKHA JIEKUIBKOMa IUISXaMH,
ONTUMAIBHUN METOJ OOUPAEThCS BUXOMSIYM 3 TEOMETPUYHUX TAapaMeTpiB KOHCTPYKINi, ii
Marepiajly Ta CTaHy NoOBepxXHi. HalimommpeHIIIUM € MEeTOj HaHECEHHS Ha MpOOJIeMHI AUISHKA
CTAJICBUX KOHCTPYKIIIH CIEiaIbHOTO TEPMOCTIHKOTO MOKPUTTS, 110 MAaTUME BHCOKHH KOe(DIIieHT
iHppadepBOHOI eMicii, HampUKIag TEPMOCTIHKHUX emalieil, J0 CKJaxy SKHX BXOAMTH JIBOOKHC
TUTaHy abo okcuj Xxpomy. Taki emam y BUTIISAI aepo30JIiB JIO3BOJSIOTH IIBUAKO HAHECTH Ha
KOHCTPYKITIIO MIap TOKPUTTSA M0 Oyne MaTH TICHHUM KOHTAaKT 3 TOBEPXHEI0 METally Ta MaTH
koedimieHT iH(ppadepBoHoi emicii Ha piBHI 0,95-0,97. Jlo HEmONIKIB TaKOro MeTOAa MOXKHA
BIIHECTH HEOOXITHICTh BUKOPUCTAHHS 3ac00iB 1HAMBIAYadbHOTO 3aXHCTy NMPU HAHECEHHI TaKWUX
MOKPUTTIB, HEOOXITHICTh TPOCUXAHHSA TMOKPUTTS Ticis HaHeceHHs (O0nu3bko 15-20 XBHIIWH),
BOTHEHEOE3MEYHICTh TaKUX MOKPUTTIB MiJ 4ac HAHECEHHS Ta BUCHXaHHS a TaKOX HEMOXXIIUBICTb
BUKOPHUCTAHHSI TAKUX TOKPUTTIB B JCSIKUX BUMAIKAX.

[HmMM 1i€BUM METOJOM YHUKHYTH 1H(pPauepBOHUX BiTOOpakKeHb Ha TOBEPXHI CTaJIEBUX
KOHCTPYKILIA Ta 3MEHIIMTH BIUIMB 30BHIIIHBOTO CEpeNOBHINA TiJg Yac TepMorpadivyHoi
ne(heKTOCKOTIIT € BUKOPUCTAHHS CIIEIIaIbHOI 3aXMCHOI OJeHaM A1 1H(ppadepBoHOI KaMepu. bienna
s iHppadepBOHOT KaMepH - 1€ CHeUiaJbHUH ajanTep, 10 BUKOPUCTOBYETHCS ISl 3MEHIICHHS
BIUTUBY (haKTOPIB 30BHINTHHOTO CEPEIOBHUIIA HA SIKICTh OTPUMaHUX 300paxeHb. OCHOBHA (YHKIIIS
OJleHaM TOJIATae B 3MEHIIICHHI Mapa3uTHOTO BUIPOMIHIOBAHHS 3 HaBKOJUIIIHBOTO CEPEIOBUIIA, 110
MOK€ BIUIMBAaTH Ha SIKICTh 300pakeHHsA. brieHna ckiamaeTbcss 3 JBOX YacTHH: ajanrtepa IIo
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KpinmuThcsl  Oe3mocepeHb0 10 iH(padyepBOHOI KaMepu Ta TPyO4aToro MPHUCTOCYBAHHS
IpUKpiuIeHoro a0 aganrtepa. [IpuHuun aii GieHan monsrae B TOMy, 110 BOHA OOMEXYE T0JIe 30py
iH(payepBOHOI KaMepH, IO JACIIO 3MEHIIYE TUIONTY JIJISHKH KOHCTPYKIIIT Ky MOKHA OOCTEXHUTH 32
OJIMH KaJIp, ajie el HelOJIK HiBEJIOEThCS TUM IO Taka OJeHJa MpH MpaBUIHLHOMY BUKOPUCTAHHI
J03BOJISIE MaiKe TOBHICTIO MO30YTHICS BIUIMBY 30BHINIHIX YMHHUKIB Ha MPOIEC OTPUMAHHS
TepMiYyHUX 300pakeHb. E(exkTuBHICTH BHKOpHCTaHHS OJeHAM Ui 1H(padyepBOHOI KamepH
3HM)KYEThCS KOJNM ONTHYHA BiCh O0’€KTHBAa KaMepu HE pO3TAIIOBAHA NEPHEHIAMKYISPHO JI0
MOBEPXHI 00CTEXYBaHOI KOHCTPYKIii. YuM Ounblie BiIXWICHHS ONTHYHOI OCi iH(pauepBOHOI
kamepu Bix kyTa 90° TuMm MeHma Oyae eeKTUBHICTh 3aCTOCYBaHHsI OJICH/IH, OCKIJIBKH TOII0HO 110
BUJIMMOTO CBITJIa KYT BiIOMBaHHA 1H(QpPauepBOHOTO BUIIPOMIHIOBAHHS JOPIBHIOE KYTY IiJ SKUM L€
BUIIPOMIHEHHS 113/1a€ HA MOBEPXHIO, TAKUM YHHOM IIPU JOTPUMAaHHI NEPHIEHANKYISPHOCTI 3aBISIKH
OneHni 30BHINIHE “napa3uTHE” BHUIIPOMIHIOBaHHS He Oyne momajgaTth B IOJIe 30py KaMepu 1 He
CTBOPHTH BiIOMCKiB. [1i yac mpoBeeHHS TEOPETUIHHUX Ta EKCIIEPUMEHTAIBHUX JOCIIIKEHBb OYI10
PO3pO0JIEHO KOHCTPYKIIIO CUCTEMH JUIS HEPYHHIBHOTO KOHTPOJIO TEXHIYHOIO CTaHy METaJIeBUX
KOHCTPYKITIH MeTo0M akTuBHOI TepMorpadii [8] (puc. 4) sika BKiIouae iH(padepBOHY Kamepy,
NpUCTPiI Juis BcTaHOBIeHHA [Y kamepu, TemsonorinHaio4yy OJieHAy, piBeHb, THYUYKY CTOHKY,
JIa3epHUM BKa31BHHK, TJIOCKUH I3epKAIbHUNA pedieKTop, yIOBIIOBAY BiAA3EPKAICHOTO Ja3epHOTO
BUNIPOMIHEHHSI Ta TMOCTiMHI MAarHiTH KpIIJIGHHS THYYKOI CTOHKM Ta IUIOCKOTO JI3€pPKaJIbHOTO
pedrnekTopa, sKi BCTAaHOBIIOIOTBCI Ha OOCTEXKYBaHY METAJIeBy KOHCTPYKIlito. Po3poOiena
KOHCTPYKLIA J1e(EeKTOCKOIy J03BOJIIE JTOTPUMYBATHCA TEPHEHIUKYISPHOCTI ONTHYHOI OCi
iH(payepBOHOiI KaMepu MO BIIHOIIEHHIO J0 OOCTEXyBaHOI KOHCTPYKIII a TaKOX BUTPUMYBATH
ONITUMAJIbHY BiZICTaHb BiJl 00CTE)KYyBaHOT KOHCTPYKIIii 10 00’ €KTHBA MPHUIIALY.

Puc. 4. Jledexrockorn iHhpadepBoHHT MOOITEHUH a) ecKi3, 0) GOTO MPOTOTUITY

Pazom 3 BumIe3a3HauCHUMHU aCIIEKTaMHU, TAaKOXK JYXKe BaXKJIMBY POJIb M€ 1 CIOCIO TEPMIUHOTO
30ymkeHHs  (HarpiBaHHsI) OOCTEeXYBaHOI IUISHKM  KOHCTpykmii. [limx dWac mpoBemeHHS
eKCIIEpUMEHTAIBHUX JIOCTIKEHb OyJ0 3aCTOCOBAHO JEKIIbKAa BUAIB HarpiBaHHS JOCIHIKYBaHOT
TISTHKA, a caMe: HarpiBaHHsS €JIEKTPUYHOIO JTyrolo, HAarpiBaHHs MOTOKOM TMOBITPS, KOHTAKTHHM
HarpiB, HarpiB iH(pauepBOHUM BUIIPOMiHEHHSM. Ilpu HarpiBi BiA eJIeKTpUYHOI AYrd TEIJIoBa
IJIsIMa Ha TTOBEPXHI TUISTHKH JOCIIHKYBaHOI KOHCTPYKIli Oysa Maja a TEIUIOBHM IpalieHT (puc. 5)
OyB y’K€ KOHTPACTHUM IO HE JaBaJIO 3MOT'Y YiTKO BUIUIATU Ae()EeKTH Ha TepMOrpaMax

[Ipu HarpiBaHHI OOCTEXYyBaHOi KOHCTPYKIIii 3a JOMOMOTOI0 CTPYMEHSI Tapsdyoro MOBITPS
BOXJIUBY POJIb Tpa€ CTaH MOBEPXHI JOCHIIKYBaHOT KOHCTPYKIii. OCKIIBKM NPH BUKOPUCTAHHI
TaKoro BHUJY HarpiBaHHsS BHUHHMKA€ TIOTIK TapsyOro TMOBITPSI IO PYXA€TbCS B3OBXK IMOBEPXHI
KOHCTPYKILIi BCi BHUCTyHaro4di €JIeMEHTH peibedy MOBEpPXHI IMOYMHAIOTH HArpiBaTUCs Oiiblie
OCKITbKM BOHH UHHSATH OIMIp TOTOKY IOBITPS IO PYXAa€ThCs B3IOBX HUX B TaKWX MICIISIX
BiIOYBa€THCS JIOKAJIbHE 3HIKEHHS IBUAKOCTI MOTOKY 1 BUHHKAIOTh 30HH IMEPErpiBY SKi MOXKIMBO
cnpuitHATH 3a nedextu abo momkomkeHHs (puc. 6). KoHTakTHUN HarpiB cTajeBUX OyIiBEIBHUX
KOHCTPYKILINA 3 ypaxyBaHHSAM iX pEaJlbHOTO CTaHy B YMOBax €KCIUIyaTalii moTpedye 3HauHUX
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3yCUJIb TIPU TIATOTOBIII TIOBEPXHI, OCKUIBKM IS peajizallii mepeBar IIbOTO METoJa IMOTPiOeH
IITBHUM KOHTAaKT MOBEPXHI HarpiBaua 0e3mocepeiHbO 3 METaJOM OOCTEe)KyBaHOT KOHCTPYKIIi. 3a
MIJICYMKaMH  €KCIIEPUMEHTAIBHUX  JOCHIIKEHb Oyau 3poO0JIeHI BHCHOBKHM TIpO  T€ IO
BUII[E3a3HAUYCHUN METOJl HarpiBy Majlo WiAXOAUTh I TepMorpadiyHoi aedexTockormii
EKCIUTYyaTOBaHUX CTAJIEBUX OY/IIBEIbBHUX KOHCTPYKIIIM.

Puc. 5. Tepmorpama 3pa3zky ctaneBoi OyAiBeIbHOT KOHCTPYKIIIT MICIs HAarpiBaHHA ii 32 IOTOMOTOIO0
€JIEKTPUYHOIL 1yru

Puc. 6. Tepmorpama 30HH JTIOKaJILHOTO NIEPETPIBY BUKIIMKAHOTO KAPMAaHOM IO YTBOPUBCS Yepe3
BiJIapyBaHHs mapy (hapOu Bif MOBEpXHi CTaeBOI KOHCTPYKIIii

HaifonTumanbHIIIUM BUSBUBCS METOJA 1H(pauepBOHUN HArpiBy HOCHIJKYBAHOI IIISHKH
CTaJICBOI KOHCTPYKIIIi 32 JOTIOMOTOI0 KE€paMivHUX 1H(PpauyepBOHUX HArpiBadiB, SKi 3aKPIMLTIOIOTHCS
Ha MaJii BigcTai (1-2 cM) BiJ MOBEpXHI KOHCTPYKIIII 32 JOTOMOT'0I0 MOCTIMHUX MarHiTiB.

BukopucranHss Takoi CHCTEMH HarpiBy JO3BOJIIE TOYHO JIOKATi3yBaTH MicCIle HArpiBy i
KOHTPOJIIOBATH PO3MIp TEIUIOBOI IUJIIMH HA MOBEPXHI JOCTIIKYBaHOI KOHCTPYKIIi 3a JTIOTIOMOTOIO
3MIHH PO3MIpY Ta TOTYXXHOCTI KepamidyHUX HarpiBadiB. [lo€qHaHHS ONTHUMAIBHOTO PO3MIPY
TEIUIOBOI UMM Ta KOHTPACTY TEIUIOBOTO TPATIE€HTY IO BUHUKAIOTH BHACIHIJOK HarpiBaHHS 3a
JIOTIOMOT'OF0 KE€PaMIYHHMX HarpiBadiB J03BOJISIE BUSIBUTH OUIBIIICTH JAE(PEKTIB Ta MOMIKOHKEHB IO
IpUTAMaHHI JJIs1 eKCIUTyaTOBaHUX CTAJEeBUX OyAiBeTbHUX KOHCTpYKIiH. Ilin yac mocmimpkens 0yio
po3po0IeHO KOHCTPYKIlI0 MOOUTBHOTO 1H(ppauepBoHoro HarpiBada [9] (Puc. 7), axuii BKItOUae
KepaMiuyHUi TJIOCKUN 1H(padyepBOHUN BUIPOMIHIOBAY, KapKac 3 KpPHUIIKOI Ta pPydKaMu s
BCTAHOBJICHHS 1H()PAadepBOHOTO HarpiBaya, BUHOCHHUH JAaTYMK EJIEKTPOHHOTO TEPMOPETYIATOpa,
MOCTIHI MAarHiTH, MO 3aKpilUIeHI Ha Kapkaci 1 BUHOCHOMY JaTyhKy 1 JIO3BOJISIOTH KPIIHUTH
HarpiBad /10 00CTeXyBaHOT METAIIEBOI KOHCTPYKIIIi.

a) 0)
Puc. 7. MoOinbpHul iHppauepBOHUI HarpiBay a) ecki3, 0) poTo npoToTHILY
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BucnoBku. AxtuBHa Tepmorpadis € TOTYKHUM 1HCTPYMEHTOM ISl 1e(hEeKTOCKOTMIT CTaJIeBUX
OyniBeTbHUX KOHCTPYKLIH, SIKMM O3BOJSE BUSBIATH HEBUAWMI JAe(EKTH: TPIIIMHHU, KOPO3iiHi
MIOIIKO/DKCHHST Ta 1HINI aHOMaIii, K1 MOXYTh TPHU3BECTH 10 HEOE3MeKH PYHHYBaHHS CTAJICBUX
OyniBeTbHUX KOHCTPYKLIH.

Haii0inp11 3Ha4HUM acTIeKTOM 10 MOJKE BIUIMBATH Ha SKICTh TepMorpadiunoi nedexrockomii
€ XapakTepucTHKa iH(pauyepBOHOI eMicii MOCHiKyBaHOT NIISHKH KOHCTpykKHii. [lokpammru
CUTYyaIlll0 MOX€ HAaHECCHHs CHEIiaIbHOTO TEPMOCTIHKOTO TEIIONOTJIMHAIOYOTO TOKPHUTTS, SKE
MOJKE€ 3HAYHO MiJBUIIMTH MOKa3HHUK iH(pauepBOoHOi eMicii. TakoX BUPIMIUTU MPOOJIEMY HU3BKOI
iH(ppayepBoHOi emicii Ta iHGpaUYepBOHUX BIAI3EPKAICHh MOXKE 3aCTOCYBaHHS 1H(pPadyepBOHOI
Onennu. [{nsg nonerieHHs BUKOPUCTaHHS OJeH 1 Oyia po3po0iieHa creniaibHa yCTaHOBKA.

[HII0%0, HE MEHINI BaXXJIMBOIO YAaCTUHOI PoOO0TH, 3 TepMorpadiunoi aedexrockorii € BuOip
METOAY Ta Miclisl HarpiBy KOHCTpYKIii. Ha 0CHOBI mpoBeneHUX JOCTiKEeHb 0YyJ10 BCTAaHOBJIEHO, 110
ONTUMAIBHUM OyB MeTOJ iH(pauepBOHOTO HArpiBy. J[7s miaBUINECHHS €EKTUBHOCTI HArpiBy OYJI0
po3po0ieHo MOOLTbHI 1H(ppauepBOHI HAarpiBadi AKi JONOMOTJIM TOYHO JIOKAJIi3yBaTH Miclle HarpiBy
Ta 00paTH ONTUMAaIbHI PESKUMH HArPiBY.

Hapasi BeneTbcst po3poOKa Ta MiArOTOBKA 10 MAaTEHTYBAaHHS 1H(PauepBOHOTO €KpaHy SKHMA
JACTh 3MOTY IPHU HOT0 PO3MIIIEHI Ha MMOBEPXHI CTaJIeBOT KOHCTPYKIIIT MiIBUIINUTH ii 1H(QpadepBOHY
eMicito 0e3 BUKOPHCTAHHS CIEHiaIbHUX TETUIONOTIIMHAIOYNX MOKpUTTIB. [lomaneImi qociimKeHHs
TAaKOXX IUIAHYETHCS TPOBOJAWTH B HANPSMKY MOKpAIICHHS MPOTPaMHOTrO 3a0e3NedyeHHs M0
BUKOPHUCTOBYETHCS JJIsi OOPOOKHM pe3yabTaTiB OTPUMAHHMX MiA 4Yac TepMOrpadiuHUX IOCHIIKEHb
€KCIUTyaTOBaHUX CTAJICBUX OyMiBEIbHUX KOHCTPYKIIIH a TaKOK aBTOMAaTH3aIlii MOIIyKy 1e(eKTiB Ta
MOIIKO/KEHb Ha TEPMOTpaMax.
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Annotation. The article presents the results of a study of the features of the use of
thermographic flaw detection for steel building structures, taking into account their actual state
under operating conditions. Since these structures are subjected to significant loads, they are subject
to failure, including cracking, corrosion, rupture, and other damage. Compliance with the safe
operation of steel structures is essential to ensure the safety of personnel and the normal production
process. Compliance with safety rules should be regular and systematic, including periodic
inspections and diagnosing the condition of steel structures. Thermographic flaw detection methods
consists in measuring the surface temperature of a structure using infrared cameras and detecting
temperature anomalies that may indicate the presence of defects. The objective of the study is to
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increase the efficiency of using the active thermography method for examining operated steel
structures. Identify possible difficulties that will arise in the application of this method, and develop
recommendations to overcome the identified problems. The most significant aspect that can affect
the quality of thermographic flaw detection is a characteristic of infrared emission of the
investigated structure’s part. The low value of this indicator leads to an increase in the amount of
false data, which in turn reduces the reliability of the obtained results. Another equally important
part of the work of an engineer in thermographic flaw detection is the choice of the method and
place of heating the structure, which depends on specific cases and inspection tasks. Eventually,
active thermography may be useful and effective method for flaw detection of steel building
structures. However, its application must be carried out in the context of all factors that may affect
the accuracy and efficiency of the equipment concerned.

Keywords: steel structures, crack, thermography, infrared camera, non-destructive testing,
infrared emission, thermal gradient.
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Hayionanvuuii ynieepcumem «llonmascovra nonimexuixa imeni FOpia Konopamiwoxay

Anorauisi. HaBeneno iHdopmariito mo0 HaWTIOMIMPEHIMUX THUITIB METAICBUX CHJIOCIB 3a
KOHCTPYKIII€I0 Kopiycy. PO3MISIHYTO KOHCTPYKLIIO CTaleBUX CIHipanbHO-()aIbIIeBUX CHIIOCIB.
[IpoanamizoBano crnenudiKy KOHCTPYKII CHipaJbHO-()AIBIIEBOTO CHIIOCY, sSIKa BIUIMBAE Ha iX
HanpyXeHo-7eopMoBaHmii cTaH. HaBeneHO XapaKTEpUCTHKH CHIIOCY, 3 SIKOTO Oylu B3STI 3pasku
IJISl TIPOBENICHHS CKCIIEpUMEHTY. PO3mIsiHyTO 3pasku Ta OoOJagHaHHS Uil €KCHepHUMEHTAIBHOTO
JOCIIJKEHHSI CTIHKA METaJeBOT0 CHipaibHO-(anbIeBoro cuiocy. Bussineno xapakrep nedopmartii
MDK(]aIbIeBOi 30HM Ta XapakTep PO3KpPUTTS (anblleBOr0 3aMKa TMpU [ii  3THUHAKUYOTO
HaBaHTAXCHHs. 3po0JICHO aHai3 OTPUMAHUX PE3Y/IbTaTiB eKCIEPUMEHTAIBHOTO 10CIIIHKEHHS.

KurouoBi ciaoBa: meraneBuil cuiioc, cHipadbHO-(GaIbIeBUA CHIOC, (ajbIEBUA 3aMOK,
HanpyXeHO-71e(OPMOBAHHI CTaH

Beryn. Ykpaina € omHUM 3 JiiepiB B CBITOBOMY arpapHoMmy ekcropTi. CTaHOM Ha MO4YaTok
2022 p. Ykpaina morna 30epiratu O0au3pko 50-60 MuH TOHH 3epHa. Y pealisiX BOEHHOTO CTaHy
arpornpoMHUCIOBHM KOMIUIEKC YKpaiHU 3a3Ha€ 3HauHuX BTpar. CraHoMm Ha TpaBeHb 2022 p. YkpaiHa
BXKE BTpaTwia Maibke 13 MIIH. T eleBaTOPHUX IMOTY)KHOCTEH, YaCTUHA 3€PHOCKJIAJIB TMOBHICTIO
3pyliHOBaHAa, YaCTHHA ONHWHHIIACS Ha OKYIMOBAaHWUX TEPHUTOpPisiX. B 3B’sA3Ky 3 UM TOCTae
HEOOX1/IHICTh B €JIEBaTOPHUX MOTYKHOCTSIX, @ CaMe B IIBUJIKOMOHTYEMHUX, €KOHOMIYHUX €MHOCTSIX.
Y Takux €MHOCTSX UIMPOKO 3aCTOCOBYIOTbCS OOOJOHKM O0OepTaHHS, IO € OJHIEI 3
Halie()EKTUBHIMIMX HECYYHX KOHCTPYKIIIH, TIEPEBaror0 sSKOi € €KOHOMis MaTepiaiiB 1 3MCHIICHHS
Baru KOHCTpyKUii. LlumiHapuyuHi 000JI0HKM BUKOPUCTOBYIOTHCS B 0ararbox cdepax 3aBIsSKU CBOIN
ocoOnuBIA TeoMeTpuuHid KoHiryparii. OgHUMH 3 HAWUPO3MOBCIOKEHIINX TMPUKIAIIB TaKUX
criopya € cwiocH. [HHOBaIliiiHa KOHCTPYKIISl JIETKUX, 1HAYCTpiaJIbHUX CHJIOCIB — 1€ METaleBi
CUJIOCH CIIpajibHO-(aIbIIEeBOTO THITY. Ili kOHCTPYKIIi 3HaXOAATBCSA TMiA €0 Oararbox
HABAaHTAXXCHb, K 3BUYAMHMX JJI1 OUTHIIOCTI MPOMUCIOBHUX CHOpyH (Bara Bij oONaJHaHHS, BIacHA
Bara, BiTep, CHIT), Tak 1 crnenu(pidyHuX (THCK CHIIyYUX MaTepiaiiB, PEaKTHBHUN OIp TPYHTY,
BU3BAHUH Barol MMX CHUIy4dX MarepianiB). HaBaHTakeHHS Bil THUCKY CHUIyYyMX MarepiajiB
JOCSITAIOTh 3HAYHMX BEJIMYMH, TOMY iX BIUTMB Yy OUTBIIOCTI BHUIAAKIB € BUpIMIAJbHUM. BenuduHa
TUCKY Ha IPYHT IPH 3aBaHTA)XEHHI Ta BUBAHTAKCHHI MOXKE HIBHJKO 3MIHIOBATHUCH, 1[0 CTBOPIOE
JIOJTATKOB1 OCOOMBOCTI poOOTH criopyau Ta ii ocHoBH. [lix "ac ekcruryararlii MeTaJieBuX €EMHOCTEH
€ BIpOTiIHICTh BAHUKHEHHS BiJIMOBU KOHCTPYKLIi B 3B 513Ky 3 pyHHYBaHHSAM CTiHKH.

AHaJIi3 0OCTaHHIX /Kepes q0caiIxkeHb i myoaikaniii. JlociiukeHHIMH pOOOTH Ta aHATI30M
KOHCTPYKIIII METalleBUX CHJIOCIB 3aiMAaEThCsl BENHMKA KUTbKICTh HaykoBIliB. J[x.P. MakKamMoHT
OZHMM 3 MEPUINX KIacu(iKyBaB CUIOCH Ta pO3MIISAHYB iX ocobimBocTi [1]. Benukwuii Bkiiag 3po0umm
Potep M. Ta I'etinopn E., y cBoix kHurax [2 — 3] BOHM HAIalOTh JAETAIbHY 1H(OPMAIIII0O CTOCOBHO
KOHCTPYKIIl CHJIOCIB, HaBaHTa&XEHb Ta BIUIMBIB Ha €MHOCTI, OIHUCYIOTh pPO3paXyHKHU
KOHCTPYKIIIHHUX €JIEMEHTIB Ta XapaKTEPHCTHKH CUITYYMX MarepiajiiB, sKi Ha HHUX BIUIUBAIOTh.
bnaiit I'., Ke6em X., Monenna M., Xanbxya 0., Yanrs 3. [4 — 8] mpucBsatuiau cBoi podoTH
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EKCIIEPUMEHTAJIbHIUM JIOCTI/DKEHHSIM BIUTHMBY THCKY CHUITyYHX MarepialliB, B 3aJIEKHOCTI Big ix
XapaKTepPUCTUK, Ha OOOJIOHKH TIAJKHX Ta ro()pOBaHUX METaleBHX CHIIOCIB. JloranryH A. y cBoii
poOOTi TOCHIINB BUITAKU PYHHYBAHHS CHJIOCHUX €MHOCTEH, 3p0OUB OIS MOIMIUPEHUX MOMMIIOK
MIPU PO3paxyHKax, sKi MOXKYTb MPU3BECTH 110 aBapii koHCTpyKIii [9]. Ciarep k. Ta Poyzen A. [10]
JIOCITII)KYBall BIUTUB €KCIICHTPUYHHUX HABAaHTAXECHb, TEOMETPUYHUX JE(PEKTIB 1 TPAHUIHUX YMOB
BiJl HaBaHTaXEHHs Ha Jedopmarlii MOCHICHUX MIWIIHAPUIHUX obOosoHoK. [ac I1. Ta iH. B poboTi
[11] omucany MOBENIHKY IMUIIHIPUYHUX OOOJIOHOK MPU KOMOIHOBAaHOMY HAaBaHTaXXCHHI Pa3oM 3
aHaiizom HafiiHocTi. [Tactepnak I'. Ta iHIII PO3MISHYIU PO3BUTOK TEOPii CTIMKOCTI OOOJIOHKU Ta
MPEICTABWIN OIVISI TMOTOYHOTO CTaHy Ta TEHACHIN JOCHIIKEHHS CTIMKOCTI TOCHUIEHOL
IAJTHIPUIHOT 000710HKH [12].

Buninenns He po3’si3aHuX paHillle YaCTHH 3arajbHoi npoodaemu. He3paxkatoun Ha BENUKY
KUTBKICTh HAyKOBUX pOOIT, CHipanbHO-(aIbleBl CHIOCH € HE JOCHiKCHHUMH. BiJICyTHICTBH
eKCIEPUMEHTAJIbHUX JOCIKEHb €JIEMEHTIB IMX CTaleBUX JIMCTOBUX KOHCTPYKIIHM cTpumye ix
po3BuTOK Ha Teputopii Ykpainu. [loctaHoBKka 3aBaaHHs. 3aBIaHHSAM IIi€] CTATTi € ONMuUC i aHami3
pEe3YJbTaTIB  €KCIMEPUMEHTAIBbHUX  JIOCTIDKeHh  HaIpYyXKeHO-Ie()OPMOBAHOTO CTaHy  CTIHKH
METAaJIEBOTO CIipaTbHO-(PaTIBIIEBOTO CUIIOCY.

OcHoBHUIi MaTepian i pe3yabraTH. ICHye BenMKa KUIBKICTh KOHCTPYKTMBHHX pIIIEHb
MetaneBux cuiociB [13]. IlommpeHnMu KOHCTPYKIISIMH 32 THUIIOM KOPIYCY € TaHEIbHI CHUJIOCH,
BUTOTOBJICH] 13 TOPpOBaHUX a00 TIIAAKUX MaHese, 3’ €THaHUX MK COOOI0 3a JT0IIOMOTOI0 OOJITIB, Ta
3BapHi cuiocu. OgHaK B JaHUM Yac 3pOCTaHHS BapTOCTI MarepialliB BHKJIMKA€E IMOTpPeOy B
3MEHIIIEHHI MaTepialOEMHOCTI KOHCTPYKIIii, 110 CIIOHYKa€e BUPOOHUKIB LMITIHAPUYHUX CHUIIOCIB J0
MOITYKY HOBUX THIIIB KOHCTPYKIIiT 000JIOHOK.

3acTOCyBaHHS CHJIOCIB, IO CKJIQJalOThCS 3 TOHKHX OOOJIOHOK 3 MIIHUMHU KUTbIEBUMU
pedpaMH  JKOPCTKOCTi, JO3BOJISIE 1X  KOHCTPYKIISIM  aJCKBAaTHO  BIJMOBIJATH  THIIOBUM
HABaHTAXCHHSAM Ta OyTH €KOHOMIYHO OOrpyHTOBaHMMH. [IpHKIaOoM Takoro THUITy KOHCTPYKIII €
cripanbHO-(asbieBi cunocu (puc.l).

Puc. 1. CnipanbHo-(anbiieBi cunocu
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Kopmyc cumocy siBiisie co00r0 CHUCTEMY CHIpaJIbHOTO 3'€THAHHS CTAJIEBOI CTPIUKH IUISIXOM
MOJBIITHOTO BaJBIIOBAaHHA 3 OJHOYACHUM (OpMYBaHHSIM (ajbleBOro pedpa 3aMKHYTOTO THILY.
danpueBuil 3aMOK PO3TAIOBAHNH 330BHI CTIHKH CHIJIOCY i/l HE3HAYHUM KYTOM JI0 TOPU30HTAIBHOT
IUTOIIMHYU W yTBOpPIOE KinblieBi pedpa. TexHonoris Oyna BuHaiineHa HiMelbKUM BueHUM KcaBepom
Jlinmom y 1968 p. [14]. Ilpotsirom necatu poKiB BUBYCHHS 1 JOCHIDKEHHS Ha TMPAKTHI 15
TEXHOJIOTisl YCIIIITHO 3apeKoMeHayBaia cele, 1 3 modarky 70-X poKiB 1Mo4yayiocsi BEJIMKOMACIITa0He
BUPOOHHUIITBO OIMHKOBAHUX CTAJIEBUX CHIJIOCIB TAKOTO THITY.

Koncrpykuist crinku cusocis  criipaabHO-(asibleBOro TUIy CYTTEBO BiIPI3HAETHCS Bif
3BApHUX Ta TPAAUIIIHHUX METalleBHX 30IpHUX CHIIOCIB 13 roppoBaHHMX TMaHENeH Ha OOJITOBUX
3’enHaHHAX. lonoBHa crenugika crmipanbHO-(aIbIEeBUX CHUJIOCIB TOJSAra€e B HAsSBHOCTI pedpa
(danbsueBoro tumy [15].

OCHOBHI 0COOJIMBOCTI KOHCTPYKIIIi CHipaJIbHO-()abIIEBOTO CHUJIOCY, SKI BIUIMBAIOTh Ha iX

HarpyxeHo-JeopManiiHIi CTaH, MOJATalOTh B HACTYITHOMY.
—  Pebpa po3MilaThes Mo cripaiti, ale i He3HaYHUM KyTOM HaXHJy BUTKa, 61usbko 1°.

— Brkazani pebpa ¢anbiieBoro TUMy MpaoTh B YMOBaX CKJIATHOTO HAMPY>KEHOTO cTaHy. BoHn
HE TUIBKU IiJIBUINIYIOTh >KOPCTKICTh KOHCTPYKI[i OOOJIOHKHM CHJIOCY Ha PO3TAT Ta 3TUH B
KUTBIICBOMY HANPSIMKY, aJie B TOW K€ 4ac 3HUKYIOTh )KOPCTKICTh KOHCTPYKIIIi Y3/IOBX TBIpHOL
3a paxyHOK 3aKpyIJIeHb B MICIIAX MEPEXOay CTIHKA OOOJOHKH B mepepiz pedpa. [lozmomxkHi
3YCHJUIS, SIKI YTBOPIOIOTHCS B CTIHIN IMUJIIHAPUYHOT OOOJIOHKH B MICISIX PO3MIIIEHHS pedep,
MepeJaloThCsl 3 BEPXHbOI YACTUHU HA HUKHIO 3 EKCHEHTPUCUTETOM, SIKUH MTPU3BOAUTH [0
JOJIATKOBOI Aedopmariii, Ik B CTIHIII 00OJIOHKH, TaK Ha MIK(aJIbIIEBY 30HY.

— 3 ommay Ha BKa3aHI OCOOJHMBOCTI, JKOPCTKICTh Ta MIANATIWBICTH (anblieBoro pedpa, 5K
CTHUKOBOTO €JIeMEHTa (allblieBOr0 THUIY, CYTTE€BO BIJIPI3HAETHCS MPH CTUCKY Ta pPO3TATY
00O0JIOHKH CHJIOCY Y3/I0BX (hOpMYIOYOi, IIT0 B PSIIY BUITAJIKIB 30BHINIHIX BIUIUBIB, HAITPUKJIA,
B1JI BITPOBOTO HAaBaHTAXECHHS, MOTpeOye PO3MIISAY PO3paxyHKy OOOJIOHKH SIK KOHCTPYKTHBHO-
HENIHINHOI CUCTEMH.

VY naboparopii HamionansHoro yHiBepcutery «llonraBchka momiTexHika imeHi FOpis
Konpaparioka» (arecrar akpemutamii Ne 20174 Bim 11 uepBus 2020 p.) Oymo mpoBeneHO
eKCIIEpPUMEHTAIbHE TOCIIPKEHHS poOO0TH (anblieBoro pedpa mig yac po3TaryBaHHs. JlocmiKeHHs
MOKa3aJio, M0 XapakTep poooTH (anblist 10 pyHHYBaHHS B OCHOBHOMY BiJIITOBI/Ia€ MO3arpaHUIHOMY
CTaHy 00OOJIOHKH CIipalibHO-(haIbLIE€BOTO CHIIOCY 1 MATBEPAMIIO HOTO HAAIWHICTD MPH i1 MOXKIIUBHX
MIIBUIIICHUX aBapiiHUX HaBaHTaXeHb [16].

HaiinmommupenimmM BUIOM pyHHYBaHHS CTiH CHipajdbHO-(aNbIEBUX CHIOCIB € pyWHYBaHHS
Bil 3TUHY, fKE, SK TMPABWJIO, € PANTOBHM 1 YacTO MPU3BOAUTH N0 KaracTpoidyHUX aBapiil.
[TpyunHAMU 3THHY CTIHKH CIipajJbHO-(albLEeBUX CHIIOCIB €: HEUliIbHE OOTHCHEHHS (haibleBOTO
3’€THaHHS, TPIMUHU Yy ¢anpliax, SKi BHUHUKAIOTH 13-32 HEJOCTAaTHHOI IUIACTUYHOCTI CTalli,
MOYATKOBUH MPOTUH MiXK(aJIbLIeBOT 30HH, IKUH MOKe BUHUKHYTH B ITPOLIECI MOHTAXY.

JIisi BUSIBIIGHHSI XapakTepy poOOTH CTIHKH CITipalibHO-(aIbIIeBOr0 CUJIOCY Ha 3TUH OyIlo
MPOBEIEHO EKCIIEPUMEHTAIbHE JOCHiKEeHHS. MeTa JOCHIKeHHS — eKCIEpUMEHTAIbHO
BCTAaHOBHUTH 3MiHY Aedopmailiii ¢aaplieBOro 3’€IHAHHS Yy MPOIeC] HaBAaHTAKEHHS Ta BU3HAYUTH
HanpyXeHO-7e(OPMOBAHHI CTaH CTIHKU CUJIOCY Ha €Tanax 3THHY.

JI1st ekcriepuMEeHTaIbHOTO AOCIIKEHHS OYB B3SATHI €JIEMEHT CTIHKU CITIpajbHO-(PaIbIIeBOTO
cusiocy aiisi 30epiraHHa TpiCKU AepeBHUHH. DparMeHT CTIHKU CHIIOCY, SIKMH OyB pO3AUICHHN Ha
€KCIIepUMEHTAJIbHI 3pa3ku (puc.2, a), OyB OTpUMaHWN NPH BIAINTYBaHHI TEXHOJOTIYHOTO OTBOPY
IUIE MOHTaXxy BopiT. ['abaputu cuiocy — miamerp 8 M, BUcoTa Koprycy 17 M, 3araabHuil 00’eM
36epiranHs Marepiany 650 m>. KinbkicTs 3paskis — 10 1.
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Puc. 2. ExcnepruMeHTaIbHUM 3pa30K: a — 3arajJbHUN BUTIIAL;
0 — po3TalryBaHHs Ta HyMepallis TeH30/1aTYUKIB Ta 1HIUKATOPIB Ha 3pa3Kax;
1 - 13 — ren3opesucropu; I-1 - [-4 — iHIUKATOPH TOAUHHUKOBOTO THITY

XapakTepucTUKH 3pa3ka - Mapka craini — DX51D+Z1400, mexaniuHl XapaKTEPUCTHUKUA CTaJi:
TpaHUI IUIMHHOCTI ctam o, = 251MIla; mexa minHoCTi Ha po3tsar Rm =320M/la , 3anumkose

BIJIHOCHE BHJIOBKEHHS Ticis po3puBy A = 16% [17]. [Hupuna 3pazka — 150 mm, nosxuHa — 565
MM, ToBumMHa — 4 wmM. llupuna 3paska mnpuiiHATa 3 YMOBHM HAIIHHOTO 3aKpilJIeHHA Y
BUMPOOYBaJIbHIA MAaIllMHI, JOBKHHA — 3 yYMOBHM HAIIMHOTO 3aKpIMJICHHS, a TaKOXX MOXKJIMBOCTI
BUMIPSTH TPOTUHU MIK(aNbLEeBOI 30HU CTIHKH CWJIOCY Ta BU3HAUUTH BEIMYMHY Ta XapakTep
PO3KpUTTA (pasIbIICBUX 3aMKa BiJ 3THHY. 3pa3ok OyB HEPYXOMO 3aKpiIJICHUH Ha METaJeBild TpaBepci,
JUTSL BIITIOBITHOCTI BUITPOOYBAHHS €JIEMEHTa CTIHKA POOOTI B CKJIajli 0O0IIOHKH.

Jlyis BU3HAYEHHSI BETUYMHU PO3KPUTTS (aiblieBOrO 3aMKa BUKOPHUCTOBYBAJIUCS 1HAMKATOPU
TOIMHHHUKOBOTO TUIy 3 LiHOIO JniieHHs 0,01 mm. s oTpuMyBaHHSI €KCIIEPUMEHTAIbHUX 3HAYCHb
BIIHOCHHX JedopMmalliii CTIHKM CHJIOCY, Ha EKCIIEpUMEHTalbHI 3pa3ku Oymu HakieeHi 13
SJIEKTPUYHHUX TEH30pe3UCTOpiB 3 0a3or0 20 MM. Cxema HakKJICIOBaHHS TEH30pPE3UCTOPIB HaBEAEHA
Ha puc. 2, 6. [TokazaHHs 3 TEH30PE3UCTOPIB 3HIMAIIUCH 3a IOTIOMOTOI0 aBTOMAaTHYHOTO BUMIipIOBaya
nepopmaniii  AB/I-4. Jns BuMipiB HpOrMHY 3pa3ka Ha KOXXHOMY CTYIEHI HaBaHTaXCHHS
3aCTOCOBYBABCs MMPOTUHOMID 3 11iHOIO AiaeHHs 0,01 M.

3araJibHUM BUIVIST €KCIIEPUMEHTAIILHOTO 3pa3Kka y BUIPOOYBalbHIM MamuHi 300pakeHO Ha
puc. 3.

Etanu ekcriepuMeHTy: 3aKpilieHHs 3pa3Kka y BHNPOOyBaJIbHINA MamuHi (puc. 3), CTyleHeBe
HaBaHTAXKEHHsI 3pa3ka, 30ip JaHWUX 3 1HIUKATOPIB TOMMHHUKOBOTO THUITY Ta MPOTHHOMIpY, (ikcaris
nedopmariiii TeH30pE3UCTOPIB HAa KOXKHOMY CTYIICHI HaBaHTAKCHHS.

HaBanTakeHHs 3pa3KiB BUKOHYBAJIOCh LIEHTPAJIbHUM 3TMHAIOYMM HABAaHTAKEHHSM, SKe
NpUKIaaanocs B craruuHoMy pexxkumi B Mexax Big 0 xH mo 5,5 xH. [Ing BumiproBanHs
3IMIIIKOBUX Je(OopMaIliid, Miciis KO)KHOTO €Tany HaBaHTaKEHHS KOHCTPYKITiS PO3BaHTaXKyBaJach.
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Puc. 3. ExcnepuMeHTanbpHUI 3pa30K y BUIPOOYBAIbHIM MaIIHHI:
a — 3araJIbHUM BUTIIS;
0 — BUIVISLI IO HABAHTAXXEHHS;, B — BUIISLI IT1CJIST HABAHTAXKEHHSL.

XapakTtep MpOruHy 3pa3zka y MikQanbleBiii 30H1 Tokazanuil Ha rpadiky (puc. 4).

th Oh ~1 oo
o o© O o O

1lporun 3paszka, MM
)

_— b e
=

o O

0 0.5 1 1.5 2 2.5 3 35 4 45 5 55
HaBanra:xkennsi, kH

—%—3pas3ok 7 Jpazoxk6 O 3pasokd -+ 3pasok4 —=3pa3ok3

Puc. 4. Xapakrep nmporuny 3paska y MixkQanbIeBiil 30H1
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Jlnst 3aranbHOTO PO3YMIHHS J1iala30Hy EKCIEPHUMEHTAIbHO MPUKIIAJACHOTO HaBaHTAKCHHS
BiIMITUMO, II0 EKCTIEpUMEHTATbHE HaBaHTakeHHs P=1kH BifmoBinae piBHOMIPHO PO3MOIIICHOMY
HaBAHTAXEHHIO q=5,4 Tc/M>. Hanmpukmax, ams cuiocy aiaMerpoM 8 M Ta BHCOTOIO 20 M

HOPMaJIbHU TOPU3OHTAJIBHUM THCK BIJMOBIa€ 3HAYEHHIO Phn =35 t1c/M>. TakuM 4YHHOM,

eKCIUTyaTalliiHI ~ HAaBAaHTAXXCHHS  BIANOBINAIOTH  MOYATKOBIH  cTadii  eKCIepUMEHTaJIbHOTO
JOCHIDKeHHsI. BUsBNeHUN XapakTep NMPOTHHY 3pa3ka 10 pyWHYBaHHS B OCHOBHOMY BiAIOBigae
M03arpaHuYHOMY CTaHy OOOJIOHKH CITipajibHO-(alIbIEBOIO CHIIOCY.

Otpumani pe3ynbTatu Oylno HMOPIBHSAHO 3 aHATITUYHUMHU PO3pPaxyHKaMH, SIKi MPOBOJIMIKCH B
nporpamuomy  komruiekci  JIIPA-CAIIP.  [Jlns  pospaxyHky Oynmu  3amaHi  mapameTpu
€KCIIEpUMEHTANIbHOTO 3pa3ka. CTiHKa CHIIOCY 3MO/IeNbOBaHa MiI0cKuMu ooosionkoBuMu CE Tuny 44
«YOTHUPUKYTHHH €JIE€MEHT 00O0JOHKN», SIKI BCTAHOBJIECH]1 Y BEepTUKaIbHIN miomuHi. danbiese pedpo
3mozenboBane CE tumy 5 «mpoctopoBuit ctpmxkenby (puc. 5). s BIAMOBIAHOCTI pO3paxyHKOBOT
MOJIEIi 10 eKCIIEPUMEHTY, ii KiHIlI OyIJI0 3a1eMIIeHO.

Zarpyxeme 11
M ommns puprsmlino My
Emnany: unepsaa -(tH*c)on

o

&

=

b
a

-

=

-

L EHEEEDEDOOCOCOOCOCOs

L%

>

6)

Puc. 5. Komm’totepHa po3paxyHKoBa MoJieib 3pa3ka: a) 3D Monens; 0) 130107151 HanpyKeHb
[TopiBHSHHS pe3y/bTaTiB €KCIIEPUMEHTATIBHOTO JOCIHIHKEHHS Ta aHAIITUYHOTO PO3PAXyHKY B
JIIPI-CAIIP wHaBemeHi Ha Trpadiky 3aJeXHOCTI HampyKeHb BiJ HaBaHTAXXEHb B ILIEHTPI

Mix(anbIeBoi 30HU (puc. 6).
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90
b
R ¢ .
= pid
0 % A
£.30 § % A
I A
E ?8 ot A%
0w
0 1 2 3 4
Hapanraxkenns, kH
<& 3pazox 7 3pazok 6 4 3pa3ok 5
X—3pazok 4 3pazok 3 + JIIPA

Puc. 6. I'padik 3amexxHOCTI HAIPY>KCHHS BiJl HABAaHTAKEHHS Y MK(asbIeBiil 30H1

I'padix moxasye, mo B pmiama3oHi HaBaHTaxkeHb Bix 0 g0 1 kxH pesynsraru
€KCIIEPUMEHTAIIbHUX JIOCIIIJDKEHb BIANMOBINAIOTh uncenbHOMY po3paxyHky B JIIPI-CAIIP. Tlpu
30UIbIICHHI  HAaBaHTAXCHHS  HampykeHHs 3a  po3paxyHkoM JIIPU-CAIIP  Gimpmi  3a
€KCIIEPUMEHTAJIbHI, 11€ TOSICHIOETHCS 3O0UIBIICHHSIM PO3KPUTTSA (alblIeBOro 3amMKa, IO HE
BpPaxOBYETHCS Y KOMIT FOTEPHIN pO3paxyHKOBIH Moemi.

XapakTtep po3KpuTTs GaiabIeBOr0O 3aMKa MoKa3aHui Ha rpadiky (puc. 7).

4,50
4,00 X
Z 350 3
% 3,00 A
2 5o e
. £
z 1,00 st I
£ 050 st oF
0,00 '
0 1 2 3 4
HaBanTa:kennsa, kH
< Inmukarop 1 [nauxarop 2
¥— [nukarop 3 Ingukarop 4

Puc. 7. Xapakrep po3KpuTTs (PanblieBOro 3aMKa

BumnpoOyBaHHs1 BUSBIIIH, 1110 OCKIJIBKH (aiblieBi pedpa HE € CHMETPUYHUMU BiJHOCHO TOYKH
MPUKIIAaHHs HaBaHTaXeHHs (puc. 8, a), Ha rpadiKy MOXKHA BIIMITHTH, 110 PO3KPUTTS (PabIIEBOTO
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3aMKa, PO3MIIIEHOTO HaJ MiX(albIeBOI0 30HOI, OUIbIIE, HIX (abIIEBOTO 3aMKa, PO3MIIIEHOTO
HIDKYC.

Ha pucynky 8, 6 mokazanuii rpadik 3aJeXHOCTeH HampyKeHb BiJ HAaBaHTAXKCHHA, aHi
310paHi 3 TeH3ope3ucTopiB (puc. 8, a). Sk BuAHO Ha Tpadiky, MOKa3M PO3/iIeH] Ha 3 MydKa, YiTKO
BUJIUIAIOTECS TeH30pe3ucTopu (5,6 Ta 7,8), sxi po3mimieni Oist ¢anbuis. Tenzopesucropu 11 ta 12
CHiBMaJI B moka3ax. [[pakTudHO JTHIHHUN XapaKTep MaloTh MOKa3HUKH TeH30pe3ucTopa 13.

*
h, 60
1-3.4(~ MM
- § 4
i ‘o 365 o
= 2
7.8 = ) Iz 40
2 \ “ ©
‘5 A\ é 30 <&
12 /A \ g o
p é §:2U oo +++++++++ -
N 3 = ™~ g * A
= 1113 = > > B S ="
= o A Wi e
12 = = i
s 0 1 2 3 4 5
3] Hapantakenns, kH
56 & /

' ) 0 1 - ¢~ Temopesucrop 13 & Temsopesuctop 5 —X-Temsopesuctop 7
I-1.2 ,| . 217 . A107 Temsopesuetop 12 Temsopesnctop 6 Temsopesncrop 8
=1, BinnocHa nedopmartis

+-Tensopesucrop 11
a) ' 0)

Puc. 8. HanpyxeHno-nedopMoBaHuii cTaH eJIeMEHTa CTIHKH: a — emtopa aedopmartiii;
0 — rpadik HanpyKeHb.

BucnoBku. IIpoBeneHO eKCIEpUMEHTAIBHY TMEPEBIPKY pOOOTH CTIHKH CHipaJIbHO-
¢danpeBoro cuiocy. BusBieHo xapakTtep B3aemonii Ta AedOpMyBaHHS CTIHKHA 3 (DajbIIEBHUM
3’enHaHHAM. OLIHEHO CTYyHiHb PO3KpUTTA (anbuiB. Onep:kaHi JaHi MO0 XapakTepy poboTH
CTIHKM Ta (anpleBoro 3’€IHAHHA B TPAHUYHOMY Ta II03arpaHUYHOMY CTaHaxX. BHKOHaHO
MOPIBHSHHS €KCIIEPUMEHTABHUX 3aJI€KHOCTEH 3 PO3PAaXyHKOM 332 METOJOM CKiHUEHHHX €JIEMEHTIB
B nporpamHoMy komruiekci JIIPA-CAIIP. OOrpyHTOBaHO BHCHOBOK MO HaJiliHYy poOOTYy CTiHKH
cripanbHO-()aIbIIEBOTO CUIIOCY IPU EKCIUTyaTaIllifHUX Ta MiABUIIEHUX HABaHTaKEHHSX.
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Annotation. In the context of martial law, Ukraine's agricultural sector is suffering significant
losses. By May 2022. Ukraine has already lost almost 13 million tonnes of elevator capacity, some
of the grain warehouses have been completely destroyed, and some are in the occupied territories.
In this regard, there is a need for elevator capacities, namely, prefabricated, cost-efficient storage
capacities. Such structures are exemplified by silos. There are many design solutions for metal silos.
However, the rising cost of materials is causing a need to reduce the material intensity of the
structure, which is encouraging cylindrical silo manufacturers to search for new types of shell
construction. An innovative design of lightweight, industrial silos is a metal spiral-fold silo.

The article describes the design of steel spiral-fold silos. The specifics of the spiral-fold silo
design, which affects their stress-strain state, are analysed. The characteristics of the silo that was
used as a source of samples for the experiment are given. The samples and equipment for the
experimental study of a wall of a metal spiral-fold silo are considered. The stages of the experiment
are described. The loading of the samples was performed by a central bending load applied in a
static mode in the range from 0 kN to 5.5 kN. To determine the relative strains, the structure was
unloaded after each loading stage. The analysis of the sample's relative strains which were
measured by AVD-4 is made. The character of interaction and deformation of the wall with the
folding lock is revealed. The degree of the folding lock opening was estimated. The character of
work of the wall and the folding lock in the limit and non-limit states is obtained.

A comparison of experimental results with finite element analysis in the LIRA-SAPR
software package was performed. The conclusion about the reliable operation of the wall of a spiral-
fold silo under operational and increased loads is substantiated.

Keywords: metal silo, spiral-fold silos, folding lock, stress-strain state
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