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

Bjelanovi¢ A., PhD, Prof., Stimac Grandi¢ L., PhD, Prof., Franoli¢ F.
(Faculty of Civil Engineering University of Rijeka)

The environmental benefits of using timber in construction have long
been recognized. Timber bridges, especially footbridges, have a high
potential of prefabrication, their low mass reduces transport and foundation
construction energy, and measures to ensure durability are indispensable part
of the design process. They are applicable in both urban and rural areas
(crossings over waterways, other natural obstacles or busy roads). All of these
make them suitable for enlarge application, providing also a motive for
exploring their optimal design. Presented research is focused on the simplest
structural form and the easiest for manufacturing - footbridges with simply
supported straight glulam main-beams, intended to serve pedestrian and
cyclist traffic, but also light motorised traffic (e.g. ambulances and fire
services). Since the absence of internal columns simplifies the analysis of
wind loads, and the chosen range of the spans omits also the need for dynamic
analysis due to the wind, the application of this structural form is almost
independent of climate zone, and the traffic load is crucial for the analysis of
its safety and serviceability.

The objectives of the conducted preliminary parametric analysis were to
highlights key parameters of the analysis, to establish criteria to evaluate the
results and finally, to give recommendations for selection of the layout, an
optimal for particular span and useful width of the footbridge (see Table 1
and Figure 1), considering also the deck type and its position. It means that
the proposed transverse layout type should match the type of load-carrying
deck and be suitable to variations of main-beam spans, L (10m - 18m) and
useful deck widths. The following parameters were analysed: position, type
and static systems of the deck (see Table 2: 1) open-boarded or sealed solid
timber deck, 2) CLT as countersunk deck continuously laid over transoms
and 3) CLT as flange of glued composite with Glulam ribs, i.e. series of T-
beams, as the alternative proposal of grillage assembly), number and layout
of main- and cross-beams, i.e. geometry of the T-beams with CLT flange and
ancillary changes of the spatial stabilization. Structural members of standard
and high strength were analysed: D30 / D40 (for hardwood deck), and C24 /
C30 (for stringers of softwood) or GL24h / GL28h (for beams). For the CLT
decks, an even quality of the layers was assumed (planks of C24 strength
class) and the effective depth of 5-layered CLT, d = 100 mm.



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

Type L. 1L 111 IV. V. VI
No. of lanes for P 2 0 1 2 1 2
each traffic type " | C 0 2 1 1 2 2
Deck width, B,in[m]? | 2,0 2,5 3,0 3,5 4,0 4,5
Analyzed cases ? 1,7 | 2,8 | 3,9 | 4,10 | 5,11 | 6,12
D where, P = pedestrians, C = cyclists; 2 as indicated on “Fig. 1”

IRl

1

Figure 1. Schematic examples of analysed cases and accompanying groups
/ subgroups of FEM — varying of layout and load-carrying deck type: a)
Case 1: Group I.; b) Cases 2 — 3: Subgroup L.: ¢) Cases 4 — 6: Group IL.; d)

Cases 7 — 9: Subgroup IIL.; e) Cases 10 — 12: Subgroup IV.

Table 2. Analysed cases classified into representative groups of FEM

Analysed FEM groups 1.D I1. 111.2 v.2
Type of the deck 1 2 1 3
Position of the deck lower lower upper upper
Range of deck width, [m] <30 >3.5 <30 >3.5
Analysed cases 1-3 4-6 7-9 1012

-2 defined subgroups enable the number of stringers / main-beams to vary

4.




Considering the preliminary level of research, recommendations are
derived from the results of verifications of serviceability limit state only
(deflections and vibrations), performed for more than 200 examples of FE
models of bridges. FEM analysis was conducted for the influence of self-
weight, permanent load, variable snow and wind loads. Applied vertical
traffic load (pedestrians) was 5,0 kN/m2, and horizontal was applied as 10%
of vertical load. The vehicle traffic was modeled as the moving load,
considering its position variations inside the usable traffic profile and
tracking, where horizontal load was applied as 60% of vertical moving load.
Vertical vibrations were within range 2,5 — 4,5 Hz for 1% and 2" mod of
oscillation (the values decrease with increasing the span), while acceleration
maxima for individuals or persons in crowds didn’t exceed 0,7 m/s.

Conclusions:

Effects of initial criteria for validating an optimality of design solution
with respect to the span could be assessed through the following differences
among: a) total quantities of used material when glulam beams are made of
different quality and b) minimal required depths of main-beams. It turns out
that the differences between results did not exceed 5% i.e. 10% when these
criteria applied. In order to select a suitable layout with respect to the span,
an additional criterion was introduced: c) limited main-beams depths. The
results (Figure 2), obtained for the most unfavourable load case — a moving
load with traced position near the edge of usable profile, are the following:
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Figure 2. Proposals for optimal layout type with respect to the span of
main-beams relating to its strength class and position of the deck
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TIMBER CURTAIN WALL — INNOVATIVE STRUCTURALLY
GLAZED UNITISED SYSTEM FOR BUILDING ENVELOPES

Buljan N., Bjelanovi¢ A., PhD, Prof., Turkulin H., PhD, Prof.
(Permasteelisa Group, Faculty of Civil Engineering University of Rijeka)

Presently, the technology of exterior building envelopes is dominated by
the curtain wall based on the aluminium framing, which can be divided in
two families: unitised systems and stick systems. Unitised systems are
completely prefabricated (frames and infill) and more technologically
advanced, providing the better overall quality and performance than stick
systems. Unitised systems are often structurally glazed, and this technology
provides aesthetically pleasing flush appearance, but also some performance
advantages. Since awareness of energy efficiency and sustainability have
been growing rapidly in recent decades, the introduction of timber as a
suitable framing material for building envelopes is imposed as a reasonable
option. The above listed logically leads toward to investigate possible
alternative structural solutions of wood-based curtain walls. The scope of this
research is to prove that the technologically advanced concept of the curtain
wall system can also be applied using innovative wooden frames:

o Unitised wooden frames in lieu of the stick system.
e Glass units structurally sealed directly to the wooden substrate.

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

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

e Assembly on site is detrimental to the quality.

e Limited capacity for the accommodation of differential vertical
movements between floors.

e There are interaction problems among materials — differential temperature
elongation may lead to the defect in aluminium-to-timber fixing.

The observed limitations give sense for developing the unitised curtain
wall system, which could be fully preassembled and shipped to the site for
the installation already completed with the frame, infill and gasketry.
Although more complex than stick systems, there are significant advantages
of timber unitised systems:



e Unitised systems are installed form the inside.

e Shop production and assembly maximise the quality of the workmanship,
appropriate for the structural silicone.

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

Goals of this research conducted within R&D project TimberCW were:

e Feature split timber mullions and stack joints and have (0%) alu-content.

e In comparison with the equivalent aluminium system have the following:
the same sight lines (width of the frame), structural stiffness and
loadbearing capacity, the same or even better weathertightness
performance and better energy performance.

In typical curtain wall applications, spanning between floors, the main
limiting structural property of frame members is stiffness, rather than
resistance. Since the Young's module of elasticity in bending of the wood is
4-7 times lower than that of the aluminium, and the limiting bending stress is
much lower, the system depth has to be increased approximately 30% in order
to match the structural performance of the aluminium frame.

The profiles used are from glued laminated timber (glulam), using spatial
lamination — longitudinal, lateral and layered gluing of lamellas. Grain
orientation in different lamellas reduces the risk of warping and a single thin
lamella is on the side face for the improved aesthetic quality. The section has
been developed in the collaboration with Faculty of Forestry in Zagreb. The
material used for the sample (180 mm / depth and 90 mm / width) was fir
wood for the core and Siberian larch for the ridges, and Marine grade
plywood stiffened the internal lateral face. Final choice can be project driven.

A vertical row of curtain wall units structurally forms a Gerber beam. The
horizontal reaction from the upper unit is transferred to the lower unit through
the stack joint using bespoke spigots at the corners of the unit. Mullion
sections in unitised system are very narrow, for 90 mm of the frame width,
the mullion width is only 39,5 mm so specialised bespoke corner connections
are required to form the corners of the frame and enable the load transfer the
load in limited space. Connection corners and brackets in stainless steel
1.4404 have been developed for this. The transfer of the shear load through
the corner connection until the failure has been successfully tested (on 3
corner samples) at Faculty of Civil Engineering in Rijeka. The increase of the
deformation was approximately linear and without any significant plastic
deformation after the load release at 5 kN. The breakage pattern was through
the splitting of the wood at fixings of the stainless steel connection joint. The
resulting loadbearing capacity (~15 kN) is superior to the required (2,5-4 kN).

Glass units are fixed directly to the timber frame by structural sealing (by
Sikasil SG-500). The silicone joint and the process of the application had
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been developed and tested with the collaboration of the company Sika, and
tensile strength was tested by Permasteelisa. The adhesion of 3 silicones were
tested: Sikasil SG-500 (2-component structural silicone sealant), Sikasil SG-
20 (1-component silicone sealant) and Sikasil WS-605 (1-component silicone
weather sealant). The silicone was applied to the: a) non-treated surface; b)
surface of the sample that was painted with water based transparent finish and
¢) to the surface of samples impregnated with fire retardants. The results of
the test were positive — the silicone peels through the cohesive failure. Tensile
strength test of the silicone was conducted on 10 H-samples — all of them
broke through cohesive failure in silicone under known limits of the material.

Full scale testing of a 2-storey high by 3 units (4,5m x 7,2m) sample was
carried out in Permasteelisa laboratory in Italy. The sample were successfully
tested and certification obtained for constructability, air permeability, water
tightness, serviceability, thermal cycling, accommodation of building
movements, impact and structural resistance.

In order to evaluate the thermal performance, TimberCW was compared
with other 3 different typical systems. The modular width of a unit is 1,5m
and the height 3,6m, of which 2,4m is the visual area and 1,2m is the insulated
shadowbox. Thermal transmittance characteristic for winter conditions was
assessed, using 2 different glass configurations: a double- and triple- glazed
unit (DGU and TGU). TimberCW has 84% (for DGU) and 83% (for TGU)
of the overall thermal transmittance of the comparable alu-system. Two
composite systems (wood / alu — structurally and dry glazed) fall in between.

Conclusions:

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

1. Spatially laminated wood frames with specifically developed fittings
proved applicable for a unitised prefabricated fagade system.

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

3. Energy performance is better than of the equivalent alu-curtain walling,
resulting in ca 35-41% better thermal transmittance of the frame alone and up
to 20% better overall thermal transmittance of the building envelope.

4. The carbon footprint and heating costs are demonstrated to fall below
the standard prefabricated fagade alu-elements. Zero (0%) aluminium content
contributes to the reduction of the embedded energy in the system.

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



PARAMETERS DETERMINING THE DEGREE OF THE
REQUIRED EXTERNAL TRANSVERSAL FRP REINFORCEMENT
OF METAL CYLINDRICAL TANKS

Dziuba S.V., Ph.D., Associate Professor
Korshak O.M., Ph.D., Associate Professor
Mikhailov O.0., applicant for Ph.D.
(Odessa State Academy of Civil Engineering and Architecture, Odessa)

The main reasons for the wear of the walls of metal cylindrical tanks are
corrosion and fatigue of the metal of their vertical joints. It is possible to
replenish for the corrosion losses of the material, as well as to reduce the level
of acting stresses to values allowed by the conditions of metal fatigue, with
external transverse reinforcement with fiber reinforced plastic (FRP).

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

Results of the research. Sequential consideration of the operation of the
steel shell of a cylindrical tank, having a radius » and thickness ¢, , being under
the action of the initial internal pressure P’ and than strengthened by
transverse prestressed FRP elements with prestress op and thickness #
continuously located along its height, experiencing a subsequent increase in
pressure by an amount AP, made it possible to obtain the values of the
maximum hoop stresses, respectively, in the elements of FRP reinforcement
and the steel wall of the tank:

. ’”[N Flrz) TlsEs (“sATsz —apAlp )J

O'f :O'fo ts +tfm s
AT r N Ny(x,2) +’fEf(O‘fATﬂ ‘“sATsl)
s lg 10 t g+t pm ’

S
where Ny =aP-r{(1-u/2), Ny = APl m(zf/ts Ju/2)] -
conditional ring forces per unit section of the FRP and steel layers of

the tank wall, arising from a change in internal pressure by the value
AP and determined taking into account the combined action of ring
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and longitudinal stresses in the steel part of the structure; E; , Ef —
respectively, the modules of elasticity of steel and elements of FRP;

m=E I / E —the ratio of the elastic modules of the constituent layers

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

The most typical case that determines the temperature regimes is a smooth
change in temperatures with the same values AT in all layers of complex
walls. At present, two fundamental approaches have been formed to the
practical consideration of the nature of the operation of such cylindrical
shells.

On the one hand, classical works, which analyze the strengthening of
metal cylindrical shells by winding high-strength metal wires and tapes, state
that taking into account the longitudinal stresses of these structures leads to a
slight increase in the thickness of the steel parts of the walls and a decrease
in the thickness of the reinforcing layers.

On the other hand, the distinguishing features of the use of external FRP
reinforcement of tanks from reinforcing winding by metal elements are a
much larger possible range of ratios of the elastic modules, as well as the
coefficients of linear thermal deformation of FRP cause a significant increase
in stresses during combined work with steel.

The case of abstraction from longitudinal deformations of metal shells of
tanks. Combined consideration of expressions defining stresses in the steel
wall of the tank and reinforcing FRP elements, abstracted from the
longitudinal stresses of the shell (i.e. Njxz)= Nyw)~(AP)r), allows to get the
coefficient of the required degree of external FRP reinforcement

t

kf _ L _ AO_S"‘
o=, ] i ’
where Aog, = — fy J " conditional excess of stresses over its limiting

tS
value fy o, (vield strength of steel or maximum stresses determined by

the fatigue of the material of the joints) in a metal shell in the absence
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of external reinforcement; Aoy = (as —ar ) AT - E — the value that

determines the change in stresses under the influence of temperature
deformations.

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

stresses in the shell on conditional ring forces N, ), N

s(x.z) > )» allows to

get the coefficient of the required degree of external FRP reinforcement

t
_ S
Fro =7 —Az‘A’

N
where 4 :ml(l—,u/2)fyd ~(u/2)a0y, + a0y,
ay =(=p/2)1, (4 w2 )0, + Aoy, 45 =1m.

Numerical studies and related analysis, taking into account the effect of
longitudinal deformations of tanks, allows to conclude that it is quite
expedient to use low-modulus and much cheaper FRP to reinforce structures

that have high strength characteristics of steel basics fy g = 30..42kN/ cm2

At the same time, as for structures characterized by low strength limits of
steel fy g =15 20kN / em” , effective external reinforcement is achieved only

when using high-modulus FRP.

Conclusion. The proposed calculation methods make it possible to
determine the necessary parameters for strengthening the bodies of metal
cylindrical tanks with an external transversely directed FRP reinforcement
that perceives the actions of ring forces. The main factors determining the
effectiveness of the solutions obtained are the residual strength of the material
of the metal shells of the tanks, as well as the modulus of elasticity of the
used FRP. The theoretical expediency of the effective use of low-modulus
FRP is confirmed for structures with high strength indicators of metal bases,
and high-modulus — for the walls of tanks, which are characterized by
significant restrictions on the level of allowable stresses of their metallic
shells.
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EXPERIMENTAL STUDIES OF ELEMENTS OF METAL
CYLINDRICAL STRUCTURES STRENGTHENED BY EXTERNAL
TRANSVERSAL CFRP REINFORCEMENT

Dziuba S.V., Ph.D., Associate Professor
Korshak O.M., Ph.D., Associate Professor
Mikhailov O.0., applicant for Ph.D.
(Odessa State Academy of Civil Engineering and Architecture, Odessa)

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

The solutions that are consisting in the external transverse reinforcement
of metal cylindrical structures, carried out using high-strength steel wires and
tapes, are distinguished by the presence of the necessary experimental
validation of existing engineering practices for determining the stress state
parameters. With respect to the methods that are applicable for similar
external reinforcement performed by using FRP there is no such experimental
validation, which hinders the appropriate implementation.

The purpose of the studies is an experimental validation of an practical
method for determining the parameters of the stress state in the elastic stage
of deformation of thin-walled metal cylindrical shells reinforced with
external transverse CFRP.

Research methodology. To solve the problem, experimental studies were
carried out for determining the change in the parameter of the ring strain with
an increase in internal pressure in metal cylindrical elements reinforced with
external transverse FRP reinforcement made using structural unidirectional
tapes based on high strength and high modulus carbon fiber materials.

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

1 Ny ~ty By AT Aa
Eg zs+tf(Ef/ES)

EL, =

S 4

where Ns(x,z) =AP- r|_1 + (Ef/ES xtf/ts X,u/Z)J — conditional ring force
per unit section of the steel layer of the wall, arising from internal
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pressure AP and determined taking into account the combined action
of ring and longitudinal strains in the steel part of the structure; ¢, ¢/ —
respectively, the calculated thicknesses of the steel and FRP
components; E, , Er— respectively, the modules of elasticity of steel
and FRP reinforcement; AT — the temperature change in all layers of

complex wall; Aa=a; -« oo the difference between the
coefficients of linear thermal deformation of steel and the layer of

reinforcing FRP; 1z— Poisson's ratio of the steel component of the wall;
r — radius of cylindrical curvature of the metal shell.

The determination of the theoretical reduced thickness of the FRP
reinforcement, taking into account the uneven distribution of forces in the
composition of multilayer FRP elements made by high strength and high
modulus carbon fiber structural tapes, was carried out taking into account the

coefficients of uneven functioning strains &; described by Xiao-Ling Zhao

and establishing the degree of loading of the considered layers of this material
,l.e.

i

n i=

k

i°

I M=

‘r
where n=1..5 — the number of monolayers in the equal thickness of

reinforcing FRP; ¢ 1 physical thickness of an single monolayer of

reinforcing fiber; k; — coefficients of non-uniform loading of layers,
equal for high strength (normally modular) CFRP k; =10, ky = 0,73
k3 =ky =ks =017, and for high modulus CFRP k=10, ky =0,78
,k3 :k4 :ks 20,56 .
As experimental samples imitating thin-walled cylindrical shells that have
undergone external transverse FRP reinforcement, the following were used:
— welded steel pipes with an inner diameter of 150.0£0.1 mm, a wall
thickness of 3.0+0.1 mm (r/ts =25>20) and a length of 1200 mm,

to the ends of which were welded steel plates of 12 mm thickness, the
mark of  used steel was C245 according to
HACTY 8539:2015,;

welded steel cylinders with an outer diameter of 299.0+0.1 mm and a

wall thickness of 3.0+0.1 mm ( r/ts = 49,3 > 20 ), with a volume of 50
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liters, intended for liquefying hydrocarbon gases at a pressure of up to
1.6 MPa, corresponding to JCTY ISO 10462:2019 and made of
Cm3cn steel.

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

— normally modular carbon fiber fabric SikaWrap-230C, characterized
by a monolayer thickness of 0.131 mm, an elastic modulus Ey =
2.38x10*kN/cm? and a tensile strength of 430 kN/cm?, a 2-component
thixotropic epoxy adhesive Sikadur-330 was used as a matrix;

— high modulus carbon fiber fabric MapeWrap C UNI-AX HM,

characterized by a monolayer thickness of 0.329 mm, an elastic
modulus Er = 3.90x10* kN/cm? and a tensile strength limit of 441
kN/cm?, a 2-component epoxy-based adhesive MapeWrap 31 was
used as a matrix resin of medium viscosity.

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

The comparison of the analytical dependencies that determining the
elastic ring strains of the metal components of the complex walls of the
cylindrical shells, with the results of experimental studies of this parameter,
indicates their practical correspondence.

Conclusion. The obtained results of experimental studies substantiate the
validity of using the applied method for determining the parameters of the
stress state of the elements of the complex walls of metal cylindrical shells
externally reinforced by transversely directed FRP elements, made on the
basis of normally modular and high modulus carbon fibers with
reinforcement coefficients of 4.4-22.0%, and variable temperature operating
conditions.
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APPLICATION OF HYSTERESIS ENVELOPE MODEL TO STEEL
BEAM-TO-COLUMN BOLTED JOINT

Krolo P., Ph. D, Assistant Prof.
(Faculty of Civil Engineering University of Rijeka)

The effect of the real behaviour of steel joints on the seismic response of
steel moment-resisting frames has long been recognised as a crucial aspect to
ensuring a safe structural response. Common practise is to increase the
hysteretic energy as much as possible through inelastic behaviour, using the
ductile properties of structures. In order to achieve the best seismic
performance in the case of moment-resisting frames, the steel structure must
be designed to allow the development of plastic deformations in specific parts
of the structure, such as the ends of beams or in the beam-to-column joints,
but never in the columns, with the exception of the base of first-storey
columns. Therefore, the ductility of steel frames is deeply influenced by the
behaviour of their joints. To include their effects in frame design, the curve
of the joint behaviour must be represented in the appropriate analytical form.

This paper demonstrates the application of the hysteresis envelope model
developed by Krolo and Grandi¢ (2021) on the example of a double extended
end plate beam-to-column bolted joint. The hysteresis envelope model
represents a simple way of modelling the joints of moment-resisting steel
frames for nonlinear static pushover analysis. The proposed hysteresis
envelope model establishes bounds on the basis of a monotonic backbone
curve by defining a correction factor to correct the monotonic trilinear
moment-rotation response of the joint. The proposed hysteresis envelope
model of joint is applicable to moment-resisting frames that are designed in
such a way that during earthquakes, all plastic deformations primarily occur
in the joint instead of columns and beams. As recommended by Eurocode 3,
Part 1-8, the joint resistance is equal to or less than the resistance of the
connected beam. The ratio of the resistance of the column in relation to the
resistance of the beam must be at least 30% higher to satisfy the criterion
“strong column—weak beam”. The proposed hysteresis envelope model could
be further applied in the nonlinear static pushover analysis of moment-
resisting steel frames, and enables a better prediction of the structures
behaviour under seismic action.

The procedure of determining the parameters of the hysteresis envelope
model is defined by three steps. In the first step, it is necessary to define the
monotonic curve of joints by applying the principles of the component
method, which is accepted in Eurocode 3 for the design of joints in steel
structures and is available in numerous commercial software. In the second
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step, the nonlinear moment-rotation () curve, obtained by the component
method, should be idealised with a trilinear curve. The parameters of the
hysteresis model are then obtained according to Eq. 1.

M,, =M,
0 _ A { e.H e.M S
( ) ¢e.H — ¢e.11\(4 ¢ M¢e.]—[
yH = Mym
(A—B) byat = By(0.2341£70208503293) Gen <P < Pyn (1)
B - C) {Mfr.H = Mu.M(0.5024t°'4429p_°'131) bo<d<d
Gprn = B (0.0059¢0-30864,0.8002) y-H frH

The elastic part (0-A) does not change under monotonic and cyclic
loading, which means that the bending moment and rotation in the elastic
region can be adopted from the monotonic behaviour of the joint (M, =
Mo prs Pec = Pem)- The line (A-B) represents the full plasticization of the
joint with bending moment (M,, ;, = M,, /), and rotation of the joint ¢, y.
The line (B-C) represents the hardening area and degradation of strength after
which fracture occurs in the joint. The position of point C has a rotation value
corresponding to the fracture of the joint ¢f.y, and the bending
moment M¢, ;. The dependency between monotonic parameters and
hysteresis envelope model parameters is defined by multiple nonlinear
exponential regression as a function of the independent variables t, and p,
where p is the thickness of the end-plate, and t is the vertical spacing between
the bolt rows.

The hysteresis envelope model was applied to the case of double extended
end-plate bolted beam-to-column joints. The joints consist of a steel beam
made of IPE400 profile that is welded to the end-plate, which is then bolted
to a column flange made of HEA 360 profile with 8 high-quality M20 preload
bolts of steel grade 10.9. The friction coefficient of the contact surface was
considered to be 0.44. The specimen was fabricated from S355 steel. Steel
plates have yield and ultimate strength values of 384 and 552 MPa,
respectively, and a Young's modulus of 199000 MPa.

To determine the monotonic nonlinear response of the beam-to-column
joint, the IDEA StatiCa software was used. Software uses an elastic-plastic
material model of steel with a nominal yielding plateau slope of tan-
1(E/1000), where E is the modulus of elasticity of steel. By performing
stiffness analysis, the nonlinear M — ¢ curve is obtained, which is then
idealised with the trilinear curve. The parameters of the trilinear model (¢, 4,
M, ), (Pym My ) and (o m» My, ) are equal (0.0077, 234 MPa), (0.0263,
351.2MPa) and (0.085, 316MPa). The parameters of the trilinear model were
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applied for the calculation of the parameters of the hysteresis envelope model
according to Eq. (1). The parameters of the hysteresis envelope model (¢, y,
M), (byn My.H) and (Dfrn Mfr.H) are equal (0.0077, 234 MPa),
(0.017,351.2MPa) and (0.057, 318.7MPa). The parameters obtained by the
IDEA StatiCa were compared with the parameters obtained by the numerical
simulation of the joint in ABAQUS. The ABAQUS parameters of trilinear
model (perr, Mem), (Pym, My ) and (v, My, ) are equal (0.009, 227.7
MPa), (0.023,331.012MPa) and (0.083, 428.55MPa), while the values of
hysteresis envelope model (¢ 1, Men), (Pyn, My n) and (dgru, My, ) are
equal (0.009, 227.7 MPa), (0.016,333.01MPa) and (0.055, 370.9MPa). The
differences between the trilinear parameters obtained by commercial
software and numerical simulation are obvious, and the largest difference was
obtained for M,, ,; and is equal to 15.76%. As expected, differences between
the hysteresis envelope model parameters obtained by commercial software
and FEM are significant. The largest difference was obtained for M,, ;; and is
equal to 14.24%. The reason for the differences lies in the fact that IDEA
StatiCa software uses an idealised bilinear elastic-plastic material model.

Conclusions:

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

e The hysteresis envelope model represents the simple trilinear model

which describes the cyclical behaviour of the beam-to-column joint.

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

e The behaviour of the joint after the onset of plasticization cannot be
precisely defined using commercial software since the program uses a
simplified elastoplastic material model.
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INNOVATIVE LIGHTWEIGHT COMPOSITE FLOOR SYSTEM
— BUILT-UP COLD FORMED STEEL-CONCRETE

Raji¢ A., MSc, Res. Asst.
Lukacevi¢ 1., PhD, Asst. Prof.
Curkovié¢ I, PhD, Asst. Prof.
Zuvelek V., MSc, Res. Asst.
(University of Zagreb, Faculty of Civil Engineering, Zagreb, Croatia)

With the intention of increasing the advantages of composite steel-
concrete systems, the cold-formed steel (CFS) profiles have been used. In
this way, the weight of the whole system has been reduced. Additionally,
combining two different materials, such as CFS and concrete, can avoid
their inherent disadvantages. The main advantages of composite beams
are:

- weight savings of steel between 30-50%, compared to non-

composite beams,

- increased stiffness can result in the reduction of beam height,

- reduction of cladding costs,

- allowing more space for mechanical services.

The research project Innovative lightweight cold-formed steel-
concrete composite floor system - LWT-FLOOR, ongoing at the
University of Zagreb, Faculty of Civil Engineering, Croatia, investigates
a composite floor system that offers benefits in terms of reusability and a
high degree of prefabrication. The LWT-FLOOR system is formed from
built-up steel beams and cast-in-place concrete slab connected by
innovative shear connection.

Innovative demountable shear connection is one of the main
advantages of the proposed system and is used to decrease the impact on
the environment. A built-up CFS beam is composed of four cold-formed
C sections connected by spot welds with corrugated web (CW) and shear
plates.

Due to the relatively small thickness of CW, weight reduction is
allowed compared to hot-rolled profiles or welded I sections. The
advantage of this type of built-up beam is that CW increases stability
against local and lateral-torsional buckling and web crippling.

Experimental research within the LWT-FLOOR project is divided into
five phases:

- experimental research of base material,

- experimental research of spot welds between CFS sections,

- experimental tests of shear connection,
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- experimental tests of full-scale LWT-FLOOR system without

openings,

- experimental tests of full-scale LWT-FLOOR system with

openings.

As an extension of experimental research, the proposed system will be
evaluated through extensive numerical and probabilistic parametric
studies and life-cycle analyses.

This report presents results of preliminary numerical research on the
LWT-FLOOR system with a different arrangement of spot welds in CFS
cross-section (two or three spot welds) and variable degrees of shear
connection. Numerical research was conducted using ABAQUS/CAE
software.

To support numerical results, analytical results were also provided.
Considering that CFS sections are usually class 3 and 4, their plastic
resistance is possible to achieve only in the cases with the plastic neutral
axis in the concrete slab or on the contact between the concrete slab and
steel section. In that case, the steel cross-section will be completely or
almost completely in tension. Because of the mentioned situation, local
instability will be avoided, and bending resistance can be calculated.

Because of a large number of nonlinearities in the model (geometry,
material, contacts), dynamic explicit analysis is used. Initial imperfections
were created through static analyses of the system with fully tied
elements. In this way, the imperfection shape has been achieved with
required displacement. The load was set as a vertical displacement in
multipoint constraints (MPC) that transfer the load onto four loading
points. Used characteristics for spot welds were used from results of
tensile shear test given in available literature, while wire elements were
used to model the shear connectors.

The presented LWT-FLOOR project integrates state-of-the-art
knowledge in a new and productive spot welding technology and
innovative cold-formed steel-concrete composite solutions to develop a
cost-effective and competitive floor system. The LWT-FLOOR system
can give vital benefits in terms of a high degree of prefabrication,
reusability and suitability for larger spans to maximise the values of
building components and materials.

The proposed analytical solution for bending resistance of composite
cross-section is based on the elastic bending resistance of steel beams.
The numerical parametric FE analyses show that the bending capacity of
the LWT-FLOOR beams made of cold-formed steel and the cast-in-place
concrete slab can be compared with analytical results.
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Results of the parametric FE study show that the bending capacity of
the LWT-FLOOR beams made of cold-formed steel and the cast-in-place
concrete slab is affected by the resistance of the cold-formed steel
components and by the degree of shear connection. In the case of a fixed
beam solution, the resistance of the LWT-FLOOR beam is governed by
the resistance of the steel beam, i.e., spot welds. In the cases with pinned
beam solution, the results show that the resistance of the LWT-FLOOR
beam is governed by the degree of shear connection. At the same time,
the increased number of spot welds from two to three between channel
flanges and corrugated web does not influence the beam resistance. This
means that the beam resistance in the pinned solution is rather more
affected by the stability of the cold-formed steel components than the
number of spot welds, with a significant influence on the type and degree
of shear connection.

METHODS OF ANALYSIS OF FRAME STRUCTURES
ACCORDING TO THE EUROCODE prEN 1993-1-1 (draft 2020)

Wojnar A., Ph.D., Sleczka L., Ph.D.,
(Rzeszow University of Technology)

1 Introduction

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

1) considering the effect of structural imperfections on the behavior of the
frames, and

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

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

2 Methods of analysis for Ultimate Limit State design checks
2.1 Considering the effect of structural imperfections

Frame imperfections should be considered as geometric imperfections
and modelled as:
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1) animperfect geometry of the frame structure in the following forms: sway
imperfections for global analysis of frames and equivalent bow
imperfections for global and member analysis — which includes both
flexural buckling and lateral torsional buckling;

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

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

2.2 Type of design analysis of the structure
According to prEN 1993-1-1 the internal forces and moments may be

determined using either:

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

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

Second order analysis is not required if:

Ocrns = Ferns / Fa > ko = 25, (unless the N.A. gives a different value);

)]

Olcr,sw = Fcr,sw /Fq> 10, (2)

all symbols in accordance with prEN 1993-1-1.

If the condition (1) is satisfied, second order effects due to in-plane or out-
of-plane member (non-sway) buckling may be neglected for the global
analysis. When the condition (2) is satisfied, second order effects due to in-
plane (sway) buckling may be neglected for the global analysis and first order
analysis may be used for the determination of the in-plane (sway) bending
moments. Second order effects due to lateral torsional buckling may be
neglected for the global analysis in the following cases:

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

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

2.3 Methods of analysis for ultimate limit state design checks
The method of analysis (first or second order analysis combined with the

consideration of imperfections) should be compatible with the cross-section

and member verification requirements.

According to the type of structure and the extent of the global analysis (1%
or 2", imperfections and second order effects should be considered using
one of the following approaches:
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a) entirely in the global analysis,

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

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

Ultimate limit state design checks may be carried out using methods of
analysis named hereafter MO to M5 or EM. The individual methods are
recommended to be used when the following conditions are met:

- Method MO - if second order effects may be neglected in the global analysis
by satisfying the conditions in (1) and (2), and lateral torsional buckling may
be neglected;

- Method M1 - if second order effects may be neglected in the global analysis
by satisfying the conditions in (1) and (2), lateral torsional buckling may not
be neglected;

- Method M2 - if second order effects due to member buckling may not be
neglected (the condition in (1) is not satisfied) but second order effects due
to in-plane global (sway) buckling may be neglected - the condition in (2) is
satisfied;

- Method M3 - if second order effects due to member buckling may not be
neglected - the condition in (1) is not satisfied and second order effects due
to in plane, global (sway) buckling may not be neglected - the condition in
(2) is not satisfied. In this method global (sway) imperfections are included
in the global analysis but local bow imperfections may be neglected in the
global analysis;

- Method M4 - if second order effects due to member buckling may not be
neglected - the condition in (1) is not satisfied and second order effects due
to in plane, global (sway) buckling may not be neglected - the condition in
(2) is not satisfied. All in-plane second order effects and both global (sway)
imperfections and local bow imperfections are included in the global
analysis;

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

- Method EM - if second order effects may not be neglected in the global
analysis (1) or/and in plane, global (sway) buckling modes cannot be
neglected (2), the ‘Equivalent Member method’ may be used for verification
of the buckling resistance of individual members.

Detailed information were presented in Table 14.
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Table 1. Methods of structural analysis in case of values of 0 ns and o.sw factors.

Requirement
s

Method name

Rules of verification of the cross-section resistance and stability of
members

Oerns > 25
Oersw > 10
LTB —
can be
neglected

Method MO

The verification of the cross-sectional resistance may be based on
the first order’s internal forces and moments.

Verification of the buckling resistance of individual members may
be omitted.

Imperfections do not need to be included in the global analysis.

Oerns > 25
Oersw > 10
LTB —
can’t be
neglected

Method M1

The verification of the cross-sectional resistance may be based on
first order’s internal forces and moments.

The out-of-plane verification of the buckling resistance of
individual members is required and may be based first order’s
internal forces and moments.

Imperfections do not need to be included in the global

analysis.

Qersw > 10

Method M2

The verification of the cross-sectional resistance may be based on
first order’s internal forces and moments.

The in-plane and out-of-plane verification of the buckling
resistance of individual members is required and may be based on
first order’s internal forces and moments considering appropriate
buckling lengths for the non-sway mode and corresponding
bending moment diagrams.

The global analysis may neglect equivalent bow imperfections, but
should consider global (sway) imperfections.

Oersw < 10
Nea <No /4

Method M3

The verification of the cross-sectional resistance should use the
partial factor yM1 and be based on the second order’s internal
forces and moments.

The in-plane and out-of-plane verification of the buckling
resistance of individual members is required and should be based
on second order internal forces and moments.

The in-plane buckling length for the non-sway mode may be used.

Oersw < 10
NEa > Ner / 4

Method M4

The verification of the cross-sectional resistance should use the
partial factor yM1 and be based on second order’s internal forces
and moments.

The in-plane verification of the buckling resistance of individual
members in bending and axial compression may be omitted.

The out-of-plane verification of the buckling resistance of
individual members in bending and axial compression is required
and should be based on the second order’s internal forces and
moments.

Oersw < 10
NEa > Ner / 4

Method M5

The verification of the cross-sectional resistance should use the
partial factor yM1 and be based on the second order’s internal
forces and moments.

The verification of the buckling resistance of individual members
may be omitted.

The out-of-plane local bow imperfection can either be assumed
from Table 1 or Table 2, whichever is larger.

EM method

Equivalent
Method

The verification of the cross-sectional resistance may be based on
first order internal forces and moments.

Imperfections do not need to be included in the global analysis.
The verification of the buckling resistance of individual members
may be carried out using the first order’s internal forces and
moments, considering the system effects(possible sway buckling
modes) to determine the appropriate buckling length of each
individual member.

LTB - lateral torsional buckling
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3 Conclusions

Based on the analysis of the content of the European standard prEN 1993-1-

1, the following conclusions can be drawn:

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

- the choice of the calculation method depends on the sensitivity of the
frame structure to buckling both in the frame plane and in the plane
perpendicular to the frame plane,

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

Overall conclusion
The more complicated and advanced is the static analysis used to

determine the internal forces and moments in the bars of the frame structure,
the simpler the method of verifying their load capacity.

MIJIBUIIEHHSI BUBYXOCTIMKOCTI 3'€JHAHb
JEPEB'STHUX KOHCTPYKIIM
Tiaomo O.FO., K.T.H., JOIICHT,
Koaomiituyk I'.Il., K.T.H., AOUEHT,
Kouaomiiiuyk B.I'., actiipant
Apcipiii A.M., K.T.H., TOIIEHT
(Ooecvka deporcasna akademis OYOiGHUYMBA MA APXIMeKmypu)

HeoOxigHicTh iHHOBAIIHHNX 3HAHb CYYaCHUX KOHCTPYKTUBHHX 3’ €THAHb
JIepeB’STHUX ~ KOHCTPYKINHM, iX TOBEMIHKY Tia Ji€f0 JUHAMIYHOTO
HaBaHTaXXCHHsI B CKJIAJIHOMY HaIpyXeHO - Jae(popMOBaHOMY CTaHi, pOOUTH
aKTYaJIbHOIO 3aJady BHBYEHHS, CHCTEMaTH3alii Ta po3poOKH pillieHb st
NPaKTHYHOTO 3acTocyBaHHA. [IOM'SIKIICHHS HACTIAKIB BUOYXY 3HAXOIUTHCS
B IEHTPI yBaru uepe3 HecTaOUIbHY TEOIOJITHYHY CHTyauito. IcHyroui
JiepeB’siHI  KOHCTpYyKLii HE po3paxoBaHi Ha BUTPHMYBaHHS BHOYXOBOTO
HABaHTAXKECHHS, a B paiiOHaX MOXJIMBOTO Hamaay iX YyTJIMBI €JIEMEHTH
BUMararoTh IpOTHBUOYXOBOI MOJIepHi3aLlii.

Exonoriuni mepeBaru BHUKOPUCTAHHS JIEPEBUHU SK KOHCTPYKIIHHOTO
cepenoBuIa o0pe BigoMi. ApXIiTEKTOpiB i 3a0yMOBHUKIB BCe OLUIbIIE
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MIPUBaOIIOe KOHLEMIIis crieruikamii AepeBUHN Ui OyAiBHUIITBA 3aBIISKH
3aCTOCYBAaHHIO KOHCTPYKI[IHHUX NIepPEeB’STHUX KOMITO3UTIB, TaKUX SK:
KIIeEHUH OpyC; KJICEHHUH IIIOH; TTapalelbHO-CTPYKKOBUH Opyc; aMiHOBaHMI
opyc.

[IpomsoTH Ta HECyda 3JATHICTh €JIEMEHTIB AEpPEeB’STHUX KOHCTPYKIIH
MiOBUIIMINCA 70  PiBHA, TpA  SKOMY BOHH €  E€KOHOMIYHO
KOHKYPCHTOCIIPOMOXXHUMH 3  IHIIMMH  MaTepialaMu,  TPaIuLidHO
MOB'I3aHUMHU 3 BEJIMKOIPOJIITHAMH CYYaCHUMH KOHCTpPYKLissMH. 30ipHi
CHUCTEMH 3'€THAHHS MAIOTh PSAJ] MOTCHIIIHUX MepeBar nepe TPaauiliiHUMH,
SK 3 TOYKM 30py 3O0BHIIIHBOTO BHIJBITY, Tak 1 MinHocTi. ®dabpuuni
3’€IHYBaJIbHI MEXaHiI3MH MPUXOBAHOTO XapaKTepy MAarOTh MOTCHINAN s
PETETHHOTO KOHTPOIIIO HAJT IKICTEO BUPOOHHIITBA.

JlepeBrHA Mae BHCOKE BiJIHOIIEHHS MIITHOCTI 0 MacH, CIIPUSITIUBE IS
TUHAMIYHIX HaBaHTa)KEHb.

[ITo6 BigmoBimaTH cydacHOI BUMOTaM IPOCKTYBAHHS IO BPaxOBYIOTh
N0 3HAYHUX NUHAMIYHUX HaBaHTaKEHb, JAEpeB’sHI KOHCTPYKIli MOBUHHI
NEMOHCTPYBAaTH IUIACTHYHY Ta JWUCUNATHBHY ToBemiHKy. J[loGpe
CIPOEKTOBaHA IUIACTHYHA JCPEB’SHA KOHCTPYKINSI MOXE BUTPHUMYBATH
BUHSTKOBI BIUIMBH, Taki fK, HaIlpUKJaJ, TOpHaxo abo BHOyxu. BaxmmBo
CKOHCTPYIOBaTH KpIMWJIbHI 3’€IHAaHHS CHaOKIMIMMH HDK JepeB’sHi
eleMeHTH, 100 BOHH MOTIH Je(GOpPMYBATHCS Ta PO3CIIOBATH BEIHKY
KijbKicTh eHeprii. Crioci0 3a0e3nedeHHs SK HaJIeXHOI IIIACTUYHOCTI, TaK 1
JIOCTAaTHBOT HECydol 3JaTHOCTI - II¢ BHUKOPUCTAHHS BEJIHMKOI KUTBKOCTI
CIa0KUX KPIiTJICHb.

Jnunamiuni BunpoOyBaHHs, 0€3CYMHIBHO, € HaHKpaliuM BHOOPOM ISt
BHUSBIICHHS TIOBEIiHKH JEpPEB’SHUX KOHCTPYKIIA TIpU BUOYXOBHUX,
ceficMigHMX a00 BITPOBHMX HaBaHTAXKCHHAX. TakoXX 3 OTIAMY Ha TOH (akT,
o0 PEeXUMH DPYHHYBAaHHS MOXYTh JyXe BIIPI3HATHUCS B CTAaTHIHHUX 1
JUHAMIYHUX YMOBaX, HEOOXiTHO MAaTH YSIBJICHHS PO IUIACTHYHY 3/IaTHICTh
JIepeB’IHUX 3’ €IHAHb.

Bennkuit o6car ¢akTHYHUX MaTepiaiiB, a TAKOXK EKCIIEPUMEHTAILHO
TEOPETHYHI JOCHI/PKCHHS 32 BIUIMBAMHU IIO BiJTBOPIOIOTH TOPHAIO Ja€
MOJJIMBICTh SIKICHO BHBYATH HACIIJKU MOBEIIHKH JCPEB’STHUX CIIEMCHTIB 1
iX 3’€/IHaHb.

TopHamo BHKIUKAIOTh CKCTPEMAIBLHUNA JIOKATBHHUA TUCK BITPY Ta CHIIH
migidoMy, SKi BHINI, HDK i mpsMmodiHiHOoro BiTpy. Komm cmopyna
po3TamoBaHa B IIEHTPI NUBIXY TOPHAIO, BOHA 3a3HAE HAWMOLIBIIIOTO CTYIICHS
TIOIIKO/PKCHHS, 110 POOWTHh €KOHOMIYHO BWIiJHY KOHCTPYKIIIO 3 JIETKOL
JIEpeBUHN HEMOXJIMBOIO 11 HaWiHTEHCUBHIIMMX TOpHamo. OpHaxk,
MPOCTATAIOYKMCH  30BHI  TEPICHIUKYISIPHO  TPAaeKTOpii  TOpHAJO,
IHTEHCUBHICTH TOPHAA0 3MEHITYEThCsI. CTaHAAPTU30BAHUM METOIOM OIliHKH
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MIBUIKOCTI BITPY i yac TOpHAMO € po3mupena mkaita dymzita (EF), sxa
3aCHOBaHAa HA  CIIOCTEPEIKEHHSIX 32  MOIIKO/DKCHHSIMH, OCKLIbKA
Oe3mocepeHiii BUMIp IIBHIKOCTI BITPY MiJ 4Yac TOPHAAO, SK TPaBHIIO,
HeMOXXnuBUH. EkcTpemMaltbHUM JIOKaTi30BaHUHM THCK BITPY Ta BITPOBE CMITTS
B TOPHAJI0 YCKJIAIHIOIOTH PaIliOHAai3allilo MPOLECy MPOCKTYBAHHS.

O6Ban JepeB'STHOTO Kapkacy Jaxy MXHUTJIOBOTO OyIWHKY € OIHUM 3
HANMOMIMPEHINKUX 1 JOPOTUX BHIIB MOIIKOJKCHb, CIPUYHHCHIX TOPHAIO.
PoGoTa 3 MOM'SKIICHHS MOUIKO/PKEHBb JCPEB'SHUX KApKACHHUX JKUTIOBHX
JIaXiB Ba)KJIMBA, a MOBCIOIHE MMOM'SKIICHHS HACIIIKIB MOXKJIUBE 32 PaXyHOK
YIOCKOHAJIEHHX IMiAXOIB 10 MPOSKTYBaHHS Ta IHHOBAIIMHUX PilICHb.

3'eTHaHHS B CyYaCHHX JICPEB'SHUX OYMIBIIAX - [IC METAJICBI TIPUCTPOT, IO
3a0e3meuyroTh mepenady 3yCHIb MK eleMEeHTAMH KOHCTPYKIil. Ix
MIPOEKTYBaHHS € HAWOUIBII CTPATETiYHOI0 YaCTHHOIO KOHCTPYKTHBHOTO
MIPOEKTY JepeB’sIHOT KOHCTPYKILii, OCKIIBKH BiJl XapaKTEPUCTHK 3’ €IHAHD
(THIr, MeXaHiuHI BIACTHBOCTI, T€OMETpisl, BiJICTaHb, TEXHIKa CKIAJTAHHS)
MOXYTh CHJIBHO 3aJIeXKATH YKOPCTKICTh, MIITHICTh, TUNITACTHYHICTh Ta CHEPTis.
PO3CitOBaHHS BCi€l KOHCTPYKIITii.

[upokuii crexkTp (GOpPMyBaHHS MPUXOBAHUX MOMEHTHHX 3'€HaHb
JICPEB'SHUX KOHCTPYKIIA MOXHa PO3IUIMTH HA M'SATh 3arajbHUAX THIIIB:
NIPUXOBAHI CTEPXHIi, NPHUXOBaHI CKJEEHI IUIACTHHH, KJIeHOBI 3'eHaHHSA
MMOBEPXHEBUX KOHTAKTHHX 3'€THAHb, ICPEB'sHI 3'€JHYBaYi B CTUKAaX BHAXJIECT
i 3'ennanHs Ha mobemsx. [IpuxoByBaHi 3’€HaHHS 3a0€3MEeUyIOTh HE TUIBKU
©CTCTUYHI TepeBard, aje 1 CTIMKICTh JO MOTIPIICHHS HAaBKOJHUIIHHOTO
Cepe/IOBHINIA, BOTHIO Ta 3HAYHUX JMHAMIYHUX BILIHBIB.

OcTaHHIM dYacoM BHCOTHI JepeB'sHi OyauHKA OyayBanmucs 3
BHKOPUCTAHHSIM KOHCTPYKTHUBHOI CHCTEMH, B SIKii MAacWBHI JiaroHaJbHi
eJeMEeHTH 3'€HaHi Oe3Tiudio CTaleBUX IDIACTHMH 3 TMpopizaMud  Ta
IIITYHTOBUMH 3'€THAHHAMU JUTS 3a0e3MedeHHs MIiIHOCT1 KOHCTpYyKIii. OHaK
151 CUCTEMA 3aCTOCYBaHHS 0OMEXKY€E BEJIMKI OTBOPH.

Crifixki Ha MoMmeHT naepe'sHi kapkacu (CMIK) 3 HamiBXOpCTKHMMH
3'€IHaHHSAMH OaJKM 3 KOJIOHOIO JI03BOJIIIOTH 3BOJUTH OyniBii 0e3 CTiH
KOPCTKOCTI 200 MONEpPEYHHX 3B'SI3KiB, 110 JI03BOJISIE 301IBLIYBATH OTABOPH,
a TepeposMoJil BHYTPIIIHIX CHJI dYepe3 3'€QHAHHS 3 JOCTaTHHOIO
IUTACTUYHICTIO Ma€ BHpINIAJbHE 3HAYCHHS IS 3a0e3MCYeHHS MillHOCTI
KOHCTPYKIIi.

3HAYUMICTh TUTACTUYHOCTI Y KOHCTPYKTUBHIM CHCTEMI TIOJSATAE B TOMY,
10 JAWCUTIATUBHI 30HH PO3TANIOBYIOTHCA Yy 3'€IHAHHAX, TOMI SK cami
JIepeB'sTHi eJIEMEHTH TIOBOJATHCS TPY>KHO. JIMCHTIaTHBHI KOHCTPYKITiT 3MaTHI
PO3CiIOBaTH SHEPTiIO 3 TOMOMOTOI0 IIIACTHYHOI TUCTEPE3UCHOT MOBEiHKH, &
B JICpEB'THUX eJleMeHTaX KOHCTPYKIIii, 3'€¢THAHUX OOJTaMHU YW CTPHIKHSIMH,
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EHepTist pO3CIIOETHCS 3 JOMOMOTOI0 TUIACTUIHOT JeopMallii K AepeB'SHUX,
1 MeTalleBUX 3'€IHYBaYiB MPU 3BOPOTHHO-IUKIIITHOMY HaBaHTaKEHi.

[Tig MIacTHYHICTIO PO3YyMIE€THCS 3MATHICTh KOHCTPYKINI ITigaaBaTHCS
IUKITIHAM TeopMaIlisiM BeJIMKOT aMILTITYAN B HETIPY>KHOMY Jiana3oHi 0e3
CYTTEBOTO 3HMKECHHS MIIHOCTi. [IMacTHYHICTh BUMIPIOETHCS KOS(DIliEHTOM
MiX TpaHUYHOIO JAedopmariiero Ta nedopMaltiero Ipu MIHHHOCTI.

3acToCyBaHHS CTaJeBUX OIYHMX IDTACTUH 3 [BAXamMu abo0 OOJNTOBHX
3'€IHAHb CTAJICBUX IUIACTHH 3 MpopizamMu 0e3 apMyBaHHsA He 3a0e3meuye
IUTACTUYHICTB. [[i CIIONYKH TEMOHCTPYIOTh KPUXKE PYHHYBaHHS 3 HU3BKOIO
00epTaTBHOK 3[ATHICTIO Ta MAJIUM TPAaHHYHIM MOMCHTOM HAaBiTh 3a 3MiHU
reoMeTpUYHOi KOoH(pIirypamii momepeyHoro mnepepizy abo 3acToCyBaHHS
Moudikariil riaMmeTpiB OONTIB Ta IBIXIB.

VYcBigomiieHHST HEOOXITHOCTI 3aXUCTY JEepeB’SIHUX KOHCTPYKINH Bif
3HaYHUX AWHAMIYHUX BIUIUBIB (BUOYX, TOPHAJ0) HE IOCTAaTHHO BHpIIICHA
npoOiiemMa. AHaJi3 JIITEPaTypHUX JHKepel TO3BOJUB BUSBUTH TEepeBaru i
HEJOTIKA Pi3HUX THIIB 3’ €IHAHDb CTEP)KHEBHUX JCPEB’THUX KOHCTPYKITIH i
Ji€I0 3HAYHUX JIWHAMIYHUX HaBaHTa)XKEeHb. Bu3HadeHi ix mepeBarm Ta
HEIIOJIKH, a TAKOK HABEJCHO HUISAXH JJIsl X MOJAIBIIOr0 YAOCKOHAICHHS 1
3aCTOCYBaHHSI.

EKCHHEPUMEHTAJIBHA ITEPEBIPKA MOXKJIUBOCTI TA
JOINIJIBHOCTI 3ACTOCYBAHHSA ®1IBPOAPMOBAHUX
IVIACTHUKIB JJIs1 TIJICUJIEHHSA NIOINKOAKEHUX
BAJIKOBUX KOHCTPYKIII

Kapmiok L. A., K.T.H., IOLIEHT,
Kapnrwok B.M., 1.1.H., mpodecop,
Caidouskmii P.B., acmipanT,
IMacrepnak O.0., K.T.H., IOLEHT,
Caepanenko O.J1., MaricTpanT,
KopueBnnii 11.C., maricTpant
(O0decvka depoicasna axademis 6yOienuymea ma apximexmypu,)

AHami3 oCTaHHIX IMyOJiKalii 1Moka3aB, 110 Hi HAI[iIOHAJIBHI HOPMHU
MIPOEKTYBaHHs, Hi BiZlOMi aBTOPCHKI METOAWKH HE MICTATh B COOI YITKHUX
BKa3iBOK II0 PO3PaxyHKYy CyMiCHOi pOOOTH IOUIKOMKEHUX OETOHHHUX
0ankoBHUX KOHCTPYKIii 3 FRP abo 3ami300eTOHHUX €IEMEHTIB, TOBEICHIX
Il Yac ToNepeaHboi eKcInlyaramii no rpanuyHoro crany (ULS) abGo
pYWHYBaHHS, 3 KOMIO3HUTHUMHE MaTepiallaMH ITiJICHICHHS.
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Hecy4a 31aTHICTh eTaoHHUX 0a3abTo0eTOH HUX (1HAEKC «refh) i
miacwIeHnX 3oBHimHAIMA ByrieriactukoBumu (CFRP) BosmokHamu (iHACKC
«ftx») momkomxkennx (ULS) 6amok 3 BFRP moxe OyTu mpencraBieHa
HACTYITHHUMHU €KCIePUMEHTAIbHO-CTATUYHUMH 3aJIS)KHOCTAMH, B SIKHX X| —
BiIHOCHWMI TIporiH 3¢yBy a/ho=1, 2, 3; X, — xmac OGerony C16/20,
C30/35, C40/50; X3 — koedimient monepedroro apmysanus =0,0029; 0,0065;
0,0115 (AKB - 800):

Y (M;?,, ) =24,43+2,40x,, xHw, xoedinient apianii v =2,6%; (3.1)

fix,ult

7 M?txp It
Zfeoure kH/ .
Y[ o 1396 +137x,, AA (3.1a)
Y (Fpie)) = 69,2 46,0x, +8,6x, +2,0x, +22,7x] —4,2x,x,, KH,
v=2,8%; (3.2)
R appr( Biznos)
Y| 2 1=3,95-2,63x, +0,49x, +0,11x, +1,30x; —
bh, (3.22)
—-0,24x,x,, Mlla;
Y (Vi) =51,8-30,1x, +11,8x, +5,5x, +15,9x] —5,5x3 =2,3x] — 53)

—4,8x,X,, kH, v=5% 3a apXiBHUMH JJAaHUMHU.
Koedimient 3minaenns nomkopkeHnx (ULS) OGeToHHMX Oallok 3
BFRP, migcumeHnx ogHOMIapoBuM ByTieruiactukoBuM mosioTHoM (CFRP) y
HUXKHIH pPO3TATHYTIH 30HI Ta BYIVICINIACTUKOBUMH COpPOYKAMH Ha

- amp __ ypappr ref
npronopuux autsHkax kg =l / Ve,

Y (i, ) =1,35-0,05x, —0,12x, —0,06x, —0,04x] +0,20x +

+0,06x: +0,18x,x, +0,06x,x, +0,04x,x,, vL=5,02%;

Hedopmanii OeToHy CTHCHYTOI 30HHM, PO3TATHYTOI pPoOOUOT
6azanproruiactukoBoi (BFRP) apmarypu Ta 30BHIIIHBOT BYIJIEIUIACTUKOBOT
o6oiimu (CFRP) migcunenns nomkompkenux (ULS) mocmigaux 0ajok Ha
eKCIUTyaTalliiHOMYy piBHI MaJIONUKIIOBOTO TOBTOPHOTO HAaBaHTaXKCHHS

XapaKTCPU3YETbCA BUPA3OM:

(3.4)

(m, =0,65F,, ) Bupaxxaerbcs:
7 ref 105 ) — _ 2 _
Y (&5 -10°) =107 +20x, —3x, +12x, +3x] G5)
—8%,X,, V=6,0% 3a apXiBHUMU JaHUMU;
Y (el -10°) =194+38x, —13x, +9x, —13x,X,, V=5,3%;
(3.6)
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Y (8™ 10°) = 510+77x, +68x, +32x, —17x] —46x] ~15x},
v=15,5% 3a apXiBHUMH JaHUMH; (3.7)

Y (e 10°) =503+101x, +33x, +34x, +21x,x, +19x,x,, v=5,1%; (3.8)

Y (ep -107) = 601+122x, +33x, +41x, +23x,X, +20x,X;, 0 =4,9%; (3.9)
Ilepen pyiiHyBaHHAM IIpU piBHI MAJOLMKIOBOIO IIOBTOPHOTO
HaBaHTaxeHHd M, =0,95F, Bkasani gedopmanii OeTony, pobGouoi

OazanproruractTikoBoi apmatypu BFRP Ta ByrmemmacTukoBoi o0oWMH
(CFRP) migcwiieHHs OIIKOHKEHUX 0aJoK HaOyBaIOTh BUAY:

Y( ref ., 105) _ 157+29x 5x2 -i-17x3 -i-4X12 —12X1X2,

cl'l ult
LV=6,6% 3a apXiBHUMH JaHUMH; (3.10)
Y (el -10°) =277 +47x, —19x, —45x] —8x; ~11x,x,, v=5,1%;  (3.11)

Y (e 10°) = 745+112x, +99x, +47x, —25x] —67x} —22x;,

fi,ult

v=5,5% 3a apXxiBHUMH JaHUMHU; (3.12)

Y (el 10°) = 735+148x, +48x, + 50x; +30x,X, + 28X X;, G.13)
v=2,7%;

Y (e 10°) =880 +176x, +52x, + 57X, +32x,X, +32x,X;, G.14)
v=4,8%:;

Iporuau ertanonnux OeronHux Oanok 3 BFRP i migcunenumx
ByriemactukoBumu (CFRP) o6oiiMamu nmomkomkeHnx 0a3aabTo0eTOHHUX
3pa3KiB-0aloK Ha eKCIUIyaTalliiHOMY piBHI HaBaHTaxkeHHs (1, =0,65F )
MOXKYTb OyTH IPEJICTAaBICHHI HACTYITHUMH 3aJI€KHOCTSIMH:

(f;f; ) =10,20+0,91x, +1,04x, +0,73x, —0,74x>, mMm
v=5,3% 3a apxiBHUMHU JaHUMHU; (3.15)
ref
\?(ﬂ]-m‘ =6,48+0,58%, +0,66x, +0,46x, —0,47x}; (3.15,a)

0

% (fﬂw

): 11,53 +1,46x, +0,29x, +0,70x, —0,30x>, MM
v =6,0%;

(3.16)

f
Y[ MJloﬂ 7,32+0,93x, +0,18x, +0,44x, -0,19x;.  (3.16,2)

0
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Ilepen py#HYBaHHSAM €TaJOHHUX 1 JOCHITHUX 3pa3KiB-OaJIoOK
(m, =0,95F,

ult

S?(f;j;z ) =14,28+1,34x, +1,46x, +1,01x, —1,03x2, mm,

Lv=5,6% 3a apxiBHHUMU JaHUMH; 3.17)

) iXHI IPOTHHU XapaKTePU3yBaTUMYThCS BUPAa3aMH:

ref

3?(%]-103 =9,07+0,85x, +0,93x, +0,64x, —0,65x’; (3.17, a)

0

E -1

c

. fref .
V| 1 10° = 111+ 11x, +9x, +15x, —7x2 —4x2,
" > (3.176)

v =06,1%;
Y (£, ) =16,7242,06x, +0,47x, +0,80x, —1,27x}, v=4,9%;  (3.18)

fix,m,

Y (oo, /1,107 =10,62+1,31x, +0,30x, +0,51x, =0,81x}; (3.18, a)

(£ M
Y[M}loﬁ =175+23x, —9x, +9x, —14x} +12x2;
ref

Eel (3.18, 6)

v=5,1%;

PO3TATHYTIH 30H1 “UUCTOTO 3rUHY” €TAJOHHUX 0a3aJbTOOCTOHHUX 0aloK Ta
MIICUIICHUX BYTJICIUIACTUKOBHM TIOJIOTHOM IIOIIKO/KEHUX OETOHHUX 0ajoK

3 BFRP npu excrutyarauiiinomy pieni napantaxenss (1, = 0,65F, ) MoxHa

ul

MPEACTABUTH HACTYITHUMHU €KCIICPUMEHTAIIbHO-CTATUIHUMU 3aJICKHOCTIAMM

Y (W', ) =0,35+0,06x, +0,10x, +0,05x, +0,02x,x,, MM, .19
v=115%;
Y (Wi ) =0,40+0,10x, +0,03x, +0,03x, — (3.20)

—0,05x; +0,02x; —0,02x; MM, vL=5,3%;

Hanepenonni pyitnysanns (1, = 0,95F, ) mmpnna poskpurrs

ult
HOpPMAIIbHUX TPIIIMH B CTAJOHHUX 0a3albTOOCTOHHUX Ta IIiJCUICHUX
BYTJICIJIACTUKOBUM IIOJIOTHOM TOIIKO/DKEHUX OeroHHHMX Oanok 3 BFRP
BHUPAKAETHCS:

Y (Wi, ) =0,51+0,04x, +0,13x, +0,07x,, mm, v=11%; (3.21)

kfy.ny

Y (Wign, ) = 0,52+0,04x, +0,03x, +0,02x, 322)
-0,03x; +0,02x MM, v=5,7%.
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BuchHoBku:

1.BuxoHaHnMH €KCIIepUMEHTaIIbHO-TEOPETHIHIMH JIOCTIKCHHAMHU
BCTAHOBJIEHA MOXKIIMBICTh Ta MOLUIBHICTH IMIJACHIJIEHHS ITOMIKOKEHNX 1
noBeaeHnx o rpanmyHoro craHy (ULS) G6eronHmx xoHCTpykiiii 3 BFRP
3oBHIMHIMU  (iOpoapmoBanmmu  mactukamu  (D®AII-CFRP)  mpu
JNOTpUMaHHI BCTaHOBIEHOI TexHoiorii. Ilpu mpoMy, edexT miacuIeHHs
BKa3aHHUX OaJIKOBHX KOHCTPYKLito nocsras 150%.

2. PyiiHyBaHHS JOCHIZHMUX MiACHICHUX 0a3aJbTOOCTOHHHX OaJloK 3
BenmkuMH (a/d=3) 1 cepemnimm (a/d=2) mpomboramm 3CyBy BiAINOBIIaio
HaTpyKeHO-1e(hOPMOBAaHOMY CTaHY MaibKe 30alaHCOBAHOTO HOPMAIILHOTO
MOTIEPEYHOTO Mepepizy.

PyiinyBanns  Oamok 3 mamumu  (a/d<l) mpomboramm  3CyBY
CYTIPOBOIKYBAJIOCS TOAANBIIAM PO3KPUTTSAM PAHIIIE YTBOPCHHUX TOXHIIX
TPIIIMH 1 PO3PUBOM 3aMKHYTHX BYTJEIUIACTUKOBHUX COPOYOK Ha OIYHUX
TpaHsAX IXHIX MPUOTIOPHUX JIJISTHOK.

3. 3ampomoHOBaHa METOAWKA PpO3paxyHKy Tiepemdadae aIeKBaTHE
BHU3HAYEHHS Hecydoi 37aTHOCTI (kKoedimieHT Bapiamii v=5,6%) mporiHHIX
OCTOHHUX KOHCTPYKITi 3 HEMETAIEBOIO KOMIIO3UTHOIO apMaTyporo (FRP) sk
0e3 ix MigCWIIEHHSA Ta 0e3 MOIIKOKeHb, Tak 1 mimcuineHnx DAIT-CFRP
€JIEMEHTIB, sKi JOocsATaH rpanugHoro ctany (ULS).

4. Hecyuy 30aTHICTh 3pyWHOBAaHUX a00 JOBEACHUX IO TPAHUYHOTO CTaHY
(ULS) mnpuwomopHHX JUISHOK OalKOBHX KOHCTPYKINH, —ITiICHICHUX
Matepianiamu OATI-FRP, ciin Bu3HayaTu Ha 10 3THHAIBHOIO MOMCHTY 3a
KPUTHYIHOIO TIOXHJIOIO TPIIIHHOIO.

BU3HAYEHHS PAIIIOHAJIBHOI CXEMM PEIIITKA
TMOMEPEYHOI B’SI3EBOI ®EPMU IO HUKHIM MOSICAM
®EPM NIOKPUTTA NPOMUCJIIOBUX BYAIBEJIb

Kynuenko 10.B., K.T.H., I01IeHT,
Cinraiscokuii I1.M., K.T.H., TOLIEHT,
Kopmak O.M., K.T.H., JOIICHT,
(O0ecvka depacasra axademis 6yOisHUYMEa Ma apximexKmypu,)

B's131  TOKPUTTS MPOMHCIOBHX OyHmiBelb  CTBOPIOIOTH  3aralibHy
KOPCTKICTh ~ Kapkaca OymiBii, 3a0e3MedyloTh MPOCTOPOBY pPOOOTY
HornepeyHnx pam. B's3i cnpuiiMaroTh psii TOPH3OHTAIBHUX HaBaHTAXEHb
TaKUX, SIK BITPOBI, CEHCMi4HI, 320€3MeUyI0Th CTIHKICTh CTHCHYTHX €JIEMEHTIB
TIOKPHTTS 1 3a/laHy TEOMETPir0 KapKaca Ipyu MOHTaxi. B Mexax MmokpurTs B
3araJbHOMY BUIAJKY ITPU3HAYAIOTHCS HACTYITHI CHCTEMH B'S31B: ONEPEYHi 1
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TIOJIOBXHI TOPH3OHTAJbHI B'SI31 B IIJIOCKOCTI BEPXHIX 1 HIDKHIX TOSCIB
KpOKBSHHUX (pepM; BepTHKaIbHI B'sI31 MK KPOKBSIHUMH (hepMamu, B's3i 1O
JiXTapsx (3a HasIBHOCTI JIixTapiB). KoMIIOHOBKA cXeMU B'sI31B 3aJIC)KUTh Bif
THTIA TIOKPUTTSA, KOHCTPYKTUBHHX OCOOJNMBOCTEH Kapkaca OymiBiIi i yMOB
HWOTO eKCILTyaTaIlii.

B OynmiBasx 3 oOmupaHHAM KpOKBSHHX (GepM Ha KOJOHH B PiBHI
HIDKHBOTO TIOSICY OCHOBHY CHCTEMY T'OPH3OHTAJIbHUX B'S3iB, IO CIpHiiMae
TOPU30HTaJbHI HABaHTaXCHHsA 1 3abe3medye JKOPCTKICTH  OymiBii,
PO3TaIIOBYIOTh IO HWXKHIX TOsicaX KpOKBsiHUX ¢epM. Lli B's3i 3a3BHuaii
BUPINIYIOT Y BUIIIAI (epM (Tak 3BaHUX BITpoBHX (epM). B ibomy Bumaaky
B's131 [10 BEPXHIX MM0sICaxX KPOKBSHHUX (hepM BCTAHOBIIOIOTH IS 3a0€3MeUeHHS
CTIMKOCTI BEpXHIX IOSACIB TpM eKciutyaramii i MoHTaxi. Takox mpu
HasBHOCTI JKOPCTKOTO JHCKa TIOKPUTTS TOPU3OHTAIBHI TOTEpedHi B’s3i
PO3MIIIYIOTh TiIBKKM B piBHI HIDKHIX TOsCIB depMm, ame mpH HIHOMY
nepen0davaroTh IHBEHTApHI THMYAcoBi B’s31 B PiBHI BEPXHIX TOSACIB IS
BHBIPSIHHS KOHCTPYKIIiH 1 3a0€3MedeHHsI IXHbOI CTIMKOCTI i1 4aC MOHTaXY.

AKTyalbHUM € NHTAaHHSA IIPOCKTYBaHHS IIONIEPEYHMX B’SA3€BHX (epM 3
parioHAILHUMH KOHCTPYKTHBHUMH PiLLICHHSAMH.

OpHuM i3 NUIAXIB BUOOPY palliOHAJIBHOTO KOHCTPYKTHBHOTO PIilICHHS
norepeyHoi B’s13eBoi (hepMU € BU3HAYEHHSI PalliOHAILHOT CXEMH PEIiTKH 32
BUTPATOIO CTAJ.

B’s131 o HIWKHIM 1osicaM KPOKBSHUX (DepM y TOpIIEBUX B’3€BUX O0Kax
NIPOMUCIIOBUX OyJiBeNIb CHPUIMAIOTh BITPOBE HABaHTA)KCHHS Ha TOPELb
OymiBi. JIsist CIpUAHATTSI BITPOBOT'O THCKY B TOpEIh Oy IiBIIi, B PiBHI HUXKHIX
MOSICiB (pepM MOKPHUTTSI, 3a TOTIOMOTOI0 JINCTOBUX IIAPHIPiB HA PaxBEPKOBUX
KOJIOHaX BJIAIITOBYIOTHCS TOPHU3OHTANBHI B’si3€Bi PepMu, Je ToscaMu IUX
B’s3eBUX (epM € HWKHI Tosich caMux (epM TIOKPHTTS, a peIIiTka
MIPOEKTYETHCS TOAaTKOBO. Jlami, omopHi peakilii ropu30HTAILHUX B’ S3€BUX
(dbepM Bim BITPOBOTO HaBaHTaXEHHS, Yepe3 B'sA31 B TUIOCKOCTI KOJIOH,
nepeatoThCs Ha pyHIaMEHT.

BitpoBe HaBaHTa)KeHHS Ha TOpeLb OyIiBII Yepe3 OropoKyBalbHI
CTIHOBI KOHCTPYKLII IepeaeThbest Ha paxBEepKOBI KOJIOHHU y TOpLI OyIiBIi, SIK
piBHOMIpHO po3moniieHe. JIBi TOpU3OHTAJbHI peakuii KoJIOHHW, SKi
BUHMKAIOTH BiJI BITPOBOI'O HaBaHTAXXECHHSI, PO3NOAUIIOTHECS TAKUM YHHOM,
1110 OJIHA 3 HUX NEPEAAETHCS Ha (DYHAAMEHT, a Ipyra Ha piBHI HIDKHIX MOSCIB

dbepM TOKPUTTS 3a JOTIOMOTOIO0 JIHCTOBUX IIAPHIPIB — y BY3JH
TOPU30HTAILHUX B’SA3¢BHX (epM IO HIKHIM IMOsicaM TOPUEBUX (GepM
MOKPHTTSL.

i B’s13eBi TOpU30HTANBHI (PepMU MOXKYTh BUKOHYBATHCS 3 XPECTOBOIO
pEIIiTKO0, a00 3 TPUKYTHOIO PENITKOIO 1 JOJATKOBUMHU CTilikamu. B 0060x
WX BUTAAKaX QYHKIIIO CTIHOK pemiTku OyayTh BUKOHYBATH HUXKHI MOSICH
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BEpTUKAIBHUX B3¢l MK QepMaMu, a MosicaMH B’S3eBHX (epM € HUKHI
mosick pepM TTOKPHTTSI.

BusnadeHo 3ycwiis y B’si3eBUX (epMax IS TUMIOBUX (epM ITOKPUTTS
MIPOMHUCIIOBHUX Oy TiBEIb Bil OMUHUYHUX 30CEPEIKEHUX CHUIT BITPOBOT'O THCKY
B TOpeIb IPOMOYIiBIIi, MPUKIIAICHUX Y BY3J1aX HIDKHBOTO TOSICY KPOKBSHUX
(depM (y piBHI JUCTOBHX INapHIpiB Ha (HaxBEPKOBUX KOJOHAX IO TOPIIX
OymiBIi).

TakuM 4YHHOM, BH3HAYMBINM BY3JIOBC BITPOBE HABaHTAXKCHHS IS
KOHKPETHOT'O pPaliOHy 1 MOMHOXHUBIIM HOrO0 Ha 3YCHIUIS OJUHHYHOTO
HABaHTAXXCHHS MOXXHA BU3HAYHTH pPalliOHAIBHY CXeMY (32 BUTPATOIO CTai)
B’SI31B 1O HIDKHIM 1osicaM (epM THOKPUTTS B TOPLEBUX B’s3eBUX OJOKax
OJTHOTIOBEPXOBUX MPOMHUCIOBUX OY/iBEIIb.

3a gomomMoror po3polbsieHoi i mpeacTaBieHOi B POOOTI METOIUKH
BH3HAUEHHS PAaIliOHATbHOI CXEMH PEIIiTKH THIIOBUX B’S3€BUX (epM ITo
HUKHIX TMosicaXx (epM TIOKPUTTS 3a BHTPATOI0 Martepiany BH3HAYEHO
paIfioHaIbHy CXeMH PEUIiTKY 32 BUTPATOIO CTaJli HA MPUKIAI TPOMHUCIOBOL
OymiBnmi. B posrmgayromy mnpukianmi xpectoBi B’s3i Ha 37% Oumbm
€KOHOMIYHI Hi’K TPUKYTHI 3 TOJATKOBUMH CTiHKaMH.

MIJCUJIEHHS 3AJI30BETOHHUX JIBOTABPOBUX KOJIOH
CTAJIEBOIO OBOMIMOIO

Makciora O.B., marictp, acripanrtka
(O0ecvka deparcasua akademis 6yOIGHUYMEA Ma apxXimeKmypu,)

B npoueci excrutyaTanii, yepe3 MexaHiuHi MOMIKOKEHHS (0cO0IMBO — B
X011 00HOBUX [iif) 3a1i300€TOHHI KOHCTPYKIIIT 3a3HaI0Th MOIIKOJDKEHb, 110
3HIDKYE TOKAa3HWKHU EKCIUTyaTalliiHOi MPUAATHOCTI KOHCTPYKIIH Ta MOXe
CIIPUSITH MIEPEXOAYy KOHCTPYKITiT B TIpIIMIA TEXHIYHAN CTaH.

Haii0impm MO PEHAMH MTOIIKOKEHHAMH 3aJ11300€ TOHHUX
KOHCTPYKIIIH €: KOopo3is poOodoi apmarypyd (3MEHIICHHS IUTOmm il
MIOTIEPEYHOTO TMepepizy OOpHB YAaCTHHU CTEP)KHIB TO3IOBXKHBOI Ta/abo
MOTIePEYHOT apMaTypH B CTHCHYTHX €JIEMEHTA.

[MomkomKkeHHsT y BHITIINI 3MEHIIGHHS IUIOW repepisy pobouoi
apMaTypy MOXXHa NPsSIMO OLIIHUTH B PO3PaxyHKY, aje PeKOMEHAALl 100
BpaxyBaHHS BTPATH YaCTUHH JIBOTABPOBOT'O MIEPEPi3y BiJICYTHI B HAYKOBIi Ta
HOPMaTHBHIH JliTepaTypi.

Haii0inpi e(peKTUBHUM i IIBUAKHM METOJIOM ITiJICHIICHHS MTOIIKOIKCHUX
3aJT1i300€TOHHUX KOJIOH € BCTAHOBIIEHHS CTaJIeBUX 000HM 0e3 OeTOHyBaHHS
TIOTIIKO[KEHOTO TIepepizy OeToHy.
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BusHaueHHs ~ 3aJMINKOBOI  HECydoi  3IAaTHOCTI  3alli300€TOHHUX
JIBOTABPOBUX €JIEMEHTIB 3, MOIIKODKCHHIMH YaCTHHH Tiepepisy OeToHy B
TIpoIIeCi eKCInTyaTallii, Ha JaHUH Y4ac MaJIo OCIi KSHHH.

Taki pmochiKeHHS OCTaHHIM dYacoM TPOBOAAThCS Ha Kadempi
3aJTi300€ TOHHUX KOHCTPYKIIiH Ta TpancrmopTHUX cropya OJIABA.

Ha migcraBi mpoBeieHUX HATYPHUX BUTPOOYBaHb i 00POOKH OTpUMaHUX
pe3yNbTATIB  YAANOCAs  MPOAHANI3yBaTH  IMapaMeTpH  HAMPYKEHO-
Je(hOpMOBAHOTO CTaHY JBOTABPOBUX 3ai300€TOHHHX KOJOH B Iepepisi 3
MOIIKO/DKEHHSIMA Ta C(OPMYIIIOBAaTH OCHOBHI IIEPEIYMOBH PO3PaXyHKY
3aJIMIIKOBOI HECY4Ol MiJICHIICHUX CTaJIeBOIO 0001MOI0 KotoH. I1pu po3risii
PO3paxyHKOBOTO Iepepi3y CTepiKHEBa apMaTypa po3riisiianacs B KOMIIEKCI
3 )KOPCTKOIO (3 BIAMOBIIHUMH XapaKTEPUCTHKaMH MIIIHOCTI), TOOTO KOPCTKa
apMaTypa IpUBOJHIACH 10 THYYKOI.

Po3paxyHOK eeMeHTIB, [0 MPaIfo0Th Ha KOCHHA MO3aIlEHTPOBHMA CTHCK
y 3aralbHOMY BHWIIQJIKy PEKOMEHIYEThCSI BUKOHYBATH 332 yMOBH
napanesbHOCTI CHJIOBHX IUIOIIMH. lle o3Hauae, M0 TOYKa MPHKIAJAHHS
30BHIITHBO{ CHJIH, PIBHOIIOYA CTUCHYTHX 3YCHJIb y O€TOHI Ta apMmaTypi i
piBHOMIIOYA 3YyCHWJIb y PO3TATHYTIH apMarypi MOBUHHI JIe)KaTH Ha OJHIHN
TIPSIMIH.

[TpuiitmMatoTbesl OCHOBHI NEpelyMOBH PO3paxyHKy Ta AOIYIIEHHS

1. T'inoTe3a mIOCKUX MepepiziB: mepepi3u, M0 pO3MIIAAI0THCS, TUIOCKI 1
HOpPMaJbHI 10 Oci KOJIoHHW, nedopmanii 3alWIIArOThCS IUIOCKUMHU 1
HOpPMaJBHUMHU 710 ii oci g0 1 miciast medopmarii, a 3a BUCOTOIO mepepizy
nedopmarrii 3MiHIOIOTECS 32 JTIHIHOIO 3aJIeKHICTIO.

2. HampykeHHST B CTHCHYTIM 30HI PO3MOAUISIOTECS PIiBHOMIPHO 3
IHTEHCUBHICTIO 1) 4.

3. HampyxeHHss B apmaTypi NpUHAMAIOTBCSA 3aJ€KHO BiJ BHCOTH
CTUCHYTOI 30HW OeToHy. 3YCWIIS y PO3TATHYTIH 30HI CHpPHUAMAIOTHCS
apMaTypolo 1 He OUIbII 32 pO3paxyHKOBUIT CIPOTUB PO3TATHEHHIO f;.

4. PoboTa po3TArHyTOr0 6ETOHY HE BPaXOBYETHCS

5. IlpuiiMaeMO yMOBY HapajelbHOCTI CHJIOBHMX IUIOLIMH: IUIOMIMHA Aii
30BHILIHIX 1 BHYTPIIIHIX CHJI CHiBHaJaroTh abo NapaliesibHi 3aJeXKHO Bil
PO3paxyHKOBOT'O BHUITQ/IKY.

6. BpaxoByeMO OTOJIEHHS apMaTypHUX CTPUIKHIB Ty, (32 HEOOXiMHOCT).

7. BBOOATBCS TMOHATTS MOUIKOMKEGHHS TiJ KYyTOM Ta  IIOCKE
MOMKO/KEHHs. DPOHT NOIIKOHKEHHS — IpsiMa JIiHis.

Sk BiOMO, pyHHYBaHHS KOCOCTUCHYTHX €JIEMEHTIB 32 HOPMaJbHHM
nepepizoM BiIOYBa€ThCs 3a BJIOMa CXEMaMHM: 32 PO3TATHYTOIO apMarypolo,
KOJIM TIOTEYYTh yci ab0 OiNbIICTh PO3TATHYTHX CTPYIKHIB 1 32 CTHCHYTOIO
30HOI0, KOJIM pYWHYBaHHS TOYMHAETHCSA 31 CTUCHYTOro Oerony. Ilepury
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CcXeMy pyWHYBaHHA MH MOXEMO TO00aYHTH Yy BHIAAKY BEIHKHX
EKCIEHTPHUCHUTETIB, APYTY — MIPH MATNX EKCIICHTPUCUTETaX.

VY BUMNaAKy MOMIKOKEHHS MiJ KyTOM € NIEKUJTbKa BapiaHTiB IMOJOKECHHS
HerTpanpHOi JiHii. Helitpanbna niHig Oyae mia KyToM, BIIMIHHEM BiJ KyTa
TIOIIKOKEHHS, TOOTO, CTUCHYTa 30Ha MOXE BKJIIOYAaTH B cOOi 9acTHUHY i
pedpa, i monku. MoxmuBo OaraTo BapiaHTiB OPMHU CTUCHYTOI 30HHU, NPH
PO3paxyHKy OyIeMo 3a/1aBaTHCS HAWOLIBII HMOBIPHUMHU, a Y BUTIAJIKY, SKIIO
pe3yIbTaTH PO3PaXyHKy HE OYIyTh 3aJ0BOJBHATH HAIIAM OOMEKCHHSIM
(N>0,x >0, x< h,+h3;—B pedpi, x> h, +h; — B I0JIIIi ) HEOOX1THO MEPETIISIHYTH
(opMy CTHCHYTOI 30HH 1 IIOBTOPUTH PO3PaXyHOK.

Jlist cipoueHHs nepeTBopeHb OyB Bukopuctanuii K171 Matlab, cucrema
PiBHSIHB pO3B’s3yBajach METOJOM TOCIITIOBHUX MPHUOIKEHB 32 JOTTOMOTOO0
aJTOpPUTMY, CTBOpEeHOTO B Microsoft Excel.

VY pe3ynbTaTi po3B’SI3Ky CUCTEMH PiBHSIHB, OTPUMYEMO ITapu KOPEHi, SKi
HEOOXIHO MpoaHai3yBaTH, iX MoOXke OyTH Hekiibka. SIKImo KopeHi He
32JI0BOJILHSIOTH IMM BUMOTaM, TO HEOOXiTHO 3pO0UTH IepepaxyHoK 3a1adi,
3MIHUBIIH TP IEOMY (HOPMY CTHCHYTOI 30HH OETOHY.

CratuctnuHa o0OpoOKa BIIXHJICHb CKCICPUMCHTAIBHUX 3HAYCHB
3aJIMIIKOBOI HECy4oi 3JaTHOCTI IIOIIKO/DKEHHX €JIEMEHTIB JI0 Hecydoi
3aTHOCTI, BM3HAYEHOI 3a METOJHMKOIO, IO MPOIOHYETHCS, IA€ NOCHTh
TOYHHH pe3ynbTar (BiCOTOK Bapiauii BiIXnieHHs ckiaB 12,5%).

POBOTA ®AJIBIHEBOI'O 3AMKA METAJIEBUX CIIIPAJIBHO-
HABHUBHHUX CHJIOCIB

Hiuyrin C.®., n.1.H., npodecop,
JAmutpenko A.O., K.T.H., IOIEHT
Oxcenenko K.O., acmipanr,
Hayionanvuuii ynieepcumem «Ilonmaecoka noaimexuixa imeni FOpis
Konopamioxa»

MertaneBi eMHOCTI A 30epiraHHsl CHITYYMX MarepiamiB HaOyBarOTh
MOUIMPEHHS 3 KOXHMM pokoM. lle 3yMmoBieHO iXHIMH mepeBaramu B
TIOPIBHSIHHI 3 1HIIMMH BUJIAMH CKJIAIiB, TAKUMH SIK IiJUIOTOBI CKJIATU Ta
3a;mizo0eTonHi cwiocu. IlepeBarm MeTajeBUX CHJIOCIB: MEHIIA Maca,
MPOCTOTa TPAHCIOPTYBAHHS, MOXJIHMBICTh 3aBOJACHKOIO BUTOTOBIICHHS
KOHCTPYKILiH, MIBUAKICTh IPOBEICHHS MOHTa)KHHX pPOOIT, MOKIIUBICTH
CTBOPCHHS TEPMETHYHOTO CEPEIOBHUINA. B 3B’SI3Ky 3 PO3MOBCHOIKCHICTIO
METaJICBUX EMHOCTEH, 3pOCiia i KUIBKICTh THIIIB METAJICBUX CHIIOCIB, B
3aJICKHOCTI  BiJl KOHCTPYKIii Kopmycy. Ile TMOsSCHIOETBCS —BEIHMKOIO
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PI3HOMaHITHICTIO BHJIIB CHITYYHX MaTepialiB Ta BUMOTaMH JI0 iX 30epiraHHsl.
[IporpecuBHa MeTaneBa €MHICTh, B SIKiH MOXKIIMBE 30€piraHHs OyIb-sIKOTO
BHJly MaTepiairy, — IIe CHJIOCH CITipabHO-(DaTBIIEBOTO THITY.

KoHcTpykiis cripanbHO-(aIbIleBOro criiocy Oyiia po3pobieHa y 1968
poimi HiMenbkuM BuYeHMM KcaBepom Jlimmom, SKWii BHKOPHUCTOBYBaB
criertianbHe 00 HAHHS TSI 0OpPOOKH JIMCTOBOTO METAITY 1 3aCTOCYBaB HOTo
JUTS 3BEJICHHS CITipallbHO-HABUBHHX cHIIOCiB. Kopryc cuiocy sBisie co00ro
CHUCTEMY CIIpaTbHOTO 3'€MHAHHS CTAJICBOI CTPIYKM IIJSIXOM IOJABIHHOTO
BaJIBIFOBAHHS 3 OJJHOYACHUM (POpPMYBaHHSM (albIICBOrO pedpa 3aMKHYTOTO
tumy. anpneBuil 3aMOK PO3TAIIOBAHWN 330BHI CTIHKH CHWJIOCY TiX
HE3HAYHUM KYTOM JI0 TOPU30HTAIBHOI IJIONIMHY i YTBOPIOE KiNBIEBI peOpa.

Pebpo danbuesoro tumy, sk crieriudivHAI CTHKOBHH €IEMEHT, TOTpeOye
eKCIIePUMEHTAIBHNX JOCITIKCHb Ta BUBYCHHS (aKTHUYHIX XapaKTEPUCTHUK
MAIATIMBOCTI Ta MII[HOCTI.

JIst ekcriepuMeHTaTbHOTO JOCTiDKEHHST OyB B3SATHH €JIEMEHT CTIHKH
CITipaJibHO-(PaJIbIIEBOTO CHIIOCY JIJIs 30epiraHHs Tpicku aepeBuHu. ['abaputu
cuiocy — aiameTp 8M, BUCOTa Kopmycy 17w, 3arambHuUil 00°eM 30epiranHs
marepiamy 650 M3. ¥V cTiHIi cmitocy Oyio 3po0iieHO TEXHOJOTiYHWA OTBIp
JUIS MOHTaXy OIJIAJOBOTO JIOKY. BUpi3aHuii eJIeMeHT CTiHKH OyB
PO3MiJICHUIN Ha CKCIICPUMEHTABHI 3pa3KH.

XapakTepHCTHKH 3pa3ka - Mapka ctaii — DX51D+Z1400, mmpuna — 80
MM, toBxkuHa 700 MM, TOBITUHA — 4 MM.

Jns  BU3HAYCHHS  BEJIMYMHUA  PO3KPUTTS  (aNbLEBOTO  3aMKa
BHKOPHUCTOBYBAJIHUCS IHAUKATOPH TOAMHHHUKOBOTO THITY 3 IIIHOIO IiJICHHS
0,01 mm. Jlns OTpUMYBaHHS EKCIIEPUMEHTAIBLHUX 3HAYEHb BiJHOCHUX
nedopmariiii CTIHKH CHIJIOCY, Ha €KCTIEpUMEHTANIbHI 3pa3ku OyJr HaKIeeHi
eJIeKTPpHYHI TeH3ope3ncTopu 3 0azor0 20mM. [TokazaHHS 3 TEH301aTYUKIB
3HIMAJIMCH 3a JIOTIOMOTOI0 aBTOMATHUIHOTO BUMipioBada nedopmamin ABJI-
4.

HaBaHTaxxeHHsT 3pa3kiB BHKOHYBAJIOCH IICHTPAIbHUM PO3TATYIOUHM
HABaHTAXXCHHSM, SIKE MPHUKIATANIOCS B CTATHIHOMY PEXXHMI B Mexkax Big 0
kH nmo 21 xH.

Pesynbrath  eKCHEPUMEHTY BHSIBIUIM, 10 TPW  HABaHTaKCHHI
PO3TATYIOYMM HaBaHTAXXEHHAM B Mexkax 4 — 4,5 kH BinOyBaeThcst 3aBUCaHHA
HABAaHTAXXCHHS, YTBOPIOETHCS IMOBEPXHEBA TPINIUHA B IEPIIOMY BUTHHI
3aMka. [ToBHE PO3KPUTTS MepIIoro 3ruHy (ajbIeBOro 3aMKa — B MeXax 7 -
8 kH. Po3kpuTTSI Ipyroro 3ruHy NOYWHAETHCS MTPY HABaHTAXKCHHI B MeXax 8
— 9 kH, B mpomikky 9 — 15 kH cmocrepiraeTscsi mMoBOpOT 3’€THAHHS 3
TOPU30HTAILHOI TUIOIIVHK Y BEpTUKaIbHY. PyliHyBaHHS (haJbIleBOTO 3aMKa
BimOyBaeTcs mpHM HaBaHTakeHHI B Mexax 19-21 xH. Ilicns mocsrHeHHS
MaKCHMaJIbHOTO HaBaHTaXEHHSI, BII0YyBAE€ThCS HOTO TMTOCTYIIOBE TaIiHHS.
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AHaJi3 pe3ynbTaTiB eKCIIEPUMEHTATBHUX JTOCIHIIKEHD MTOKA3aB, 10 MPH
HaBaHTaXXCHHSIX Ha 3pa3ok B Mexax P = 0 — 3 xH xoHcTpyKIIis mparroBaia
MIPY>KHO, OCKIIBKH TIpHU pO3BaHTaxeHHI 1Mo piBHA P = 1,5 xkH Hiskux
3TMIIIKOBHUX Aedopmarltiii He GikcyBaioCh.

[Ticns pyliHyBaHHS 3’€QHAHHS Ha METAll CIIOCTEpIraucs 30HU
CTOHIIIEHHS METajy B MICIAX 3TUHY (aiblsd Ta TPIIWHU BiJ pyHHYBaHHS
3THHIB.

B pe3ynpTaTi eKCIepUMEHTAIBHOTO JOCTIKCHHS Oyiu 3po0JieHi Taki
BHUCHOBKH:

1. BusiBieno xapakrep poOoTH (ajbIeBOro 3aMKa i MpHIIeTIINX TISTHOK
OOOJIOHKHM  CIHipalbHO-HABHBHOTO  CHJIOCY TpPU  Jii  PO3TATYIOUHX
HABaHTAXKCHb.

2. 3aikcoBaHO 3TUH MPUIIETIOI 0OOJOHKH TPU PO3KPHUTTI (PasbIieBOTO
3aMKa.

3. Bim3HadueHO eTany HaBaHTAXEHHS, NPH SKUX (ajblieBe 3’ €THAHHSI
MPAIFOBAJIO TMPYKHO.

4. BusBneHuit xapaktep po6otu (anbiid 10 pyiHHYBaHHS B OCHOBHOMY
BINMOBiZa€ TIO3arpaHUYHOMY CTaHy OOOJIOHKH CTHipadbHO-(aJbIIeBOTO
CWJIOCY 1 MINTBEp/DKYE WOTO HAMIMHICTH MPH Mii MOMXJIMBUX ITiJBUINCHIX
aBapifiHUX HABAHTAXKCHb.

JE®OPMATHUBHICTb CTAJIEBOI APMATYPH 3A JIi
IHOBTOPHOI'O HABAHTAXEHHAA

Coomina I0.A., k.T.H.
(O0decvka depoicasna axademis 6yOienuymea ma apximexmypu,)

OCHOBHOIO BIAMIHHICTIO LHWKJIIYHAX HABAHTAXEHb BIJ CTATHYHUX
KOPOTKOYACHUX € BUHHKHCHHS 3QJIMIIKOBUX JieopMalliii Ta IXHe moJabIie
HAKOMMWYCHHS BiJ IUKIY 0 IUKITy. Ha MEeBHUX IMKIIAaX HABAHTAXCHHS Y
MeXax eKcIUlyaTalliiHuX piBHIB naedopmarii OeroHy Ta apMmarypu B
STUHANBHUX €JICMEHTaX CTa0UIi3yIOThcs Ta HAOyBarOTh HE3HAYHOTO
MPUPOCTY IO OYATKY CTanii pyiHyBaHHsA. OIHAK, HAIIPUKIIAJ, Y BUMAJAKaX
poboTH 3anmi300eTOHHUX 0alloK 3a MeEXaMM eKCIUTyaTalliiHUX pIBHIB
PO3BUTOK OCHOBHHX XapaKTEPUCTHK Je()OPMATHBHOCTI BKa3aHUX €JIEMEHTIB
MOXe OyTH HEe TaKuM HpPOTHO30BaHMM. Y 3B’SI3Ky 3 LUM, HAKOMHYCHHS
pE3yNIbTATiB EKCIIEPUMEHTANbHUX JaHWX Ta iX aHaji3 € JOIIbHAM Ta
KOPUCHUM HAYKOBHM 3aBJaHHSIM.

3rifHo 3 NPUAHATOI  METOJOJOTIEI0 HATYpHUH  EKCIIEPUMEHT
BHKOHYBAaBCS 3a YOTHPHOX(AKTOPHHM TpHUpiBHEBMM IulaHOM bokca B4.
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BapiroBanus ¢akTopiB 3IHCHIOBAIM 3a JaHUMHU JITEPaTypHOTO OTJIALY,
SIKAH TIOKa3aB, IO HaWOUIBII BIUIMBOBHM (hakTopoM X; € BeIUIMHA
BiIHOCHOT'O TPOJIbOTY 3pi3y a/hy, sika 3MiHIOBallaCh Ha TPHOX PiHAX: a = ho,
2hy 1 3ho. Jpyrum 3a BETWYHMHOIO BIUIMBY, SK TPAaBWIO, € TaKHi
KOHCTPYKTUBHHI YHHHUK SIK KJIac BaKKoro 6etony: X, — C16/20, C30/35,
C40/50, a TpeTiM — KUTBKICTh TIONIEPEYHOTO apMyBaHHS Ha TPHOMOPHUX
IUITHKax: X3 — psw = 0,0016; 0,0029; 0,0044. Y 5KOCTI 4YETBEpTOrO
npuitHATHH (akTop 30BHIMHBOI nii X4 — piBeHb 3HAKONOCTIHHOTO
HaBaHTtaxenus: 1 = 0...0,50; 0...0,65; 0...0,85 Big ¢axTuuHOi HECY4Ol
3IaTHOCTI.

BunpoOyBanHs ~ NOCHIZHMX  3pasKiB  3IiMCHIOBAIM 32  CXEMOIO
OJTHOTIPOTIHHOI BiJbHO 00HepToi Oaykh, MOYEproBO 3aBaHTAKEHOI JBOMA
30CepemKeHIMU cuilaMi. [lepel OCHOBHHUM E€KCHEPUMEHTOM CHOYaTKY
IoYeproBo BHUIpoOyBayi 25 pmocmigamx Oamok 1-i cepii Ha miro
KOPOTKOYACHOTO CTYIICHEBOTO HABAHTA)KEHHS, MPAKTHUYHO, O PYyHHIBHOTO
CTaHy, KOJHU IIHPUHA PO3KPHUTTSA IMOXHIUX TPIIMH 1 CTpijla MPOTHHIB
MIepeBHINyBaia JOMycTUMI 3HadeHHs. Hamanmi BumpoOoOByBaJiM aHAJIOTIUHI
nmociigHi 6anku 3-1 cepii Ha Jif0 3HAKOTOCTIHHOTO HEOAraTOMOBTOPHOTO
TIONIEPEeYHOT0 HABAaHTAXKCHHS y MeKaX TPhOX AOCHiAHUX piBHIB. KijbKicTh
IUKJTIB 3HAKOMOCTIITHOTO HaBaHTaXKeHHs ckianana 10.

BcranoBineHo, 110 3HaYeHHS BITHOCHUX JedopMaiiii MarepiaiiB Iicis
JIiT KOX)KHOTO LUKITy TIOBTOPHOTO HABAaHTa)KCHHS HA NIEBHOMY PIiBHI CYTTEBO
3pOCTAIOTh, HAKOMMYYIOTHCS 3IMIIKOBI edopmarii ax g0 ix crabimizauii,
sika, SK TpaBwiIo, Hactae michs 4...8 mukimiB i ckiamae 60...80% Bixg
3arajbHUX 3aJHMITKOBUX JedopMallii 0eToHy CTHCHYTOI 30HU. Ha npyruii i
TPETiH IUKIN HaBaHTKEHHS, 3a3BUYaid, mpunanae me 15...25%, a Ha 4...8
IUKIH — BChOTO 5...10% nux pedopmariit. [Ipy npomy, s MaTOIUKIOBUX
HaBaHTAXXCHb CYTTEBO BIUIMBAaE Ha HampyXeHo-IepopMoBaHHN CTaH
nociigHuX 0anok. 30kpema, emopa HanpyKeHb CTHCHYTOI 30HH TIOCTYTIOBO
3MIHIOETBCS BHACIIIOK YIIIJIbHEHHS OETOHY, BiOYBa€ThCS MEPEPO3OIiT
BHYTPIIIHIX 3yCHIb M)XK CTHCHYTHM OETOHOM 1 pO3TATHYTOIO apMaTypolo, B
SKifi  3MIHIOIOTBCS  BigmoBigHi  nedopmanii.  [lpeacraBneni  maHi
Y3TOKYIOTBCS 3 pe3ynbraTaMu aociimkeHb [1. 'omona, O. KopHittuyka.

B nmeskux nmocmigHMX 3pasKax 3 BEIUKHUMHU IPOJILOTAMH 3pi3y IpU
BUCOKMX pIBHSX MOBTOpPHOro HaBaHTaxeHHi (n = 0,8) crabimizamis
3TMIIKOBUX Jgedopmariiii OeToHy 4m apMarypd, a iHKOJIM i OeToHy, i
apMaTypl, HE HacTaBaja 1 IXHe pyHHyBaHHI, SK HeETEepeapMOBaHHIX
€JIEMEHTIB, BiIOyBaJIOCS 32 HOpMaJbHUMH Tepepi3aMH BHACIIOK TEKYyJOCTi
MTO37I0BXKHBOT poOoU0i apMaTypu abo i TEKy4OCTi apMaTypH, i 3MUHAHHS
0OETOHY CTUCHYTOI 30HH. AHAJIOTIYHO CTUCHYTOMY OETOHY IIPH MIOBTOPHOMY
HaBaHTaXCHHI BimOyBasocs JeGopMyBaHHS TO3MOBXKHBOI PO3TATHYTOL
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pobodoi apmarypu. Jlocmiau moka3anm, o 3aIMITKOBI nedopMaltii B Hilt ipu
pO3BaHTaXeHHI OallOK O HyJs Ha NEPIIUX LUKIAX IOCSATAIOTh 3HAYCHb
(20...50)-107 i cTabinizyroTscs 10 4...8 HUKIIB.

SamumkoBi gedopmariii y monepeuniit apmatypi cranoBmiu 25...60% Big
3aranpHUX. HallOUTeImuil IXHIH MPHUPICT CIOCTEpIiraBesi Ha MEPIIOMY UK
(=20...50%) Ta mpum DOBaHTa)KEHHI HA OCTAaHHHOMY ITMKIi. 32 PaxyHOK
3MEHIIICHHS TUIACTHYHHX JedOpMaIliii MpoIleC HAKOIMMYCHHS 3aHITKOBHIX
nedopmaniii y Marepianax HPHONOPHUX JUISHOK ITIPH CTaJIOMY piBHI
MAaJIOLIKJIOBOT'O MOTIEPEYHOT0 HaBaHTAXXEHHSI ITOCTYIIOBO 3aryxae. J{o 4...8
IUKITY TaKOrO HaBaHTA)XCHHS B TMOMNCPEYHId apMmarypi, SK MPaBHIO,
BiIOyBa€eThCs cTadinmizamis aedopmartiii.

O0pobka 1ocimiJHUX JaHUX PO BiAHOCHI Aedopmarii poboyoi apmMaTypu
B 30HI YHCTOTO 3TrUHY OaNOK micis ix crabimizamii Ha BiAMOBIAHOMY piBHI
MAJIOLUKIIOBOTO HABAaHTAXKEHHS, & TAKOX Iepell iXHIM pyHHyBaHHS Npu
n=0,95F, 3a BKa3aHOI0O METOJMKOIO MJO3BOJIMJIA OTPUMATH HACTYIHI
MaTeMaTH4YH1 MOJIEI:

2 2
\?(g”fu)z 195 +48X,+10X,+9X,+32X, —25X? —9X2 - 105 M)
> —5X2 —15X2+15X, X5 +10X,X, v =5,3%,
. 239+ 77X, +24X,+33X;+20X, —13X? —
Y(82,195Fu): 1 2 3 4 171 0_5’ )

—4X3 -3X5+10X, X5 v=7,1%,
\?(s“Fu)— 210+ 52X, +16X,+10X5+34X , — 26X} —10X3 —5X3 — 105.3)
3 )= ,

’ ~16X3+16X,X; +10X,X, v=5,1%,

s (go,%Fu )  [258+84X,+34X,+35X; 21X, —13X] - 105 @
3 )= >

’ -3X2 -3X2+10X,X; v=5,3%.

Amnani3 mareMaTnaauX Mozenel (1)...(4) moka3sye, Mo cepeTHi 3HAYCHHS
BiTHOCHHX JehopMaIliii pO3TATHYTOI apMaTypH MOCEperHI OaoK Ticis X
crabimizamii mpu  MAJOIUKIOBHX  3HAKOMOCTIMHUX  HAaBaHTAKEHHIX
30imbIIytoThCA. [Ipy 1bOMY, BILTMB JIOCHITHUX ()aKTOPiB Ha 3a3HAYCHUM
napameTp y JOCHIZHUX CepisiX € CYTTEBUM 1 OAHOTHUIHUM. Tak, BiJHOCHI
nedopmanii po3TArHyToi apMaTypu 3paskiB-Oamox 1 cepii npu 3amaHnx
IUIAHOM DIBHSX HABAaHTAXEHHS Ta Mepell PyWHYBAHHAM 30UIBLIYIOTHCS
BiTHOCHO CEpEIHIX 3HAYCHb 3i 30LIBIICHHSAM: BIJIHOCHOTO MPOJBOTY 3pi3y
a/ho Bin 1 1o 3 Ha 49% Ta 64%:; knacy 6etony Big C16/20 no C40/50 Ha 10%
Ta 20%; KUIBKOCTI MOMepedHoi apMaTypH psw Big 0,0016 mo 0,0044 Ha 9 i
28%; piBHA nonepeyHOTo HaBaHTaKeHHA 1 Bix 0,5 1o 0,8 Ha 33 1 17%,

a 3 cepii, BiAMOBITHO, 31 301BIIEHHAM: BITHOCHOT'O MPOJILOTY 3pi3y a’/hg
Bix 1 mo 3 ma 50% Ta 65%; xmacy 6etony Big C16/20 o C40/50 Ha 15% Ta
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26%; KUTPKOCTI TIONIepedHO1 apMaTypH Psw Bix 0,0016 mo 0,0044 1a 101 27%;
piBHS TmomepewyHoro HaBaHTakeHHS 1 Bix 0,5 mo 0,8 ma 32 i1 16%; npu
OJIHOYACHOMY 301JIBbIIIEHH] TPOJBOTY 3pi3y 1 KiITBKOCTI TIOMIEPETHOT apMaTypH
y 3a3HaueHNX Mexkax Ha 4...5%.

XapaKkTepHOIO € TaKOXK HasBHICTH BiJl’€MHUX 3HAKiB MPHU KBaIPATHUHUX
edexrax 3a3HaueHWX (HAKTOPiB, MO CBITYATH TPO T€, IO 3 IXHIM
30UTBIICHHSAM 3a BKa3aHUMH MEXaMH IOAaNbIIe 30UTbIICHHS nedopmartiii
PO3TATY HOCUTHME 3aTYXaOUHUil XapakTep.

BucnoBku:

1. Ipu amHamizi MareMaTHYHHX MOJENCH BiMHOCHUX aedopMartiit
PO3TATHYTOI apMaTypl IOCEPEAUHI TPOIBOTY IOCHITHUX CICMCHTIB
BCTAaHOBJICHO, IO TMpH 30UIBIICHHI BIJHOCHOTO TMPOJBOTY  3pi3y
301TBITYEThCS BIUIMB 3THHAJFHOTO MOMEHTY 1 BOHHM 3pOCTaroTh Ha 51% Ta
52% BiamoBimHO N0 cepiid. 301MbIIEHHS 3HAUYEHb 1HIIUX JOCTiHUX QaKTOpiB
MIPU3BOANTE JI0 3pOCTaHHS AedopMamiii po3TArHyTOi apmarypu 1o 24% B
000X cepisx.

2. B mizoMy, BIUJTMB MaJIOIUKIJIOBOTO 3HAKOIIOCTITHOT'O HAaBaHTaXKEHHS HA
nehopMaTHBHICTB 313006 TOHHUX 3pa3KiB-0aI0K CYTTEBO BiAPI3HIETHCS Bif
BIUIMBY OJHOPA30BOr0 CTYIICHEBO 3pOCTAIOYOT0 CTATHYHOTO HABAHTAXKCHHSI.
A came, BKa3aHHM{ BHJ HAaBaHTa)KCHHS 30UTBIIYE BETHMYWHY BiTHOCHUX
nedopmaniit po3TArHyTOi apMarypu Ha 8%.

AOC/IUKEHHA BILIMBY NOB3YYOCTI HA HAIIPYKEHO-
JE®OPMOBAHNU CTAH JEPEBO3AJII3OBETOHHUX
BATATOIIOBEPXOBHUX BY AIBEJIb

Iexopkina C.€., 1.T.H., TOIIEHT
(Heporcasnuii suwuii Hasuanvbruil 3ax1a0 «IIpuoninposcvka depicasha
akademisi 6yOi6HUYMBA MAa APXIMEKMypu»)

Jlyist BUSIBJICHHS Ta aHaJIi3y BILIMBY MOB3Y4YOCTI OETOHY Ta JEPEBHHH Ha
Harnpy>XeHo-1e()OpMOBaHHUN CTaH JIepeB03ani300eTOHHNUX
0araTonoBepXxoBUX OyaiBenb OynO NMPHUHATO BapiaHT paMHOI KapKacHOI
CUCTEMH 13 SIIPOM KOPCTKOCTi. B sikocTi MaTepiany kojoH Ta Oanok Oyio
PO3TIISTHYTO KJIEEHY JAepeBuHy Kiacy wminHocti GL28h Ta kieeHwmit mmoH
(LVL) kmacy wmimHocti LVL35P. Po3mipu mepepizy KOJIOH MPUHAMAIUCK:
250x250 MM mns S5-tu moBepxoBoi Oymimi; 300x300 mm — mus 10-Tm
noBepxoBoi; 400x400 — mist 15-tu moBepxoBoi Ta 550x550 MM — myst 20-Tr
MTOBEPXOBOT; OaJIKU MEePEeKpUTTS NMpuiHATI po3mipom 300x600 mMM. Brums
IHIIMX €JIEMEHTIB TIEPEKPHUTTS Ha poOOTy KapKacy He BpaxoByBaBcs. Smpo
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YKOPCTKOCTI MpuiiMartocs i3 3atizo0eTony kimacy C20/25 ToBuuHO0 250 MM.
Jlo enmemenrtiB  ctBopenux B I[IK  JIMPA  mpocTtopoBuX
CKIHUEHHOEJIEMEHTHIX MOJeJNiell BCiX BapiaHTIB OyHiBeNlb MPHKIAIATICS
HABaHTXXCHHS: | - BlacHa Bara HECYYMX KOHCTPYKI[H, MEpEeKpuTTs i
TTOKPUTTS; 2 - KOPUCHE HaBaHTaXCHHS Ha KOHCTPYKIIii TEPEKPUTTIB.

[TapameTpu miarpam JedopMyBaHHS Ta XapaKTEPUCTUKH IOB3YYOCTI
JIEPEBHHU Ta 3a1i300€TOHY BHU3HAYAJHCS 32 METOJUKAMH, NIPUBEIACHUMH Y
HopMax npoekTyBaHHs EN 1992-1-1:2004 Eurocode 2 ta EN 1995-1-2:2004
Eurocode 5. Ilpu BH3HaYeHHI XapaKTEepUCTHUK ITOB3YYOCTi PO3TIISIAAIHCS
YMOBH CEpeJIOBHINA, 1110 BIANOBIAIOTE: Kilacy eKcIutyaTanii 1 (Temneparypa
20°C, piuyHe KoNHMBaHHSA BimHOCHOI BoJyorocti Bigm 40 mo 70% npu
nepeBaxxHoMy 3HaueHHI RH1=55%); kmacy ekcmiyaranii 2 (temmeparypa
20°C, piune xonmBaHHSA BimHOCHOi Bojorocti Big 40 mo 90% mnpu
nepeBaxHoMy 3HaueHHI RH2=65%).

Jlnst ypaxyBaHHS XapakTepy poOOTH MaTepialgiB Ta TIOB3y4OCTi B
I[IK JINPA OyB obOpanuii mpoctuii kpokoBuit Meron. [loB3ydicTh OeToHY
3a/1aBajacs CTYNEHEBOIO 3aJIeKHICTIO (3aKOH HENIHIMHOTO AeQOpMyBaHHS
Ne41 B IIK JIMPA) 3 BUKOpPHCTAHHSAM TEOPETHYHOTO KOESPII[iEHTY TTOB3yUCTi
®o TaKoe(IIEHTY Sy, 110 BPaXOBYE BiTHOCHY BOJIOTICTh Ta PO3MIp €JIEMEHTA.
[ToB3yuicTh nepeBUHHM 3alaBajiacs KyCKOBO-JTIHIHHOIO 3aJISKHICTIO (3aKOH
HeminifiHOorOo pedopmyBanHs Ned4 B IIK JIMPA) nnmaxom BBeneHHS
KoeillieHTIB MOB3Y4OCTi ¢4(?) sl BignoBinHOro TepMiny T.

Bcranosneno, mio mnpotsrom 50 pOKIiB BEpPTHUKAIBHI IEpEMIIICHHS,
OTpUMaHi 3 ypaxyBaHHSIM TIOB3y4OCTi TOPIBHSAHO 3 pe3yibTaTaMH ISt
MIPY>KHOI MOJIEN po3paxyHKy, 30iIBIIYIOTECS B KiJIbKa pasiB, a came: MpH
yMOBax Kiacy ekcrutyaramii 1 B 2,6 — 3,7 pasiB uIsi KOJIOH 3 KJIEEHOI
nepesunn; 1,8-3,1 pasm nmns komon 3 LVL rta 3,3-3,4 pasm s
3aITi300€ TOHHOTO SIpa YKOPCTKOCTI; IPXU YMOBax Kiacy eKcruryaTarii 2 B 2,4-
3,7 pasiB U1 KOJIOH 3 KJIe€HO1 nepeBunw; 1,8-2,9 pasu mis konon 3 LVL ta
3,05-3,15 pasu aust 3a:11300€TOHHOTO s1Apa KOPCTKOCTI.

Amnani3z xapakrepy aeOpMyBaHHS pO3IJISSHYTHX BapiaHTIB KapKacy
OymiBIli TOKa3aB, IO BEIHYMHA BEPTHKAIGHUX IEPEMINICHb 3HAYHO
BIZIPI3HAETHCS JUISL AEPEB’SIHUX KOJIOH KapKacy Ta 3ajJi300€TOHHOTO spa
xopcTkocTi. HepiBHOMipHE nedOpMyBaHHS BEPTHUKAIbHHX KOHCTPYKLIH
00yMOBIIIOE NIEPEPO3NOJILIT 3YCHIb MK €JIEMEHTaMH KapKacy, NPU3BOIHUTH
0 TIEPEeKOCYy TMOBEPXOBUX KOMIPOK Ta BHHUKHEHHS JIOJAaTKOBUX
PO3TSTYIOYHX MO30BXKHIX 3yCHIIb B OallKaX MEePEKPHUTTSL.

JlomaTtkoBo Oyiio TIpOBEJCHO MOPIBHAILHUN aHAi3 OTPUMAHHX JaHHUX
LI0/I0 BEPTHKAJIBHUX MEPEMILICHb NepeB’ THUX KOJOH KapKacy 3a MOJCILTIO
MIPY>KHO-B’ A3KO-TIJIACTHYHOTO Tija i3 TMEpPEeMillleHHsSMH, BU3HAYCHHUMH 32
peKoMeHaIisMu HopM. J[Js mbOro TpH po3paxyHKy Mojeneld OymiBenb
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BBOJUBCS TPHUBEACHUNA MOAYJIbh TPYKHOCTI JepeBuHU depe3 50 pokiB 3
BHKOPHUCTAHHIM KoedimieHnTy moB3ydocti. [IpuBeaeHi nani cBiqgarts mpo Te,
o0 OTPHMaHI 3a PEKOMEHJAIsIMH HOPM BEPTHKAIbHI TEepEMIIICHHS
TIOPiBHSIHO 3 PE3YJIbTaTaMH 32 MOJAEIUTIO MTPYKHO-B’ A3KO-TIACTHYHOTO TiJa €
3aHmwKkeHUMU B 1.48 — 2.33 pasu s kineeHoi aepesunu Ta B 1.14 — 1.8 pasis
s LVL nepeBruHM B yMOBax Kjacy ekcruryartarii 1, a Takox B 1.32 — 2.07
pasu g kneenoi pepesunu ta B 1.01 — 1.6 pasis mis LVL nepeBunu B
yYMOBax KJIacy eKCIuTyaTarfii 2.

Takum YHUHOM, npu MPOEKTYBaHHI 6araTornoBepXoBUX
JIepeBo3aniz00eTOHHNX OYIiBENb i3 3aCTOCYBaHHSAM MartepialiB 3 Pi3HUMH
nedopManiiHUMH Ta PEOJIOTIYHUME XapaKTCPUCTHKAMHU CIiJl BPaXOBYBAaTH
BIUIMB JaHWX IMapaMeTpiB Ha HECydy 3JaTHICTh Ta eKCIUTyaTaliiiHy
MIPUIATHICTH SIK OKPEMHUX KOHCTPYKTHBHHUX Ta 03100TIOBATFHIX EIIEMEHTIB,
IHKEHEPHO-TEXHIYHUX CHUCTEeM, Tak i OyxiBii B mimomy. I[Ipm mpomy mms
BpaxyBaHHS TIOB3y4YOCTi JEPEBHWHHU CJiJi BUKOPHCTOBYBAaTH PEOJIOTIYHI
MOJeN, sIKi BPaxOBYIOTh BIUIMB YMOB €KCIUTyaTallii Ha XapaKTEPUCTUKH
MOB3YYOCTi, 30KpeMa MOAENb  MPYKHO-B A3KO-TNIACTUYHOTO  Tija.
PekoMeHIOBaHOIO TakOX € pPO3poOKa KOHCTPYKTHBHUX  PIIlICHb,
CHpSIMOBaHMX Ha MiHIMi3alilo a0o yCyHEeHHS e(eKTiB HEpiBHOMIpHOTO
nedopMyBaHHS B BEPTUKAIBHIH TUTOLIHHI.

ONTHUMAJBHUI KPOK BAJIOK JIOIIATOIO NEPEKPUTTS

SInin O.€., K.T.H., TOLIEHT,
HogikoBa C.M., cT. BUK/Iaaad,
(Xepconcoruii Oeparcashuil azpapHo-eKOHOMIUHUL YHIgepcumem,
M. Xepcon)

Jist kuTIIOBHX Oy[iBENb JOCHTH IIUPOKO 3aCTOCOBYIOTH TIEPEKPHUTTS Y
BUTJISIAI JOIIATOr0 HACTWIIy MO JiepeB’sHUX Oankax. ToBIIMHA JOWIOK 1
PO3MipH ONIEPEYHOTO Mepepizy OaNToK IPpH 3a1aHKX JIIF0UYNX HABAHTaKCHHX
3aJexaTh Bl KpoKy O0anok. KpiM Toro, Bix HUX 3aieXaTh 3arajibHi BUTPaTH
JICPEBUHU Ha MEPEKPUTTS, SKi JOLUIBHO 3MEHIIMTH. [Ipu mpoekTyBaHHI
JIepeB’sSTHUX EJIEMEHTIB TaKMX KOHCTPYKILIH, po3Mipu OaloK 1 HaCTHILY
BH3HAYAIOTh, BUXOSMYH 3 YMOB MIITHOCTI OKpeMoO. [Ticiist 1iboro mepeBipsroTh
JKOPCTKICTh 3a3HAYCHHUX €JIeMEHTiB. Tpeba BpaxoByBaTH, IO T€OMETPUIHI
po3Mipu OajKH 1 OIMIATOTO HACTHIIY B3a€MONOB’s3aHi. | Takuii 3B’s30K
moTpedye TOJaNbIIOTO BUBYCHHS. BiH BiIKpHBae MOMIJIHMBICTh ONTHUMI3aIlii
KOHCTPYKTUBHOTO PIilllEHHS BHUXOASYM 3 KPHUTEPil0 MiHIMIi3amii BHTpaT
JIEPEBHUHHU.
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YV Bumagky, KOOI KPOK OajoK IepeB’SHOTO MEPEKPUTTS BiTHOCHO
Majaui, po3MipH IX TOTIEPEYHOTO TMEepepidy BHU3HAYAIOTHCS YMOBOIO
JKOPCTKOCTI TpW TIEBHOMY 3amaci MiIIHOCTI, 10 TPUBOAHWTH [0
HEBUITPABIAHUX BHUTpAT Marepiany. SIKIIO med KpOoK BiHOCHO BEJHKHH,
BHHHUKAE€ HEOOXITHICTh y MOCTATHRO MACHUBHOMY JOIIATOMY HACTHII TIO
Oamkax JuIsl 3a0e3MedeHHs KOPCTKOCTI KOHCTPYKIlii. MOKHA TPHUITYCTHTH,
o0 ICHye TICBHHU ONTHMAJbHUN KpPOK OalloK, sKWW BiAMOBiNAB O
MiHIMaJBEHUM BUTpaTaM JAEPEBHUHH.

ToMy, HOUUIEHUM € IOCHIKCHHS CHOCOOIB ONTHUMI3aIii CcXeMHu
Ppo3MileHHs 0aJIOK Y IUIaHi 32 KpUTepieM MiHIMaJIbLHUX BUTpAT Marepiaiy.

PosrnsgaeTbcst TEPEKPUTTA Y BUINISII MapalieIbHO PO3TAIIOBAHHUX
JiepeB’sTHUX  0allok  MPSMOKYTHOTO TomepedyHoro mepepidy. Ha Hux
YKJIaJa€ThCs TOMATHA HACTHIL.

B pamkax BupimeHHS 3a7adi onTUMI3amii 3a KpUTEPieEM MiHIMAILHUX
BHTpAT MaTepially, BU3HAYAETHCS KPOK OAJIOK MPHU SKOMY CyMapHi BUTpaTH
JIepeBUHN Ha OalkW 1 JOMATHA HACTHI € MiHiMambHuUMHU. Ile motpebye
BBEICHHS IIiIH0BOiI (yHKIII 00’e€My JEepeBHHH HAa OJWHHINO TUTOIII
MIePEeKpUTTs. BoHa 3aJIe’KuTh B bOro Kpoky. Ha mimcTaBi BUKOPUCTAHHS
METOJIUKH 3HAXO/KCHHS MIHIMyMYy (DYHKILIH, BHU3HA4aBCSl ONTHMAaJIbHUN
KpOK OaJIoK.

CyMmapHi BUTpaTH ICPEBHHU Ha OaJKW 1 JOIIATUI HACTUII BH3HAYAIUCH
JUIS TPSIMOKYTHOI JIUISHKA TCEPEKPHUTTS, a TAKOX Ha OJUHHINO IUIOIII
nepekputTTs. Taka AiITHKA € YaCTHHOIO BAaHTAXKHOT IJIONII OaJIKH.

ToBmmHa HACcTHIy ¢ 1 pPO3MIpH MONEPEYHOro Tepepizy Oanku
i IOMPATHCh BUXOISTIN 3 YMOBH MIITHOCTI 32 HOPMaJIbHUMH HaNPYKSHHIMH
BiJ 3TUHY.

Byna oTpuMaHa HEpIiBHICTH TPETHOTO CTYIECHIO BiHOCHO HEBiIOMOL
BHCOTH Oanku. Moro pimeHHS MOB’S3aHE 3i 3HAYHUMH MATEMATHIHHMH
TpyaHomamu. OTXe, 3a7ady 3alpOIOHOBAHO BHPIIIYBAaTH 3a JOTIOMOTOIO
YHUCJIOBOTO METOAY 3 BHKOPHCTaHHSIM KOMII IOTEPHOTO CEpEeIOBHILA
MathCAD. JIns npuxiiany Oyyin NpUHHATI KOHTPOJIBbHI BUXIIHI JaHi.

®DyHKIis BUCOTH OANOK A, MO 3aJeKUTH BiJ X Kpoky X OTpuMaHa Ha
Ii/ICTaBi pillIeHHs PIBHSHHS MILIHOCTI 32 HOPMaJbHUMU HaIpYKEHHSMH Bill
3THHY.

3 BUKOPHCTaHHSM OTPHMAaHUX 3aJICKHOCTEH #(x) 1 A(x) CKIIaJicHa IITbOBA
(YHKITIST BUTpAT JEPEBUHHM HA OJMHUIIO TUTOINII JOIIATOTO TMEPEKPUTTS V.
BoHa 3anexuTh BiJ KpoKy 0amok X.

Bennmuuny V MokHa pO3TISIIATH SK NPUBEACHY TOBIIUHY JIOIIATOTO
MIEPEKPUTTS y IiJOMy. 3a IOTIOMOTOI0 TpacyBaHHS Tpadiky IiabOBOL
¢$yHKIIIT, OyB OTpUMaHU ONTUMAITEHAN KPOK 6anok X=Xp, Skuii BianoBigae
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MiHIMaJTbHOMY 3HA4YEHHIO 1i€i GyHKIi1. [Ipn KOHTPOIBLHUX BHUXiTHUX JaHUX,
Xo=48cm.

OnTuManbHAR KpoK 0anmok X, BU3HAYABCS BUXOIMYHM i3 3a0e3meueHHs
MIITHOCT1 HACTHITY 1 6aJIOK 32 HOPMAJIbHUMHU HANIPYXKSHHSIMHU Bix 3runy. [Tpu
IbOMY OPCTKICTh HACTHITY 1 OaJIOK MOke OyTH He 3a0e3TeueHoro.

Tomy, ci1iT BA3HAYHTH, TIPH SIKUX 3HAYEHHAX KPOKY 0aok X >KOPCTKICTh
KOHCTPYKIiH 3a0e3eueHa il BUlla Ky piBHOCTI ITPaBoi 1 JIiBOT YaCTHH YMOB
MIITHOCTI 32 HOPMaJBHUMH HAMPYKEHHSIMH BiJl 3THHY. 3 METOIO CIIPOIICHHS
PO3paxyHKiB BpaXOBaHE TUTHKH KOPHCHE 3MiHHE HABAHTA)KCHHS HA OJTUHHUIIO
TUTOLII TIEPEKPUTTS §1.

Ha mincraBi aHami3y yMOB >KOPCTKOCTI CTPIYKH JOIIATOrO HACTHILY i
0aJoK, MOXHa 3pPOOHWTH BHCHOBOK, IO Ili YMOBU 3a0€3NEUYYEThCS TPHU
BIIHOCHO MaJlii BEJIMUYWHI PO3PaXyHKOBOTO 3HAYEHHS MIITHOCTI IEPEBUHH
ripu 3ruHi. OTXKe, IPU MPOSKTYBaHHI JIEPEB’ THOTO OAIIOYHOTO TIEPEKPUTTS 3
ONTHMAIBHUM KPOKOM OalloK, JOLIJIBHO BHUKOPHCTOBYBATH JCPEBUHY
BiTHOCHO MaJIoi MiITHOCTI.

IIpoBeneHi TeopeTWYHI MOCTIIDKEHHS 1 KOHTPOJBHUH YHCIOBHI
EKCIIePUMEHT MOKa3alH, 110 MOXKJIMBO BU3HAUYUTH KPOK 0allOK JIepeB’THOTO
MEPeKPUTTS, TPU SKOMY CyMapHHH 00’€M J[epeBHMHHM Ha HBOTO Oyrne
MiHiManeHUM. [lpm  1bOMYy, BHHHKae 1oTpeda Yy BHUKOPHCTaHHI
KOMIT FOTEPHOTO CEPEOBHIIIA.
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